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Abstract 
 

The current induced manipulation of chiral spin textures is of great interest for 

fundamental research and technological applications. Of particular interest are magnetic non-

volatile memories formed from synthetic antiferromagnetic racetrack nanowires in which 

chiral composite domain walls (DWs), that act as data bits, can be efficiently moved by current 

pulses. However, overcoming the trade-off between energy efficiency, namely a low threshold 

current density and high thermal stability, remains a major challenge for developing integrated 

chips with high reliability and low power consumption. In this thesis, we experimentally show 

that chiral domain walls in a synthetic antiferromagnet (SAF) -ferromagnet (FM) lateral 

junction, formed by local plasma oxidation, are highly stable against large magnetic fields, 

whilst the domain walls can be efficiently moved across the junction by current. Our new 

approach takes advantage of field-induced global energy barriers in the engineered energy 

landscape of the junction that are added to the local energy barrier. One of our most important 

results is that we demonstrate that thermal fluctuations are energetically equivalent to a 

magnetic field effect, thereby, increasing the energy barrier, and further stabilizing the DW in 

the junction at higher temperatures, which is in sharp contrast with conventional FMs or SAFs. 

We find that the threshold current density can be effectively decreased by tilting the junction’s 

angle across the racetrack while keeping a high domain wall stability. Furthermore, we 

demonstrate that our approach can effectively create nanoscopic domain bits which is the key 

element for the racetrack memory technology. To achieve this, we created a novel structure 

wherein a FM region is spatially confined between adjacent SAF regions and confirmed that a 

magnetic bit can efficiently formed and shifted.  

This thesis clearly shows how the aforementioned trade-off between efficiency and 

stability can be broken which will guide the future development of reliable DW-based memory, 

logic, and beyond. 
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Chapter 1 Introduction 
 

1.1  Magnetic domain walls for racetrack 

memory 
 

A magnetic domain wall (DW) is a boundary between magnetic domains with 

magnetizations oriented along distinct directions. On the nanoscale, such DWs behave like 

nano-objects with mass and momentum [1]. These distinct nano-objects can form magnetic bits 

in memory and logic devices [2]–[4]. Decades ago, magnetic bubble memory was a mainstream 

technology in which micron-sized magnetic bubbles were cleverly manipulated by local and 

global magnetic fields [5]. The recent discoveries[6]–[8] of several distinct current-induced 

torques that can be employed to manipulate DWs have made possible the potential realization 

of high-performance magnetic memory and logic devices based on the creation and motion of 

DWs in magnetic nano-wires, namely racetracks [9]–[12].  

On the basis of the phenomenon of current-induced DW motion (CIDWM), the 

Racetrack Memory (RTM) concept was first proposed by Prof. Dr. Stuart Parkin in 2002 [13], 

as an innately three-dimensional magnetic storage device that promises a non-volatile solid-

state memory with high density even beyond magnetic random-access memories (MRAMs) 

and even beyond conventional magnetic hard disk drives (HDDs). The information in a RTM 

is stored in a magnetic nano-wire track where a series of magnetic domains are formed. The 

corresponding DWs between each domain can be shifted along the wire by passing an electrical 

current through the wire, thus making possible a shift register.  

  Key to these devices is the efficiency and stability of the manipulation of DWs within 

the racetracks. Regarding efficiency, there have been four major developments over the past 2 

decades that have made possible extremely efficient CIDWM and very large storage capacities 

(see Fig.1.2) [3].  
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Figure 1.1. Concept of racetrack memory. (a) Three-dimensional racetrack memory (RTM) 

composed of U-shape vertical magnetic nanowire. (b) Two-dimensional RTM with straight 

magnetic nanowire. (c, d) Read and write operations in RTM. Data (magnetic domains) in 

RTM is read by a magnetic tunnel junction (c) and written by stray fields arising from a separate 

crossing magnetic line (d). (e) High density RTM storage array. Figure is adopted from [2] 

with permission from American Association for the Advancement of Science. 

 

The first concept of RTM was demonstrated in in-plane magnetized permalloy wires 

(RTM 1.0) [14], [15]. In RTM 1.0, the DW moves along the electron flow direction (opposite 

to the applied current flow direction) since the underlying mechanism for current induced 

motion is based on the phenomenon of spin-transfer torque (STT) [16]–[19]. Due to the shape 

anisotropy in soft magnets such as permalloy the easy axis of magnetization is restricted to an 

in-plane orientation along the wire so that the minimum domain size is physically limited. The 

DW configuration in such a thin layer favors the formation of a Bloch-type DW structure which 

are innately very large since they result from a competition between the Heisenberg nearest 

neighbor ferromagnetic exchange interaction and long-range magnetostatic forces. 

DWs can be shrunk in size to useful dimensions by introducing materials that exhibit a 

strong perpendicular magnetic anisotropy, such as in Co/Ni superlattices formed with 

atomically thin Co and Ni sub-layers. The Co/Ni interfaces give rise to a very strong interfacial 

perpendicular magnetic anisotropy (PMA) in which the net magnetization is aligned 

perpendicular to the film plane [20], [21]. This category of materials led to RTM 2.0 with 
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promising high domain walls capacities inside the racetrack wires. The STT-driven DW motion 

efficiency in RTM 2.0 is similar to that in RTM 1.0. Thus, DWs move in the same direction 

(electron flow direction) and the roughly at the same velocity for the same current density [22], 

[23].  

 

 
Figure 1.2. Evolution of racetrack memory. (a) RTM 1.0, with in-plane magnetized 

ferromagnet (FM) nanowire. (b) RTM 2.0, with perpendicularly magnetized (easy axis along 

out-of-plane) FM nanowire. CIDWM in both RTM 1.0 (a) and 2.0 (b) is based on conventional 

spin-transfer torque. Thus, the DW moves opposite to the current flow direction (electron flow). 

(c) RTM 3.0, with spin-orbit torque driven CIDWM. Néel DW moves along the current flow 

direction with high velocities due to the chiral spin torque. (d) RTM 4.0, with synthetic 

antiferromagnet which is composed of antiferromagnetically coupled two sub-FMs. Novel 

giant exchange coupling torque significantly enhances the DW motion efficiency. Note that the 

fringing field from RTM nanowire is completely suppressed in RTM 4.0 contrary to others (a-

c). Figure is adopted from [3] with permission from Springer Nature. 



Chapter 1 

 

 

 

4 

In 2011 highly efficient DW motion was first experimentally demonstrated in a 

perpendicularly magnetized ultrathin cobalt layer deposited on a platinum layer in which the 

DW velocity reaches up to 400 m/s [24]. More interestingly, the DW moves along the current 

flow direction, which is opposite to that found for RTM 1.0 and RTM 2.0. The origin of such 

a novel DW motion turned out to be derived from a strong spin-orbit coupling phenomenon at 

the interface between the magnetic layers and a heavy metal underlayer or overlayer [6], [25]. 

Due to the broken inversion symmetry at these interfaces, a Dzyaloshinskii-Moriya exchange 

interaction (DMI) [26], [27] gives rise to an antisymmetric exchange energy between 

neighboring moments across the DW, thus stabilizing the DW in a chiral Néel-type structure 

[28]. Furthermore, in addition to DMI, the discovery of spin-orbit torques (SOTs) [29]–[31], 

that originate from a spin Hall effect (SHE) in adjacent heavy metal layers, considerably boosts 

the efficiency of the current-induced chiral DW motion [32]. Consequently, the combination 

of such interfacial spin-orbit coupling-based phenomena, including DMI and SOT, paved the 

way for novel chiral spintronics, thus allowing DWs to be moved by chiral spin torques in 

RTM 3.0.  

Despite the greater efficiency of current-induced chiral DW motion in RTM 3.0, a high 

density of DWs in the racetrack is needed for achieving large-capacity memory devices. Due 

to the demagnetizing fields from each DW arising from ferromagnets (FMs) such as Co/Ni 

multilayers, there is an undesirable interaction between neighboring DWs along and even 

between adjacent racetracks. This can potentially degrade the performance of the RTM when 

integrated at the chip level scale. To overcome this issue, RTM 4.0 was recently developed by 

using synthetic antiferromagnets (SAFs) as host materials for the DWs [8]. The SAF is formed 

from two perpendicularly magnetized sub-magnets, which are antiferromagnetically coupled 

through an ultrathin ruthenium spacer layer [33]–[35]. In the SAF the DWs are always formed 

in each sub-magnetic layer as a pair which are mirror images of the other. Thus, the 

demagnetizing fields from the DWs (and the corresponding domains) can be tuned to be close 

to zero. More surprisingly, the CIDWM in such SAFs was found to be highly efficient, with a 

velocity exceeding 1000 m/s. This originates from a novel exchange coupling torque (ECT) in 

addition to the chiral SOT, and such efficiency can be further improved by tuning the strength 

of the AF coupling and the net moment compensation [8], [36]. In consequence, the discovery 

of highly efficient DW motion in RTM 4.0 led to the emergence of chiral AF spintronics, as 

well as bringing RTM to mainstream platforms.  
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1.2 Motivation 
 

Despite the remarkable progress in the efficiency of CIDWM, the stability of DWs 

against external stimuli, such as thermal fluctuations, has not yet been explicitly investigated 

so far. Up to date, only few experimental demonstrations have discussed the thermal stability 

of DWs [37]–[41]. To consider a DW as a data-bit in RTM, the DW position along the nanowire 

must not be shifted over time by thermal agitation that is one of the most critical factors of 

magnetic memory devices. Therefore, achieving a high thermal stability of DWs is key to 

success of RTM. In case of conventional MRAMs, for instance, the thermal stability of 

magnetic tunnel junctions (MTJs) can be evaluated by obtaining the thermal stability factor 

∆	= &!
'"(

 (𝐸) is energy barrier between two stable states, and 𝑘* is the Boltzmann constant) at 

finite temperature 𝑇 [42], [43]. Also, it is widely known that ∆	> 	40 of MTJ is required to 

guarantee the data retention of ten years at room temperature [44]. The 𝐸)  is mainly 

proportional to the saturation magnetization, volume and anisotropy energy, so that it can be 

measured by current- or field-induced switching of two states (parallel ↔ anti-parallel) in 

thermally activated regime [45]–[47], In general, the high thermal stability in MTJ 

accompanies a large threshold current (or field) for switching, thus achieving both high stability 

and high energy efficiency remains a major challenge.  

Such trade-off is common for other non-volatile magnetic memory devices as well as 

RTM. Moreover, the correlation between 𝐸) and the threshold current (or field) for DW motion  

still has not yet been clearly established  [48], which is contrast to MTJ. Therefore, overcoming 

aforementioned trade-off seems to be more difficult, but, in one side, there are still more rooms 

to manipulate compared to MTJs.    

In 2013, for instance, Kim et al. [39] experimentally revealed that the STT-driven DW 

(RTM 2.0) is governed by two different energy barriers, so called an intrinsic [49] and an 

extrinsic barrier, depending upon the current- and field-induced motion, respectively. At the 

same time, it was understood that the energy barrier that is relevant for thermal stability is the 

field-induced depinning barrier rather than that induced by current, although this has not yet 

been further demonstrated in experiments. Nevertheless, this finding provided an important 

clue that how to achieve both lower 𝐽+, with a high ∆ of DW by separating two energy barriers. 
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On the other hand, for the case of DW depinning by SOT, the current and field depinning 

barriers are found to be nearly identical, since there is no intrinsic pinning for SOT [32], [38]. 

As a result, the energy barrier of SOT-driven DW is solely governed by external pinning. 

Despite such fundamental challenges, it is essential to find a new means whereby the 𝐽+, in 

SOT is low while the field energy barrier is high [6], [7], [48]. 

 In this thesis, we present a novel approach to resolve a critical challenge in RTM – 

improving thermal stability whilst lowering the 𝐽+,. We note that 𝐽+, and the field-stability are 

proportional to the respective energy barrier densities to overcome the displacement of a DW 

from its static state. Since it is understood that the corresponding energy barriers are linearly 

proportional to the effective volume of the DW [40], if we can decrease the energy barrier with 

respect to the effective DW volume on which the current-driven torque is applied and, at the 

same time, whilst increase the energy barrier compared to the effective volume on which the 

field-torque is applied, we can overcome such a trade-off.  

Here we resolve this problem by forming a novel lateral junction between a SAF (RTM 

4.0) and a FM (RTM 3.0) [50]. To realize this, we employ two novel concepts into the standard 

SAF racetracks. First, by locally oxidizing the upper FM layer of SAF to make it into non-

magnetic, we create lateral SAF-FM junction, in which the lower FM layer is common to both. 

Secondly, the moment in the upper FM layer is designed to be slightly larger than that of the 

lower FM layer. In this junction, we demonstrate that the field driven torque is dominated by 

the unconventional energy landscape, namely field-driven global energy barrier, that tightly 

binds the DW to neighbouring large volume of domains, while the current driven torque, by 

contrast, is dominated by a conventional local energy barrier defined by the DW itself. 

Consequently, this structure effectively traps the DW at the boundary so that depinning the 

DW by external fields is impossible when the field is lower than saturation field. Furthermore, 

this structure makes it possible for us to clearly demonstrate from temperature-dependent 

experiments that thermal effects indeed give rise to corresponding fluctuating magnetic fields. 

We also show from these experiments that the global energy barrier indeed increases 

significantly with increasing temperature. As a consequence, our experiments clearly prove 

that the thermal effects are equivalent to the field effects rather than the current fluctuation in 

DWs. 

Moreover, the junction is also fabricated so that the boundary between the SAF and FM 

regions is tilted by a junction angle with respect to the direction of DW motion. We show that 
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the tilted junction significantly reduces  𝐽+, by reducing the effective volume of the magnetic 

domain in the upper FM layer that has to be switched, whilst the field-stability of DW is 

unchanged regardless of shape of junction. 

Furthermore, by extending single junction concept to a SAF-FM-SAF bi-junction we 

demonstrate that a DW can be robustly confined within the FM region that is laterally 

sandwiched between SAF regions so that the DW is stable against arbitrary magnetic fields 

whose magnitude is smaller than the spin-flop field of the individual SAF domains, while, at 

the same time the DW can be efficiently injected from the FM into the SAF regions by current.  
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1.3 Scope of the thesis 
 

This thesis is structured as follows. First, the fundamental backgrounds for the basic 

magnetism of thin films, in particular the perpendicularly magnetized FM and SAF, are 

introduced in chapter 2. Chapter 2 also covers the DW dynamics, including the underlying 

mechanisms of current-, and field-induced DW motion, and corresponding energy barriers.  

In chapter 3, we present the experimental steps and detailed methods that were employed 

in this study.  

Afterwards, the experimental results of the current- and field-induced DW motion in 

SAF-FM junction integrated racetrack are shown in chapter 4.  

More detail discussions with qualitative and quantitative analysis about the experimental 

results are provided in chapter 5. In particular, this discussion focuses on the evaluation of 

temperature dependent energy barriers of DW in each FM, SAF, and SAF-FM junction.  

Lastly, we summarize this study and discuss the perspectives for future experiments in 

chapter 6.  
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Chapter 2 Background 
 

 In this chapter, we briefly introduce the fundamentals of magnetic domain walls and its 

dynamics in atomically thin ferromagnet and synthetic antiferromagnet system. The strong 

interfacial spin-orbit coupling between transition metal magnets, and non-magnetic heavy 

metal layers gives rise to the exotic novel magnetic and electrical properties, thereby leading 

to a highly efficient chiral magnetic domain wall motion. The underlying mechanisms of such 

domain wall motion is discussed by comparing three different external stimuli, including 

magnetic fields, electrical currents, and thermal fluctuations. Furthermore, we discuss the 

energy barrier that is correlated to the threshold condition and thermal stability of domain 

wall motion as well. 

	

2.1 Magnetic domains and domain walls 
 

 
 

Figure 2.1. Domains and domain wall in ferromagnet with perpendicular magnetic 

anisotropy. Ferromagnetic (FM) domains are aligned in downwards (blue) and upwards (red), 

respectively. Each colored arrow represents the magnetization of FM. The boundary between 

domains (black line and arrows) indicates the domain wall. 

 

 Magnet is widely used in our daily life for various purposes. For instance, the 

development of magnetic hard disk drives (HDDs) composed of ferromagnets (FMs), allows 

to drastically increase the capacities of data storage over the decades [51]–[53]. Here the 
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magnets, including FM and antiferromagnet (AFM), exhibits an ordering of magnetic moments 

that originates from the spin and orbital momentum of the electrons that are based on the 

quantum mechanical phenomenon [54], [55]. In FMs, magnetizations are collectively aligned 

to all same direction that is determined by the strong exchange energy between neighboring 

atoms [56]. In reality, however, a length scale of such ordering is not infinite, but is limited by 

size of from few hundreds of nanometers to even beyond micrometers scale. Such region where 

the magnetization is uniformly aligned is called magnetic domains (Fig. 2.1). The formation of 

multi magnetic domains in FM is a consequence of the minimization of the total magnetostatic 

energy 𝐸+-+ that can be described by [57] 

 

𝐸+-+ = 𝐸./ + 𝐸0 + 𝐸1 + 𝐸2 + 𝐸3+4.33 + 𝐸53 (2.1) 

  

where 𝐸./  is an exchange energy, 𝐸0  is a magnetocrystalline anisotropy energy, 𝐸1  is a 

demagnetizing energy, 𝐸2  is Zeeman energy, 𝐸3+4.33  is a stress energy, and 𝐸53  is a 

magnetostriction energy, respectively. In general, the last three terms can be negligible in static 

state which does not take into account any external stimuli. Here, the boundary between two 

domains which are aligned differently to each other is called a magnetic domain wall (DW).  
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2.1.1 Bloch and Néel type domain walls 
 

 
 

Figure 2.2. Bloch and Néel type domain wall. (a) Magnetization in spherical coordinate 

system. (b) Bloch (upper panel) and Néel type (lower panel) domain wall in perpendicularly 

magnetized FM (easy-axis along z-direction). Note that the DW plane is in yz-plane. 

 

Magnetic DWs can be formed in various types depending upon the crystal structure, 

thickness, as well as a shape of magnetic materials since they lead to the change 𝐸+-+ of the 

corresponding system. In this thesis, we mainly focus on the dynamics of Bloch and Néel type 

walls in perpendicularly magnetized FM thin film system which exhibit a narrow transition 

region between domains. Both Bloch and Néel wall, can be readily represented by one-

dimensional (1D) model in a spherical coordinate system [5], [58], [59] with a magnetization 

𝑴 = 𝑀6(sin 𝜃 cos𝜙 , sin 𝜃 sin𝜙 , cos 𝜃) , where 𝑀6  is the magnitude of saturation 

magnetization, 𝜃 is the polar angle, and 𝜙 is the azimuthal angle, respectively (Fig 2.2a). In a 

Bloch wall, the magnetization of the wall 𝑴78
*9-:, lies along the DW plane with 𝜙 = ± ;

<
	 (𝑦𝑧-

plane), which is perpendicular to the magnetization rotation axis, whereas the magnetization of 

the Néel wall 𝑴78
=é.9 points along the direction of rotation axis with 𝜙 = 0	or	𝜋 (𝑥-axis) which 

is in perpendicular to the DW plane (Fig. 2.2b).  
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2.1.2 Domain wall profile in nanowires 
 

 
 

Figure 2.3. Domain wall profile in ferromagnet nanowire. Néel type domain wall of width 

∆  in perpendicularly magnetized nanowire. The magnetization rotates in 𝜃(𝑥)  along x-

direction from up (↑) to down (↓). The center of domain wall is denoted by the position 𝑥 = 𝑞 

with 𝜃(𝑞) = ;
<
.  

 

The profile of DW in FM nanowire with respect to its position can be described in 1D 

model (Fig. 2.3). It is derived by the minimizing the total energy of DW 𝐸+-+which only takes 

into account exchange and anisotropy energy terms and that can be generally presented by [60] 

 

𝜃?@(𝑥) = 2tanAB[𝑒𝑥𝑝(±
𝑥 − 𝑞
∆ )] (2.2)  

 

where q is the position of DW along x-axis, and ∆ is the DW width parameter, respectively. 

Note that the ∆ is determined by the intra-layer exchange stiffness 𝐴./ , and the effective 

anisotropy 𝐾.CC parameters (∆= P𝐴./ 𝐾.CC⁄ ). Here + or – sign in Eq. 2.2 represents the DW 

which forms in between either ↑↓ (⨀|⨂) or ↓↑ (⨂|⨀) domain configuration.  

 Let us assume the DW in synthetic antiferromagnets (SAFs) nanowire where the two 

FM layers are antiferromagnetically coupled via atomically thin non-magnetic spacer layer. In 

a SAF, a pair of DWs are tightly bound to each other due to the interlayer exchange coupling 
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through spacer layer so that they behave like a single DW in FM. Thus, the profile of each DW 

in SAF can be described by [8], [59] 

 

𝜃6D?E@(𝑥) = 2tanAB[exp(±
𝑥 − 𝑞E@
∆E@

)] (2.3) 

𝜃6D?F@ (𝑥) = 2tanAB[exp(∓
𝑥 − 𝑞F@
∆F@

)] (2.4) 

 

where UM and LM represent to upper magnetic and lower magnetic sub-FM layers, 

respectively. Note here that the signs of DW profile in UM and LM of SAF are opposite to 

each other due to the AF coupling. Furthermore, we consider that the position of two DWs is 

always identical by assuming a strong coupling strength [61].    

 

 
 

Figure 2.4. Domain wall profile in synthetic antiferromagnet nanowire. Néel type domain 

wall with a width of  ∆ in perpendicularly magnetized synthetic antiferromagnet nanowire. The 

magnetizations in lower magnet (LM) and upper magnet (UM) are antiferromagnetically 

coupled via spacer layer. DW profiles of LM and UM exhibit always opposite sign.  
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2.2 Domain wall energy 
 

 Determination of preferred DW type in a given system is governed by the minimization 

of total energy as presented in Eq. 2.1. In this regard, a Bloch wall is generally favored in many 

thin film systems rather than Néel wall due to the demagnetizing energy along the DW direction 

[57]. In certain cases, however, a Néel wall is more stabilized [6], [7], [50] since the additional 

energies overcome a given demagnetizing energy likewise our study. To better understand this, 

it is essential to have a closer look at each energy terms that contribute to the total DW energy.  

 

2.2.1 Ferromagnet 

 
Figure 2.5. Energy contributions to domain wall in ferromagnet nanowire. Total energy 

terms relevant to Néel wall in perpendicularly magnetized ferromagnet nanowire. Intra-layer 

exchange energy EGH arises from the neighboring moments in FM layer. Effective anisotropy 

energy E0#$$  includes the magnetocrystalline and shape anisotropy. Dzyaloshinskii-Moriya 

interaction energy EIJK arises from the interface of adjacent non-magnetic layer. The thickness 

of ferromagnetic layer is denoted by 𝑡LJ. 

 

 Let us consider a DW in a FM nanowire as shown in Fig. 2.5. The DW energy terms 

relevant for here are the intra-layer exchange interaction 𝐸./, the effective anisotropy energies 

𝐸0%&& , and the additional energy which enables to stabilize a Néel wall, so called the 

Dzyaloshinskii-Moriya interaction (DMI) energy 𝐸7@M (Fig. 2.3) [26], [27], [32], [62]. Here 

the intra-layer exchange is the Heisenberg exchange between the neighboring magnetic 
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moments that energetically favor to align parallel to each other. Note here that the 𝐸./ and 

𝐸0%&& is mainly volume effects whereas the 𝐸7@M originates from the interfaces. Therefore, it 

is relevant to describe the energy densities of each term by taking into account the width of 

nanowire 𝑤 and the thickness of films 𝑡?@ , respectively. As a result, the total DW energy 

density of FM can be described by  

 

𝜀78?@ = 𝜀./?@ + 𝜀0%&&
?@ + 𝜀7@M?@ =	

𝐴./?@𝑡?@
∆< sin< 𝜃 + 𝑡?@𝐾.CC?@ sin< 𝜃 ±

𝐷?@
∆ cos𝜙 sin 𝜃 (2.5) 

 

where the 𝐾.CC is the effective anisotropy constant that is positive (𝐾.CC > 0) for perpendicular 

magnetic anisotropy (PMA) system, 𝐷?@ is the DMI constant whose sign is determineed its 

exchange direction, respectively. In Co/Pt case, for instance, the DMI constant is positive 

values (𝐷:-~0.2	pJ	mA<) [63]. 

 

2.2.1.1 Dzyaloshinskii-Moriya interaction 
 

 
Figure 2.6. Illustration of Dzyaloshinskii-Moriya interaction. DMI is an antisymmetric 

exchange coupling between the spins of two ions 𝑆B and 𝑆< via non-magnetic ligand (green 

sphere). The sign of DMI vector 𝐷ee⃗ B<  and corresponding effective DMI field 𝐻ee⃗ 7@M  is 

determined by the geometrical configuration of 𝑆B and 𝑆<. 𝑟B< and 𝑎⃗ are a displacement vector 

from the midpoint of two adjacent spins and a distance vector, respectively.  
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The DMI arises from the substantial spin-orbit coupling (SOC) in the presence of 

broken inversion symmetry at the interface between FM and HM layers (e.g., Co/Pt interfaces) 

[64], [65]. In principle, the DMI is another form of indirect exchange where the interaction 

between spins of two magnetic ions is transferred via single third ion by a superexchange 

mechanism (see Fig. 2.4). Initially, this type of exchange interaction was proposed by 

Dzyaloshinskii [27] to explain the weak ferromagnetism in bulk 𝛼-Fe2O3 crystal arising from 

the lack of inversion symmetry based on the Landau theory. Later, Moriya found that this is a 

consequence of spin-orbit interactions [26]. In this regard, one particular orientation is 

favourable over the other, hence it is also called an antisymmetric exchange. Therefore, the 

DMI energy gives rise to a canting of the spins 𝑆! and 𝑆" and that is given by 

 

𝐸7@M = 𝐷ee⃗ 12 ⋅ k𝑆e⃗ 1 × 𝑆e⃗ 2m (2.6) 

 

where 𝐷ee⃗ B<  is the DMI constant vector that is proportional to DW plane vector r⃗B<  and a 

distance vector ae⃗  (𝐷ee⃗ B< = −𝜆6NO 	r⃗B< × ae⃗ ). Here 𝜆6NO  is a coefficient proportional to the strength 

of SOC. As a consequence, the DMI in DWs generates a local longitudinal effective magnetic 

field 𝐻ee⃗ 7@M = − P&'()
P@QQ⃗

  along DW direction, thereby stabilizing Néel wall against Bloch wall in 

the present system. One can also notice that the orientation of 𝐷ee⃗ B< depends upon the sign of 

𝜆6NO  and this only allows to form opposite orientation of DWs in ↑↓ (⨀|⨂) or ↓↑ (⨂|⨀ ⨀) 

DW configuration [66]. As a consequence, the DMI energy does not only stabilize the Néel 

wall but also introduce a chirality of DWs. The chirality generates the DW rotation either 

clockwise or counter clockwise. Apart from Co/Pt interface, in general, the DMI can also be 

observed in many ultrathin magnetic layers at adjacent HM which exhibits a strong SOC, for 

instance, Ta [7], [48], Pd [25], W[67], Hf [48], and Ir [25] as well.   
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2.2.2 Synthetic antiferromagnet (SAF) 
 

 
Figure 2.7. Energy contributions to domain walls in synthetic antiferromagnet nanowire. 

Total energy terms for a pair of Néel walls in perpendicularly magnetized each sub-ferromagnet 

layers (UM: upper magnetic layer, and LM: lower magnetic layer). Inter-layer exchange energy 

𝐸S  via non-magnetic spacer layer contributes total domain wall energy. 𝐸0%&&*  and 𝑡T 	(𝑖 =

𝐿𝑀	𝑜𝑟	𝑈𝑀) denote the effective anisotropy energy, and thickness of sub-layer, respectively.  

Note that Dzyaloshinskii-Moriya interaction energy 𝐸7@M is taken into account in both LM and 

UM.  

In a SAF, there are pair of DWs in each LM and UM sub-magnetic layers that are tightly 

bound to one another via inter-layer exchange coupling. Considering the total DW energy in 

the SAF, therefore, the inter-layer exchange energy 𝐸S  must be included in addition to the 

energy of two DWs (Fig. 2.7). Since the total energy of individual DW in each sub-magnetic 

layers are identical to FM case, the total DW energy density of SAF can be described by [8], 

[59] 

𝜀786D? = 𝜀./F@ + 𝜀./E@ + 𝜀0%&&
F@ + 𝜀0%&&

E@ + 𝜀7@MF@ + 𝜀7@ME@ + 𝜀S

=
𝐴./F@𝑡F@
∆< sin< 𝜃 +

𝐴./E@𝑡E@
∆< sin< 𝜃 + 𝑡F@𝐾.CCF@ sin< 𝜃

+ 𝑡E@𝐾.CCE@ sin< 𝜃 ±
𝐷F@
∆ cos𝜙 sin 𝜃 ∓

𝐷E@
∆ cos𝜙 sin 𝜃

− 𝐽./[cos(𝜙F@ − 𝜙E@) sin< 𝜃 − cos< 𝜃] 

 

(2.7) 
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where 𝐽./ is the inter-layer exchange coupling constant that indicates the strength of coupling 

(|𝐽./|) and the type of coupling depending upon the sign; 𝐽./ > 0 (FM) or 𝐽./ < 0 (AFM), 

respectively. The sign of the DMI energy density term in LM and UM is opposite to each other 

due to their anti-parallel configuration. Similar to the DMI energy, the inter-layer exchange 

energy density 𝜀S originates from the interface, not from the bulk.  

 

2.2.2.1 Ruderman-Kittel-Kasuya-Yosida interaction 
 

 
Figure 2.8. Oscillatory Ruderman-Kittel-Kasuya-Yosida exchange interaction. Ru spacer 

layer thickness dependent (a) transverse saturation magnetoresistance, and (b) saturation field 

at room temperature for Co/Ru multilayers. Oscillation period is observed about 12 Å. 

Normalized inter-layer exchange coupling strength 𝐽./ of various spacer materials with (c) Co 

and (d) Fe multilayers. Figures are adopted from [33], [34] with permission from American 

Physical Society. 

 

 The origin of inter-layer exchange coupling is understood based on the Ruderman-

Kittel-Kasuya-Yosida (RKKY) exchange interaction [68]–[70]. The RKKY interaction refers 

the indirect exchange of localized magnetic moments through the conduction electrons in a 

metal. The theory is innately based on Bloch wavefunctions so that it is only relevant to 

crystalline systems. Later, such exchange coupling was observed in the ultrathin magnetic 
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multilayer systems with insertion of non-magnetic transition metal spacer layers [33], [34]. 

Here it is noteworthy that the coupling exhibits the oscillation behavior as a function of the 

thickness of spacer layer, either they become FM or AFM coupling, and the periods of the 

oscillatory coupling is determined by the critical spanning vectors of the Fermi surface of 

spacer [71], [72]. The SAF system investigated in this thesis, for instance, the spins of the 

conduction electrons in ultrathin Ru spacer layer play a role of medium between magnetic 

moments of Co sub-layers and the thickness spacer layer is designed to be ~ 9 Å [33], [34] as 

well. The corresponding exchange energy density 𝜀S is given by [73], [74] 

 

𝜀S = −𝐽./	𝑚vF@ ⋅ 𝑚vE@ (2.8) 

 

where 𝑚v T 	(𝑖 = 𝐿𝑀	𝑜𝑟	𝑈𝑀) is a unit vector of magnetization of LM and UM, and 𝐽./ denotes 

the exchange coupling strength, respectively. By replacing the DW magnetization of LM and 

UM in Eq. 2.8, as a consequence, the inter-layer exchange energy density of DW in SAF can 

be written as 

 

𝜀S = −𝐽./	[cos(𝜙F@ − 𝜙E@) (sin< 𝜃 − cos< 𝜃)]. (2.9) 
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2.3 Domain wall dynamics 
 

 In the previous session, we discuss the steady state of the DWs in FM and SAF 

nanowire in which there is no changes in their position by neglecting any external perturbations. 

In reality, however, the DW motion can be readily observed in the presence of the external 

magnetic fields, and even by the thermal fluctuation at finite temperature. Moreover, a 

discovery of the DW motion induced by an electrical current flow enables the manipulation of 

the DW in a controlled manner. In this session, we will discuss the DW dynamics resulting 

from the three different sources of the magnetic field, the electrical current, and the thermal 

fluctuation.  

 The DW dynamics can be described by the Landau-Lifshitz-Gilbert (LLG) equation 

[75], [76], which is a differential equation describing the time dependent angular momentum 

change. As the external torque exerted, the magnetization initiates the precession and the 

equation of corresponding motion can be simplified as 

 

𝑑𝑚ee⃗
𝑑𝑡 = 𝜏CT.91 + 𝜏:U44.V+ + 𝜏+,.45	 (2.10) 

	

where the 𝜏CT.91, 𝜏:U44.V+, and 𝜏+,.45 represent the exerted torques by the external magnetic 

field, the electrical current, and the thermal fluctuation, respectively.	 

 

 

2.3.1 Field-induced domain wall motion 
 

 When an external magnetic field 𝐻ee⃗ ./+	is applied to the magnetic moment 𝑀ee⃗  with a 

finite angle, the precession of 𝑀ee⃗  occurs around the field. In principle, the 𝐻ee⃗ ./+  induces the 

additional energy into the steady state, so called Zeeman energy 𝐸W..5XV  and it can be 

described by [57] 
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𝐸W..5XV = −𝜇Yz 	𝑀ee⃗ ⋅ 𝐻ee⃗ ./+	𝑑𝑉 = −𝜇Y𝑚ee⃗ ⋅ 𝐻ee⃗ ./+ (2.11) 

 

where the 𝜇Y is a permeability, and 𝑉 is the total volume of magnet. Hence, the  𝑚ee⃗  favors to 

minimize the total energy by aligning parallel to the field direction.  

 

 
Figure 2.9. Field-induced torques on magnetization. Primary and damping torques applied 

on the magnetization 𝑀ee⃗  in a response to an external magnetic field 𝐻ee⃗ ./+. 𝑀ee⃗  is consequently 

aligned along the direction of 𝐻ee⃗ ./+. 

 

As can be seen in Fig. 2.9, the 𝐻ee⃗ ./+ exerts a primary torque −𝛾	𝑚ee⃗ × 𝐻ee⃗ ./+ that gives rise 

to the presession motion of 𝑚ee⃗ . In addition to the precession, a primary torque induces a 

damping torque 𝛼𝑚ee⃗ × 15QQQ⃗
1+

 which eventually rotates  𝑚ee⃗  towards 𝐻ee⃗ ./+. As a consequence, the 

field-induced torque 𝜏CT.91 is given by 

 

𝜏CT.91 = −𝛾𝑚ee⃗ × 𝐻ee⃗ ./+ + 𝛼𝑚ee⃗ ×
𝑑𝑚ee⃗
𝑑𝑡  (2.12) 

 

where 𝛼 is a gilbert damping constant which indicates the strength of dissipative effect. Hence, 

the LLG equation induced by the external field can be written as 
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𝑑𝑚ee⃗
𝑑𝑡 = −𝛾𝑚ee⃗ × 𝐻ee⃗ ./+ + 𝛼𝑚ee⃗ ×

𝑑𝑚ee⃗
𝑑𝑡 . 

(2.13) 

 

 

Now let us consider the DW motion in the presence of external magnetic field (Fig. 

2.10). We assume that the DW is formed in between ↓↑ (⨂|⨀) domain configuration. The 

external field 𝐻ee⃗ ./+ can be composed of three components 𝐻/ , 𝐻Z ,	and 𝐻W. Thus,  

 
 

𝐻ee⃗ ./+ = 𝐻/ cos𝜙 sin 𝜃 + 𝐻Z sin𝜙 cos 𝜃 + 𝐻W cos 𝜃. (2.14) 

 

 

When the field is applied to the x-direction (𝐻/ ≠ 0, and	𝐻Z , 𝐻W = 0), which is antiparallel or 

parallel to the magnetization of DW, and perpendicular to the orientation of two domains, the 

DW does not move due to 𝜏CT.91 = 0. Despite 𝜏CT.91 ≠ 0, in case of 𝐻Z ≠ 0, (𝐻/ , 𝐻W = 0), the 

DW only transforms to the Bloch wall without any changes in its initial position. Both cases, 

the field is applied to hard-axis of magnet, thus the 𝐸W..5XV is nearly zero since the volume of 

DW is negligible compared to two domains. As a result, 𝐻ee⃗ ./+ does not influence the entire 

potential energy landscape.  
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Figure 2.10. Field-induced domain wall motion. Illustration of field-induced domain wall 

motion in perpendicularly magnetized ferromagnet nanowire. Néel wall is formed between ↓↑ 

(⨂|⨀) domain configuration. An external field along -z direction (−𝐻ee⃗ W./+) exerts torques on 

domain wall magnetization (a), thereby inducing motion (𝑞Y → 𝑞B) (b).  

 

 

In contrast, the field-induced DW motion (FIDWM) occurs in the presence of the field along 

z-direction (easy-axis; 𝐻W ≠ 0) . Because the 𝐸W..5XV  induces the tilting of the energy 

landscape with respect to the DW position 𝑥 = 𝑞, thereby driving DW towards the total energy 

minima [77]–[79]. Depending upon the orientation, hence, either +𝑧, or −𝑧, the DW can move 

towards right or left-hand side from initial position 𝑞Y, respectively (Fig. 2.10). According to 

Eq. (2.11), the degree of tiling of landscape is proportional to the magnitude of easy-axis 

components of field.   
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2.3.2 Current-induced domain wall motion 

2.3.2.1 Spin-transfer torque 
 

When the electron travels into the conventional non-magnetic materials, the spins of 

electron are randomly oriented therefore the net spin polarization is zero. On the other hand, 

when the electrons are travelling into the FM, which is magnetized along a specific orientation, 

they are scattered by the magnet moments through the s-d (transition metals) [80] or s-f (rare 

earth metals) [81] exchange interaction, thereby resulting a spin-polarization of electrons. Here, 

the spins that are parallel to the magnetic moment are less scattered while the others are more 

scattered. As a result, the spin-dependent scattering gives rise to the spin-polarized current in 

the FM. The degree of spin-polarization 𝑃 in the FM can be identified as 

 

𝑃 =
𝜎↑ − 𝜎↓
𝜎↑ + 𝜎↓

 (2.15) 

 

where the 𝜎T(𝑖 =↑ 𝑜𝑟 ↓)  is the conductivity of electrons depending upon the parallel or 

antiparallel with respect to the magnetization of the material. In general, the 3d transition metal 

based FMs (Co, Ni, and Fe) exhibit positive polarization (𝑃 > 0).  

 Slonczewski [16], and Berger [17] found that, interestingly, the spin-polarization 

process not only occurred in one direction, but also accompanied with a reciprocal phenomenon. 

This means that magnetization can also be influenced by the injected spin current during the 

scattering. As the spin polarized electrons travel, the spins that are not collinear with magnetic 

moment orientation exchange their spin and magnetic angular momentum. These angular 

momenta exchange results to the parallel alignment of spins of electrons and the magnetic 

moments. As a consequence, the magnetic moments are rotated toward the orientation of 

polarized spins of electrons by the torque that is called the spin-transfer torque (STT). Here the 

governing rule is the total angular momentum conservation, thus it is also known as an 

adiabatic STT and the corresponding torque is given by 
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𝜏X6(( = −𝑏] 𝑚ee⃗ 	×	𝑚ee⃗ 	× k𝐽� ⋅ ∇m 𝑚ee⃗  (2.16) 

 

where 𝑏S  is the adiabatic STT coefficient, 𝐽� is the unit vector of electrical current density 

flowing along the magnetic layer, respectively. The adiabatic STT coefficient 𝑏S is proportional 

to the degree of spin polarization 𝑃 [82]. 

 On the other hand, there are some cases of STT which do not agree with the angular 

momentum conservation rule [83], that is possibly due to the mistracking between spins and 

local moments. The STT resulting from corresponding mechanism is called a non-adiabatic 

STT and can be written as [84] 

 

𝜏VX6(( = −𝛽𝑏S 𝑚ee⃗ 	× k𝐽� ⋅ ∇m𝑚ee⃗  (2.17) 

 

where 𝛽 is the non-adiabatic STT coefficient that indicates the ratio to the non-adiabatic STT 

to the adiabatic STT. Note here that the direction of adiabatic STT is an analogy to the damping 

torque in which the local moment rotates toward spins, therefore it is also called a damping-

like torque. The non-adiabatic STT, however, generates the precession of moments around 

spins that is similar to the primary field torque discussed in previous section 2.1.4.1. Hence, it 

is also named as field-like torque. 

 As a result, the LLG equation can be extended by including a both STT terms (𝜏X6(( +

𝜏VX6(() in addition to Eq. (2.13 

 

𝑑𝑚ee⃗
𝑑𝑡 = −𝛾𝑚ee⃗ × 𝐻ee⃗ ./+ + 𝛼𝑚ee⃗ ×

𝑑𝑚ee⃗
𝑑𝑡 − 𝑏] 𝑚ee⃗ 	× 𝑚ee⃗ ×

(𝚥̂ ⋅ ∇)𝑚ee⃗ − 𝛽𝑏] 𝑚ee⃗ 	× k𝐽� ⋅ ∇m𝑚ee⃗ . (2.18) 

 

For the STT-driven DW motion, as can be seen in Fig. 2.11, the spin of injected electron 

into the nanowire is initially polarized along +𝑧 direction and passes through the DW by 

tracking the rotation of magnetization along the DW. During this process, the exchange of 

angular momentum between spins and moments exerts the STT, thereby moving the DW in 

the electron flow direction. Note here that the direction of CIDWM in STT is opposite to the 

current flow direction [15], [18].  
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Figure 2.11. Spin-transfer torque induced domain wall motion. (a) As the electrical current 

flows in −𝑥 direction, the injected spin polarized electrons into the domain wall give rise to 

the spin-transfer torque, thereby resulting a domain wall motion (𝑞Y → 𝑞B) (b). The direction 

of domain wall motion is opposite to current flow direction.  

 

 

2.3.2.2 Spin-orbit torque 
 

 The main driving force to manipulate the DW is the STT arising from the spin polarized 

current. So far, we introduced that the origin of STT is mainly due to the angular momentum 

exchange of electrons flowing into the FM. However, there is another way of transferring 

angular momentum originating from the spin-orbit interaction phenomenon, so called a spin-

orbit torque (SOT) [6], [7], [25], [29], [30], [48]. Depending upon the underlying mechanism, 

the SOT can also be classified as arising from either the spin Hall effect (SHE) [31] or the 

Rashba-Edelstein effect [85], [86]. In contrast to conventional STT, both are observed in the 

bilayer system of a non-magnetic heavy metal layer/ferromagnet in the presence of strong spin-

orbit coupling. The major difference between the two is that the SHE is mainly governed by a 

bulk effect whereas the Rashba-Edelstein effect is an interfacial effect originating from the 

broken inversion symmetry [87]. Of course, it is possible that both can simultaneously generate 
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SOT in certain systems. From now on, however, we only consider the SHE as a main source 

of SOT in our discussion since the Rashba-Edelstein effect is negligible in our experiments [7]. 

 

 

Figure 2.12. Illustration of spin Hall effect and anomalous Hall effect. Spin current 

generated by (a) spin Hall effect in non-magnetic materials and (b) anomalous Hall effect in 

magnetic materials. Note that there is no charge current accumulation induced in spin Hall 

effect contrary to anomalous Hall effect. Figure is adopted from [59] with permission from IOP 

publishing.    

 

 The SHE is a transport phenomenon that gives rise to the charge to spin conversion 

thereby leading to a spin accumulation perpendicular to the current flow direction (Fig. 2.12a). 

In general, this can be distinguished between an intrinsic or extrinsic SHE but both requires a 

large SOC in host material. The intrinsic SHE arises from a band splitting due to the SOC and 

an effective magnetic field caused by Berry phase [88], whereas the extrinsic SHE is based on 

the scattering of conduction electrons at impurities or defects in a real space [89], [90]. This is 

a relativistic effect between electrons and positive ions similar to the anomalous Hall effect 

(AHE) in FM (Fig. 2.12b) [91], but is observed in non-magnetic (NM) materials. In this thesis, 

we only focus on the extrinsic SHE that is more relevant for our experimental works. In 
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principle, the SHE leads to a deflection of charge carriers depending upon the spin orientation. 

The main difference between the SHE and AHE is that the SHE only accumulates the spin 

current, no charge current, therefore there is no transverse voltage (see Fig. 2.12). As a result, 

the direction of current (±𝑥-direction), spin current (±𝑦	and	𝑧-direction), and spin orientation 

(±𝑧	and	𝑦-direction) are all perpendicular to each other.  

 The SHE efficiency can be evaluated by quantifying the charge to spin conversion 

efficiency that is defined by  

 

𝜃6^& =
𝐽3
𝐽:

 (2.19) 

 

where the 𝐽3 is the spin current density and the 𝐽: is the charge current density, respectively. 

Here the 𝜃6^& is also known as the spin-Hall angle [92]. Note that the 𝜃6^& can have either 

positive or negative sign depending upon the materials, since the orientation of 𝐽3  can be 

opposite to one another. For instance, the Pt [6], [25] shows a positive 𝜃6^&, whereas Ta [48], 

and W [48], [67] show negative values. As a result, the spin current that flows to +𝑧 direction 

can be given by  

𝑆 =
ℏ𝜃6^&
2𝑒 k𝐽:� × 𝑧̂m (2.20) 

 

where the ℏ is the Planck constant, and the 𝑒 is the elementary charge, respectively. For the Pt, 

the spin current along +𝑧 direction is polarized in −𝑦 direction when 𝐽: flows +𝑥 direction.  

In the NM/FM bilayer system, when the majority current flows into the NM layer 

instead of FM (𝐽=@)𝐽?@), the conventional STT is negligible, but the SHE is prominent source 

for generating spin current in the system. Since the SHE results in the spin polarization along 

−𝑦 direction in this case, the torque arising from SHE towards adjacent upper FM layer can be 

written as 

𝜏6^& = 𝑚ee⃗ 	× k𝑚ee⃗ 	× 𝐻ee⃗ 6^&m =	𝑚ee⃗ × (𝑚ee⃗ ×
ℏ`+,-
<.@.+

(𝐽:� × 𝑧̂)) = 𝜃6^&𝑏S𝑚ee⃗ × 𝑚ee⃗ × 𝑦� (2.21) 
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where 𝐻ee⃗ 6^& is the effective field generated from SHE that can be parameterized by 𝐻6^& =
ℏ`+,-S
<.@.+

. Here the 𝑡 denotes the thickness of adjacent FM layer. As a consequence, the LLG 

equation including the SOT driven by SHE is given by  

 

𝑑𝑚ee⃗
𝑑𝑡 = −𝛾𝑚ee⃗ × 𝐻ee⃗ ./+ + 𝛼𝑚ee⃗ ×

𝑑𝑚ee⃗
𝑑𝑡 − 𝑏] 𝑚ee⃗ 	× 𝑚ee⃗ × k𝐽

� ⋅ ∇m𝑚ee⃗ − 𝛽𝑏] 𝑚ee⃗ 	× k𝐽� ⋅ ∇m𝑚ee⃗

+ 𝜃6^&𝑏S𝑚ee⃗ × 𝑚ee⃗ × 𝑦�. 
(2.22) 

 

 

Figure 2.13. Spin-orbit torque driven by spin Hall effect. (a) Spin polarized currents (𝐽6) 

arrows) arises from the charge current flow (𝐽.) in adjacent non-magnetic spin Hall layer (e.g., 

Pt) that give rise to the rotation of domain wall magnetization towards y-direction. (b) 𝐻ee⃗ 7@M 

coherently exerts torque on the rotated wall towards out-of-plane direction, thereby moving the 

domain wall along the current flow direction. 

  

Now let us consider the DW motion driven by SHE. In the present thesis, we employed 

the Pt/Co bilayer as a primary source of the SOT, thus the SHE is generated by Pt layer and 

influences to the DW in Co layer. As discussed in section 2.1.3.1., the 𝐻ee⃗ 7@M stabilizes the Néel 

wall, therefore the 𝐻ee⃗ 6^&  exerts the torque to 𝑚ee⃗ =é.9  ( 𝐻ee⃗ 6^& ⊥ 𝑚ee⃗ =é.9 ) (Fig.2.13a). 

Simultaneously, the 𝐻ee⃗ 7@M applies a restoring torque on the 𝑚ee⃗ =é.9 thereby leading an out-of-

plane rotational torque (Fig.2.13b). This is called chiral spin torque. As a consequence, the DW 

can move along the same direction of current flow, that is opposite to the STT-driven case 

(DWs move along the electron flow direction). Although the SOT-driven DW motion requires 



Chapter 2 

 

 

 

30 

a source material (NM) in addition to FM, and is limited for the Néel DW (𝐻ee⃗ 6^& ⊥ 𝑚ee⃗ =é.9), in 

comparison to STT, it exhibits a significant efficient DW motion by achieving high velocity 

with lower current density [6], [7].   
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2.3.2.3 Exchange coupling torque 
 

 
Figure 2.14. Illustration of exchange coupling torque in anti-parallel coupled moments.  

(a) Antiferromagnetically coupled domain walls in lower (LM) and upper magnetic layer (UM) 

in equilibrium state (no external stimuli). (b) Exchange coupling fields 𝐻ee⃗ ./T (𝑖 = 𝐿𝑀	𝑜𝑟	𝑈𝑀) 

generate the exchange coupling torques 𝜏./T  on canted moments towards out-of-plane direction. 

 

Due to the high current efficiency, the SOT has become a mainstream for the chiral DW 

motion. Recently, however, the more efficient CIDWM has been reported in SAF, in which the 

maximum velocity can reach up to ~1000 m/s, due to the additional contribution of new types 

of torque, namely the exchange coupling torque (ECT) [8], [93]. The ECT originates from the 

effective interlayer exchange field 𝐻ee⃗ ./T  between two sub-FM layers, LM and UM, that can be 

derived from the 𝐻ee⃗ ./T = −
P&/

*

P5QQQ⃗ *
, where 𝐸ST is the inter-layer exchange energy in LM or UM layer 

(𝑖 = 𝐿𝑀	𝑜𝑟	𝑈𝑀). Thus, the exchange field in LM and UM can be described by 

 

𝐻ee⃗ SF@ = −2
𝐽./
𝑚F@

sin(𝜙F@ − 𝜙E@) 𝜙�,	 (2.23) 

𝐻ee⃗ SE@ = −2
𝐽./
𝑚E@

sin(𝜙E@ − 𝜙F@) 𝜙�, (2.24) 
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respectively, where the 𝜙� = −sin𝜙 𝑥� + cos𝜙 𝑦�. As a consequence, the ECT is then given by  

   

𝜏&O(T = −𝛾𝑚ee⃗ T × 𝐻ee⃗ ST . (2.25) 

 

As can be seen in Fig. 2.14, when two DWs are collinear (anti-parallel for SAF) in stationary 

state, 𝐻ee⃗ ST becomes zero, thus there is no exchange torque. However, as soon as the spin canting 

occurs in one of DWs, the 𝐻ee⃗ ST generates 𝜏&O(T  thereby leading a DW motion. Note that the DW 

in the LM layer 𝑚ee⃗ 78F@  is directly governed by the 𝜏6^& generated from Pt underlayer (see Fig. 

2.13), thus the DW in the UM layer 𝑚ee⃗ 78E@  moves toward the current flow direction together as 

well. The direction of 𝜏&O(T  is always along the z-direction but the sign is opposite in LM and 

UM depending upon the configuration.  

 

 
Figure 2.15. Exchange coupling torque induced domain wall motion in synthetic 

antiferromagnet.  The domain wall motion in lower magnetic layer (LM) is governed by 

primary spin orbit torque (𝜏6^&), thus moving in a same direction to charge current flow 𝐽. .  

Antiferromagnetic interlayer exchange coupling (𝐽./ < 0) gives rise to an exchange field that 

exerts the exchange coupling torque 𝜏T./(𝑖 = 𝐿𝑀	𝑜𝑟	𝑈𝑀) along out-of-plane direction, thereby 

moving together with a domain wall in upper magnetic (UM) in a same direction. 
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In this regard, the underlying mechanism of CIDWM in SAF is still similar to the FM, so that 

the SOT is main source for delivering the spin torque to initiate the DW motion (Fig. 2.15). 

Moreover, of course, there is a contribution of 𝜏6^& generated from the spacer layer. However, 

the corresponding SOT efficiency is considerably less compared to the ECT. Hence, the highly 

efficient CIDWM in SAF is mainly induced by the SOT arising from LM and the ECT. 

Consequently, the LLG equation for the DW motion in SAF is redefined by [59]  

 

𝑑𝑚ee⃗ T
𝑑𝑡 = −𝛾𝑚ee⃗ T × 𝐻ee⃗ ./+ + 𝛼𝑚ee⃗ T ×

𝑑𝑚ee⃗ T
𝑑𝑡 − 𝑏] 𝑚ee⃗ T 	× 𝑚ee⃗ T × k𝐽� ⋅ ∇m𝑚ee⃗ T

− 𝛽𝑏]𝑚ee⃗ T 	× k𝐽� ⋅ ∇m𝑚ee⃗ T + 𝜃6^&𝑏S𝑚ee⃗ T ×𝑚ee⃗ T × 𝑦�

− 𝛾𝑚ee⃗ T × 𝐻ee⃗ ST 	(𝑖 = 𝐿𝑀	𝑜𝑟	𝑈𝑀). 

(2.26) 

 

Interestingly, the strength of the ECT can be further enhanced by increasing the AF coupling 

strength 𝐽./ , which is determined by the spacer layer, and as well as achieving 𝑚F@ =

𝑚E@[8], [36], [61]. As shown in Fig. 2.16, the DW velocity is maximized when 𝑚F@ = 𝑚E@, 

where they are fully compensated to each other (𝑚a = 0).  

 

 
Figure 2.16. Moment compensation dependent domain wall velocity in synthetic 

antiferromagnet. Maximum domain wall velocity as a function of moment compensation 

degree @0
@+

, obtained by (a) experiments, and (b) calculation. 𝜙F@ − 𝜙E@ dependency on @0
@+

 

within the analytical model is shown in inset as well. Figures are adopted from [59] with 

permission from IOP publishing.   	  
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2.3.3 Thermally-induced domain wall motion 

 

 

Figure 2.17. Illustration of thermally-induced domain wall motion. At finite temperature 

𝑇, domain wall stays at initial position (𝑥 = 𝑞Y)	when the local potential barrier height is larger 

than thermal energy (𝐸) > 𝑘*𝑇) (a). Thermally activated domain wall motion arises when 

𝐸) < 𝑘*𝑇 (b). Note that the direction of thermally-induced domain wall motion is arbitrary, 

thus domain wall moves to either 𝑥 = 𝑞B	𝑜𝑟	𝑞<.  

 

In previous sections, we discussed the DW motion induced by the effective fields, that 

can be generated from either an external field, or electrical current. This also implies that any 

kind of external stimuli that potentially produce the effective fields can result to the DW motion. 

In some cases, for example, the spontaneous DW motion can occur even in the absence of 

either an external magnetic field, or an electrical current source [94]–[96]. That is due to the 

effective fields induced by the thermal activation energy, 𝑘*𝑇, where 𝑘*  is the Boltzmann 
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constant, and 𝑇 is the temperature, respectively. At a finite temperature, the thermal agitation 

gives rise to a fluctuation of both conduction electrons and magnetic moments, thereby 

generating the current and field fluctuations [97]–[104]. Now let us discuss how this influences 

the DW. As shown in Fig. 2.17, the steady state of DW is initially positioned at 𝑞Y, which is 

the energy minima of potential energy landscape. Once the thermal energy is large enough to 

overcome corresponding potential energy barrier 𝐸) , the DW can move to the neighboring 

potential energy minima (𝑞B	𝑜𝑟	𝑞<). This is called thermally-induced DW motion. Note that 

the direction of thermally-induced DW motion is arbitrary. 

 

2.3.3.1 Energy barrier of domain wall motion 

 

 

Figure 2.18. Intrinsic energy barrier of STT-driven domain wall motion. (a) Deviation of 

Bloch wall moment induced by STT. (b) Due to the deviation, a shape anisotropy field 𝐻ee⃗ ' 

becomes non-zero, thus generating a torque 𝜏'  in opposite direction to STT 𝜏6(( .  As a 

consequence, the domain wall stays at initial position. Figures are adopted from [49] and [59] 

with permission from Springer Nature and IOP publishing, respectively.    

 

 The origin of 𝐸)  for DW is still not yet clearly understood, but there are several 

parameters, such as the volume, and the anisotropy of DW that certainly contribute to 

determine the barrier height likewise conventional MTJs. It also depends on the type of DW 

either Bloch or Néel wall, where the underlying mechanism of DW motion is distinct. In case 

of Bloch wall, the DW motion can be generated by the STT, whereas the SOT drives the DW 
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motion in the Néel wall. In STT-driven motion, there is an intrinsic energy barrier that 

originates from the competition between shape anisotropy and the degree of tilting of DW [39], 

[59]. As shown in Fig. 2.18, the under the threshold current, the precession of DW only occurs 

without complete rotation, thus the DW is pinned and its position does not change. On the other 

hand, the SOT-driven motion does not have an intrinsic energy barrier since the DMI strongly 

stabilizes the DW [32], [58]. There is only extrinsic energy barrier that is induced by localized 

non-uniform anisotropy, the grain boundaries, the edge roughness of structures, and so on. 

Therefore, the extrinsic barrier is common for the DW motion in reality regardless of 

mechanism, and this is verified by number of experiments [37]–[40].  

 Ideally, the corresponding barrier height 𝐸)  can be evaluated by measuring an 

activation energy of thermally-induced DW depinning based on Arrhenius law [39], [47], [105]. 

However, such thermal effects on the DW at a steady state have not been simply taken into 

account so far due to the experimental difficulties. One of the main challenges is that the 

detection of DW motion is limited since the thermal effective fields is applied in an arbitrary 

orientation. Furthermore, the time-scale for occurring a thermal activation process is indefinite, 

thus it is not straightforward. Instead, the DW depinning threshold current or field in thermally 

assisted regime, where the excitation time-scale is much longer than intrinsic angular 

momentum transfer process [106], [107]. Despite such difficulties, it is important to identify 

how the thermal effects on the DW are accounted for the DW dynamics. 

 

2.3.3.2 Electrical current fluctuations 
 

Let us first consider the influence of thermal fluctuations of electrons in the presence 

of DW. In metallic system, the fluctuating electrons lead to the current fluctuations that exhibit 

a typical decaying time scale of  𝜏~	10ABb~10ABcsec based on Drude model. In this regard, 

from the fluctuation-dissipation theorem [108], the spectral density of current fluctuations can 

be obtained by  

 

𝑆S(𝜔) =
4𝑘*𝑇
𝑉 ∙ 𝑅𝑒𝜎(𝜔)					(𝜔 > 0) (2.27) 
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where 𝜎(𝜔) is the electrical conductivity of the sample which is governed by Drude theory at 

frequency 𝜔, and 𝑉 is the volume of sample, respectively. Note here that we assume the profile 

of 𝐽 obeys Gaussian distribution. By integrating Eq. 2.23 with respect to 𝜔, and taking root 

mean square, we obtain the average magnitude of current density fluctuations in given system, 

 

𝛿𝐽 = 	�
𝑘*𝑇
𝑉 ∙

𝜎
𝜏 						

(𝜔 = 0) (2.28) 

 

where 𝜎 = 𝜎(0)  is the d.c. conductivity. Note that Eq. 2.24 concerns a current density 

fluctuation within a time scale of 𝜏. As a consequence, the resulting STT and SOT induced by 

𝛿𝐽 can be given by  

 

𝜏6((+,.45 = −𝑏S 𝑚ee⃗ 	× 𝑚ee⃗ × k𝛿𝐽eee⃗ ?@ ⋅ ∇m𝑚ee⃗ − 𝛽𝑏S𝑚ee⃗ 	× k𝛿𝐽eee⃗ ?@ ⋅ ∇m𝑚ee⃗ , (2.29) 

𝜏6^&+,.45 =	𝑚ee⃗ × (𝑚ee⃗ ×
ℏ𝜃6^&
2𝑒𝑀3𝑡

(𝛿𝐽eee⃗ =@ × 𝑧̂)), (2.30) 

 

respectively. Note that since 𝛿𝐽eee⃗  is randomly generated in both NM and FM layers, only x-

component of 𝛿𝐽eee⃗  contribute the DW motion via both STT and SOT. Thus, it is impossible to 

determine the direction of DW motion induced by current fluctuation.  
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2.3.3.3 Magnetic field fluctuations 
 

 In addition to the electron fluctuation, the thermal fluctuation of magnetization 

generates the effective field and that can be described by the stochastic LLG equation, also 

known for the Langevin equation [98], [100], [102], 

 

𝑑𝑀ee⃗
𝑑𝑡 = −𝛾𝑀ee⃗ × k𝐻ee⃗ .CC + 𝐻ee⃗C9m + 𝛼𝑀ee⃗ ×

𝑑𝑀ee⃗
𝑑𝑡  (2.31) 

 

where, 𝐻ee⃗ .CC, and 𝐻ee⃗C9(𝑟, 𝑡) are the effective magnetic field, and the random thermal fluctuating 

magnetic field, respectively. Here 𝐻ee⃗ .CC includes the external field, the intra-layer exchange 

field, the dipolar field, the DMI field, and the anisotropy field. 𝐻ee⃗C9(𝑟, 𝑡) is typically assumed 

to be a Gaussian random process satisfying < 𝐻C9T (𝑟, 𝑡) >= 0 and < 𝐻C9T (𝑟, 𝑡)𝐻C9
] (𝑟d, 𝑡d) >=

<e'"(
fg1@

𝛿T]𝛿(𝑟 − 𝑟d)𝛿(𝑡 − 𝑡d) (𝑖, 𝑗 = 𝑥, 𝑦, 𝑧)	such that  

 

𝐻ee⃗C9(𝑟⃗, 𝑡) = 𝜁(𝑟, 𝑡)�
2𝛼𝑘*𝑇

𝛾𝜇Y𝑀𝑑𝑉𝑑𝑡
 (2.32) 

 

where, 𝑑𝑉, 𝑑𝑡, and 𝜁(𝑟, 𝑡) are the fluctuating element volume, fluctuating time interval, and 

stochastic random unit vector, respectively. 𝛿T] is the Kronecker delta. 𝛿(𝑟 − 𝑟′) and 𝛿(𝑡 − 𝑡d) 

are Dirac delta functions.  𝑑𝑉 can be approximated to be the DW volume in a given geometry, 

𝑤𝑡?@𝜋Δ (width of wire : 𝑤, thickness of FM: 𝑡?@, DW width parameter: Δ). Here note that 

only the easy-axis component of 𝐻ee⃗C9 has been considered since the other components (hard-

axis) cannot move the DWs (see section 2.1.4.1).   
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Chapter 3 Experimental methods 
 

In this chapter, we will introduce the experimental methods conducted in this study. 

The device fabrication process, especially, based on the magnetron sputtering thin film 

deposition, and nanofabrication techniques will be discussed. Furthermore, we present the 

measurement technique being used for the detection of domain wall motion by magneto-optic 

Kerr effect as well.  

 

3.1 Film deposition and characterization  

3.1.1 Magnetron sputtering 
 

The magnetic thin films employed in this study were grown by the standard magnetron 

sputtering method. Magnetron sputtering is one of the physical vapor depositions (PVDs) 

method which is widely applied for thin film deposition not only in the research but also in the 

industry due to its high efficiency and uniformity for large scale production [109]. We prepared 

magnetic thin multilayers on Si (100) wafer covered with 250 Å thick thermally oxidized 

amorphous SiO2 layer. This SiO2 layer introduces very smooth surface roughness of ~1 Å and 

electrically insulating. We used our homemade sputtering system called as multi-source, 

atomically engineered, next generation, alloys and compounds (MANGO), which consists of 

main chamber with a base pressure of <10-9 torr, one turret-type magnetron sputtering chamber 

including twelve targets, and four sub-chambers each having three targets (see Figure 3.1b). 

The film structures employed in this study is consist of seed/capping layer, heavy metal (HM) 

layer, and FM multi layers. The perpendicularly magnetized single layer FM and SAF based 

racetrack structures are: 20 TaN / 30 Pt / 3 Co / 7 Ni / 1.5 Co / 30 TaN for single layer FM [6], 

and 20 TaN / 30 Pt / 3 Co / 7 Ni / 1.5 Co / 9.5 Ru / 3.5 Co / 7 Ni / 3 Co / 30 TaN for SAF [8] – 

units in Å. The seed and capping layer of TaN was deposited by reactive magnetron sputtering 

with an Ar/N2 (85/15) gas mixture. The rest of metallic layer was deposited under 3 mTorr Ar 

pressure. 
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Figure 3.1. Magnetron sputtering deposition. (a) Schematic representation of conventional 

magnetron sputtering deposition. Target material is bombarded by energetic ions (e.g., Ar 

Plasma) and condense on the substrate as a thin film. (b) Image of Multi-source, atomically 

engineered, next generation, alloys and compounds (MANGO) deposition system. Figure is 

adopated from [109] with permission from Elsevier. 
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3.1.2 Vibrating sample magnetometry  
 

 
Figure 3.2. Schematic illustration of vibration sample magnetometer. Magnetic sample is 

prepared by the size of 5 × 6 mm in order to position within the uniform field 𝐻 generated 

from electromagnets. Sample is vibrated perpendicular to the field direction with a frequency 

of 𝑓	(50~100	Hz). Lock-in amplifier collects the induced voltage from the pickup coils and 

convert to the DC output. 

 

Magnetic properties of as-grown samples were characterized by vibrating sample 

magnetometer (VSM) at room temperature. VSM technique collects the induced electrical 

voltage from the change in the magnetic flux (Φ) based on Faraday’s law of induction [110] 

(see figure 3.2). The sample vibrates continuously into and out of the pickup coils where the 

signal is collected with a frequency (f) in the presence of an external magnetic field. While the 

magnetic moments of sample align to the direction of field, the oscillation of voltage resulting 

from the change of Φ is collected and integrated by lock-in measurement. As a result, this 

electrical signal is proportional to the total magnetic moment of the sample. Based on the total 

magnetic moment and sample dimension, we can readily convert to the magnetization value. 

Determination of sample dimension, however, needs to be carefully considered with respect to 

the pickup coils area. Therefore, we prepared each sample with finite dimension of 5 × 6 mm 

which is sufficiently fit into pickup coils area for reliable measurement. In this study, we 

focused on the characterization of single layer FM and SAF films by measuring M-H hysteresis 

loops (see section 4.1).  
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3.2 Device fabrication 

3.2.1 Lithography 
 

For the first step of device fabrication, we patterned the device structures on the 

characterized film using a standard electron-beam (e-beam) and photolithography process. 

Prior to the patterning, the e-beam or photo resist was deposited by a spin coating process. Note 

that depending on post process, either deposition or etching, a positive or negative tone resist 

was employed, respectively (Table 3.1). 

 

Resist Type Thickness Bake condition Developer Remover 

E-beam 
AR-P 6200.09 Positive ~ 200 nm 150 °C / 1 min AR 600-546 

(Amyl acetate) 
AR 300-76 

AR-N 7520.18 Negative ~ 400 nm 85 °C / 1 min AR 300-47 
(TMAH) 

AR 300-70 

 AR 300-80N Adhesion ~ 15 nm 65 °C / 2 min - Acetone 

Photo 

AR-P 3540 T Positive ~ 1.4 µm 100 °C / 1 min 
AR 300-44 
(TMAH) 

AR 300-76 

AR-N 4340 Negative ~ 1.4 µm 90 °C / 1 min 
AR 300-475 

(TMAH) 
AR 300-76 

Table 3.1. List of e-beam and photoresists and corresponding process conditions. 

 

Most of main racetrack nanowire structures investigated in this thesis were prepared by 

an e-beam lithography (EBL), which is widely adapted to not only research but industry for 

reliable patterning of nm-scale high resolution structures [111]. The typical e-beam diameter 

is characterized to be in a range of few to hundreds of nanometers scale that can be modulated 

by varying an amplitude of beam probing current and corresponding aperture size of a 

condenser lens in electron-optical system. After beam calibration, the beam is directly exposed 

on the surface of the resist following the designed pattern structure which is designed by 

computer-aided design software. It is noteworthy that the resolution limit of our EBL system 

(JEOL JBX-8100FS) is guaranteed down to 8 nm line structure, thus it is able to achieve finest 

line edge roughness of straight nanowire (Fig 3.3b). In addition, EBL promises high precision 

of mask alignment overlay within ~20 nm accuracy. This is especially essential for our devices 
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due to the requirement of multiple exposure steps. After patterning of nanowires, we employed 

a photolithography process with positive tone resist for pattering of electrical contact pads 

which is typically larger than an area of 100 × 100 µm2.  

 

Figure 3.3. Electron beam lithography system and patterned racetrack nanowire. (a) 

JEOL JBX-8100 FS electron beam lithography system (100 kV beam acceleration voltage). 

Beam unit includes the emitter, apertures, and deflectors. (b) Representative racetrack 

nanowire structure with a wire width of 2	µm. Both optical microscope (upper panel) and 

scanning electron microscope (SEM) images confirm sharp and smooth line edge roughness of 

wire.  
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3.2.2 Ion-beam etching/deposition 
 

After the lithography steps, the racetrack nanowire structures are etched by Ar ion-

beam etching (IBE) technique. Ion-beam etching (or milling) is a one of the most popular dry 

etching techniques in which energetic ions, typically Ar+ ions, are accelerated and physically 

bombarded towards the sample by the applied bias voltage so called an acceleration voltage in 

between sample stage and source [112]. As a result, materials from the sample are etched away 

by the accelerated Ar+ ions through the energy transfer between atoms. Therefore, compared 

to the chemical wet etching process, IBE is applicable to all substances. In addition, it also 

gives the degree of freedom in etching profile by varying an incident beam angle with respect 

to the sample. This is possible since the beam profile is highly anisotropic. Hence, it is suitable 

technique in many aspects for structuring of multilayers system likewise FM and SAF studied 

in this thesis.  

 

Figure 3.4. Incident angle dependent ion-beam etching profile and secondary-ion mass 

spectrometry. (a) Etching profile comparison between 𝜃+T9+ = 0°	and	30°  on racetrack 

nanowire. Wide slope is observed at the edge of wire (𝜃+T9+ = 30° ). (b) Representative 

secondary-ion mass spectrometry profiles during multilayer racetrack etching process. Co, Ni, 

and Pt layers are clearly distinguished. 𝑡Y and 𝑡B represents the etching start and end points, 

respectively. 
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To achieve the high-profile racetrack nanowire, we performed IBE with a zero-tilting 

angle (𝜃+T9+ = 0°) in which the beam source faces the front of the sample as depicted in Fig. 

3.4a. The etching is conducted in the presence of developed resist masks. Note that the typical 

etching rate of the resist is found to be much slower than the metallic thin films, thereby 

protecting the region underneath. During the IBE process, the secondary-ion mass spectrometry 

(SIMS) was utilized to monitor the etched secondary ions from the sample. This enables us to 

avoid an under or over etching of the sample. The representative SIMS profile during the 

etching process of SAF film is shown in Fig. 3.4b. After the etching process, the etched region 

is refilled with the aluminum oxide (AlOx) layer for the passivation by in-situ ion-beam 

deposition (IBD).  

Overview of entire device fabrication processes including lithography and etching is 

summarized in Fig. 3.5. 

 

  

Figure 3.5. Schematic illustrations of racetrack device fabrication process flow. Overview 

of conventional racetrack nanowire device fabrication processes including two steps of 

lithography (alignment marker and main structure) and ion-beam etching.  
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3.3 Detection of magnetic domain wall 

motion 
 

 In order to study the magnetic DW motion in fabricated FM and SAF racetrack 

nanowire devices, we employed the optical method based on magneto-optical Kerr effect 

(MOKE). By utilizing the Kerr microscope in differential mode, the current- and field-driven 

DW motion were successfully captured in a range of spatial resolution down to sub-µm scale. 

In addition to that, a highly customized LabView software enables us to analyze the captured 

images and calculate the corresponding domain wall velocity as well. 

   

3.3.1 Magneto-Optical Kerr Effect 
 

 Magneto-optical (MO) effect is the one of the prominent phenomena originated from 

the interaction between the light and quasistatic magnetic field. The fundamental origin of MO 

effects is based on the Zeeman exchange splitting together with spin-orbit interaction [113]. 

Once linearly polarized light which is superposition of left and right circular polarization 

propagates into the magnetic medium, the opposite sign of angular momentum from each 

circularly polarized light transfers to electrons thereby triggering an excitation between two 

different energy levels which arise from Zeeman exchange splitting [114]. This is projected as 

the deviation on complex Fresnel reflection coefficients of each circularization state with 

respect to the incident light, and results to a rotation of polarization plane and a change of 

ellipticity. Depending upon the analysis of either reflected or transmitted light from the sample, 

in general, MO effects can be classified into a Kerr effect or a Faraday effect, respectively 

[115]. Here, in this study, we rely on magneto-optical Kerr effect (MOKE) instead of Faraday 

effect, because our sample is grown on the standard silicon substrate, which can only yield the 

reflection of light. In particular, we adopted polar-MOKE (p-MOKE) configuration in which 

the orientation of magnetization is aligned parallel to the plane of incidence light in order to 

analyze perpendicularly magnetized FM and SAF structures.  
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The strength of MOKE signal is typically linearly proportional to the magnitude of 

magnetization and its orientation, but also strongly depends on the SOC as mentioned above 

[116]–[118]. In case of our FM and SAF, a strength of SOC is predominant at the Pt/Co 

interface due to the 3d-5d orbital hybridization, which also contributes a substantial proximity 

induced magnetization [119]. As a consequence, this enables us to still detect the relevant 

MOKE signal from SAF structure although a remnant net magnetic moment is nearly zero. 

 

 

Figure 3.6. Magneto-Optical Kerr effect. (a) Illustrations of longitudinal Faraday 

(transmitted) and Kerr effect (reflected). Linearly polarized incident light is reflected from 

magnetic medium and transformed to an elliptically polarized light with Kerr rotation 𝜃'. (b)  
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Variation of Kerr microscopy depending upon the magnetic sample configuration. Figures are 

adopted from [120] and [121] respectively.  
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3.3.2 Differential Kerr microscopy 
 

The p-MOKE can also be used as powerful method to directly visualize the magnetic 

domain structures by integration of microscope. This is called the Kerr microscope (Fig. 3.7). 

In conventional Kerr microscope, a regular wide-field microscope is employed to capture the 

image of the lateral distribution of magnetization from the region of interest on the sample.  

Single objective lens is commonly utilized for both the incident linearly polarized light, and 

the reflected circular polarized light at the same time. By using a beam splitter, the only 

reflected light enters through the analyzer and oppositely magnetized domains can be 

visualized as dark or bright image contrast based on the changes of Kerr rotation 𝜃'. We preset 

the analyzer in a way that a dark and bright contrast corresponds to ↑  and ↓  domain 

configuration of Co layer, respectively.  

However, in some cases, the difference in contrast corresponding to each opposite 

domain configuration is not sufficient to distinguish their changes. Also, non-magnetic defects 

on the sample sometimes contribute to an undesirable contrast thereby leading to the difficulties 

on the reliable measurement. Both issues can be resolved by utilizing a differential mode in a 

Kerr microscopy. In a differential mode, a reference image defined at the initial magnetic state 

is first captured and then digitally saved by camera integrated on microscope. The subsequent 

image captured from the camera is then digitally subtracted from the reference image. As a 

result, the non-magnetic defects are eliminated and only change of magnetic contrast are shown 

in the processed image. In case of DW motion, a displacement of DWs yields to the expansion 

or reduction of one side of domain, thereby resulting a change in magnetization compared to 

the initial state. Consequently, the differential image shows a dark or bright contrast only in 

the area where DWs are displaced. Exemplary differential Kerr images of DW motion in FM 

and SAF are shown in Fig. 3.8. By increasing a number of averaging on images, the contrast 

and the quality of image can be further improved [1].  
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Figure 3.7. Kerr microscope setup. LED light source is connected to the polarizer via optical 

fibers, and the linearly polarized light illuminates to magnetic sample on the piezo stage. 

Reflected light passes through analyzer with Kerr rotation and captured by charge-coupled 

device camera. 
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3.3.3 Measurement of domain wall velocity 
 

  For CIDWM experiments, racetrack nanowire devices were loaded on the customized 

holder, which has two terminal pads, source and ground, available for applying a DC and RF 

source. We prepared the two big contact pads linked to the nanowire racetrack on the device 

for each connection. One of the pads is connected to the pulse generator, and another is 

electrically grounded. Different pulse generators are chosen depending on the range of pulse 

length applied to the sample. For the short pulse length in a range of 1-100 ns, Tektronix PSPL 

10300B pulse generator is employed, while Keithley 2600 is used for applying a long pulse 

length in a range of 1-1000 ms. By utilizing a biased tee, the resistance of device is monitored 

by multimeter with a small DC current of 10 µA. Combined with the electrical set-up, an 

electromagnetic coil magnet can be installed to the sample for applying an out-of-plane 

magnetic field up to magnitude of ± 0.05 T. The magnet is designed to closely surround sample 

inside, thus applying a uniform field. On the other hand, the specialized magnet setup is 

required in order to apply a further higher magnetic field up to magnitude of ± 0.5 T. 

 The procedure for the DW velocity measurement is following. Firstly, the initial 

position of DW is captured for the reference image at the stationary state using differential 

mode in Kerr microscope. Afterwards, a series of electrical pulses having a pulse length 𝑡h in 

varying voltages are sent by pulse generator and DW moved with the distance 𝑑 from the initial 

position. Although DW motion responses to a roughly same time scale as nanoseconds range 

of pulses, the image capture rate of camera in Kerr microscope is in milliseconds range. Hence, 

the final image is only collected after the completion of applying current pluses, and the total 

distance of DW motion is measured by the subtraction of reference image (see Fig. 3.8). As a 

result, the DW velocity 𝑣 is calculated by the following equation as 𝑣 = 1
+2

.  This procedure 

was repeated for ten times at each condition and averaged for statistics.   

  



Chapter 3 

 

 

 

52 

 

 

Figure 3.8. Exemplary differential Kerr microscopy images of domain wall motion. 

CIDWM in FM racetrack nanowire with a down-up (⨂|⨀) domain configuration. Note here 

that white and black contrast correspond to down and up configuration, respectively. Domain 

wall moves towards right (a) and left (b) depending upon the current flow direction. DW 

displacement d is observed after applying series of pulses with a pulse length 𝜏h = 𝑡< − 𝑡B. 

Scale bars represent 5 µm.   
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Chapter 4 Experimental results 
 

 In this chapter, we present the experimental results of the first demonstration of chiral 

magnetic domain wall motion in synthetic antiferromagnet (SAF)-ferromagnet (FM) lateral 

junction. First, we discuss the magnetic properties of SAF in comparison to FM structure 

(section 4.1) and the transformation from SAF to FM via oxidation process (section 4.2). On 

the basis of this finding, we introduce the concept and realization of SAF-FM lateral junction 

in racetrack nanowire (section 4.3). At last, we show the demonstration of chiral domain wall 

motion in FM, SAF, and SAF-FM lateral junction by electrical current (section 4.4) and 

magnetic field (section 4.5) to compare their dynamics in each region, respectively.  

 

4.1 Magnetic properties of ferromagnets 

and synthetic antiferromagnets 
 

 The magnetic hysteresis loops of FM and SAF structures are obtained by performing 

vibrating sample magnetometer (VSM) at room temperature to investigate their magnetic 

properties of blanket films. The film structures of each sample are as following. Both SAF and 

FM have a common underlayer with 20 TaN | 30 Pt grown on Si | SiO2 substrates (all 

thicknesses are given in Å). Here, note that Pt layer hosts a strong interfacial perpendicular 

magnetic anisotropy (PMA) and a proximity-induced magnetization on adjacent Co layer [25]. 

In case of FM, the magnetic layers are composed of multi stacks of 3 Co | 7 Ni | 3 Co, and they 

behave as a single magnet. As shown in Fig. 4.1a, the hysteresis loop of FM clearly shows the 

strong PMA with a coercivity 𝐻:?@~0.1	kOe along the out-of-plane orientation. Field scanning 

along the in-plane orientation confirms that there is no hysteresis with a strong effective 

anisotropy field 𝐻0%&&~10	kOe  as shown in Fig. 4.1.b. The saturation magnetization is 

obtained to 𝑀3
?@~ 610 emu/cc converted from the saturation moment 𝑚3

?@  ~20 µemu by 

dividing total area and thickness of magnetic layer.  
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Figure 4.1. M-H hysteresis loops of single layer FM structure. M versus H loops of FM film 

along the magnetic (a) easy-axis and (b) hard-axis. Insets illustrate the detailed film structures 

with an applied magnetic field direction, respectively.    

 

The magnetic hysteresis loop of SAF structure is more complicated than FM case. In 

equilibrium, SAF is composed of two FM layers which are antiferromagnetically coupled to 

each other through an atomically thin non-magnetic spacer. For the simplicity, here, we define 

two FM layers as lower magnetic layer (LM: 3 Co | 7 Ni | 1.5 Co), and upper magnetic layer 

(UM: 3.5 Co | 7 Ni | 3 Co). The non-magnetic layers are typically chosen among 3d, and 4d 

transition metals, such as Ru, Ir, and Rh [34]. Note that the strength of AF coupling is extremely 

sensitive to the thickness of spacer layer by following interlayer RKKY interaction. In this 

study, we employed the 9.5 Ru as a spacer layer for achieving SAF structure.  

As shown in Fig. 4.2, magnetic hysteresis loops of grown SAF structure clearly show 

AF coupling state by measuring plateau region with nearly zero net moment at a zero field. In 

AF state, here, moments of LM and UM are aligned to antiparallel configuration (𝑚F@
↑ -𝑚E@

↓  

or 𝑚F@
↓ -𝑚E@

↑ ). To break antiparallel AF state, a very large magnetic field is required which is 

a spin-flop transition field 𝐻3C6D?~3 kOe. This spin-flop transition clearly shows that the AF 

exchange coupling is large compared to the anisotropy of the FM layers. At zero field, 𝑚F@ 

and 𝑚E@ are nearly compensated so that the remnant moment is almost zero, 𝑚a
6D?(|𝑚F@

6D? −

𝑚E@
6D?| ~1 µemu). To achieve nearly compensated SAF, we designed slightly thicker UM 

compared to LM, in which proximity induced magnetization is induced by Pt | Co bottom 

interface. Consequently, we obtained the ratio of the LM to UL moment 53(
54(

~1.05. The 
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saturation field, namely an exchange field, is observed 𝐻./~10	kOe along magnetic easy axis 

with the saturation magnetic moment of 𝑚3
6D?~40 µemu. In saturation regime, total moments 

of both LM  (𝑚F@
6D?)	and UM (𝑚E@

6D?) are parallel to one another so that 𝑚3
6D?can be simply 

calculated by the relation of 𝑚3
6D? = 𝑚F@

6D? +𝑚E@
6D?. 

 
Figure 4.2. Magnetic easy-axis hysteresis loop of SAF structure. Magnetic hysteresis loops, 

with moment m versus field Hz of SAF structure. Inset illustrates the detailed film structure 

with an applied field direction.    
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4.2 Effect of oxidation on the magnetic 

properties of synthetic antiferromagnets 

 
Figure 4.3. Effect of oxidation process upon the SAF structure. Magnetic hysteresis loops 

of SAF film along the magnetic easy-axis as a function of plasma oxidation process time. 

Figure is adopted from [50] 

 

 As shown in previous section, atomically thin layers and their interfaces play key roles 

to determine distinct magnetic properties. Considering the structural similarity of SAF and FM, 

we found that the manipulation of degree of surface oxidation SAF can give rise to 

transformation from SAF to FM by post plasma oxidation process. Fig. 4.3 shows M-H 

hysteresis loops of SAF as a function of plasma oxidation process time along the magnetic 

easy-axis. The plasma oxidation process was carried out on blanket film using reactive ion 

etching (RIE) tool at room temperature. By increasing the process time, the remnant moment	of 

SAF 𝑚a
6D? gradually increases while the exchange field 𝐻./ still remains ~ 10 kOe up to 50 

sec of process time (orange line). This indicates that the oxidation changes the moment 

compensation by reducing the magnetic moment of UM but it does not affect to the exchange 

coupling strength. Eventually, both 𝑚3
6D?  and 𝑚a

6D?  gradually decrease and increases, 

respectively, and converge to 20 µemu after 50 sec of process time. As for 60 sec oxidation 

process (yellow line), the hysteresis loop shows a clear transition from SAF to FM state that is 
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confirmed by the disappearance of AF coupling. Contrary to the gradual changes of 𝑚3
6D? and 

𝑚a
6D?, 𝐻: abruptly appears even through the relatively short process time around 30 sec by 

reducing more than one order of magnitude compared to 𝐻3C6D?and converges to ~0.1 kOe over 

60 sec as well. After 60 sec, interestingly, it is found that magnetic properties do not 

significantly change and maintain as it is similar to 60 sec over even further oxidation time up 

to 240 sec (red line). As a result, we observed complete SAF to FM transformation.   

 

Figure 4.4. Comparison of magnetic properties between oxidized SAF and as-grown FM. 

Magnetic hysteresis loops of oxidized SAF (orange) and reference FM (dark blue) measured 

along (a) easy axis, and (b) hard axis. Saturation magnetization per unit area (𝑀3	𝑡) is obtained 

for direct comparison. Figure is adopted from [50] 

 

For direct comparison, we prepared a control FM film which is identical to the LM of 

SAF (20 TaN | 30 Pt | 3 Co | 7 Ni | 1.5 Co | 9.5 Ru | 30 TaN). Note that Ru layer is inserted in 

between Co and TaN capping layer to preserve the interfacial anisotropy of LM as same as 

reference SAF. As shown in Fig. 4.4a and b, the magnetic properties of the oxidized SAF 

(process time of 60 sec) are identical to the FM control film both along the easy and hard axis. 

Note that we compared the saturation magnetization per unit area, 𝑀3	𝑡 , instead of 

magnetization due to the presence of oxidized UM layer of SAF. Both oxidized SAF and 

reference FM film, 𝑀3
N/.6D? 	𝑡	 ≈ 𝑀3

?@ 	𝑡~	60	𝜇emu	cmA<  were measured and show the 

coercivities 𝐻:N/.6D? ≈ 𝐻:?@~	0.1	kOe along the easy axis (Fig. 4.4a). Moreover, the hard axis 

measurement of oxidized SAF clearly show the linear response to field ramping with no 

hysteresis loop and large anisotropy field 𝐻0N/.6D?~	12	kOe . These results provide strong 
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evidence that the oxidation process does not affect the magnetic properties of the LM at all, 

such as anisotropy [9], [122], while completely suppressing the FM properties of the UM of 

SAF.   
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4.3 Synthetic antiferromagnet-ferromagnet 

lateral junctions 
 

 Based on the findings presented above, we introduce the novel concept of device, 

namely SAF-FM lateral junction. The junction is readily defined by the conventional 

lithography combined with plasma oxidation process. The oxygen plasma is globally applied 

to entire sample, but only the SAF region where the resist mask is uncovered is oxidized thus 

transforming to FM.  

 

 
Figure 4.5. Schematic illustrations of working principle of SAF-FM lateral junction. 

Chiral DW is initialized by applying an external magnetic field 𝐻W along the magnetic easy-

axis opposite to the initial orientation of moment of the lower magnetic layer (LM). After 

initialization, the DW is injected into SAF region by an electrical current. Figure is adopted 

from [50]  

 

Working principle of SAF-FM lateral junction is discussed as below. Let us assume 

that the junction is integrated in racetrack nanowire device where the chiral magnetic DW can 

be manipulated by an electrical current. Note that Néel type DW is configured in both SAF and 

FM due to the interfacial DMI at Pt | Co interface. At the junction, DW can be readily generated 
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by applying an external magnetic field 𝐻W along the easy-axis. As the direction of 𝐻Wis opposite 

to the initial orientation of the LM, the magnetic moment reversal occurs solely in the FM 

region as shown in Fig.4.5. Note that the magnitude of 𝐻W is larger than 𝐻:?@but smaller than 

𝐻3C6D?. While the FM region is switched, the LM of SAF still maintain its initial state due to the 

strong interlayer AF coupling to the UM. Hence, the DW is generated in the LM region at the 

junction boundary. Afterwards, initialized DW can potentially move into both FM region and 

SAF region by an electrical current, thereby allowing us deterministic DW injection in SAF. 

The experimental demonstrations including DW initialization, and its motion will be presented 

in following sections. 

 

4.3.1 Fabrication of SAF-FM junction in 

racetrack nanowire 
 

 

Figure 4.6. SAF-FM lateral junction fabrication process flow. SAF-FM lateral junction is 

integrated in racetrack nanowire by an e-beam lithography and plasma oxidation process. 

Resist mask protects the SAF region (grey), whereas the uncovered area is oxidized and 

becomes the FM region (green) during the process.  
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Detailed fabrication process flows of racetrack wire and the junction are shown in Fig. 

4.6. Prior to junction integration, we first prepared the racetrack device with pristine SAF film 

by conventional e-beam lithography and ion beam etching process (step 5 and 6). To avoid 

undesirable oxidation during plasma process, alumina (AlOx) was refilled on etched region as 

a passivation layer. Secondary e-beam lithography was applied to define the junction pattern 

on the top of racetrack wire (step 7). Due to the flexibility in lithography, the shape of resist 

masks can be potentially varied by the design. In this study, prepared the junction with various 

junction tilting angles 𝜃S	k0° < 𝜃S < 	60°m with respect to the direction transverse to the wire. 

Afterwards, oxygen plasma process was performed on the entire sample for 60 sec in the 

presence of resist masks (step 8). Here, the typical thickness of e-beam resist mask being used 

in this study is around 400 nm, and the etching rate of the resist by plasma process is measured 

to be ~ 3 nm/sec, hence it is sufficient to protect SAF underneath a mask during process. The 

region where the resist mask is uncovered becomes FM state (green region in step 9), whereas 

others still preserve SAF properties (grey region in step 9). As a result, we successfully 

fabricated the SAF-FM lateral junction along the racetrack nanowire. 

 

4.3.2 Field-induced deterministic domain wall 

initialization 
 

In general, the device has been characterized to single domain state after fabrication in 

which the orientation of magnetization of the LM of the SAF and the FM (oxidized SAF) are 

all aligned in same direction (Fig. 4.7a). Thus, the DW initialization is challenge and it has 

been generally performed in a stochastic manner relying on random nucleation process by 

applying either large current or field. At this junction, however, we demonstrated the 

deterministic DW initialization by simply applying an external magnetic field. Here, the 

direction of field is opposite to the initial orientation of LM of SAF which is common to the 

FM region. Initial orientation of LM was set to be upwards to the film plane (+𝑚W
F@(↑), +z-

direction) as shown in Fig. 4.7b. Thus, the field was applied to the direction of −𝐻W with the 

magnitude of ~ 120 Oe, which is slightly above the 𝐻:?@(~ 100 Oe). As discussed in section 
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4.3, the magnitude of field can be chosen within the range of 𝐻:?@  < |𝐻W|  <  𝐻3C6D? . 

Consequently, a single DW is successfully initialized at the junction boundary with the DW 

configuration of ↓↑. This initialization process applies in the opposite configuration as well (Fig. 

4.7c). Black and white color contrast in Kerr image correspond to the moment oriented to up 

(+z), and down (-z), respectively. 

 

Figure 4.7. Field-induced deterministic DW initialization. (a) Microscope image of SAF-

FM lateral junction device with no DW. Kerr images of single DW initialized at the junction 

with (b) ⨀|⨂	 (up-down) and (c) ⨂|⨀	 (down-up) configuration. Dashed lines depict the 

junction boundary and scale bars represent 10 µm.  

 

After initialization, the DW readily moves into FM region from the junction by 

applying an electrical current (see left panel in Fig. 4.8). Here, the minimum current density 

required to initiate DW motion is defined as the threshold current density 	𝐽+,, thus the applied 

current density 𝐽 is above that threshold in this case (𝐽 > 𝐽+,
SUV→?@). The further current was 

applied in the forward direction, the more the DW moved inside FM region (𝐽 > 𝐽+,?@) . 

Interestingly, we found that the DW can also be injected into SAF from the junction by 
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applying current to opposite direction (𝐽 > 𝐽+,
SUV→6D?) and it further moves inside SAF as well 

(𝐽 > 𝐽+,6D?) (see right panel in Fig. 4.8). In this case, the 𝐽+,
SUV→6D? seems to be substantially 

higher than those of both FM and SAF case. In following sections, we will discuss about the 

current-induced DW motion in the junction and the relation of current densities depending 

upon the region in more details.  

 
Figure 4.8. Demonstration of CIDWM in FM, SAF, and SAF-FM junction. After field-

induced DW initialization at the junction, DW moves towards i) FM region, and ii) SAF region 

by corresponding current direction. Note that the DW is initialized to ⨂|⨀	 (down-up) 

configuration. Black dashed lines represent the junction boundary, and white dashed lines with 

black arrows indicate the DW in SAF region. Scale bar is common for all images. 
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4.4 Current-induced domain wall motion in 

SAF-FM lateral junctions 
 

At the junction integrated racetrack device, we performed the electrical current-induced 

DW motion (CIDWM) in the FM, the SAF, and the junction, respectively. The DW motion 

can be mainly defined by two different dynamic regimes, the flow and creep regimes. In flow 

regime, the DW motion is dominated by the current driven torque with no assistance from 

thermal fluctuations. Typical time scale of energy transfer by current driven torque is known 

to be short in FM based system, within nano second range of pulse length, thereby needed a 

relatively large current density. On the other hand, the thermally assisted DW motion is mainly 

governed by the thermal activation in which the DW depins above the activation energy barrier. 

In general, the time scale for the thermally assisted DW motion is very long compared to the 

flow motion. Therefore, CIDWM has to be performed in both flow and thermally assisted 

regime with a various range of pulse length to understand the DW dynamics of the system in a 

thorough manner. In this study, we employed the various pulse lengths for CIDWM in a range 

of from 5 to 100 ns for flow motion, and 10 ms to 5 s for thermally assisted motion, respectively.  

 

4.4.1 Ferromagnet region 

4.4.1.1 Domain wall motion in flow regime 
 

First, we demonstrated the CIDWM in the FM region which is formed by the oxidation on 

SAF. Despite the identical magnetic properties, it is essential to evaluate the DW motion 

compared to the pristine FM since the DW motion is critical to local defects which can be 

potentially created during fabrication process. The racetrack nanowire device is formed by the 

dimension of 3	 × 40	µm	and the resistance of device is measured to be approximately 1.6 kΩ 

at room temperature (see Fig. 4.9a). Fig. 4.9b depicts the current density 𝐽 dependence of DW 

velocity 𝑣?@ in the FM region. To investigate the high velocity motion in flow regime, we 

applied series of current pulses with a short pulse length 𝜏h
S  range from 5 to100 ns. Interestingly, 
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the maximum velocity 𝑣5X/?@  is achieved up to ~90 msAB at 𝐽	~1.0 ×	10k	A	cmA< with 𝜏h
S =

5	ns and this result corresponds to the previous reports obtained from similar structures of 

pristine FM [6], [25]. 

 

 

 

Figure 4.9. Current density dependence of the DW velocity in the FM region. a, Optical 

microscope image of SAF-FM lateral junction integrated racetrack nanowire. CIDWM is 

performed within the FM region (black solid box). b, DW velocity versus the current density 

at various pulse duration (𝜏h
S = 5, 10, 20, 30, 50, and	100	ns). Inset shows exemplary Kerr 

microscope images of sequential DW motion performed in the FM region. Dashed line defines 

the boundary of the SAF-FM junction, and the dark blue arrow indicates the current flow 
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direction corresponding to images. Each point is averaged out of 10 times of measurement, and 

error bars are standard deviation.  

The 𝑣5X/?@  and the profile of 𝑣?@as a function of 𝐽 exhibit overall similar tendency at 𝜏h
S = 

5 and 10 ns by showing the positive derivative of 𝑣?@ in all range of 𝐽. In case of longer pulse 

duration (𝜏h
S ≥ 20	ns), however, the variation of 𝑣?@ is no longer monotonic as 𝐽 increases, 

but it decreases down to 𝑣?@~50	msAB  at above 𝐽 > 	0.7 × 10k	A	cmA< . In particular, the 

decrement of the velocity ∆𝑣?@  is more significant at 𝜏h
S ≥ 50	ns , compared to 𝜏h

S =

20, and	30	ns.  

 

Figure 4.10. Pulse length dependence of the threshold current density for flow DW motion 

in the FM region. 𝐽+,,C9-m?@ 	versus 𝜏h
S  (5, 10, 20, 30, 50, and	100	ns) of flow DW motion in 

FM region. The dashed curve represents to fit and error bars correspond to the standard 

deviation.     

 

In addition, the pulse length dependence of threshold current density in flow regime is 

shown in Fig. 4.10. In flow regime, the threshold current density 𝐽+,,C9-m?@  can be defined as the 

minimum 𝐽 corresponds to those of 𝑣?@ ≥ 5	msAB . We observe that the 𝐽+,,C9-m?@  gradually 

decreases as 𝜏h
S  increases thereby resulting 𝐽+,,C9-m?@ ~0.3 × 10k	A	cmA<at 𝜏h

S = 100 ns, which 
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is reduced by 40% from those measured at 𝜏h
S = 5 ns (𝐽+,,C9-m?@ 	~0.5 × 10k	A	cmA<). The data 

is fitted by the relation 𝐽+,,C9-m − 𝐽+,1,C9-m =
B
n2
/  (orange dashed line) [107], and this fit yields 

𝐽+,1,C9-m
?@ 	~	(0.31	 ± 0.02) × 10kA	cmA< which is the intrinsic threshold current density in FM 

region considering with no thermal fluctuation.   
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4.4.1.2 Domain wall motion in thermally assisted 

regime 
 

In thermally assisted regime, the DW motion does not rely on the current driven torque 

efficiency, but it is dominated by the thermal activation phenomena. As discussed in section 

2.3.3, the current driven torque is dominant when the applied current density is large enough, 

therefore the thermal assisted DW motion typically occurs at relatively lower applied current 

density with longer time scale. This main difference gives rise to the very slow DW motion in 

thermally assisted regime, typically 𝑣78 < 5	msAB, compared to the flow regime and the DW 

moves like “creeping” by overcoming the pinning barrier. Therefore, we performed the DW 

depinning measurement to evaluate the thermally assisted DW motion in FM region.  

 
Figure 4.11. DW depinning probability versus applied current density in the FM region. 

Current-induced DW depinning probability as a function of current density for various current 

pulse lengths 𝜏h
S  (10 ms to 5 s). Solid curves fit to standard error function profile. Figure is 

adopted from [50]  

 

Fig. 4.11 shows the depinning probabilities 𝑃1.o?@  as a function of applied current density 

for various 𝜏h
S  (10 ms to 5 s). The DW depinning was observed by differential mode Kerr 
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microscopy, thus detecting the displacement of DW before and after the single pulse. Overall, 

we found that the depinning occurs at relatively low current level compared to flow regime. 

Note that we applied single current pulse for each measurement to avoid additional Joule 

heating effects. For the reliable quantification, the DW depinning measurements were carried 

out at many different points within FM region for ten times at each position. This procedure 

allowed us to exclude the effect of any local defects, such as line edge roughness of wire. The 

𝑃1.o?@  versus 𝐽 distributions for short 𝜏h
S  (< 50 ms) are broader than those for long 𝜏h

S  (> 50 ms), 

which implies that the thermal contributions for depinning become more dominant as 𝜏h
S  

increases. 

 
Figure 4.12. Pulse length dependence of the threshold current density for thermally 

assisted DW depinning in the FM region. 𝐽+,,C9-m?@ 	versus 𝜏h
S  (10	ms	to	5	s)of thermally 

assisted DW depinning in FM region. The dashed line represents to fit and error bars 

correspond to the 25/75% probabilities.     

 

Based on depinning probabilities shown in Fig. 4.11, we determine the threshold current 

density for thermally assisted DW depinning  𝐽+,,+,.45?@  as the value of 𝐽 corresponds to the 

𝑃1.o?@ = 0.5 at each 𝜏h
S  (see Fig. 4.12). Compared to the flow regime, 𝐽+,,+,.45?@  reduces about 

one order of the magnitude (𝐽+,,+,.45?@ 	~	0.04	 × 10kA	cmA<	at	𝜏h
S = 10	ms),  which is even 
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smaller than intrinsic threshold current density in flow regime k𝐽+,1,C9-m
?@ 	~0.3 × 10kA	cmA<m. 

This clearly indicates that the thermal activation gives rise to the DW depinning not a highly 

efficient current driven torque. In addition, we observe that the 𝐽+,,+,.45?@  decreases linearly as 

𝜏h
S 	 increases on a logarithmic scale by fitting data. Since the thermal activation is known to be 

based on the Arrhenius-law, thereby allowing us to fit to exponential relation (𝐽+,,+,.45?@ ∝

ln 𝜏h
S).  

 

4.4.2 Synthetic antiferromagnet region 

4.4.2.1 Domain wall motion in flow regime 

 

The DW motion in SAF region was performed in flow regime as shown in Fig. 4.13. Due 

to the exchange coupling torque (ECT), the DW moves in SAF much faster than conventional 

single FM thereby showing the maximum velocity up to  𝑣5X/6D? 	~400	msAB  at 𝐽	~1.0 ×

	10k	A	cmA< with 𝜏h
S = 5	ns as shown in Fig. 4.13b (yellow square). This is four times faster 

than the FM case at same applied current density and pulse length (see section 4.4.1.1). Inset 

depicts the differential Kerr images of DW motion in SAF, which show very low contrast due 

to the nearly compensated net moment between LM and UM (𝑚E@/𝑚F@ ≈ 1.05). Note that 

the Kerr contrast of SAF originates from the strong spin-orbit coupling at the Pt/Co bottom 

interface, thereby representing the LM configuration. By comparing 𝑣5X/6D?  for various 𝜏h
S , it 

gradually decreases down to 𝑣pqH6D? 	~200	msAB as 𝜏h
S  increases up to 100 ns without significant 

downturn which is contrast to the FM region.   

Interestingly, the high efficiency of SAF stands out not only in increasing the velocity but 

also in lowering threshold current density compared to FM. As shown in Fig. 4.14, the 

threshold current density of DW motion in flow regime in the SAF 𝐽+,,C9-m6D?  is found to be 

overall lower than 𝐽+,,C9-m?@  under the same 𝜏h
S , thus showing 𝐽+,,C9-m6D? ~0.2 × 10k	A	cmA< at 

𝜏h
S = 100 ns. In addition, we obtained the intrinsic threshold current density for flow regime in 

the SAF 𝐽+,1,C9-m
6D? 	~	(0.21	 ± 0.08) × 10kA	cmA<  by fitting to the relation 𝐽+,,C9-m −

𝐽+,1,C9-m =
B
n2
/  as same as in section 4.4.1.1 (blue dashed curve).  
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Figure 4.13. Current density dependence of the DW velocity in the SAF region. a, Optical 

microscope image of SAF-FM lateral junction integrated racetrack nanowire. CIDWM is 

performed within the SAF region (black solid box). b, DW velocity versus the current density 

at various pulse duration (𝜏h
S = 5, 10, 20, 30, 50, and	100	ns). Inset shows exemplary Kerr 

microscope images of sequential DW motion in SAF region. Dashed line defines the boundary 

of the SAF-FM junction, and the orange arrow indicates the current flow direction. Error bars 

are standard deviation. 
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Figure 4.14. Pulse length dependence of the threshold current density for flow DW motion 

in the SAF region. 𝐽+,,C9-m?@ 	versus 𝜏h
S  (5, 10, 20, 30, 50, and	100	ns) of flow DW motion in 

SAF region. The dashed curve represents to fit and error bars correspond to the standard 

deviation. 
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4.4.2.2 Domain wall motion in thermally assisted 

regime 
 

Thermally assisted DW motion in SAF region was investigated by applying a single current 

pulse with varying the 𝜏h
S  from 10 ms to 5 s. As similar to the FM case, thermal activated DW 

depinning in SAF occurred at much lower current densities compared to those of the flow 

regime. Overall, applied current densities are even further lower than 𝐽+,1,C9-m
6D? 	~	(0.21	 ±

0.08) × 10kA	cmA< , thereby confirming the thermal activation dominated mechanism. For 

statistics, we repeated the depinning measurements ten times under each condition as same as 

discussed in section 4.4.1.2. Fig. 4.15 depicts the DW depinning probabilities 𝑃1.o6D?  versus 

applied current density 𝐽 at various 𝜏h
S .  

 

 

Figure 4.15. DW depinning probability versus applied current density in the SAF region. 

Current-induced DW depinning probability as a function of current density for various current 

pulse lengths 𝜏h
S  (10 ms to 5 s). Solid curves fit to standard error function profile. Figure is 

adopted from [50]. 
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Fig 4.16 shows the 𝐽+,,+,.456D?  as a function of 𝜏h
S  varying from 10 ms to 5 s. Note that the 

𝐽+,,+,.456D? was determined by taking the values of 𝐽 corresponding to 𝑃1.o6D? = 0.5 at each 𝜏h
S  in 

the same manner as discussed in section 4.4.1.2. Interestingly, the DW in the SAF region depins 

surprisingly at higher 𝐽+,,+,.456D?  compared to the FM region under same 𝜏h
S ( 𝐽+,,+,.456D? > 

𝐽+,,+,.45?@ ) , which is the opposite to the results observed from the flow regime  

k𝐽+,,C9-m6D? < 𝐽+,,C9-m?@ m. Furthermore, the decrease in 𝐽+,,+,.45T 	(𝑖 = FM	or	SAF) as 𝜏h
S  increases 

from 10 ms to 5 s appears smaller in the SAF than FM, therefore the exponential relation fitting 

(𝐽+,,+,.45?@ ∝ ln 𝜏h
S) in the SAF results the smaller slope than FM as well (blue dashed line). 

 

Figure 4.16. Pulse length dependence of the threshold current density for thermally 

assisted DW depinning in the SAF region. 𝐽+,,C9-m?@ 	versus 𝜏h
S  (10	ms	to	5	s)of thermally 

assisted DW depinning in SAF region. The dashed line represents to fit and error bars 

correspond to the 25/75% probabilities.     
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4.4.3 SAF- FM junction 

4.4.3.1 Domain wall injection in flow regime 
 

After the demonstration of CIDWM in the FM and SAF regions at two different regimes, 

flow and thermally assisted regimes, we performed the DW motion across the SAF-FM lateral 

junction, which is formed to be perpendicular to the wire direction. In section 4.3.2, we 

assumed that the DW is positioned at the junction boundary after the field-induced initialization. 

In equilibrium, however, the DW does not preferred to be stabilized at the intermediate region, 

where the magnetic anisotropy energy is not clearly defined. The results shown in Fig 4.8, 

especially, imply that the transition region of the junction in between FM and SAF region 

seems to be very narrow, at least relevant to the width of DW itself. From now on, therefore, 

we consider that the DW is stabilized and positioned either at the FM or SAF region adjacent 

the junction boundary after initialization. Since DW motion across the junction needs to be 

investigated two ways depending upon its initial position, from FM to SAF region, and from 

SAF to FM region, hereafter, we use the term as the DW injection instead of motion in those 

cases. 

  Let us first determine the initial position of DW after the initialization. As discussed in 

previous sections, it is clear that DWs in the FM and SAF region move at different 𝐽+,	 in both 

flow k𝐽+,,C9-m?@ > 𝐽+,,C9-m6D? m	and thermally assisted regime k𝐽+,,+,.45?@ < 𝐽+,,+,.456D? m. Thus, this can 

be simply determined depending on whether the DW moves with respect to corresponding 

applied current density. Fig. 4.17 shows Kerr microscope image of DW motion in four different 

cases with corresponding 𝐽+,, respectively. Note here that the DW motion was performed in 

flow regime (𝜏h
S = 5	ns) by applying series of short pulses as described in previous sections. 

When DW is initialized by field, it can freely move into the FM region (left-hand-side) with 

𝐽 > 𝐽+,,C9-m?@ . However, DW cannot move into SAF region under same condition (𝐽 > 𝐽+,,C9-m?@ ) 

which is already larger than 𝐽+,,C9-m6D?  as shown in second image of green shaded box (Fig. 4.17a). 

As we further increased 𝐽, DW can eventually be injected into SAF region (red shaded box in 

Fig. 4.17a). As a result, we recognize that the magnitude of DW injection from FM to SAF in 

flow regime 𝐽+,,C9-m?@→6D?is much larger than both 𝐽+,,C9-m?@ , and 	𝐽+,,C9-m6D? . Surprisingly, on the other 

hand, 𝐽+,,C9-m6D?→?@ for the DW injection from SAF to FM appears to be similar to those of value in 
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the SAF region (𝐽+,,C9-m6D?→?@ ≅ 𝐽+,,C9-m6D? ). Yellow shaded box in Fig. 4.17b shows DW injection 

from SAF to FM region. As soon as DW injected into both the FM and SAF region, DW motion 

continues by applying 𝐽 above  𝐽+,,C9-m?@ , and 	𝐽+,,C9-m6D? , respectively (green and blue shaded box 

in Fig. 4.17). This asymmetric behavior is noteworthy and has an analogy to DW diode [123]. 

Therefore, we further focused on, in particular, the DW injection from FM to SAF region.     

 

 
Figure 4.17. DW motion in the SAF-FM lateral junction. Kerr microscopy image of 

corresponding current-induced single DW motion from (a) FM to SAF region, and (b) SAF to 

FM region across the SAF-FM junction. DW motion is defined by four distinguished region, 

FM (green shaded), FMàSAF (red shaded), SAF (blue shaded), and SAFàFM (yellow 

shaded), respectively. DW moves with the applied current density 𝐽  above 𝐽+,T (𝑖 =

𝐹𝑀, 𝑆𝐴𝐹, 𝐹𝑀 → 𝑆𝐴𝐹, 𝑜𝑟	𝑆𝐴𝐹 → 𝐹𝑀)  depending upon the region. White and black Kerr 

contrast image correspond to down (⨂	or ↓) and up (⊙ or ↑) DW configuration, respectively.  

Black dashed lines define the junction boundary and white dashed lines displays the DW in 

SAF region. Figure is adopted from [50]. 

 

 Fig. 4.18 shows the DW injection probability 𝑃TV]?@→6D?, from FM to SAF region, as a 

function of applied 𝐽 at various 𝜏h
S  (5	to	100	ns) in flow regime. We performed each injection 

event right after the field-induced initialization process in the absence of external field. 

Measurements were repeated ten times for each condition to obtain the probability. Note that 

only single current pulse was applied for performing each injection measurement. Contrary to 

FM and SAF cases, the flow regime of DW is not determined by the velocity, but the success 

of injection in short pulse range. Here, we confirmed the success of the DW injection by 

rigorous method as presented in Appendix A2. We can see that the distribution of 𝑃TV]?@→6D? is 
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broader at short 𝜏h
S , but it becomes narrower as 𝜏h

S  increases, which is similar to the distribution 

of 𝑃1.o?@  in section 4.4.1.2. Overall, the injection occurs at higher 𝐽  compared to the FM and 

SAF cases. 

 
Figure 4.18. DW injection (FM à SAF) probability versus applied current density in flow 

regime. Current-induced DW injection (FM à SAF) probability 𝑃TV],C9-m?@→6D?as a function of 

current density in flow regime for various current pulse lengths 𝜏h
S  

(5, 10, 20, 30, 50, and	100	ns). Solid curves fit to standard error function profile. Figure is 

adopted from [50]. 

 

 The threshold current density for DW injection from FM to SAF in flow regime 

𝐽+,,C9-m?@→6D? is obtained by taking the values of 𝐽 corresponding to 𝑃TV]?@→6D? = 0.5 at each 𝜏h
S  and 

those values are plotted in Fig. 4.19. As we expected, 𝐽+,,C9-m?@→6D? monotonically reduces as 𝜏h
S  

increases which is the same as 𝐽+,,C9-m?@  and 𝐽+,,C9-m6D? . Moreover, we confirmed that 𝐽+,,C9-m?@→6D? is 

larger than 𝐽+,,C9-m?@  and 𝐽+,,C9-m6D?  in all 𝜏h
S , thus resulting the relation 𝐽+,,C9-m?@→6D? > 𝐽+,,C9-m?@ >

𝐽+,,C9-m6D? . Even at 𝜏h
S = 100	ns,	for instance, this relation does not change (𝐽+,,C9-m?@→6D?~0.4 ×

10kA	cmA< > 𝐽+,,C9-m?@ ~0.3 × 10kA	cmA< > 𝐽+,,C9-m6D? ~0.2 × 10kA	cmA<). By fitting the data, 

we obtained the intrinsic DW injection (FMàSAF) threshold current density in flow regime 
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𝐽+,1,C9-m
?@→6D? 	~	(0.41	 ± 0.01) × 10kA	cmA<. The fitting curve represents the relation 𝐽+,,C9-m −

𝐽+,1,C9-m =
B
n2
/  as same in previous sections.    

 
Figure 4.19. Pulse length dependence of the threshold current density for DW injection 

(FM à SAF) in flow regime. 𝐽+,,C9-m?@→6D? 	versus 𝜏h
S  (5, 10, 20, 30, 50, and	100	ns)  of DW 

injection from FM to SAF region in flow regime. The dashed curve represents to fit and error 

bars correspond to the 25/75% probabilities. 
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4.4.3.2 Domain wall injection in thermally assisted 

regime 
 

 We further investigated the DW injection from FM to SAF region in thermally assisted 

regime by applying longer current pulse length (𝜏h
S > 100	ns). As similar to the FM and SAF 

cases, the DW injection occurs at relatively lower 𝐽 compared to the flow regime, thereby 

proving thermal activation dominated mechanism. As with previous measurements, only single 

pulse was applied for each trial of DW injection.   

 
Figure 4.20. DW injection (FM à SAF) probability versus applied current density in 

thermally assisted regime. Current-induced DW injection (FM à SAF) probability 𝑃TV],+,.45?@→6D?  

as a function of current density in thermally assisted regime for various current pulse lengths 

𝜏h
S  (10	ms	to	5	s). Solid curves fit to standard error function profile. Figure is adopted from 

[50]. 

 

 By repeating each DW injection measurement for ten times, 𝑃TV],+,.45?@→6D?  was obtained as 

a function of 𝐽 at various 𝜏h
S  (Fig. 4.20). The distributions of  𝑃TV],+,.45?@→6D?  exhibit sharp profiles 

in a range of very long 𝜏h
S(≥ 1	s), and they are almost overlapped each other, while it becomes 
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wider in relatively short 𝜏h
S(< 0.5	s). This broad distribution of 𝑃TV],+,.45?@→6D?  is more pronounced 

compared to the cases of FM and SAF discussed earlier.  

 

 
Figure 4.21. Pulse length dependence of the threshold current density for DW injection 

(FM à SAF) in thermally assisted regime. 𝐽+,,+,.45?@→6D? 	versus 𝜏h
S  (10	ms	to	5	s)of thermally 

assisted DW depinning in SAF region. The dashed line represents to fit and error bars 

correspond to the 25/75% probabilities.     

 

Also, the threshold current densities of DW injection (FMàSAF) in thermally assisted 

regime 𝐽+,,+,.45?@→6D?  show larger values, even an order of magnitude more than those of 𝐽+,,+,.45?@  

and 𝐽+,,+,.456D?  in all range of 𝜏h
S  (Fig. 4.21). Based on these results, we found that the DW 

injection phenomenon needs to be understood in different mechanism in addition to 

conventional DW motion. Despite the increase of 𝐽+,,+,.45?@→6D? , the data fit to exponential relation 

(𝐽+,,+,.45?@→6D? ∝ ln 𝜏h
S), which indicates that the DW injection is clearly driven by the thermal 

activation energy (green dashed line).  
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4.4.3.3 Junction angle dependent domain wall 

injection 
 

As introduced in section 4.3, the fabrication of SAF-FM junction highly relies on the 

lithography technique. This gives us a degree of freedom in designing the shape of junctions. 

Nevertheless, in previous sections 4.4.3.1 and 4.4.3.2, we only discussed the case of DW 

injection from FM to SAF region through the junction which is perpendicularly formed to the 

wire length. Thus, in this section, we show the results obtained from the current-induced DW 

injection from FM to SAF region through various shapes of junctions. We fabricated the 

junction with tilting angle with respect to the wire length (direction of DW motion), and the 

tilting angle of junction is defined to 𝜃S which is 0° at the perpendicular to the wire length. The 

𝜃S varies from 0 to 60° with each 15° steps as shown in Fig. 4.22.  

 

 
Figure 4.22. SAF-FM lateral junction with junction tilting angle. Optical microscopy image 

of representative SAF-FM junction formed in racetrack nanowire device. The junction tilting 

angle 𝜃S is defined as the angle with respect to the perpendicular to the wire length. Here, the 

𝜃S = 60°.  

 

 The DW initialization process is identical to the case for 𝜃S = 0° as introduced in 

section 4.3.2, and was prepared before each current-induced injection measurement. The shape 

of initialized DW was formed by following the shape of the junction boundary in the presence 
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of external field (Fig. 4.23b). As soon as the field disappears, however, the DW was restabilized 

by moving spontaneously backwards from the boundary of junction to minimize the DW 

energy (Fig.4.23c). Despite the deformation, the DW was still in contact with part of boundary 

of the junction.  

 
Figure 4.23. Field-induced domain wall initialization at tilted junction. Kerr microscopy 

images of DW initialization procedure at representative SAF-FM junction with 𝜃S = 60°. (a) 

Single domain is initially formed in both FM and SAF side at zero-field (no DW). (b) DW is 

initialized in the presence of external field along easy-axis (𝐻W = −0.12	kOe) by following the 

shape of junction, but (c) is restabilized in the absence of field by moving away from junction. 

Note that the dashed lines display the junction boundary and black arrows correspond to DW 

position, respectively. Scale bars represent 5 µm. 

 

After initialization, we performed DW injection at 𝜃S = 15, 30, 45, and	60°  and 

compared their injection threshold current densities 𝐽+,?@→6D?with those of value obtained from 

𝜃S = 0°, respectively. Note that the injection measurement was demonstrated in the absence of 

magnetic field. In addition, we determined the success of DW injection as soon as the portion 

of DW is injected into SAF region. By measuring the DW injection probability 𝑃TV]?@→6D?in 

short (𝜏h
S ≤ 100	ns) and long pulse regime (𝜏h

S > 100	ns), we obtained the 𝐽+,?@→6D?  as a 

function of 𝜏h
S  at various 𝜃S  in flow and thermally assisted regime, respectively. Fig. 4.24 

shows the 𝜃S  dependence of 𝐽+,,C9-m?@→6D? in flow regime. At short pulse regime, interestingly, 

𝐽+,,C9-m?@→6D?  depends sensitively on 𝜃S , overall decreasing with increasing 𝜃S  for 𝜃S > 30° . 
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𝐽+,,C9-m?@→6D? is nearly constant for 𝜃S ≤ 30°. As a result, 𝐽+,,C9-m?@→6D?reduces approximately 50% as 

𝜃S  increases from 0 to 60°. All fitting curves agree with the data by following the relation 

𝐽+,,C9-m − 𝐽+,1,C9-m =
B
n2
/  as discussed in previous sections as well (dashed curves).  

 

 
Figure 4.24. Junction angle dependence of pulse length versus the threshold current 

density for DW injection (FM à SAF) in flow regime. 𝐽+,,C9-m?@→6D? 	versus 𝜏h
S  (5		to	100	ns) of 

DW injection (FMàSAF) in flow regime at various 𝜃S= 0° (green circle), 15° (dark blue 

triangle), 30° (light blue triangle), 45° (red triangle) and 60° (yellow triangle). The dashed 

curves represent to fit and error bars correspond to the 25/75% probabilities, respectively. 

 

Similar trends can also be seen in a thermally assisted regime, that 𝐽+,,+,.45?@→6D?  overall 

reduces at large 𝜃S  (see Fig. 4.25). At 𝜃S = 60°  (yellow triangle), consequently, 𝐽+,,+,.45?@→6D?  

further decreased thereby resulting 𝐽+,,+,.45?@→6D? 	~	0.03	 ×	10k	A	cmA<, which is comparable to 

those of values of 𝐽+,,+,.456D? . On the other hand, the 𝐽+,?@→6D?exhibits almost no significant 

change until 𝜃S= 30°, and even increases slightly compared to 𝜃S= 0°. It is very noteworthy that 

this significant decrease of 𝐽+,?@→6D? in both flow and thermally assisted regime occurs simply 

by changing the shape of junction. This means that the DW can move into SAF from FM region 

as if there were no junction boundary.  In addition, all data nicely fit to exponential relation 

(𝐽+,,+,.45?@→6D? ∝ ln 𝜏h
S) thus well supporting thermal activation mechanism.  
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Figure 4.25. Junction angle dependence of pulse length versus the threshold current 

density for DW injection (FM à SAF) in thermally assisted regime. 𝐽+,,C9-m?@→6D? 	versus 𝜏h
S  

(10	ms		to	5	s) of DW injection (FMàSAF) in flow regime at various 𝜃S= 0° (green circle), 

15° (dark blue triangle), 30° (light blue triangle), 45° (red triangle) and 60° (yellow triangle). 

The dashed lines represent to fit and error bars correspond to the 25/75% probabilities, 

respectively. 
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4.5 Field-induced domain wall motion in 

SAF-FM lateral junctions 
 

 The DW motion can also be driven by external magnetic fields which align to an easy-

axis component of magnet. Compared to the CIDWM, which is driven by the spin polarized 

current generated from adjacent heavy metal, field-induced DW motion (FIDWM) is mostly 

governed by the Zeeman energy that enables DW to overcome pinning energy barrier. Since 

the field is globally applied to the system rather than locally to the DW, an entire energy 

landscape is changed with respect to DW configuration. In this section, we performed the 

FIDWM by applying single pulse of magnetic field with a pulse duration 𝜏h^ 	in each three 

regions, including FM, SAF, and SAF-FM junction interface, respectively. The DW depinning 

and injection probabilities 𝑃1.oT (𝑖 = 𝐹𝑀, 𝑆𝐴𝐹	and	𝐹𝑀 → 𝑆𝐴𝐹)  was obtained by repeating 

measurements of ten times in each condition. Then, the threshold field for the DW depinning, 

namely the depinning field 𝐻+,T (𝑖 = 𝐹𝑀, 𝑆𝐴𝐹	and	𝐹𝑀 → 𝑆𝐴𝐹) at each region is discussed as 

a function of pulse duration 𝜏h^ . Note that the FIDWM was only performed in the long pulse 

regime (𝜏h^ > 100	ns), which correspond to the thermally assisted regime, due to the limit of 

apparatus.  

 

4.5.1 Ferromagnet region 

4.5.1.1 Domain wall depinning in thermally assisted 

regime 
 

 As discussed in section 4.1.1.1, a magnetization reversal generally occurs in FM when 

the magnitude of applied field is above the coercivity 𝐻:?@~0.1	kOe. In the absence of DW, 

the switching process simultaneously occurs entire area which is shown to sharp transition in 

hysteresis loop (see Fig. 4.1a). However, the reversal process can also occur at relatively lower 

magnitude of field than 𝐻:?@ in the presence of DW. Since the DW propagation mostly requires 
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less energy than switching itself, this gives rise to a gradual change of magnetization at lower 

field instead of sharp transition. We performed all the FIDWM in the presence of DW after the 

initialization by applying field 𝐻W so that it is expected to be moved at lower magnitude of field 

as well.    

  
Figure 4.26. Field-induced DW depinning in the FM region. (a) DW depinning probability 

𝑃1.o?@  versus applied current density in the FM region at various field pulse duration 𝜏h^ (16 ms 

to 5 s). (b) Threshold depinning field 𝐻+,?@ as a function of 𝜏h^. Solid curves and line fit to 

standard error function and exponential relation, respectively. Error bars correspond to the 

25/75% probabilities. Figure is adopted from [50]. 

 

Similar to the current induced depinning case, the DW depinning measurement was 

demonstrated by applying a single field pulse with a various length 𝜏h^ from 16 ms to 5 s. Here, 

we found that there is a discrepancy between the input and output of 𝜏h^due to the inductance 

of coil magnet used for the experiment. In particular, this is remarkable at short pulse regime 

below 𝜏h^~100 ms. For example, the input electrical pulse with a length of 10 ms results the 
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actual field pulse 𝜏h^~16	ms, including rising and falling time. Therefore, we verified the 

effective field pulse lengths corresponding to the input pulses by oscilloscope prior to 

measurements (see Appendix A.3). Afterwards, the DW depinning probability 𝑃1.o?@  was 

obtained as a function of the magnitude of magnetic field 𝐻W as shown in Fig. 4.26a. As we 

expected, the DW started depinning at significantly lower magnitude of field compared to 𝐻:?@, 

for instance, moving by pulse 𝐻W	~	80	Oe with 𝜏h^~16	ms. Moreover, the depinning even 

occurred at much lower 𝐻W	(~	20	Oe) with longer 𝜏h^~5	s.  

Based on the 𝑃1.o?@  measurement, we derived the threshold DW depinning field 𝐻+,?@ as 

a function of 𝜏h^as shown in Fig. 4.26b. The 𝐻+,?@ is defined by those of value corresponding 

to 𝑃1.o?@ = 0.5 at each 𝜏h^ . It is clearly confirmed that the 𝐻+,?@  for the DW depinning was 

gradually lowered through the quantitative results as well as previous estimation. Furthermore, 

the exponential linear fitting greatly agrees with the 𝐻+,?@as a function of 𝜏h^, thus proving the 

thermal activation driven depinning in this measurement.  

 

4.5.2 Synthetic antiferromagnet region 

4.5.2.1 Domain wall depinning in thermally assisted 

regime 
 

 Let us continue the DW depinning measurement in SAF region. In general, the FIDWM 

is hardly possible in perfectly compensated ideal AF system since the net moment is zero. 

However, we were able to perform FIDWM in our SAF system due to the tiny uncompensated 

moment which leads to non-zero remanent (𝑚a
6D?~	1	µemu) at AF state. This is one of the 

biggest advantages of multilayer based SAF structure that one can easily tailor the degree of 

compensation. In order to perform the FIDWM in SAF, we injected single DW into SAF region 

by current pulse as presented in previous sections. The DW in SAF is initialized by up-down 

configuration along the easy-axis as same as the case for the FM.  

Fig. 4.27 shows the field-induced DW depinning probabilities in SAF 𝑃1.o6D?  as a 

function of the magnitude of magnetic field 𝐻W at various 𝜏h^ , and the corresponding threshold 

depinning field 𝐻+,6D?as well. Compared to the FM, the magnitude of DW depinning fields in 
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SAF are overall significantly larger than those of values at same 𝜏h^, and even larger than 𝐻:?@ . 

At 𝜏h^ = 16	ms,	the depinning requires 𝐻W > 750	Oe, which is almost one order of magnitude 

larger than FM case. But it is still smaller than 𝐻3C6D? .	At SAF-FM lateral junction, in this case, 

we assume that the switching of FM region occurs while the DW in SAF does not move at all 

when the field is applied to opposite direction. This again emphasize the robustness of SAF 

against the external field. In addition, the depinning threshold field 𝐻+,6D?is plotted as a function 

of 𝜏h^ in Fig. 4.27b.  Even at 𝜏h^ = 5	s, which is longest duration, 𝐻+,6D? is larger than both 𝐻+,?@ 

and 𝐻:?@. By fitting the exponential linear relation (blue solid line), we can estimate that the 

DW depinning can eventually occurs in SAF region under the field with magnitude of 

𝐻:?@(~	100	Oe) at 𝜏h^ > 100	s.       

 
Figure 4.27. Field-induced DW depinning in the SAF region. (a) DW depinning probability 

𝑃1.o6D? versus applied current density in the SAF region at various field pulse duration 𝜏h^ (16 

ms to 5 s). (b) Threshold depinning field 𝐻+,6D? as a function of 𝜏h^. Solid curves and line fit to 
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standard error function and exponential relation, respectively. Error bars correspond to the 

25/75% probabilities. Figure is adopted from [50] 

During the field-induced depinning measurement in SAF, very interestingly, we 

observed that the direction of DW motion in the FM and SAF region is opposite to each other 

under the same orientation of external field as shown in Fig. 4.28. In the FM region, for instance, 

the external field was applied to +𝐻W  direction, thus the DW with up-down configuration 

moves to the right-hand side (see Fig. 4.28a). On the other hand, the same DW (up-down) 

moves to the left-hand side (see Fig. 4.28b). 

 
Figure 4.28. Comparison of field-induced DW motion in the FM and SAF region.  

Differential Kerr microscopy images of field-induced DW depinning in (a) the FM and (b) SAF 

region. DW is initialized to up-down (black-white,↑↓) configuration in both regions. The 

direction of DW motion is opposite in the FM (towards right) and SAF (towards left) in the 

presence of +𝐻W. Figure is adopted from [50]. 
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4.5.3 SAF-FM junction 

4.5.3.1 Domain wall injection in thermally assisted 

regime 
  

 As we discussed in section 4.5.2, the motion of DW to the external field is opposite to 

each other in FM and SAF with respect to same DW configuration. This interesting finding 

leads us to question how the DW behaves at the SAF-FM junction boundary. In case of 

CIDWM, we observed the asymmetric DW injection across the junction boundary which 

results to significantly high injection threshold current density when the DW moves from FM 

to SAF region (	𝐽+,?@→6D?)𝐽+,6D?→?@). Furthermore, the degree of asymmetry of 𝐽+,T 	(𝐹𝑀 →

𝑆𝐴𝐹	and	𝑆𝐴𝐹 → 𝐹𝑀) is reduced by designing the angle of the junction thereby resulting those 

of values nearly the same in both directions at large 𝜃S.  

To compare the field-induced DW injection with current-induced injection case, we 

first positioned the DW in the FM region with up-down DW configuration. Here, the 𝜃S = 0°. 

Then, the external field was applied to +𝐻W  (> 𝐻+,?@ ) in order to move DW towards the 

junction boundary (see Fig. 4.28a). Surprisingly, the DW did not move further into SAF region, 

even as the applied field continues to increase up to 3 kOe, which is close to 𝐻3C6D?. We also 

further extended 𝜏h^ up to two hours (7200 s) that is already beyond the “pulse” range. However, 

the DW was still not able to be injected into SAF region under +𝐻W = 3	kOe with 𝜏h^ =

7200	s , thus resulting the field-induced injection probability 𝑃TV]?@→6D? = 0 . Even more 

remarkable is that this phenomenon is independent of the shape of the junction so that the none 

of DWs at all of junctions (0° ≤ 𝜃S ≤ 60°) could not inject to the SAF region, but stayed at the 

junction boundary (see Fig. 4.29). On the other hand, the DW could inject from SAF to FM 

region across the junction when the 𝐻W  is larger than the threshold (> 𝐻+,6D?), but did not 

continue to move further inside FM region. Consequently, the DW was “trapped” at the 

junction boundary in the presence of external field.       
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Figure 4.29. Field-induced DW injection (FM à SAF) probability versus 𝝉𝑷𝑯 at various 

junctions. Field-induced DW injection (FM à SAF) probability 𝑃TV]?@→6D? as a function of 𝜏h^ 

(300 to 7200 s). The magnitude of external field 𝐻W corresponds to 1.0 kOe (blue square), 2.0 

kOe (light blue circle), 2.4 kOe (violet triangle), 2.6 kOe (green triangle), 2.8 kOe (orange 

diamond), and 3 kOe (red triangle), respectively. Inset depicts the representative Kerr 

microscopy image of field-induced DW injection from FM to SAF at multiple junctions with 

𝜃S (0° ≤ 𝜃S ≤ 60°) in the presence of +𝐻W = 3	kOe. Here note that the DW configuration is 

up-down (⨀|⨂, black-white) for all cases. Figure is adopted from [50]. 
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Chapter 5 Discussions 
 

In this chapter, we will discuss forementioned unconventional phenomena in more 

depth. First, we investigate the oxidation states of multilayers in SAF which give rise to SAF 

to FM transition by measuring depth-profiling x-ray photoemission spectroscopy (XPS) in 

section 5.1.  In addition, the structural analysis of junction will be discussed based on the 

measurement of atomic force microscopy (AFM) and cross-section transmission electron 

microscopy (TEM) as well (section 5.2). In section 5.3, afterwards, we evaluate the energy 

barriers for the DW motion in FM, and SAF region based on current- and field-induced motion 

performed in section 4.4 and 4.5. Taking the energy barriers into account, we discuss the origin 

of asymmetric current-induced DW injection and field-induced DW pinning at SAF-FM 

junction (section 5.4). The reduction of threshold current density for DW injection in tilted 

junction will be also discussed together. In order to reveal the correlation between energy 

barriers and thermal stability of DW, furthermore, the temperature dependent energy barriers 

are evaluated and compared in each FM, SAF, and SAF-FM junction, respectively, in section 

5.5. At last, the discussion concludes with presenting the potential application of SAF-FM 

junctions such as multi DWs injection and high stability of SAF-FM-SAF bi-junctions (section 

5.6).     

         

5.1 Oxidation state of upper magnetic layer 

of synthetic antiferromagnet multilayers  
 

As shown in section 4.1, the magnetic properties of SAF can be clearly transformed to 

single FM by oxygen plasma process. Remarkably, the SAF to FM transition gradually 

proceeded as a function of oxidation process time, and then eventually became saturated even 

at longer process time (see Fig. 4.3). To understand the underlying mechanism, we conducted 

X-ray photoemission spectroscopy (XPS) depth-profile measurement to analyze the oxidation 
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state of each layer. The degree of oxidation through the UM of SAF is further investigated in 

comparison with pristine SAF structure as well. 

      

5.1.1 X-ray photoemission spectroscopy depth-

profile analysis 
 

According to the magnetic hysteresis loop shown in Fig. 4.4, it appears as if the only 

lower magnetic layer of SAF contributes to the entire magnetic properties of system. In 

particular, the comparison of 𝑀3𝑡 and 𝐻' between pristine and oxidized SAF clearly supports 

this quantitatively. To confirm the suppression of upper magnetic layer of SAF, XPS depth 

profile measurements were carried out, using Ar ion etching, on the unpatterned pristine SAF 

film and FM film that had been obtained by oxidization for 60 sec of a SAF film (see Fig. 4.4). 

Note that the etching proceeded from top to bottom layer so that TaN capping layer was initially 

etched away. The etching conditions are following: Ar+ energy 500 eV, 0.5 µA beam current, 

5 x 2 mm2 etching area, 20 sec per cycle. XPS spectra were measured after each cycle of etching 

process.   

During the measurement, as shown in Fig. 5.1, we found that it takes longer to etch the 

TaN capping layer for the oxidized SAF than for the pristine case, thus assuming that either 

TaN becomes thicker on oxidation by forming tantalum oxynitride (TaOxNy) or the etching 

rate of TaOxNy is slower. The depth profiles show that the atomic ratio of oxygen (green solid 

line) is significantly increased in the TaN, and the Co and Ni upper layers in the oxidized SAF 

film. Since the penetration depth of X-ray is considered to be at least few nano meters, the 

intensity of signals is averaged from entire stack including lower magnetic layer.  
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Figure 5.1. XPS profile of atomic concentrations of elements with etching time. Depth 

profile spectra of pristine (upper panel) and oxidized SAF (lower panel). The four points t1, t2, 

t3, and t4 that are shown in the figure refer to the points where the Co and Ni 2p spectra are 

investigated, as shown in Fig. 5.2. Figure is adopted from [50]  

 

We further investigate the oxidation state of magnetic elements, Co and Ni, by 

comparing the binding energy shift between pristine and oxidized SAF at four different 

measurement points. First two measurement points are determined by the point where the 

intensities of atomic ratio of Co, and Ni are equivalent to oxygen (t1), and tantalum (t2), 

respectively. At this step, the spectra are mostly collected from the upper layer. We also 

measured the spectra at two points in the middle of upper layer (t3), and the peak of the Ni 

intensity (t4).    

As shown in Fig. 5.2, metallic Co 2p3/2 (~778.2 eV) and Ni 2p3/2 (~852.6 eV) spectra 

are observed in the pristine SAF (solid line) film, thus showing that the 30 Å TaN capping layer 

effectively protects Co and Ni in the upper layer against natural oxidation. On the other hand, 

the oxidized SAF (dashed line) shows chemical shifts of ~ 0.5 eV of spectral peaks towards 
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higher binding energies. Although the identification of precise oxidation states of Co and Ni is 

limited at this stage, we clearly confirm that the oxidation of Co and Ni in the upper layer. 

Since the atomically thin CoOx and NiOx layers are considered to be magnetically dead layers, 

this concludes that there is no contribution as UM of SAF. Interestingly, as the film is further 

etched away, thus allowing analysis of the lower FM layer, Co and Ni are clearly seen to be 

metallic (unoxidized) (t4). In this regard, we find that the Ru spacer layer acts as a passivation 

layer that protects the lower FM layer against oxidation even after extended oxidation times 

[124].  

 

Figure 5.2. XPS spectra of Co and Ni at different etching times.  2p3/2 spectra of Co (left 

panel) and Ni (right panel) in pristine SAF (solid line) and oxidized SAF (dashed line) are 

plotted at t1, t2, t3 and t4 as designated in Fig. S3.  Peak positions for metallic Co and Ni are 

indicated, as a guide, by grey solid lines, while those from the oxidized film are displayed by 

grey dashed lines. Figure is adopted from [50] 
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5.2 Transition region in SAF-FM lateral 

junctions 

5.2.1 Vertical and lateral structure formation 

 
Figure 5.3. Atomic force microscopy (AFM) images of SAF-FM junction (𝜽𝑱 = 𝟎°) in a 

racetrack. The edges of the racetrack wire are defined by the white dashed lines. The SAF-

FM junction boundary is clearly seen from the color contrast within the nanowire. Step heights 

are measured on the racetrack across the junction (blue dashed line) and off the racetrack that 

is encapsulated with alumina (green dashed line). Figure is adopted from [50] 

 

 As discussed in section 5.1, the oxidation on TaN capping layer results in TaOxNy 

which may increase the thickness due to the oxygen intercalation. In order to prove that, the 

thickness could be directly measured by atomic force microscopy (AFM) at the boundary of 

SAF-FM junction. Here, the width of racetrack wire is 3 µm. AFM imaging shows that the 

oxidation process results in a local increase in the thickness of the racetrack by ~1-2 nm as 

shown in Fig. 5.3 (blue solid line), which allows us to readily confirm the formation of junction 

boundary after fabrication. On the other hand, the alumina encapsulation region outside the 

racetrack nanowire is found to become thinner due to chemical etching of the alumina by the 

developer for lithography process, which is diluted tetramethylammonium hydroxide (TMAH) 

(green solid line in Fig. 5.3). The etching rate of alumina is estimated to be ~ 5 nm/min at room 

temperature. This leads to the distinct color contrast in the optical microscopy image, as can be 

seen in Fig. 4.7 and 4.22. 
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Figure 5.4. Cross-sectional transmission electron microscopy (TEM) image of SAF-FM 

junction. The FM (left-hand side) and SAF (right-hand side) region can be clearly 

distinguished by the height difference between TaOxNy (~ 4 nm) and TaN (~ 3 nm), 

respectively. The SAF-FM junction boundary is determined by including the transition region 

width of 𝑤+4XV3~ 20 nm. White dashed lines define the transition region, and yellow line guides 

the interface between capping layer and UM of SAF. 

 

Although the sharp step is observed in Fig. 5.3, the transverse transition region across 

the junction could not be clearly defined due to the limit of lateral resolution in AFM 

measurement. Since the lateral diffusion and scattering of oxygen inside the layer is inevitable 

during the process, the transition region, which is the intermediate state of SAF and FM, is 

expected to be formed at the boundary of junction. To verify this, cross-sectional transmission 

electron microscopy (TEM) was performed across the junction (𝜃S = 0°). Note that the TEM 

lamella was prepared by focused ion beam (FIB) with Ga+ ion source. Fig. 5.4 clearly shows 

the FM (blue, left-hand side) and SAF (orange, right-hand side) region that can be distinguished 

by thick TaOxNy (~ 4 nm) and thin TaN (~ 3 nm) capping layer, respectively. The transition 

region is broadly formed between FM and SAF region with a width of 𝑤+4XV3~ 20 nm (white 

arrows). The definite magnetic state of transition region cannot be firmly established at this 

stage. However, we can assume that the gradient of uncompensated SAF is continuously 

formed by following the thickness variation based on the discussion in section 4.2. Furthermore, 

the 𝑤+4XV3 is comparable to the width of typical Néel type DW (tens of nano meters), thus 

allowing the DW motion across the junction without annihilation as observed in section 4.4.     
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5.3 Determination of energy barriers for the 

domain wall motion 
 

 In section 4.4, we showed that the DW motion is induced by applying electrical currents 

or magnetic fields. To initiate the DW motion, namely depinning, either the minimum 

magnitude of current or field is required, that is called threshold current density 𝐽+,	or field 𝐻+,, 

respectively. We further investigated the 𝐽+,  in two different regimes, flow and thermally 

assisted, by varying the applied pulse length. In principle, the 𝐽+,,C9-m in flow regime exhibit 

larger than those of values in thermally assisted regime, since the 𝐽+,,C9-m relies on the torque 

efficiencies, which are the spin-orbit torque, and exchange coupling torque. But, the origin of 

𝐽+,,C9-mstill remains elusive. In thermally activated regime, on the other hand, the 𝐽+,,+,.45 is 

strongly correlated to the thermal activation energy, thereby depinning the DW over the 

thermal energy barrier. This is also the same for the field-induced DW motion. Although the 

underlying mechanism for DW motion is different from current-induced case, the thermal 

activation energy gives rise to DW depinning as an applied field is above 𝐻+,,+,.45  in 

thermally assisted regime as well. In this section, thus, we will discuss how to determine the 

energy barriers for the DW motion by taking into account the 𝐽+,,+,.45 and 𝐻+,,+,.45 in three 

different regions, FM, SAF, and FMàSAF (𝜃S = 0°), respectively. 

   

5.3.1 Energy barriers derived from current-

induced domain wall motion 
 

To investigate the energy barriers for DW depinning and injection, we carried out the 

current-induced DW depinning measurements in the thermally activated regime and determine 

the corresponding 𝐽+,,+,.45T (𝑖 = FM or SAF), and 𝐽TV],+,.45?@→6D? 	 as discussed in section 4.4. Of 

particular interests are the findings of the inversion of 𝐽+,?@ and 𝐽+,6D? in between flow and 

thermally assisted regime, and significantly larger 𝐽TV]?@→6D?compared to both FM and SAF 

regardless of regimes. Fig. 5.5 depicts the summary of 𝐽+,T 	(𝑖 = FM, SAF, or FMàSAF) as a 
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function of pulse length including flow and thermally activated regime. Here note that the 𝜃S =

0° in this case.   

 

 
Figure 5.5. Threshold current density as a function of pulse length in FM, SAF, and 

FMàSAF (𝜽𝑱 = 𝟎°)regions. The flow and thermally activated regimes of CIDWM are 

highlighted by blue and orange shaded backgrounds, respectively. The dashed and solid curves 

correspond to fits to the relation 𝐽+,,C9-mT − 𝐽+,1,C9-m
T ∝ 1 𝜏h

S⁄ 	(𝑖 = 𝐹𝑀, 𝑆𝐴𝐹, 𝑜𝑟	𝐹𝑀 → 𝑆𝐴𝐹) 

and 𝐽+,,+,.45T ∝ 1 − (1 𝐸ST⁄ )	ln	(𝜏h
S 𝜏Y)µ , in the flow and thermally activated regime, 

respectively. Note that the 𝜃S = 0° in this case. The error bars in the flow, and thermally 

activated regimes correspond to the standard deviation, and 25/75% probabilities, respectively. 

Figure is adopted from [50] 

 

Prior to the discussion of the thermally activated regime, we first need to clarify the 

DW motion and corresponding 𝐽+,,C9-mT 	(𝑖 = 𝐹𝑀, 𝐹𝑀 → 𝑆𝐴𝐹, 𝑜𝑟	𝑆𝐴𝐹) in flow regime. In case 

of the magnetization switching, driven by either STT or SOT, the intrinsic switching is only 

possible in very short time scale, typically in nano or even sub-nano seconds, due to strong 

dependence on the efficiency of angular momentum transfer from current to the magnet. In this 

regime, thus, the stochastic thermal fluctuation does not play a key role in switching. This 

feature typically appears as the strong dependence of  𝐽+,  on	𝜏h , thus showing the inverse 
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proportion relation as 𝐽+, = 𝐽+,Y +	
u
n2

, where 𝐽+,Y is the intrinsic threshold switching current 

density and 𝑞 is an effective charge which represents the efficiency of the angular momentum 

transfer [107].  

Taking into account the DW motion in flow regime, similar behavior is observed for 

our cases as shown in Fig. 5.5. Since the angular momentum transfer from spin current to the 

adjacent magnetic layer gives rise to the local magnetization switching of the DW, the intrinsic 

DW motion can be considered as the analogy of intrinsic switching in short pulse regime as 

well (𝜏h
S ≤ 100	ns). The main difference is the presence of DW thus no additional in-plane 

field is required contrary to SOT switching. In this regard, the relation for the 𝐽+,,C9-m on 𝜏h
Sof 

the DW motion in flow regime is derived as following 𝐽+,,C9-m = 𝐽+,Y,C9-m +	
D
n2
/  ,where 

𝐽+,Y,C9-m is the intrinsic threshold current density for DW motion, and A is an effective constant. 

Note that the quantification of A is not straightforward in this case unlike the switching. 

Because there are many uncertainties which contribute to the DW motion such as an ECT, the 

strength of DMI, and etc. By fitting the relation to the data, nevertheless, we can confirm that 

the relation nicely fits to the flow regime in all three regions, FM (orange), SAF (blue), and 

FMàSAF (green), respectively (Fig. 5.5). This trend has already been observed 

phenomenologically in previous studies with similar system as well [38]. Interestingly, we 

found that the dependence of 𝐽+,,C9-m  on 𝜏h
S  in FMàSAF, is more significant compared to 

others, which is more similar to the switching behavior.   

Let us focus on the thermally activated regime (orange shaded background in Fig. 5.5). 

In this case, the DW can move by external current flow in addition to the thermal fluctuations 

at finite temperature. The time scale for the thermal activation is typically much longer than 

the intrinsic flow regime (𝜏h
S)100	ns). As soon as the energy delivered from the current is 

equivalent to the thermal activation energy barrier height, the DW depinning occurs. Therefore, 

we can evaluate the thermal activation energy barrier based on the Arrhenius relation as 

following   𝜏h
S = 𝜏Yexp	(𝐸S

.CC 𝑘*𝑇)µ , where 𝜏h
S  is applied current pulse length, and 𝜏Y  is 

thermal attempt time [39], [47], [125]. The effective energy barrier 𝐸S
.CCdriven by CIDWM is 

given by 𝐸S
.CC = 𝐸S(1 − 𝐽+,,+,.45 𝐽+,Y,+,.45)e⁄  with threshold current density 𝐽+,Y  to depin 

DW within infinitely long time and at zero temperature. Here, we define 𝐸S as the thermal 

activation energy barrier at room temperature by assuming a finite thermal attempt time 𝜏Y =
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1 ns. The exponent 𝛼 corresponds to the magnetization reversal mechanism which is either 

𝛼 = 1 (DW propagation dominant), or 𝛼 = 2 (DW nucleation dominant)[43], [126]. In our 

study, we employed 𝛼 = 1  since DW depinning and injection is mainly governed by 

propagation dominant mechanism. By plotting an exponential fit (solid lines in Fig. 5.5) with 

the equation  𝐽+,,+,.45 = 𝐽+,Y,+,.45(1 −
'"(
&/
ln(n2

/

n1
)) (𝑇 = 300	𝐾) , consequently, 𝐸S	can be 

determined.  

 
Figure 5.6. Energy landscape of DWs in SAF-FM junction ( 𝜽𝑱 = 𝟎° ). Schematic 

illustrations of the (a) DW motion at the SAF-FM junction and (b) the corresponding energy 

landscape of DWs in each position at zero field. The energy barrier heights 

𝐸S?@ , 𝐸S6D? 	and	𝐸S?@→6D? are scaled with respect to measured values. Figure is adopted from 

[50]. 

 

As a result, the thermal activation energy barriers of the DWs demonstrated by current 

in the FM, SAF, and FMàSAF region, are obtained as 𝐸S?@~	26	𝑘*𝑇,

	𝐸S6D?~	35	𝑘*𝑇, and		𝐸S?@→6D?~	85	𝑘*𝑇	, respectively. Fig. 5.6 depicts schematic illustrations 

of an energy landscape in the vicinity of the SAF-FM junction with respect to the DW position. 

Here note that the 𝜃S = 0° in this case. Interestingly, the energy barrier of SAF is higher than 

those of value in FM (𝐸S6D? > 𝐸S?@) which indicates the high thermal stability in SAF, whilst 
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𝐽+,,C9-m6D? < 𝐽+,,C9-m?@  measured in the flow regime that is technologically more useful to the 

development of high-speed devices (Fig. 5.5). This is because the ECT is more effective at 

higher 𝐽 (the flow regime) than at lower 𝐽 (the thermally activated regime) [8]. In case of DW 

injection from FM to SAF, furthermore, the 	𝐸S?@→6D? is surprisingly higher than FM and SAF, 

thereby supporting the large 𝐽+,?@→6D?in both flow and thermally activated regimes. In addition, 

the discrepancy in 𝐽+,?@→6D? > 𝐽+,6D?→?@originates from the unconventional asymmetric energy 

barrier (see II and IV in Fig. 5.6). This is due to the nucleation energy 𝐸V: which requires to 

create one additional DW in the UM of SAF. Note that there is only one DW in FM, whilst 

SAF hosts one pair of DWs, one each in LM, and UM. Hence, the 	𝐸S?@→6D? can be described 

as 	𝐸S?@→6D? = 𝐸V: + 𝐸S6D?. As DW injects from SAF to FM, on the other hand, there is no 

need to nucleate additional DW, but the DW from the UM of SAF annihilates instead as shown 

in Fig. 5.6 IV. Therefore, the DW injection (FMàSAF) can be understood by the combination 

of DW propagation (LM of SAF) and switching (UM of SAF) via interlayer exchange coupling 

(𝐽./ < 0). This also explains the strong dependence of 𝐽+,,C9-m on 𝜏h
S  in FMàSAF which is 

feature of conventional switching.      

 

5.3.2 Energy barriers derived from field-

induced domain wall motion 
 

In section 4.5, we also demonstrated the FIDWM in thermally activated regime. Fig. 

5.7 shows the 𝐻+,,+,.45T  versus 𝜏h^obtained from the DW depinning measurement in FM and 

SAF region. In case of FIDWM, the DW depinning is governed by the Zeeman energy, not a 

spin current, thus external field induces the tilting of entire energy landscape with respect to 

DW. Despite the different mechanism, similar to the current case, 𝐸^ can be obtained from the 

fits to the equation 𝐻+,,+,.45 = 𝐻+,Y,+,.45(1 −
'"(
&,

ln(n2
,

n1
)) (𝑇 = 300	𝐾) (solid lines in Fig. 

5.7). 𝐻+,,+,.45  corresponds to collected threshold field 𝐻1.oT 	(𝑖 = FM, and SAF) from DW 

depinning in each region, and 𝐻+,Y,+,.45 refers to the field to depin DW within infinitely long 

time at zero temperature.  𝜏h^ is applied field pulse length, and 𝜏Y is thermal attempt time (𝜏Y =

1 ns). Based on the equation, we obtained the energy barriers for the FM and SAF regions as 
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𝐸^?@~24	𝑘*𝑇, and	𝐸^6D?~28	𝑘*𝑇 , respectively. Here note that the field-induced DW 

depinning was only able to perform in FM and SAF region, not in FMàSAF. Therefore, the 

evaluation of energy barrier derived from the FIDWM at junction is impossible at this stage.  

 

 

Figure 5.7. Threshold field as a function of pulse length in FM and SAF regions. Threshold 

DW depinning field 𝐻+,T (𝑖 = FM	or	SAF) versus pulse length 𝜏h^ . Solid curves correspond to 

fits to the relation 𝐻+,,+,.45T ∝ 1 − (1 𝐸^T⁄ )	ln	(𝜏h^ 𝜏Y)⁄ . The error bars correspond to the  25/75% 

probabilities. Figure is adopted from [50]. 
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5.3.3 Comparison of energy barriers in current- 

and field-induced domain wall motion 
 

 
Figure 5.8. Comparison of current- and field-induced DW energy barriers. 𝐸S versus 𝐸^ 

of FM (orange) and SAF (blue) region in thermally activated regime at 𝑇	 = 	300	K. Green 

solid line corresponds to 𝐸S = 𝐸^ . The error bars represent the standard deviation. Figure is 

adopted from [50] 

 

For both the current and field case, we evaluated the energy barriers for FM and SAF, 

and those are compared in Fig. 5.8. Here, it clearly shows that 𝐸S6D? > 𝐸S?@ 	and 𝐸^6D? > 𝐸^?@ 

at room temperature. Thus, the DW in the SAF regions is more stable against currents, fields 

and thermal agitations. However, the DWs still can be more efficiently depinned by short 

current pulses (flow regime) in the SAF as compared to the FM regions, which highlights the 

technological supremacy of SAF. The physical origin why 𝐸6D? > 𝐸?@ is not very clear at 

present. We suppose that it may be because: (1) the DW volume of SAF is larger than FM, or 

(2) the reduced net magnetization in SAF makes the SAF less sensitive to the external 

excitations such as fields and current pulses in the thermally excited region in which the ECT 

is not large.  
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As summarized in Fig. 5.8, there is a clear difference between the SAF and FM cases. 

The ratio of the energy barriers for field versus current depinning is ~1 for the FM SOT case 

but is considerably reduced for the SAF case. This result is in accordance with the previous 

report that proves the existence of only single energy barrier of DWs in SOT driven FM unlike 

STT driven system [32], [38]. In case of STT driven DW motion, there exists both intrinsic and 

extrinsic barriers, thus achieving together high thermal stability and high current-induced 

motion efficiency by using two barriers [39]. However, it is not available in conventional SOT 

case due to the presence of single barrier which originates from an extrinsic pinning. On the 

other hands, the deviation between two measured energy barriers in SAF is observed as 𝐸S6D? ≳

𝐸^6D? . The origin of is still not clear, but we suppose that it may be due to the degree of 

magnetization compensation and strength of interfacial anisotropy between LM and UM.     
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5.4 Two energy barriers in SAF-FM lateral 

junctions 
 

In section 5.3, we discussed the origin of diode-like DW injection (𝐽+,?@→6D? ≫ 𝐽+,6D?→?@) 

behavior at the junction (𝜃S = 0°) by showing the asymmetric energy barriers (𝐸S?@→6D? ≫

𝐸S6D?→?@) derived from the current-induced motion in thermally activated regime. Contrary to 

FM and SAF, on the other hand, the demonstration of field-induced DW injection (or depinning) 

from FM to SAF was forbidden, thus the 𝐸^?@→6D?  could not be evaluated. Although the 

𝐸S?@→6D? gives rise to the highly asymmetric energy landscape at the junction (𝜃S = 0°), it is 

not sufficient to explain the strong DW pinning over long time (𝜏h^~	2	h) in the presence of 

large magnetic field (𝐻W	~	3	kOe). In this section, we will discuss the origin of the strong field-

induced DW pinning at the junction, based on the proposal of two energy barriers, namely local 

and global barriers. The local barrier is strongly correlated to the current-induced motion at 

zero field, whilst the global barrier only appears in the presence of field. Prior to main 

discussion of junction, we will first show how the external fields affect to the entire energy 

landscape of DW in FM and SAF region. At last, the junction tilting angle 𝜃S dependent DW 

injection energy barriers will be discussed as well.  

 

5.4.1 Field-induced energy landscape for 

domain wall 
 

For a better understanding, let us clarify the current-, and field-induced DW motions. 

For the FM and SAF cases, here, we consider SOT as a main source for spin current generation. 

The DW angle corresponds to the azimuthal angle 𝜙 since the polar angle 𝜃 = ;
<
 in the middle 

of DW. Importantly, note that the energy landscape and barrier is a function of DW position 𝑞 

solely by definition as shown in Fig. 5.9. 
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In case of current cases, SOT drives a DW by a combined mechanism of DMI induced 

in-plane field and spin-orbit spin-current induced STT. Here the spin-orbit spin-current induced 

STT changes the DW angle 𝜙. As an applied 𝐽 > 𝐽+, ,	this increases the magnetic energy against 

the DMI, thereby changing 𝜃 and depinning the DW. Hence, the SOT does not affect the 

energy landscape or local barrier, as shown in Fig. 5.9b. Since the polarization of accumulated 

spin is always perpendicular to the DW angle 𝜙, the direction of DW depinning is solely 

determined by the direction of applied current regardless of DW configuration.  

 
Figure 5.9. Illustration of DW depinning and energy landscapes for ↑↓ DW configuration 

for the FM and SAF cases. (a, b) Current-induced DW depinning from a local energy barrier 

in the absence of external magnetic field. The DW stays at initial position q when applied 𝐽 <

𝐽+,(a), but depins only when 𝐽 > 𝐽+, (b). (c, d) Field-induced DW depinning from local energy 

barrier by external magnetic field. The entire energy landscape is tilted by applied field, thus 

DW depinning occurs when 𝐻W > 𝐻+,. 

 

In the steady state, on the other hand, the DW angle 𝜙 does not change but the DW 

position defined by 𝜃 changes by an easy axis component of field. For the FM or SAF case, an 

easy axis field that is larger than the 𝐻+, can depin DWs by tilting the DW energy landscape 
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and thereby overcoming the local energy barrier (see Fig. 5.9c, d). Note that field components 

perpendicular to the easy axis do not displace the DWs since they do not affect the energy 

landscapes. The key point here is that the global energy landscape is uniformly tilted over the 

whole FM or SAF, which just allows the DW to get out of the local energy barrier. In section 

5.3.3, we experimentally showed that this local energy barrier can be obtained by both current- 

and field-induced DW depinning and proved that the 𝐸S ≈ 𝐸^in the FM.   

Now let us consider the degree of field-induced tilting of the energy landscape. When 

the DW is positioned at 𝑥 = 𝑞 with in the presence of an external magnetic field 𝐻ee⃗ (𝑥, 𝑦, 𝑧), the 

energy landscape is determined by the Zeeman energy as  

 

𝐸2&(𝑞) = −z𝑀(𝑞, 𝑥)𝑚v(𝑞, 𝑥) ∙ 𝐻ee⃗ (𝑥, 𝑦, 𝑧)𝑑𝑥𝑑𝑦𝑑𝑧, (5.1) 

 

where 𝑀(𝑞, 𝑥) and 𝑚v(𝑞, 𝑥) are the magnitude of the magnetization and the unit vector along 

the magnetization at 𝑥 as a function of 𝑞. Note that the volume integration is valid for the 

magnetic layers only. The racetrack wire direction and the easy magnetization axis are along 

the 𝑥 and 𝑧-axes, respectively. The magnetizations and thicknesses for the magnetic layer in 

the FM are 𝑀?@, and 𝑡?@, respectively. Here we assume that the DW width (tens of nm) is 

much smaller than the length of FM wire 𝐿?@ (tens of µm). Thus, the magnetization of DW is 

negligible. If the DW with ↑↓ configuration is located at 𝑥 = 𝑞 in the FM region (0 < 𝑞 <

𝐿?@), consequently, the energy can be described as  
 

𝐸2&?@(𝑞) = −𝑤𝑡?@(−𝐿?@ + 𝑞)𝑀?@𝐻W −𝑤𝑡?@𝑞𝑀?@𝐻W
= −𝑤𝑡?@(𝐿?@ + 2𝑞)𝑀?@𝐻W .	

(5.2) 

 

Note that this equation does not take into account the local energy barrier. Here, we can clearly 

see the slope of the energy landscape is defined as 

 

𝜂↑↓?@ =	−2𝑤𝑡?@𝑀?@𝐻W. (5.3) 

 

Therefore, an easy-axis component of positive external field +𝐻W gives rise to the negative 𝜂 

in the total energy landscape, and the degree of tilting is linearly proportional to the  |𝐻W|.  
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5.4.2 Determination of field-induced energy 

landscape in synthetic antiferromagnet 
 

 
Figure 5.10. Illustration of the field-induced energy landscape for ↑↓ DW configuration 

(LM) in the SAF. Steady state of DW with the ↑↓ configuration (LM) sitting at 𝑥 = 𝑞 in SAF, 

and the energy landscape in the presence of external field 𝐻2  for (a) 𝑚F@ /𝑚E@ = 1, (b) 

𝑚F@/𝑚E@ > 1, and (c) 𝑚F@/𝑚E@ < 1. The slope of energy landscape is described as 𝜂↑↓
6D? =

	2𝑤(𝑡E@𝑀E@ − 𝑡F@𝑀F@)𝐻W. Note that the wiggles in the energy landscapes illustrate the local 

DW pinning potential barrier. 

 

As discussed above, the direction of field-induced DW depinning is governed by the 

Zeeman energy and corresponding DW configuration. This is easy to understand in case of the 

FM since the net magnetization 𝑀?@  simply originates from a single magnetic layer. In 

contrast, the net moment of SAF varies depending upon the magnitude of each moment in LM 

(𝑚F@), and UM (𝑚E@), which are oppositely aligned to each other. For that reason, it is 

essential to know 𝑚F@/𝑚E@ for establishing the field-induced energy landscape in SAF. Let 

us first consider the Zeeman energy in the SAF. Similar to the FM, we consider a SAF nanowire 

with length 𝐿6D? and width 𝑤. The DW is sitting at 𝑥 = 𝑞	(0 < 𝑞 < 𝐿6D?) , in the presence of 
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an external magnetic field 𝐻ee⃗ (𝑥, 𝑦, 𝑧). Here we assume that the DW configuration with ↑↓ in 

the LM, and ↓↑ in the UM. By following the equation above, the Zeeman energy in SAF is 

given by 

 

𝐸2&6D?(𝑞) = −𝑤𝑡F@𝑞𝑀F@𝐻W +𝑤𝑡F@(𝐿6D? − 𝑞)𝑀F@𝐻W +𝑤𝑡E@𝑞𝑀E@𝐻W
−𝑤𝑡E@(𝐿6D? − 𝑞)𝑀E@𝐻W
= 𝑤(2𝑞 − 𝐿6D?)(𝑡E@𝑀E@ − 𝑡F@𝑀F@)𝐻W . 

(5.4) 

 

 

where, 𝑀F@ , 𝑀E@ , 𝑡F@  and 𝑡E@ , are the magnetizations and thickness for the LM and UM 

layers in the SAF, respectively. As a result, the slope of the energy landscape is described as 

 

𝜂↑↓
6D? = 	2𝑤(𝑡E@𝑀E@ − 𝑡F@𝑀F@)𝐻W . (5.5) 

 

Note that the subscript ↑↓  represent the DW configuration of LM. Let us compare the 

𝑚F@/𝑚E@ 	»=
+4(@4(
+3(@3(

¼ dependence of 𝜂↑↓
6D?. In case of 𝑚F@/𝑚E@ = 1, the LM and UM are 

totally compensated like an ideal AF, thereby resulting 𝜂↑↓
6D? = 0.  Consequently, an external 

field does not contribute to the energy landscape. Here the magnitude of 𝐻W must be smaller 

than |𝐻3C|. If 𝑚F@/𝑚E@ > 1, however, the 𝜂↑↓
6D? < 0, thus the DW depins to the right-hand 

side in the presence of positive 𝐻W. On the other hand, the 𝜂↑↓
6D? > 0 when 𝑚F@/𝑚E@ < 1 and 

the DW depins opposite direction under the same condition as shown in Fig. 5.10. 

 This can eventually explain why the direction of FIDWM is opposite to the FM in the 

presence of an external field as presented in section 4.5.2. For our SAF structure, the UM is 

designed to be slightly thicker than LM so that 𝑚F@/𝑚E@ = 0.95 (see section 4.1). Therefore, 

the positive external field gives rise to the 𝜂↑↓
6D? > 0 and the DW with ↑↓ configuration (LM) 

moves to the left-hand side. Note that an averaged Kerr contrast of SAF reflects the 

configuration of LM due to the strong spin-orbit coupling induced by Pt/Co interface despite 

𝑚E@ > 𝑚F@. It is noteworthy to mention that the SOT in SAF is applied mainly to LM, so that 

the DW always moves along the applied current direction regardless of 𝑚F@/𝑚E@ .  
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5.4.3 Local and field-induced global energy 

barriers at the junction 
 

 
Figure 5.11. Illustration of field-induced energy landscapes and global energy barriers 

for ↑↓ domain walls in a SAF-FM junction. Upper left panel: ↑↓ DW in the FM region (𝑞 <

0). Upper right panel: ↑↓ DW in the LM of the SAF region (𝑞 > 0). Lower panel: Field induced 

energy landscape in the FM-SAF junction with 𝑡E@𝑀E@ > 𝑡F@𝑀F@. Figure is adopted from 

[50]. 

 

So far, we have established the energy barriers for CIDWM and FIDWM in each FM 

and SAF region based on the local pinning potential and field-induced energy landscape, 

respectively. In particular, the 𝑚F@/𝑚E@ dependence of energy landscape for SAF is found to 

be a unique phenomenon which has never been considered in conventional FM case. In section 

5.3.1, we showed the asymmetric local DW pinning barrier 	(𝐸S6D?→?@ ≪ 	𝐸S?@→6D? = 𝐸V: +

𝐸S6D?) at the junction (𝜃S = 0) as the DW injects from FM to SAF. Despite the large 𝐸V:, the 

field-induced DW injection is forbidden that is unusual, hence we need to establish the total 

energy landscape in a SAF-FM lateral junction in the presence of external field. Let us consider 

the junction with 𝜃S = 0 in which the junction boundary is located at 𝑥 = 0 in a wire with 

length 𝐿?@ + 𝐿6D? (FM region: 𝐿?@, SAF region: 𝐿6D?) and width 𝑤 as shown in Fig. 5.11. 
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The DW with ↑↓ configuration is located at 𝑥 = 𝑞 either in the FM region (−𝐿?@ < 𝑞 < 0) or 

in the SAF region (0 < 𝑞 < 𝐿6D?). Note that the DW with ↑↓ configuration in FM corresponds 

to ↑↓ in the LM and ↓↑ in the UM in SAF. By employing the equation derived in previous 

sections, the corresponding Zeeman energy for FM and SAF can be rewritten as   

 

𝐸2&?@(𝑞) = −𝑤𝑡F@(𝐿?@ + 𝑞)𝑀F@𝐻W −𝑤𝑡F@𝑞𝑀F@𝐻W
= −𝑤𝑡F@(𝐿?@ + 2𝑞)𝑀F@𝐻W 

(−𝐿?@ < 𝑞 < 0), (5.6) 

𝐸2&6D?(𝑞) = −𝑤𝑡F@𝑞𝑀F@𝐻W +𝑤𝑡F@(𝐿6D? − 𝑞)𝑀F@𝐻W
+𝑤𝑡E@𝑞𝑀E@𝐻W −𝑤𝑡E@(𝐿6D? − 𝑞)𝑀E@𝐻W
= 𝑤(2𝑞 − 𝐿6D?)(𝑡E@𝑀E@ − 𝑡F@𝑀F@)𝐻W 

(0 < 𝑞 < 𝐿6D?). (5.7) 

 

Hence, the total energy landscapes for the cases that the DW is located in the FM and SAF 

regions are, respectively, 

 

𝐸2&( (𝑞 < 0: 𝐹𝑀) = 𝐸2&?@(𝑞) + 𝐸2&6D?(0)

= −𝑤[2𝑞𝑡F@𝑀F@ + (𝐿?@ − 𝐿6D?)𝑡F@𝑀F@ + 𝐿6D?𝑡E@𝑀E@]𝐻W 
(5.8) 

𝐸2&( (𝑞 > 0: 𝑆𝐴𝐹) = 𝐸2&?@(0) + 𝐸2&6D?(𝑞)

= 𝑤[2𝑞(𝑡E@𝑀E@ − 𝑡F@𝑀F@)

− (𝐿?@ − 𝐿6D?)𝑡F@𝑀F@ − 𝐿6D?𝑡E@𝑀E@]𝐻W 

. 

(5.9) 

According to 𝐸2&( , when 𝐻W > 0, the slopes of energy landscapes 𝜂 vs. 𝑞 for the cases that the 

DW is located in the FM (𝑞 < 0) and SAF regions (𝑞 > 0) are negative (−2𝑤𝑡F@𝑀F@𝐻W) and 

positive (2𝑤(𝑡E@𝑀E@ − 𝑡F@𝑀F@)𝐻W ), respectively, since 𝑡E@𝑀E@ > 𝑡F@𝑀F@  in our SAF. 

This indicates that the DW is trapped at 𝑥 = 0 (the junction boundary) due to the formation of 

a field-induced energy landscape of SAF, namely global energy barrier. On the other hand, 

when 𝐻W < 0, the signs of the 𝜂 change so that the DW moves away from 𝑥 = 0.  For a DW 

with ↓↑, then the opposite is true.   
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 Hence, we define the two energy barriers for DWs at the boundary of SAF-FM junction. 

One is the asymmetric local DW pinning potential corresponding to 𝐸V: + 𝐸S6D? .	The energy 

𝐸V:  is required to nucleate a DW in the UM of the SAF region. It is experimentally 

demonstrated that the DW can overcome this local barrier as the 𝐽 is large enough (> 𝐽+,?@→6D?). 

Another is the global energy barrier, which is equivalent to field-induced energy landscape of 

SAF. This global barrier is only activated in the presence of 𝐻W  that induces DW motion 

towards junction boundary. Here, the stronger 𝐻W for the DW motion induces the stiffer global 

barrier. Thus, we conclude that the field-induced DW injection is impossible due to the global 

energy barrier.  

 

5.4.4 Junction tilting angle dependent energy 

barrier at the junction 

 
Figure 5.12. Junction tilting angle dependent DW injection threshold current density in 

the flow regime. 𝐽+,,C9-m?@→6D?versus 𝜃S were measured in 𝜏h
S  =10 ns (orange squares), 20 ns (blue 

triangles), 30 ns (light blue triangles), 50 ns (green diamonds), and 100 ns (yellow hexagons). 

The error bars represent 25/75% injection probabilities. Figure is adopted from [50] 
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In contrast to the extreme stability of the trapped DW to magnetic field, a DW can be expelled 

from the FM region into the neighboring SAF regions by current pulses, although, as discussed 

above 𝐽+,,C9-m?@→6D? is large for 𝜃S = 0, and we note that 𝐽+,,C9-m?@→6D? > 𝐽+,,C9-m6D?→?@, as discussed above. 

This large 𝐽+,,C9-m?@→6D? is consistent with the large value of 𝐸S?@→6D?~85 𝑘*𝑇 (𝑇=300 K) that was 

obtained from the thermally activated regime measurements (section 5.3.1).  Most importantly, 

we find that 𝐽+,,C9-m?@→6D?  depends sensitively on 𝜃S , decreasing with increasing 𝜃S  for 𝜃S > 30° 

(Fig. 5b).   𝐽+,,C9-m?@→6D? is nearly constant for 𝜃S ≤ 30°, as shown in Fig. 5.12. This is because the 

DW in the FM region aligns itself parallel to the junction boundary for small 𝜃S (≤ 30°) when 

a current pulse is applied. For larger 𝜃S this is no longer the case due to the competition between 

the increased DW energy versus decreased dipolar energy[58], [127], [128]. Note that the 

𝐽+,,C9-m?@→6D?  approaches to 𝐽+,,C9-m6D?  with increasing 𝜃S . Also we find that the dependence of 

𝐸S?@→6D?and 𝐽+,Y,C9-m?@→6D? on 𝜃S that was obtained from thermally activated regime measurements 

shows a similar trend to that of  𝐽+,,C9-m?@→6D? on 𝜃S (Fig. 5.13a).  
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Figure 5.13. Junction tilting angle dependent DW injection energy barriers. (a) 𝜃S 

dependent 𝐽+,Y,C9-m?@→6D?(purple squares) and 𝐸S?@→6D?(orange diamonds). Note that 𝐽+,Y,C9-m?@→6D? and 

𝐸S?@→6D?are derived from the flow and thermally activated regime, respectively. The error bars 

represent the standard deviation. (b) Illustration of current-induced DW injection energy 

barrier at junction with 𝜃S = 0°(blue)	and	60°(green).  Note that 𝐸S?@→6D?  decreases with 

increasing 𝜃S. Figure is adopted from [50]. 

 

These observations are consistent with our proposed mechanism following: the 

effective initial nucleation volume in the UM in the SAF region decreases with increasing 𝜃S, 

thereby, decreasing 𝐽+,,C9-m?@→6D? and 𝐸S?@→6D?. Let us assume that the DW cross sectional area 

𝐴E@  in the upper layer is 𝐴E@ = 𝑡E@𝑥 cot 𝜃S  where 𝑥 is the distance between the junction 

endpoint and the DW (see Fig. 5.14).  As the DW propagates (i.e. 𝑥 increases) reaching 𝑥 =



Chapter 5 

 

 

 

116 

𝑤 tan 𝜃S  in the tilted junction region, 𝐴E@ = 𝑡E@𝑤.  Consequently, we find that 1D3(
1/

=

𝑡E@ cot 𝜃S  thereby showing that the larger 𝜃S  is the smaller is 1D3(
1/

.  This means that the 

gradient of DW volume to be nucleated decreases with increasing 𝜃S, as the DW propagates in 

the junction region, consequently making it easier for the DW to propagate at larger 𝜃S.  

 

 
Figure 5.14.  Domain wall injection into tilted SAF-FM junctions. A, Illustration of domain 

wall injection from FM to SAF region in the tilted FM-SAF junctions. B, Schematic 

illustrations and corresponding Kerr microscope images of domain wall injection from FM to 

SAF region at 𝜃S = 60°. Figure is adopted from [50]. 
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5.5 Thermal stability of domain wall in SAF-

FM lateral junctions 
 

 As discussed in section 2.3.3, the thermal stability of the non-volatility of the magnetic 

memory device can be evaluated from the corresponding energy barrier 𝐸 by following relation 

as ∆= &
'"(

, where the ∆ is the thermal stability factor, 𝑘* is the Boltzmann constant, and 𝑇 is 

the finite temperature, respectively. To consider it for reliable memory devices, it is known that 

Δ > 40 is required to retain the data against the thermal fluctuation at room temperature for 

over a decade [44]. For the DWs in FM-based racetrack memory, the determination of ∆ is 

straightforward since there is a single 𝐸 which is equivalent to both current and field-induced 

case (𝐸S?@ ≈ 𝐸^?@). However, this is not simple for SAF and SAF-FM junction cases. Because 

SAF exhibits a discrepancy between energy barriers (𝐸S6D? ≠ 𝐸^6D?) and even the evaluation 

of 𝐸^  is not possible in SAF-FM junction due to the unconventional field-induced global 

energy barrier. In this section, we discuss how to evaluate the thermal stability in those cases 

by performing the temperature dependent current-induced DW depinning measurement. The 

energy barriers for FM, SAF, and SAF-FM junction are compared at 300 and 400 K, 

respectively. Based on the results, more importantly, we show that the thermal fluctuation is 

equivalent to the random field fluctuation, thereby, confirming the extremely high thermal 

stability in the SAF-FM junction. 

 

5.5.1 Thermally-induced domain wall depinning 

at the junction 
 

 For direct demonstration of thermally-induced DW depinning, we firstly carried out an 

experiment to check the DW stability by monitoring the displacement of the DW position in 

the SAF-FM junction boundary region at different temperatures over extended time periods. 

Unfortunately, it was not possible to observe the DW motion under the over sixty hours of 

heating up to at 100, 150, and 200 °C. In reality, we found that it was very hard to quantify key 



Chapter 5 

 

 

 

118 

parameters for obtaining the energy barrier in such an experiment. However, it is widely known 

that thermal depinning of DWs is induced by thermally fluctuating magnetic fields due to 

microscopic degrees of freedom of the environment, such as phonons, conduction electrons or 

nuclear spins. Hence we investigate the DW dynamics including the thermal agitation that can 

be described by the stochastic Landau-Lifshitz-Gilbert equation (Langevin equation) as 

introduced in section 2.3.3.3 (Eq. 2.31), 

𝑑𝑀ee⃗
𝑑𝑡 = −𝛾𝑀ee⃗ × k𝐻ee⃗ .CC + 𝐻ee⃗C9m + 𝛼𝑀ee⃗ ×

𝑑𝑀ee⃗
𝑑𝑡  (2.31) 

 

where 𝛾, 𝑯.CC , 𝑯𝒇𝒍(𝒓, 𝑡) and 𝛼 are the gyromagnetic ratio, the effective magnetic field, the 

random thermal fluctuating magnetic field, and the Gilbert damping, respectively. 𝑯.CC 

includes the external field, the exchange field, the dipolar field, the DMI field, and the 

anisotropy field. 𝑯𝒇𝒍(𝒓, 𝑡) is typically assumed to be a Gaussian random process satisfying<

𝐻C9T (𝑟, 𝑡) >= 0  and < 𝐻C9T (𝑟, 𝑡)𝐻C9
] (𝑟d, 𝑡d) >= <e'"(

fg1@
𝛿T]𝛿(𝑟 − 𝑟d)𝛿(𝑡 − 𝑡d)  ( 𝑖, 𝑗 =

𝑥, 𝑦, 𝑧)	such that  

 

𝐻ee⃗C9(𝑟⃗, 𝑡) = 𝜁(𝑟, 𝑡)�
2𝛼𝑘*𝑇

𝛾𝜇Y𝑀𝑑𝑉𝑑𝑡
 (2.32) 

 

where 𝑘* , 𝑇 , 𝜇Y , 𝑑𝑉 , 𝑑𝑡 , and 𝜻(𝒓, 𝑡)  are the Boltzmann constant, temperature, magnetic 

permeability, fluctuating element volume, fluctuating time interval, and stochastic random unit 

vector, respectively.  𝛿T]  is the Kronecker delta. 𝛿(𝒓 − 𝒓d)  and 𝛿(𝑡 − 𝑡d)  are Dirac delta 

functions.  𝑑𝑉 can be approximated to be the DW volume, 𝑤𝑡?@𝜋Δ (width of wire : 𝑤, FM 

thickness: 𝑡?@ , DW width parameter: Δ ). If we employ 𝛼 = 0.1 , 𝑇 = 300  K, 𝑀 = 600 

emu/cc, 𝑑𝑉 = 𝑤𝑡?@𝜋Δ = 2.5 × 10ABx cm3 (𝑤 = 2 µm, 𝑡?@ = 1 nm, Δ = 4 nm) and Δ𝑡 = 1 

ps, we obtain maxk𝐻C9W m~177 Oe that may depin the DW from any extrinsic pinning potential 

in the energy landscape over an extended time in either the FM or SAF region (e.g. see Fig. 

5.6). Here note that only the 𝑧 -component (easy-axis of FM and SAF) of 𝑯C9  has been 

considered since the other components (𝑥  and 𝑦)  cannot depin the DWs.  Note also that 

maxk𝐻C9W m  cannot be considered to the DC DW depinning field pulse in the FM region 

(𝐻+,?@~30 Oe) since the time scale for 𝐻C9W  is ~ 1 ps. 
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 Now let us investigate how the 𝐻ee⃗C9 can depin the DWs depending on where the ↑↓ DW 

is positioned (see Fig. 5.15).  When the DW is in the FM (case I. 𝑞 < 0) or in the SAF (case 

III. 𝑞 > 0), the DW is depinned by 𝐻ee⃗C9 that is applied to the DW at 𝑥 = 𝑞 and at a certain time 

scale 𝑡. The direction of the depinning torque 𝝉78 and the corresponding DW velocity 𝒗78 

are determined by the sign of 𝐻C9W (𝑞, 𝑡).  For example, when 𝑞 < 0 (FM region) and 𝐻C9W (𝑞, 𝑡) >

0, 𝜏78W > 0 and 𝑣78/ > 0 (case I in Fig. 5.15).  On the other hand, when 𝑞 > 0 (SAF region) 

and 𝐻C9W (𝑞, 𝑡) > 0, 𝜏78W > 0 and 𝑣78/ < 0 since the 53(
54(

> 1 in the SAF region such that the 

DW configuration is ↓↑ as seen from the 𝑚V.+ landscape (case III in Fig. 5.15). As 𝐻C9W (𝑞, 𝑡) 

changes sign, then these statements are vice versa for both the FM and the SAF regions. 

 

 
Figure 5.15. Illustration of thermal fluctuation torques depending on the DW position in 

FM-SAF junction. i, ↑↓ DW in the FM region (𝑞 < 0), ii: ↑↓ DW on the boundary (𝑞 = 0), 

iii: ↑↓ DW in the lower layer of the SAF region (𝑞 > 0). Figure is adopted from [50] 

 

When 𝑞 = 0  (case II. DW is at the SAF-FM junction boundary), in contrast, the 

situation is different from the others: there is effectively no DW (see the net magnetic moment 

𝑚V.+ landscape in case II in Fig. 5.15).  This is a very special case, thus corresponding to a 

singular point at which the entire wire is nothing but a single domain due to the fact that the 

𝑚E@ is larger than the 𝑚F@ in the SAF region.  This suggests that any direction of 𝐻ee⃗C9 cannot 

depin or move the DW at singular point 𝑞 = 0 unless a new DW is created, thus showing that 
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the DW at the SAF-FM junction boundary is extremely stable against the magnetic field 

fluctuation, which is equivalent to the thermal fluctuation. 
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5.5.2 Effect of electrical current fluctuations on 

domain wall depinning 

 
Figure 5.16. Illustration of electrical current density fluctuation induced by thermal 

energy in equilibrium. Schematic illustrations of exemplary current density fluctuation as a 

function of time in equilibrium (𝐽 = 0) with the average magnitude of fluctuation 𝛿𝐽. Here, we 

assume that 𝐽 obeys Gaussian distribution. 

 

Despite the thermal fluctuation field model, the direct experimental proofs on the 

influence of thermal fluctuation on DWs have never been reported due to the difficulties as 

mentioned in previous section. Furthermore, the thermal agitation also gives rise to the 

fluctuation of conduction electrons thereby resulting spin current as well. To exclude the effect 

of current fluctuation on the DWs, it is crucial to investigate the effect of the electrical current 

fluctuation in the given system and compare those of values with the DW depinning threshold 

𝐽+,T 	(𝑖 = 𝐹𝑀, 𝑆𝐴𝐹, 𝑜𝑟	𝐹𝑀 → 𝑆𝐴𝐹). Since, at finite temperatures, electrical current fluctuations 

induced by thermal effects may depin DWs if the fluctuations are large enough to overcome 

the local energy barrier even in equilibrium. Here we quantify the magnitudes of such 

fluctuations to investigate how they affect the DW motion and depinning based on the 

fluctuation-dissipation theorem (see section 2.3.3.2).   

We assume here that the current density randomly fluctuates with a magnitude of 𝛿𝐽 

with respect to the applied current density 𝐽. If a DW is depinned within the time ∆𝑡 that is 
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much larger than 𝜏, we obtain the average magnitude 𝛿𝐽 by integrating the above equation with 

respect to 𝜔, for the interval  0 < 𝜔 < ;
∆+

 as follows:  

 

𝛿𝐽 = 	�
𝑘*𝑇
𝑉 ∙

𝜎
∆𝑡 								»0 < 𝜔 <

𝜋
∆𝑡¼ (2.29) 

 

where 𝜎	is the d.c. conductivity (𝜔 = 0).  Using 𝑇 = 300 K, 𝜎	~1.28 × 10zΩABmAB , DW 

volume 𝑉78	~2.5 × 10{	nmc and ∆𝑡 =	1 ns, we obtain 𝛿𝐽 ≅ 4.5 × 10{ A cm<⁄ .  These values 

are much smaller than 𝐽+,T 	~10x A/cm2 by more than two orders of magnitude (i = FM, SAF, 

and FM à SAF), thus showing that the DW depinning induced by thermally driven current 

density fluctuations is negligible.  

As a result, we estimate the DW depinning probability 𝑃  induced by current density 

fluctuations within a long period of time t as follows: 

 

ln 𝑃	~ −
(𝐽 𝛿𝐽⁄ )<

2 + ln(𝑡 ∆𝑡⁄ ). (5.10) 

 

If we take 𝐽+,6D?~3.0 × 10x A cm<⁄ , 𝛿𝐽 ≅ 4.5 × 10{ A cm<⁄ , 𝑡 = 10BY	sec, and ∆𝑡 = 1	ns,  we 

obtain 𝑃	~	𝑒A<.<	×BY5~	10ABY5 . Consequently, the depinning probability by 𝛿𝐽 is eventually 

zero over a 300 year (≅ 10BY	sec) time period. In principle, we confirm that the current density 

fluctuations induced by thermal effect in our devices are negligibly small, thereby playing no 

role in the DW depinning. 
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5.5.3 Temperature dependent energy barriers 

for domain walls 
   

For the experimental proof of the high thermal stability of SAF-FM junction, most 

importantly, we also first tried to perform the field-induced DW injection from FM to SAF 

region across the junction at high temperature (𝑇 = 400	𝐾), but it was able to made as we 

expected in section 5.5.1. We confirm that the field-induced global barrier firmly inhibits the 

DW injection into SAF even at higher temperature. Thus, the quantification of energy barrier 

by field-induced injection was not possible. Therefore, we demonstrated the current-induced 

DW depinning and injection at 𝑇 = 400	𝐾 in FM, SAF, and FMàSAF regions, then compare 

the energy barriers with those of values measured at 𝑇 = 300	𝐾, respectively.  

From temperature dependent experiments, as shown in Fig. 5.17c, we first find that 

thermal effects induce magnetic fluctuation fields, i.e. a thermal-magnetic field equivalence, 

that more tightly bind DWs in the junction with increasing temperature, thus significantly 

increasing both the global energy barriers and the injection threshold current densities 

(𝐽+,,+,.45,(~{YY0?@→6D? > 𝐽+,,+,.45,(~cYY0?@→6D? ). This is in sharp contrast with DWs in FM or SAF regions 

in which the thermal fluctuation fields assist to depin DWs, thereby decreasing the threshold 

current densities 𝐽+,,+,.45	T (𝑖 = 𝐹𝑀	𝑜𝑟	𝑆𝐴𝐹)  very much while keeping the energy barriers 

𝐸ST 	(𝑖 = 𝐹𝑀	𝑜𝑟	𝑆𝐴𝐹) constant.  The 𝐸S for FM, SAF and SAF-FM junction are obtained by 

measuring 𝜏o
S  dependent 𝐽+,,+,.45 at 𝑇 =300 K and 400 K in the thermal activation regime in 

the absence of external magnetic fields (see Fig. 5.17d).  Note here that the 𝐸S for the SAF-FM 

junction corresponds to the case that the DW is injected from FM to SAF by a current pulse 

along +𝑞-direction, that is, the current induced torque 𝜏S > 0 (see Fig. 5.18).  The DW with a 

↑↓ configuration has been used for all the experiments but the results are identical for the other 

DW configuration (↓↑).   
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Figure 5.17. Temperature dependent current-induced DW depinning and energy barriers. 

a-c, Threshold current density 𝐽+,,+,.45 versus current pulse length 𝜏h
S  in the thermal activation 

regime at temperature 𝑇 = 300 K (blue) and 400 K (red) a: FM region, b: SAF region, and c: 

SAF-FM junction.  Solid lines correspond to the fitted ones.  d, Energy barrier 𝐸S normalized 

by 𝑘*𝑇 versus 𝑇. The error bars correspond to one standard deviation. Figure is adopted from 

[50]. 

 

First, we find that the 𝐽+,,+,.45?@→6D?  for the SAF-FM junction with 𝜃S = 0  is larger at  

𝑇 =400 K as compared to that at 𝑇 =300 K (see Fig. 5.17c and Table 5.1).  This is in sharp 

contrast with what we observe for the FM (Fig. 5.17a) and SAF (Fig. 5.17b) cases in which 

both 𝐽+,,+,.45?@  and 𝐽+,,+,.45?@  rather decrease with increasing 𝑇. Note that not only the magnitude 

of 𝐽+,,+,.45  but also the slope of 𝐽+,,+,.45  versus 𝜏o
S  from which the energy barrier can be 

extracted, give the same results, i.e. a larger 𝐽+,,+,.45 and a smaller slope that correspond to a 

larger energy barrier.  As clearly seen from Fig. 5.17c, the slope at 𝑇 = 400 K is smaller than 

that at 𝑇 = 300 K. Therefore, these results clearly show that the energy barrier for DW injection 
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from FM to SAF has been increased at the higher temperature (see Fig. 5.17d).  This confirms 

that the thermal effect induces thermal fluctuation fields that strongly trap the DW in the field-

induced global energy barrier. 

 

 

Figure 5.18. Illustration of temperature dependent energy landscapes induced by thermal 

fluctuation fields 𝑯𝒇𝒍. The 𝐽 induces a torque 𝜏S along the +𝑞-direction. The DW (white circle) 

initially sits in the FM-region immediate next to the SAF-FM junction boundary.  Two cases 

𝐻C9�  (left panel) and 𝐻C9A  (right panel) that correspond to positive and negative 𝐻C9  along the 

easy 𝑧-axis, are considered, respectively. Figure is adopted from [50] 

 

Second, as can be seen from Table 5.1, 𝐸S is nearly constant as a function of 𝑇 for the 

FM (𝐸S?@ ≈	0.73 eV) and SAF (𝐸S6D? ≈	0.79 eV) cases so that the thermal-induced fields 𝐻C9 

assist in the depinning of the DWs and, correspondingly, a lower 𝐽+,,+,.45.  These results hint 

that the anisotropy and magnetizations in both FM and SAF are constant as 𝑇 = 300 K à 400 

K.  For the SAF-FM junction, surprisingly, we find that 𝐸S?@→6D? = 2.5 eV  at 𝑇 = 300 K and 

= 5.8 eV  at 𝑇 = 400 K, thus leading to an energy barrier increase as the temperature is raised 

from 300 K to 400 K of 𝛿𝐸S?@→6D? = 5.8 − 2.5 = 3.3 eV. 
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quantities FM SAF SAF-FM junction 

𝑱𝒕𝒉,𝒕𝒉𝒆𝒓𝒎 (𝑻=300 K) (106 A/cm2) 8.8±1.6 (10 ms) 9.4±1.2 (10 ms) 38±1.1 (10 ms) 

𝑱𝒕𝒉,𝒕𝒉𝒆𝒓𝒎 (𝑻=400 K) (106 A/cm2) 1.5±0.4 (10 ms) 5.1±1.1 (10 ms) 43±0.8 (10 ms) 

𝑬𝑱
𝒌𝑩𝑻

 (𝑻=300 K) 29±11.2 32±4.2 100±10.7 

𝑬𝑱
𝒌𝑩𝑻

 (𝑻=400 K) 22±2.3 24±4.2 172±43.4 

𝑬𝑱 (𝑻=300 K) (eV) 0.73±0.3 0.8±0.11 2.5±0.27 

𝑬𝑱 (𝑻=400 K) (eV) 0.73±0.08 0.79±0.14 5.8±1.44 

𝜹𝑬𝑱 (eV) 0±0.31 −0.01±0.18 3.3±1.47 

𝑯𝒇𝒍
B  (𝑻=300 K) (Oe) 177 791 791 (SAF region) 

𝑯𝒇𝒍
C  (𝑻=300 K) (Oe) −177 −791 −177 (FM region) 

𝑯𝒇𝒍
B  (𝑻=400 K) (Oe) 204 913 913 (SAF region) 

𝑯𝒇𝒍
C  (𝑻=400 K) (Oe) −204 −913 −204 (FM region) 

𝜹𝑯𝒇𝒍
B  (Oe) 27 122 122 (SAF region) 

𝜹𝑯𝒇𝒍
C  (Oe) −27 −122 −27 (FM region) 

𝜹𝑬𝒇𝒍B  (eV) 4 0.9 0.9 (SAF region) 

𝜹𝑬𝒇𝒍C  (eV) −4 −0.9 −4 (FM region) 

𝜹𝑬𝒇𝒍𝒂𝒗𝒆 (eV) 4 0.9 𝟐. 𝟓 

 

Table 5.1. Quantities measured from experiment and estimated from thermal 

fluctuations for FM, SAF and SAF-FM junction. The upper part (shaded in red) corresponds 

to the quantities that are experimentally determined from the current-induced DW motion as 

shown in Fig. 5.17.  The errors correspond to one standard deviation in the red part.  The lower 

part (shaded in yellow) corresponds to the quantities that are obtained from our model of 

thermal fluctuations (see Fig. 5.18). Figure is adopted from [50]. 

 

Now let us investigate if this 𝛿𝐸S?@→6D?  quantitatively agrees with the thermal 

fluctuation field induced global energy barrier landscape.  Since 𝐻C9 points in all directions and 

its easy-axis 𝑧-component only contributes to DW depinning, let us consider two cases for the 

↑↓ DW configuration: 𝐻C9�  (> 0:+𝑧-direction) and 𝐻C9A  (< 0:−𝑧-direction), as shown in Fig. 

5.18. Here the current pulse is applied along the +𝑞-direction such that the current-induced 
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torque 𝜏S > 0 always drives the DW along the +𝑞-direction.  It is assumed that the fluctuation 

fields are homogeneous at each instant in time, which we believe is a good approximation to 

describe DW depinning for the case of the FM-uncompensated SAF junction. Importantly, the 

sign and magnitude of the global energy landscape slope 𝜂 as illustrated in Fig. 5.18 (red and 

blue lines) are determined by 𝐻C9 and have negative and positive slopes in the FM and SAF 

regions as follows: 𝜂?@� < 0, 𝜂6D?� > 0, 𝜂?@A > 0 and 𝜂6D?A < 0 (see Fig. 5.18).  Note that the 

DW is sitting in the FM region immediate next to the SAF-FM boundary, and not on the 

boundary, as shown in Fig. 5.18. 

First, let us start to consider 𝐻C9�  case. In this case, 𝐻C9�  results in 𝜂6D?� > 0 and 𝜂?@� < 0 

in the energy landscape that traps a DW in the FM region immediate next to the SAF-FM 

boundary (see the left panel of Fig. 5.18).  Since 𝐻C9�  increases with increasing 𝑇, the magnitude 

of the slope increases with 𝑇, thus trapping the DW more tightly and increasing 𝐽+,,+,.45 .  

Importantly, note that the relevant energy landscape to the DW motion is 𝜂6D?�  since 𝜏S(> 0) 

tries to inject the DW into the SAF region whilst 𝜂6D?�  in the SAF region is against the injection.  

Consequently, the relevant energy barrier increases 𝛿𝐸C9�(𝑆𝐴𝐹) = 0.9 eV as 𝑇=300 K à 400 

K when the DW trapping range 𝐿~100 nm is used.  Here 𝐿~100 nm is chosen since it is 

roughly a mean value of reported pinning potential sizes: e.g. ~10 nm [125] and ~200 nm[25]. 

Note that in this calculation it is assumed that the magnetizations do not change as 𝑇 = 300 K 

à 400 K, since the energy barriers in FM and SAF are found to be constant as shown above. 

Next, for 𝐻C9A  case, 𝐻C9A  results in 𝜂6D?A < 0 and 𝜂?@A > 0 in the energy landscape that repels a 

DW away from the FM-SAF junction boundary, as shown in the right panel of Fig. 5.18.  Since 

the DW is initially in the FM region, the relevant energy landscape to the DW motion is 𝜂?@A  

that tries to move DW along the −𝑞-direction thus competing with 𝜏S.  This shows that  𝐻C9A  

prevents the injection of a DW into the SAF region just like the 𝐻C9�  case.  The relevant energy 

barrier increase 𝛿𝐸C9A(𝐹𝑀) = 4 eV as 𝑇=300 Kà400 K when an effective DW range 𝐿~100 

nm roughly (see Fig. 5.18). As seen for the 𝐻C9
±  cases above, both 𝐻C9

±  act to form barriers 

against DW injection from the FM into the SAF region.  Hence, the effective barrier induced 

by 𝐻C9
±  would be averaged to be 

��&&F
G (6D?)����&&F

H (?@)�

<
= 2.5  eV, which well agrees with 

𝛿𝐸S?@→6D? = 3.3 ± 1.7 eV obtained from our new experiments, as discussed above. These 

results thus clearly confirm that the thermal effect is equivalent to a magnetic field in DW 
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pinning/depinning and that the DWs are highly thermally stable in SAF-FM junctions due to 

the global energy barrier. These experiments also show that the current-driven DW motion is 

determined not only by the local energy barrier but by the thermal fluctuation induced global 

energy barrier for SAF-FM junction.  



Chapter 5 

 

 

 

129 

5.5.4 Extremely high thermal stability of domain 

wall in SAF-FM-SAF bi-junctions 
 

We showed that a DW is highly stable against thermal fluctuation near the boundary of 

the FM region in a SAF-FM junction when an external magnetic field 𝐻W is applied (Fig. 5.19) 

(note that the SAF region is on the right-hand side of the junction). For example, when a ↑↓ 

DW is sitting somewhere in the FM region and the neighbouring SAF layer has the 

configuration: upper layer: ↑ and lower layer: ↓ , a positive 𝐻W results in the slope of the DW 

energy versus x, the distance along the junction, to be negative in the FM region but positive 

in the SAF region (top panel in Fig. 5.19). This drives the DW towards the junction boundary 

but the DW remains on the FM side of the junction.  

 
Figure 5.19. SAF-FM-SAF lateral bi-junctions. AFM image and schematic illustration of 

SAF-FM-SAF bi-junction integrated to racetrack nanowire. The height profile across the 

junctions formed with the width of FM region ~ 500 nm which is sandwiched between two 

SAF regions are measured (blue dashed line). Figure is adopted from [50]. 

 

On the other hand, when the field direction is reversed the DW moves away from the 

junction into the FM region, as illustrated in the bottom panel in Fig. 5.19. This indicates that 

the high thermal stability of DWs cannot be guaranteed by bi-polar external field, but only be 

limited by one direction. Since the thermal induced field fluctuation is random, this is critical 
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handicap for integrating SAF-FM junction into racetrack memory device. Thus, we devise a 

simple but highly effective approach to overcome this issue. In order to trap the DW for both 

positive and negative fields, we create a second junction with a second SAF region on the 

leftmost side of the FM region thereby forming a SAF-FM-SAF bi-junction (see Fig. 5.20a). 

As shown in Fig. 5.20a, experiments confirm that the DW is now firmly trapped within the FM 

region for |𝐻W| < 3 kOe. Once a single DW is located in the FM region, the configurations of 

the two SAF regions are opposite to each other. Therefore, the slopes of the energy landscape 

at the SAF-FM (left hand side) and FM-SAF (right hand side) junctions are tilted in opposite 

directions in response to external fields with opposite signs (see Fig. 5.20b). This gives rise to 

a strong confinement of the DW within the FM region. It is expected that this region can be 

shrunk to as little as the DW width whilst the trapping strength remains unchanged, so allowing 

for high density devices.  This is because the domains are magnetically structureless while the 

region within the DW width only has magnetic gradients so that the device would function 

nearly independent of the length of the FM region till it reaches the DW width. 

 

 
Figure 5.20. Demonstration of field stability of SAF-FM-SAF lateral bi-junction. a, b, 

Schematics and Kerr microscope images of current- and field-induced DW motion within a 

SAF-FM-SAF bi-junction (FM region width: 500 nm) (a) and corresponding DW energy 

landscape versus position for various 𝐻W (= 0: middle panel, > 0: top panel, < 0: bottom panel) 

(b). Figure is adopted from [50] 
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Chapter 6 Conclusion and perspectives 
 

In this thesis, we presented a novel approach to overcome the trade-off between thermal 

stability and energy efficiency of chiral DW based devices that is one of the long-standing 

major challenges for DW-based electronic devices, such as racetrack memory. Our approach 

introduces the new concept of a SAF-FM lateral junction, which can be readily fabricated by 

conventional lithographic techniques and local oxygen plasma processing of conventional SAF 

racetrack nanowires. We discovered that the oxidation through the surface of the multilayered 

SAF structure gradually transforms the SAF into a FM. The magnetic properties, such as 

magnetization and anisotropy field, between oxidized SAF and pristine FM are found to be 

nearly identical by magnetic hysteresis measurements. In addition, a XPS depth-profile 

analysis confirms that the oxidation is only limited to the upper layer of SAF due to the thin 

Ru spacer which plays the role of a passivation layer, thereby preserving the magnetic 

properties of the lower FM layer of the SAF. The junction boundary was characterized by 

scanning AFM and cross-section TEM that directly shows a sharp transition region at the 

junction boundary which is comparable with a typical Néel DW width in either the FM or the 

SAF.  

Studies of the current-induced DW motion was performed in FM, SAF, and SAF-FM 

lateral junctions, respectively, with various input current pulse durations to compare the distinct 

DW depinning mechanisms in the flow and the thermally activated regimes. We found that the 

threshold current density for DW motion in a FM is larger than that in a SAF in the flow regime, 

whilst it is opposite in the thermally activated regime. Based on measurements of the threshold 

current density in the thermally activated regime, the DW depinning energy barrier in the SAF 

was found to be larger than that of a FM.  This result clearly corresponds to the aforementioned 

inversion of threshold current density in the flow and thermally activated regimes as well. In 

addition, field-induced DW depinning studies in FM and SAF devices were also carried out in 

the thermally activated regime to evaluate the DW depinning energy barriers in a similar 

manner as the current induced depinning cases. As reported in previous studies [39], [40], the 

current- and field-induced DW depinning in a FM is governed by the same energy barrier, thus 

resulting 𝐸S?@ ≈ 𝐸^?@ ,	whereas for the SAF case  𝐸S6D? > 𝐸^6D?. The origin of this discrepancy 
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between 𝐸S6D?and 𝐸^6D?is not clear, but further experiments, for example by varying the degree 

of compensation of the SAF will help to understand the underlying mechanism in the future.       

We also found that the threshold current density for DW injection across the junction 

from the FM to the SAF region is larger than that of the FM and SAF. Interestingly, the DW 

injection appeared to be asymmetric in which the DW injection from SAF to FM takes place 

with less threshold current density than for the opposite case (𝐽+,?@→6D? > 𝐽+,6D?→?@). This 

diode-like behavior is due to the asymmetric local energy barrier, which originates from the 

nucleation energy of the DW in the UM of the SAF. The magnitude of the nucleation energy 

corresponds to the volume of the DW in the UM which can be reduced by tailoring the shape 

of the junction. By tilting the junction angle 𝜃S, we showed that the DW injection threshold 

current density is significantly reduced thereby reducing the nucleation energy by a factor of 

four as 𝜃S  increases from 0° to 60°. In addition, we showed that this efficiency of current-

induced motion is more significant in the short pulse regime which is technologically more 

useful to the development of high-speed devices. 

Most surprisingly, the field-induced DW injection from a FM to a SAF was found to 

be nearly impossible, so that the DW is trapped at the junction boundary regardless of the shape 

of the junctions. This indicates that the field-stability of SAF-FM junction is extremely high, 

whilst DWs can be efficiently moved by currents. We discovered that this unconventional field-

stability is due to tilting of the field-induced energy landscape of SAF, namely a global energy 

barrier. As the field is applied to move the DW forwards to the junction, the sign of the tilting 

of the energy landscape of FM and SAF is opposite so that the DW is tightly bound near the 

junction boundary. This is possible by designing the SAF where the moment in the UM is 

slightly larger than that of the LM. These findings gave us a hint of achieving high thermal 

stability of a DW at such a junction.  

In this respect, we further carried out temperature-dependent current-induced DW 

injection experiments at 𝑇 = 300	𝐾, and	400	𝐾  to clearly prove that thermal fluctuation 

effects indeed give rise to corresponding fluctuating magnetic fields. Remarkably, moreover, 

we showed from these experiments that the global energy barrier indeed increases significantly 

with increasing temperature at the junction. Consequently, this results in an increase of the DW 

injection energy barrier at 𝑇 = 400	𝐾  compared to those at 𝑇 = 300	𝐾  which is in sharp 

contrast to the FM and SAF cases. We also quantitatively verified that the increase of the 

energy barrier obtained from our experiments agrees well with the effective energy barrier 
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induced by thermal fluctuation fields as 𝑇 = 300 → 400	𝐾. It is noteworthy that these results 

not only prove the high thermal stability of the junction but also clearly reveal that the thermal 

effect is equivalent to the field effect rather than the current effect in magnetic systems. By 

taking advantage of this approach, we expect to further evaluate the thermal stability of various 

DW-based devices with magnetic field-induced experiments as well. 

Beyond the single SAF-FM junction, we demonstrated that DWs located in the FM 

region of a SAF-FM-SAF lateral bi-junction can be tightly bound and are extremely thermally 

stable. In contrast to the single junction, the randomly oriented large external fields cannot 

depin the DWs from the FM region which is sandwiched on both sides by SAF regions. On the 

other hand, the DWs can be efficiently injected into the SAF regions across the junction in both 

direction depending upon the applied current direction.  

In summary, here we take advantage of the locality of current-induced SOT and the 

globality of the field-induced energy landscape: the current-induced SOT depins a DW by 

overcoming a local energy barrier but, on the other hand, an applied field globally tilts the 

energy landscape. This thereby allows for a novel SAF-FM-SAF lateral bi-junction to induce 

a global energy well that tightly traps DWs.  

In the future, our work will allow for the development of highly reliable DW-based 

spintronics. Particularly, densely packed SAF-FM-SAF lateral bi-junctions within a racetrack 

can be used for a multi-bit DW racetrack memory platform with high thermal stability that 

could potentially replace today’s memory technologies. Moreover, FM-SAF-FM junction 

structures can also be an excellent platform for single-bit DW racetrack memory which is 

analogy to field-free SOT-MRAM, thereby promising a memory technology with low energy 

consumption. Furthermore, SAF-FM junctions can also be potentially useful for various 

applications such as logic [9] , neuromorphic devices [129], [130], and DW oscillators [131]. 

By forming a SAF-FM junction in DW logic, for instance, the synchronization and propagation 

of two input DWs can be more precisely controlled, so that we expect to minimize output errors. 

Of course, there are still challenges that need to be addressed before commercialization, such 

as the high resistance of the racetrack channel and the enabling of the sensitive electrical 

detection of DWs in very narrow racetracks. However, in the near future, these issues will 

likely be resolved based on recent substantial progress in the integration of MTJs within 

conventional racetrack [132]. In conclusion, we are confident that our work will influence 
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future research on DW-based spintronics to deliver commercial products within the next 

decade.  
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Appendix  A  
 

A.1 Deterministic multi-DW injection 

 
Figure A1. Sequential DW initialization and multi-bit injection from the FM into the SAF 

region in a racetrack. a, Sequential Kerr microscopy images of injection of eighteen DWs 

from the FM region into the SAF region. The racetrack is 3 µm wide and 40 µm long. The FM-

SAF junction with 𝜃S = 0° is designated by the white dashed line. Each Kerr image is taken 

after a combination of field and current pulse applications.  Bright and dark contrast correspond 

to down (↓) and up (↑) domains, respectively. b, Cycles of field and current pulses versus 

cumulative time corresponding to Kerr images in (a). Each cycle is denoted by the black dashed 

line, which is repeated eighteen times. Figure is adopted from [50]. 
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By taking advantage of the large difference in coercivity and spin-flop field between 

the FM and SAF regions, DWs can be readily and reliably created by applying an external field.  

The field |𝐻W| is chosen to be |𝐻:?@|(≈ 0.1	kOe) < |𝐻W| < |𝐻3C6D?|(≈ 3	kOe) such that a DW 

is nucleated in the FM region.  The created DW is injected into the SAF region by current 

pulses. By repeating the DW nucleation and injection cycle, we demonstrated multi-DW 

injection, as shown in Fig. S11a.  Each cycle for DW injection consists of a field pulse of ± 20 

mT for 2 sec and a current pulse of 0.76	 ×	10k	A	cmA< for 10 ns (see Fig. A1b). An external 

field is set to zero when the current pulse is applied. Consequently, eighteen DWs can be 

successfully injected with wall-to-wall distances of ~1.4 µm.  The domain bit sizes can be 

modulated by the amplitude and length of the current pulse.   
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A.2 Determination of DW injection across 

the SAF-FM junction 
 

 
 
Figure A2. Determination procedure of DW injection across a FM-SAF junction. A, Logic 

flow diagram of determination procedure of DW injection from FM to SAF region across 

junction by current pulse. B, Schematics and corresponding Kerr microscope images of DW 

injection procedure. White dashed lines represent the FM-SAF junction, and black arrows 

indicate the DW injected into the SAF region. Figure is adopted from [50]. 

 



Appendix 

 

 

138 

The optical resolution of a Kerr microscope limits the confirmation of DW injection across 

the interface. Fortunately, our FM-SAF junctions with their novel magnetic configuration by 

design allows us to carry out extremely precise and reliable confirmation of DW injection 

across the interfaces by combining Kerr microscopy with the application of easy axis magnetic 

fields that are larger than the DW propagation fields, as follows.  Here let us take a ↑↓ DW at 

the FM-SAF junction in which the FM and the SAF regions are on the left and right-hand side, 

respectively. 
a. When the DW is observed to be clearly injected across the interface from Kerr microscope, we 

are sure that the DW is injected since the DW has been displaced by more than the Kerr 

microscope resolution. 

b. When the DW is observed not to be injected by current pulse from Kerr microscope, an easy 

axis magnetic field is applied to check if the DW is actually injected across the interface.  First, 

let us consider a DW that is initially in the FM region at the FM-SAF junction.  If the DW was 

successfully injected across the interface so that it moves to the SAF region, the application of 

a negative 𝐻% (−𝐻% < 0.4 kOe: propagation field in the SAF region) would move the DW from 

the left to the right since the total DW configuration in the SAF region is ↓↑ (Note that the upper 

layer moment is larger than the lower layer).  On the other hand, if the DW fails to be injected 

so that it still sits in the FM region, a negative 𝐻% (−𝐻% < 30 Oe: propagation field in the FM 

region) would move the DW from the right to the left.  Consequently, the DW moving direction 

by a negative 𝐻% is opposite depending on whether the DW is successfully injected across the 

interface or not, from which we can rigorously judge the DW injection.  Since the propagation 

field in the SAF region (~0.4 kOe) is significantly larger than the FM region (~30 Oe), the 

application of 𝐻% in-between two propagation fields, i.e., 30	Oe < −𝐻% < 0.4 kOe can also tell 

whether the DW is injected across the interface.  Fig. A2 describes this method to judge the 

DW injection across the interface. 

c. The same protocol as above can be applied to the case that the DW is injected from the SAF 

into the FM region. 

  



Appendix 

 

 

139 

A.3 Evaluation of pulsed magnetic fields 

 
Figure A3. Profiles of pulsed magnetic fields measured by Hall probe. a, Measured 

magnetic field pulses with a magnitude of 𝐻W	~	0.35	kOe and corresponding input voltage 

pulse duration from 10 to 100 ms. Black dashed lines and arrows correspond to the applied 

pulse duration, respectively. b, Shape of single pulse magnetic field with 10 ms duration. 

Figure is adopted from [50].  

 

Thermally assisted field-driven DW motion in FM and SAF regions were performed by 

applying single pulsed magnetic fields along the magnetic easy axis with a broad range of pulse 

durations 𝜏h^ from 10 ms to 5 s. Single pulses of magnetic field are generated by an Evico 

electromagnetic inductor coil combined with a Kepco bipolar BOP 100-4D power supply and 

a Keithley 2400 pulse generator.  

To evaluate the shape of the magnetic field pulse, a Hall probe sensor combined with a 

digital oscilloscope were employed to measure the pulse shape resulting from the Hall voltage 

in response to the magnetic field changes. As shown in Fig. S10a, the shape of the field pulses 

with different pulse lengths exhibits a rise and fall time, each of ~ 1 ms, and a pulse duration 

corresponding to the nominal input voltage pulse length of from 10 to 100 ms (see arrows). 

Contrary to the nominal input pulse length, the actual magnetic field pulse length is slightly 

longer.  For instance, the 10 ms nominal pulse length has a measured length of ~16 ms, as 

shown in Fig. A3.   
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