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SUMMARY 

 

Co-based multilayers with perpendicular magnetic anisotropy (PMA) have been 

intensively studied due to their potential application in domain wall (DW) based 

devices for the next generation memories and logic systems. We focus the studies of 

DW motion in a CoFe/Pd multilayer-based nanowire with strong PMA. Firstly, we 

investigate the magnetic properties of CoFe/Pd multilayers deposited by sputtering 

technique. Our results show that high PMA, low saturation magnetization (Ms), 

narrow DW width (λ) and high spin polarization (P) can induce low threshold current 

density (Jth) for DW motion in CoFe/Pd superlattice-like multilayer films. Next, we 

fabricate the DW-based nanowires using the CoFe/Pd multilayers and study the DW 

motion. We show that DW motion can be driven by a low Jth with small bias field. 

The combination of non-adiabatic spin-transfer-torque and the spin orbit torque is 

found to be the main contribution to the current induced DW motion. Secondly, we 

study the magnetization reversal and magnetic interlayer coupling in CoFe/Pd 

superlattice-based synthetically antiferromagnetic (SAF) structure. Our results 

indicate that a large exchange coupling field can be achieved at room temperature and 

exhibit a strong dependence on the annealing temperature. We further fabricate the 

perpendicularly magnetized nanowires based on the CoFe/Pd superlattice-based SAF 

structure. The Jth and DW velocity (v) are then systematically studied. A minimum Jth 

= 9.2×10
10

 A/m
2
 and a maximum v = 150 m/s under a driving current density J = 

1.5×10
12

 A/m
2
 for DW motion are observed, which can be attributed to the exchange 



vii 

 

coupling torque (ECT) generated in the SAF structure. The strength of ECT is 

dependent on both of Jex and the strong spin-orbit torque mainly generated by the Ta 

layer. Our findings pose challenges as well as opportunities for future studies of 

CoFe/Pd multilayer for DW-based devices.  
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2 
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Chapter 1  Introduction 

1.1  Background 

1.1.1  Spintronics and their applications to storage devices 

Nowadays, electronic devices immensely affect our lives either directly or 

indirectly from the electronic meter till billion-transistor powerful processors. In most 

electronic devices, the information is expressed using the existence or absence of 

electric charges as "1" and "0" in binary digits. As the technology has rapidly 

developed over the past half century, smaller and faster new devices appear in the 

technology market almost every day. However, with size of electrical devices being 

scaled down, the physical limits will prevent further development of the 

microelectronics industry with the size of individual bits approaching to the 

dimension of atoms. Therefore, intensive studies have been carried out to explore 

another property of the electron ― spintronics (the abbreviation of spin based 

electronics), which is used to carry information through the spin of the electron [1].

The spin of the electron is the rotation of electrons around its axis. There are two 

types of spin; namely spinning clockwise and spinning counter-clockwise direction, 

which are defined as spin down and spin up, respectively. Electrons have spin of a 

sort in which their magnetic direction can  oint either “u ” or “down”. As a result, 

different spin directions can be used to represent binary bites ― ones and zeros in the 

field of data storage. The movement of spin can also carry information among devices 
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[2]. This shed a light on a new generation of memory altogether with traditional 

spin-dependent effect that arises from the interaction between the spin of electron and 

the local magnetization of material. In principle, manipulating spin is faster and 

requires less energy for the directional migration in comparison with charge by both 

external magnetic field and spin-polarized current. Another advantage of spin over 

charge is that spin exhibits longer coherence or relaxation time than the charge. This 

means that the spin can maintain its state for a long time, whereas the charge will 

easily destroy its stable state by scattering or colliding with defects, impurities or 

other charges. Therefore, the application of spintronics has the promising advantages 

for the microelectronic devices with non-volatility, higher capacity, lower power 

consumption and higher speed.  

In magnetic materials, there is an unbalanced number of spin-up and spin-down 

electrons (it is spin-polarized) providing researchers an ideal platform to study the 

spin of the electron. Spintronic devices employ the magnetic material to utilize the 

spin of the charges and sometimes it is also called as magneto-electronic. The 

research on the transport of a spin-polarized current taking place in magnetic 

materials has provided us with our current enormous data storage capabilities on the 

spintronics based memory, such as hard disk drives (HDDs), which are integrated in 

almost every personal's life. 

The HDDs are the two-dimensional storage devices, in which the directions of 

tiny magnetic regions in a magnetic thin films deposited on glass disk are used to 

store digital data. A mechanical recording head is placed a few nanometers above 
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these magnetic regions to read and write the data bits. As the size of the magnetic data 

bits being scaled down by around nine orders of magnitude, the very tiny magnetic 

region will result in the physical limits for writing and reading data bits. These 

problems are difficult or extremely expensive to solve, which dramatically suppress 

the improvement in the storage capacity of the magnetic disk. In order to further 

extend the storage capacity, a novel non-volatile memory ― magnetic random access 

memory (MRAM) [3] has been proposed to replace the conventional static RAM and 

HDDs since 1990s. MRAM is a new type of spin based memory and its operation is 

based on creating and manipulating spin-polarized electrical currents [4]. MRAM has 

already been successfully commercialized with specially sensitive sensors of small 

magnetic fields capable of operating at ambient temperature and above.  

The giant magneto-resistive (GMR) effect with the metallic spacer was 

discovered in 1988 [5]. The discovery of giant magneto-resistive (GMR) spin valve 

sensors has had an important impact on hard disk sensors [5-7]. The areal density of 

the hard disk increases up to 10 times in a short span of time [8]. Current is 

spin-polarized when flowing through the spin valve due to the spin dependent 

diffusive scattering and spin dependent quantum mechanical tunneling for the 

respective metallic and insulating spacers. For insulating spacer layers, these 

magneto-resistive sensors are generally regarded as magnetic tunnel junctions (MTJs). 

The Al2O3-based MTJ is developed in 1991 [9] as well as MgO-based MTJ is evolved 

at beginning of the 21st century [10]. These MTJs enabled the most recent 
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improvements in the storage capacity of magnetic disk drives by making it possible to 

shrink the magnetic bit area by a factor of 1,000 [8].  

In 1995, MTJs are firstly proposed to work as magnetic memory cells in MRAMs 

[11]. In 1999, a first MTJ-based MRAM device is successfully fabricated [12]. 

MRAM is the promising candidate for high-speed and high storage-density 

non-volatile memory but it also shows a number of disadvantages such as many 

fabrication steps, which is a major obstacle with the size of memory cell being scaled 

down below 10 nm because of thermal stability. In order to overcome these obstacles, 

racetrack memory based on the current induced domain wall motion [13] has been 

recently proposed to make a new generation of non-volatile memory with high speed 

and high capacity.  

1.1.2  Magnetic domain walls 

Weiss predicted the existence of magnetic domain in ferromagnets and proposed 

the concept of magnetic domain in 1906 [14]. Magnetic domains are tiny regions in 

which all the microscopic magnetic moments are aligned parallel to each other. In 

ferromagnetic materials, magnetic domains are randomly distributed, and the net 

magnetization is the sum over all magnetization of domains. 

In magnetism, domain walls (DWs) are boundaries in magnetic materials to 

separate the magnetic domains with diverse directions of magnetization. DWs have 

been intensively studied for many years because of its significant role in 

magnetization reversal process of magnetic bulk and thin film materials. 
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In ferromagnetic materials, the exchange energy prefers a DW with wide width, 

while the magneto-crystalline anisotropy energy favors a narrow DW width. The 

exact DW width is a compromise of these two competing energies. For a 180° DW, 

the DW width is expressed by, 

KA                             (1.1) 

The energy per area of a DW is  

 AKE 4                            (1.2) 

where A is the exchange stiffness constant and K is the magnetocrystalline anisotropy 

constant. For Co based materials, A is around 10
-11

J/m and K is in the order of 10
5
~ 

10
6 
J/m

3
. This results in the width of DW to be about tens of nanometers for Co based 

materials and the energy of DW is about 10
-3 

~ 10
-2 

J/m
2
. A typical value of DW width 

is in the range of 10 nm to 100 nm for most ferromagnetic materials. 

The width of DW also varies with different types of DW. The DWs can be 

classified into two basic types depending on the way that the spins rotate from one 

domain to the neighbored ones. In a Bloch wall, the spins rotate in the plane of the 

domain wall and in a Néel wall, the spins rotate in a plane perpendicular to the wall as 

shown in Fig. 1-1 [15]. In addition, the types of DW are also dependent on the sample 

thickness for thin-film samples. Furthermore, for patterned thin-film samples (such as 

nanowires), the type of DW is also dependent on the geometry of samples. 
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Fig. 1-1 Magnetization vector plots of Néel and Bloch wall. 

In thin-film nanowires with in-plane magnetic anisotropy (IMA), there are two 

basic types of DWs, i. e. head-to-head and tail-to-tail DWs as shown in Fig 1-2. 

 

Fig. 1-2 Magnetization vector plots of a) a head-to-head and b) a tail-to-tail domain wall in a thin 

magnetic wire. 

Additionally, DWs are also classified by the structures, which are vortex and 

transverse DWs, as shown in Fig. 1-3 [15]. It is important to note that for 

current-driven DW motion, different domain-wall types require different critical 

current density and they may move at different speed. 
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Fig. 1-3 Magnetization vector plots of (a) a vortex domain wall and (b) a transverse domain wall 

in a thin magnetic wire. 

1.1.3  Magnetic domain wall based racetrack memory  

Racetrack memory (RM) combines the best of two devices currently used 

extensively to store data; random access memory (RAM), which is fast and reliable, 

and the HDD, which is cheap. The storage method is similar to a HDD. The basic 

structure of racetrack memory (RM) is shown in Fig. 1-4 [16]. The racetrack memory 

is constructed into a 3-dimensional structure, which is different from the majority of 

existing storage technologies. The 3D-structured RM exhibits higher density capacity 

than that of nearly all other solid-state memories. In the racetrack memory, the digital 

data are stored in the tiny magnetic domains which are separated by the domain walls 

in 3-D array structured nanowires. The red and blue colors represent the direction of 

the magnetization along the nanowire. The boundary between the magnetic domains 

is the DW. In principle, spin-polarized current is applied to drive magnetic DWs 
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propagation up and down along the nanowire without displacing any atoms at all. The 

data is read out from a read device, possibly a MTJ, which is located near the 

substrate. The writing of data is performed by nucleating these tiny domains in the 

wire and the information is stored in the wire by driving these domains into the wire 

using a spin-polarized current. When a DW is passed through this lateral magnetic 

nanowire, DW is associated with a large localized magnetic stray field, which can be 

used to set the magnetization direction of the targeted bit in the racetrack. 

 

Fig. 1-4 Schematic illustration of the magnetic racetrack memory [16]. 

The direct influence of a spin-polarized current on the magnetization was 

theoretically predicted in the 1980s by Luc Berger [17] and was called spin transfer 

torque (STT). In 1996, Slonczewski [18] predicted that when a spin-polarized current 

passes through DWs, the spin angular momentum is transferred from the conduction 

electrons to the local magnetization in the DW. This will lead to a reaction force, 
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spin-transfer torque, STT, on the local magnetization and consequently reverse the 

direction of magnetization, which can be used to drive the DW motion. In order to 

either read or write one bit, the targeted bit has to be moved to the reading or writing 

device, respectively. To achieve this goal, a single current pulse need to drive all the 

data bits (DWs) to move together, resulting in the targeted bit reaches the reading or 

writing element without disturbing the other stored bits. A single current pulse 

excitation to drive all the DWs' motion in a synchronized mode is required.  

The key point to the operation of RM is the STT effect induced all DWs motion 

in the same direction (along the direction of the electron flow). It is still a novel and 

challenging research field for commercial application and the new physics involved 

into the current-induced DW motion (CIDWM) is still needed to be further studied. It 

is noteworthy that the proof-of-principle of the RM in the application of a DW shift 

register has already been reported in devices using both in-plane and perpendicularly 

magnetized materials [16]. There are still some important parameters, such as 

threshold current density, domain wall width and domain wall velocity, which will 

largely influence the performance of the CIDWM in the magnetic films, need to be 

further understood. In addition, the issue in the fabrication process and the huge 

current densities on the motion of magnetic domain walls are also needed to be 

addressed. 

1.1.4  Perpendicular magnetic anisotropy (PMA)  

Ferromagnetic materials exhibit intrinsic “eas ” and “hard” directions of the 
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magnetization. This magnetic anisotropy is one of the most important properties of 

magnetic materials. An individual layer in a multilayer stack become thinner, the role 

of interfaces and surfaces may dominate that of the bulk. This is the case in many 

magnetic multilayers, where a perpendicular interface contribution to the magnetic 

anisotropy is capable of rotating the easy magnetization direction from in the film 

plane to perpendicular to the film plane. The perpendicular magnetic anisotropy 

(PMA) is a result of a magnetic anisotropy at the interface which considerably differs 

from the magnetic anisotropy in the bulk. This type of magnetic anisotropy is called 

interface or surface anisotropy [19]. For multilayers, PMA was first observed in 1985 

by Carcia et al in the Co/Pd system [20] and later on in several other Co-based 

multilayers: Co/Pt [21], Co/Au [22], and Co/Ru [23]. 

Multilayer films with PMA have attracted much interest due to their promising 

applications in spintronics and magnetic memory fields [19]. The PMA films with 

high Ms have been used for bit-patterned media recording technology [24]. In 

spintronics, the PMA films have been exploited in low-energy devices, such as 

spin-transfer-torque MRAM [25], nanowire memory [13] and spin logic devices [26]. 

The PMA films are applied to create spin-torque devices operating with low energy 

consumption.  

Among the STT applications in MRAM, the first STT switching of the 

perpendicular magnetization is demonstrated with a giant magnetoresistance (GMR) 

element [27-29]. The first verification of STT switching of the p-MTJ was published 

in 2007 [30]. 
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In addition, the PMA films with unique magnetic properties have been 

extensively concentrated for spin-torque domain walls (DWs) nanowire devices 

(non-volatile memory, spin logic devices, etc). Materials with perpendicular magnetic 

anisotropy (PMA) exhibit narrower DWs (Δ ~10 nm) as compared with IMA (Δ ~100 

nm), which are favorable for high density magnetic storage of racetrack memory [31]. 

In addition, micro-magnetic simulation results [32, 33] predict that the energy barrier 

required to drive DWs in precessional motion is smaller by an order of magnitude in 

PMA films than in IMA ones. However, one of the most important issues of such 

devices with PMA is to reduce magnetization-switching current density, of which the 

threshold current density (Jth) is essentially governed by the intrinsic parameters of the 

films [34]:  

P

M s





-
J th                           (1.3) 

where α, , Ms, λ and P are the Gilbert damping factor, non-adiabatic spin transfer 

parameter, saturation magnetization, domain wall width and spin polarization of the 

film, respectively. A high effective magnetic anisotropy (Keff) is favorable for the 

small λ and high . Therefore, a high PMA film with low Ms, low damping constant α, 

narrow DW and high spin polarization P would be desirable for a spin-torque DW 

device working with low current density. 

1.2  Motivation  

The magnetic DW motion driven by the spin polarized current in nanowires has 

been a subject of great interest due to its potential application in the field of emerging 
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data storage devices, such as racetrack memory (RM). In this context, the high 

capacity density, reasonably low current density to control the DW motion, high DW 

velocity for high speed devices and strong structure stability for long-term usage are 

the primary concerns for practical application.  

For high capacity density, the narrow and elementary DWs are the main 

motivation to fundamentally study in these materials. Magnetic films with 

perpendicular magnetic anisotropy (PMA) have been recently proposed to replace the 

in-plane film for the application of DW motion due to its superior properties. PMA 

films exhibit narrower DWs as compared with IMA ones, which are favorable for 

high density magnetic storage. For typical PMA multilayer films, such as Co/Ni and 

Co/Pt, the effective magnetic anisotropy (Keff) as well as the heat dissipation 

performance can be improved by appropriately tuning the thickness of sublayers (i.e. 

Co, Ni or Pt) and the repeated number of bilayers (i.e. Co/Ni [35] or Co/Pt [21]). The 

drawback, however, is a high intrinsic DW pinning naturally occurring in these 

materials. This DW pinning is due to the sensitivity of the narrow DWs to any 

structural inhomogeneities. The pinning strength increase the potential barrier to be 

overcome for motion of DWs. The DWs easily get pinned by small fluctuation of the 

local energy of the DW associated with these inhomogeneities. The strong pinning 

strength not only leads to an enhanced stochastic effect, but also requires a rather high 

driving current density in the order of 10
12

 A/m
2 

for current-induced DW motion [36]. 

The pinning strength strongly depends on the magnetic material properties and the 

geometry of the nanowire. So far, this has lead to only a few reports of purely 
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current-driven DW motion and most of these reports show results where the motion 

by current is necessarily assisted by a magnetic field. As a result, it is important to 

reduce pinning strength as well as driving current density in order to realize DW 

based device. 

A prototype of RM introduced by Parkin et al. (as discussed in Sec. 1.1.5) using 

NiFe nanowire has been proposed [13, 37]. This version provides ultrahigh storage 

density over commercial HDD and fast access speed comparable to the fastest DRAM. 

However, NiFe-based devices require high current density ~ 3×10
12

 A/m
2
 to drive the 

motion of DWs. For the effect to be observed, the current density needs to be of the 

order of 10
12

 A/m
2
. This amounts to around 10

8
 A/cm

2
. Due to the heating effect of 

the associated enormous total current, the devices would melt long before such 

current densities are reached [38, 39]. This is an enormous value and thus one of the 

major motivation for the research field is to decrease the threshold current density. 

Therefore, one needs to drastically decrease the driving current density required for 

DW motion and find efficient ways to minimize the heating effect. This is exactly 

what happens when devices reach dimensions in the nanometer range. Many efforts 

need to be made to reduce the current density. 

 For the DW velocity (v), it is expected that v is highly dependent on the STT 

efficiency for the DW motion [31]. It is important to understand the physical principle 

for enhancing the STT efficiency in order to increase the DW velocity. Therefore, this 

development will be greatly facilitated by a complete understanding of the physics 

behind the current-induced DW motion. 
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There are several important aspects that need to be addressed to make a viable 

racetrack memory. In this thesis, CoFe/Pd-based multilayers was chosen as a research 

subject. In comparison with other Co based multilayers, such as Co/Pt (Ms ~ 600-700 

emu/cc, λ ~ 10-20 nm, α ~ 0.1-0.3 ) [40, 41], Co/Ni (Ms ~ 800 emu/cc, λ ~ 10-30 nm, 

α ~ 0.04)[42], the CoFe/Pd multilayers in our study possess a smaller Ms (220-700 

emu/cc ), λ (6-15 nm) and α (0.015-0.1) [43-46], which are also significant to reduce 

Jth of DW motion and increase the STT efficiency in the nanowire devices. Moreover, 

the high post-annealing stability of superlattice-like CoFe/Pd structure films has been 

observed, which can enhance the stability of the device for long-time usage [45]. 

Furthermore, the influences of magnitude of the current density and non-adiabatic 

torque on the DW velocity in CoFe/Pd multilayers based nanowires have also been 

systematically studied.  

On the other hand, as the lateral dimension of DW memory bites being scaled 

down for high-density capacity, the dipolar fringing field from the neighbouring 

magnetic domains increases dramatically and results in strong interaction between 

adjacent DWs. This will degrade the performance of the device and limit the data 

density for RM. An efficient solution is to use a synthetic antiferromagnetic (SAF) 

structure, which consists of two ferromagnetic (FM) layers separated by a 

nonmagnetic spacer layer. Therefore, the magnetic property and DW motion in 

CoFe/Pd multilayers based SAF structure nanowires are also needed to investigated.  
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1.3  Objectives  

The objectives of the research work described in this thesis are listed as follows. 

(i) To investigate magnetic properties of CoFe/Pd-based multilayers and its related 

synthetically antiferromagnetic (SAF) structure.    

(ii) To investigate the displacement of DW driven by electric current and magnetic 

field in perpendicularly magnetized nanowires patterned on CoFe/Pd-based 

multilayer films by anomalous Hall-effect measurement.  

(iii) To understand the important parameters (i.e. Ms, α, β) on the threshold current 

density and the DW velocity, we systematically study the influences of 

magnitude of the current density and non-adiabatic torque on the DW velocity in 

the CoFe/Pd multilayers based nanowires. 

 

1.4  Outline of this thesis  

This thesis is organized as follows: 

Chapter 1 provides a brief introduction on the basic knowledge of magnetic 

domains (DW) and the origin of DW formation. The DW based devices for the next 

generation memories and logic systems is also introduced.  

Chapter 2 gives a literature review on the explanation of phenomenon that 

magnetic field and spin-polarized current driven DW motion. The performance of 

current induced DW motion in typical in-plane and PMA materials are also reviewed.     

Chapter 3 describes the experimental techniques to characterize magnetic thin 
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films and fabricate the nanowires. The transport measurement for DW motion using 

the Hall effect is also presented.  

Chapter 4 presents the magnetic properties of (CoFe/Pd)n multilayers with 

thickness of CoFe and Pd sublayers are larger than monolayer. The study of DW 

motion induced by current and H in the perpendicularly magnetized nanowires 

patterned on the (CoFe/Pd)n multilayers with thickness of CoFe and Pd sublayers are 

larger than monolayer are also presented. 

Chapter 5 presents the characterization of monatomic (CoFe/Pd)n superlattice-like 

film and the study of DW motion induced by current and H in the perpendicularly 

magnetized nanowires patterned on monatomic (CoFe/Pd)n superlattice-like films. 

Chapter 6 presents the study of magnetization reversal and magnetic interlayer 

coupling in (CoFe/Pd)n superlattice based synthetic antiferromagnetic (SAF) 

structure. 

Chapter 7 presents the low current density induced DW motion in 

perpendicularly magnetized nanowires patterned on the (CoFe/Pd)n superlattice-based 

synthetically antiferromagnetic (SAF) structure with high DW velocity. 

Chapter 8 summarizes the findings in this thesis and provides recommendations 

for future work. 
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Chapter 2  Review of domain wall motion 

This chapter gives a short overview of the theory of magnetization dynamics 

induced by magnetic field and the spin polarized current. The influence of the 

magnetic and electronic transport properties of the materials on the spin transfer effect 

in DWs is also discussed. The results of current induced DW motion in the various 

IMA and PMA materials are also presented. 

2.1  Theory of domain wall motion  

2.1.1  Field driven domain wall motion 

In ferromagnetic materials, the magnetization direction of specimen can be 

controlled by both of the static and dynamic magnetic fields (H). Under applied H, the 

magnetic domain, which is magnetized in the same direction with H, grows whereas 

the magnetized domain with reversed magnetization direction shrinks. Therefore, the 

DW separating these two domains then propagates under H. Although it is understood 

that the DW motion is mainly determined by the direction of H, the actual DW 

dynamics driven by H is a more complicated process. This is because H can generate 

a torque perpendicular to both H and magnetic moment. This torque would deform the 

internal DW magnetization, which sequentially induces other torques to affect DW 

dynamics.  

 In principle, the magnetic moment dynamics under H can be expressed using the 

Landau-Lifschitz-Gilbert (LLG) equation [47]:  
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where m is the magnetic moment, M is the magnetization vector,   is the 

gyromagnetic ratio, Ms is the saturation magnetization of the material, α is the Gilbert 

damping constant, and Heff is the effective field. The Heff includes the effect of the 

anisotropic, dipolar and exchange interactions as well as external magnetic field 

acting on M. The first term in Eq. (2.1) is the magnetic moment precessing around Heff. 

The second term represents the damping term, which leads to the relaxation of the 

magnetic moment towards the direction of Heff and finally align in the direction of Heff. 

The damping strength is quantified by α. 

   Figure 2-1 schematically presents the DW propagation driven by H in in-plane 

and perpendicularly magnetized nanowires patterned on the thin films, respectively 

[48]. Figure 2-1 (a) shows the in-plane magnetized material. If the nanowire width is 

narrow enough, then a type of transverse DW is formed due to the equilibrium DW 

configuration. Firstly, H generates a field-induced torque )H(- m to drive the 

magnetic moments out of the plane of films so that out-of-plane magnetic free poles 

are created on the surface of films. Sequentially, these free poles generates a 

demagnetizing field Hd and an additional torque )(- dHm  produced by Hd 

eventually drives the DW motion.  

For the DW motion driven by H, the DW velocity v is linearly proportional to the 

amplitude of H when H is smaller than the threshold Hw. Hv , where μ is the DW 

mobility.  

The μ can be expressed as 
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where λ is the DW width.  

On the other hand, when H > Hw, a constant canting angle cannot be maintained 

in DW magnetization and the magnetic moment starts to precess around the nanowire 

axis. In this case, dynamics of DW is determined by the damping torque )(
dt

dm
m . 

The DW velocity can be described as    H2 .  

 

Fig. 2-1 DW propagation driven by H in in-plane (a) and perpendicularly (b) magnetized 

nanowires patterned on the thin films, respectively. The Hw is Walker field and DW dynamics 

under the cases of H > Hw and H < Hw are shown [48]. 

In addition, Hw is defined as Walker field [49], above which the DW velocity 

drops substantially. The regime where v decreases with H is generally named as 

"Walker breakdown". Figure 2-2 shows the non-monotonic variation of v dependent 

on H in micro-magnetic calculations and experiment for in-plane permalloy 

nanowires [50, 51].  
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Fig. 2-2 (a) Calculated v-H curve using the 1D model for a 500 nm×20 nm permalloy wire. (b) 

Computed v-H curve using LLG numerical simulations for a 200 nm×20 nm permalloy wire. (c) 

Measured v-H curve for a 490 nm×20 nm permalloy nanowire [50]. 

The DW motion driven by H in the perpendicularly magnetized nanowire can 

also be understood in the same way as in-plane films. In this case, the magnetic 

moments in the DW are initially canted to an off-angle in-plane under H 

perpendicular to the plane of films as shown in Fig. 2-1 (b). This produces a partially 

Néel-like configuration and therefore a demagnetizing field. When H < Hw, the torque 

)(- dHm  generated from the demagnetizing field drives the DW motion. When H > 

Hw, the damping torque )(
dt

dm
m , causes a full precession for DW motion through 

a periodic transformation between Bloch and Neel configurations within the plane of 

nanowire. 

On the other hand, the energy barrier for driving precessional DW motion is 

significantly smaller for PMA materials in comparison with in-plane ones. This 

causes a lower value of Hw and thus a higher DW velocity in the low field regime with 

identical α. This can be explained by the fact that the magnetic moments in DW 

energetically prefer to cant perpendicularly instead of being in Néel-like 

configuration. 
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2.1.2  Current driven domain wall motion 

Berger, et al. first introduces the spin transfer torque effect, in which the spin 

from electrons transfer their angular moment to the local magnetization of a DW and 

control the DW motion at the end of the seventies [52]. When a naturally polarized 

current passes through the DW, the exchange interaction aligns the spin polarization 

direction of conducted electrons along the local magnetization direction. As the 

exchange interaction conserves the total spin, this angular momentum has to be 

transferred to the local magnetization, which is identical to a torque acting on the 

magnetization. This results in a DW motion along the direction of the electron flow. 

As this effect is independent of the thickness of film, it dominates for thin films over 

the hydrodynamic drag effect that originates from the Lorentz force [17]. 

The interaction between a spin polarized current and a magnetic DW strongly 

depends on the relation between the DW width and the length scale describing the 

transfer of spin angular momentum, i.e. the Fermi wavelength or the Larmor 

precession length depending on the model and the assumptions used, which is 

typically a few nm in 3d metals [53-57]. Two limits can be distinguished. When the 

DW width is very wide, the conduction electron spins adiabatically follow the local 

magnetization. In the case of a narrow DW, nonadiabatic effects might occur. These 

two limits are discussed as follows. 

The time-resolved evolution of magnetic moments with spin-polarized current 

can be expressed using the LLG equation incorporating STT terms, which includes 

both the adiabatic [58] and non-adiabatic torques [59]. 
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where the third and fourth terms are adiabatic and non-adiabatic STT, respectively. 

The term β is non-adiabaticity factor. Figure 2-3 schematically presents the dynamics 

of magnetization described by Eq. (2.3). When the spin-polarized current flows into 

ferromagnetic films, spin-polarized current interacts with the local magnetization and 

leads to a spin direction change of the outgoing electron compared with the incident 

electron. The difference in spin polarization causes two torques exerted on the local 

magnetization, which are spin-transfer torque and another field-like torque 

perpendicular to the plane of incident electron. In Fig. 2-3, the magnetic moment (m) 

precesses about the direction of Heff. The green arrow illustrates the damping torque to 

drive m toward the direction of Heff. The red arrow is the spin-transfer torque and its 

direction is opposite to the damping torque, which drives the magnetization reverse. 

The light-blue arrow is the effective field torque with an electron spin polarization 

collinear with the effective field. 

 
Fig. 2-3 Illustration of the LLG equation. 
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In addition, the spin drift velocity u is also introduced in Eq. 2.3 and u is defined 

as 

                           
s

B

eM

PJg
u

2


                         (2.4) 

where 
B  is the Bohr magneton, e is the electron charge, J is the current density to 

the direction of electron flow, g  is the gyromagnetic ratio and P is the spin 

polarization of current. In the STT effect, the DW moves in the direction of the 

electron flow, and this mechanism involving the spin angular momentum 

conservation is known as adiabatic STT [60]. Figure 2-4 schematically presents the 

DW propagation driven by adiabatic spin-transfer torque in in-plane and 

perpendicularly magnetized nanowires patterned on the thin films, respectively. As 

the directions of the adiabatic STT torque and damping torque damping term are 

opposite, adiabatic STT torque together with damping torque, cant the DW 

magnetization and produce a demagnetizing field Hd. When the adiabatic torque (i.e. 

spin-polarized current density) is not large enough, the canted DW magnetization will 

stop due to the balance between demagnetizing torque )(- dHm  and adiabatic 

STT torque at an equilibrium DW canting angle. The DW can be driven to propagate 

only when the adiabatic STT torque is larger than the demagnetizing torque. The DW 

moves via rotating its magnetization about the x-axis in a corkscrew-like way with 

large adiabatic STT torque. 

However, this adiabatic STT torque only drives the motion of DWs in a 

precessional mode. Below the threshold current, which is sufficiently to generate the 

precess motion, the conduction electrons will deform DWs structure instead of 
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inducing a lateral displacement. This threshold energy is the “intrinsic barrier” for 

adiabatic STT driven DW motion [61].  

 

Fig. 2-4 DW propagation driven by adiabatic spin-transfer torque in in-plane (a) and 

perpendicularly (b) magnetized nanowires patterned on the thin films, respectively [48]. 

We note that the measured threshold current density Jth (~ 10
12

 A/m
2
) for DW 

motion in permalloy nanowire is much smaller than the calculated Jth ( ~ 10
13

 A/m
2
). 

One of the reasons is that Jth is assumed to be only driven by adiabatic torque. 

Furthermore, Jth is claimed to change with the pinning strength of DW due to defects 

[13].  

Another kind of STT torque ― non-adiabatic torque [62] is proposed to explain 

the result that the measured Jth is much smaller than the calculated Jth. Figure 2-5 

schematically shows the DW propagation driven by non-adiabatic spin-transfer torque 

in in-plane and perpendicularly magnetized nanowires patterned on the thin films, 

respectively. It is found that the symmetry of non-adiabatic STT acting on a DW is 

identical to that of H driving a DW motion [59]. Therefore, the non-adiabatic torque 

drives DW propagation at a current density smaller than the Jth derived by adiabatic 

torque. It is expected Jth is only determined by the intrinsic pinning for adiabatic 
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torque. On the other hand, the non-adiabatic term is dependent on the extrinsic 

pinning. Therefore smaller Jth is required for DW motion in perfectly defect-free 

materials. Moreover, DW velocity can be dramatically increased due to the 

nonadiabatic torque via rigid translation, rather than lossy precession that is 

accompanied with the adiabatic torque. For these reasons, nonadiabatic STT has been 

intensively investigated both theoretically and experimentally. 

 

Fig. 2-5 DW propagation driven by non-adiabatic spin-transfer torque in in-plane (a) and 

perpendicularly (b) magnetized nanowires patterned on the thin films, respectively [48]. 

Similar to field-driven DW motion affected by the Walker-field threshold (Fig. 

2-5), the nonadiabatic torque drives a DW through rigid translation at a small current, 

whereas it drives a DW through precession at a large current. When the nanowire is 

defect-free, Walker breakdown will appear in the current-driven DW velocity curves 

with sufficiently large β as shown in Fig. 2-6. Based on the simulation model [59], the 

DW velocity dependent on J below the precessional threshold Jth is expressed as  

                                 uv
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
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For the precessional regime of DW motion (J > Jth), the DW velocity is given [31] by  
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Fig. 2-6 Simulated DW velocity (v) as a function of spin drift velocity (u) with various values of 

nonadiabatic spin-transfer torque. α=0.02 [59]. 

From the microscopic point of view, the contribution of adiabatic and 

nonadiabatic terms depends on the DW characteristic width of a given material. When 

DW width is wide, the electron spin can adiabatically follow the local spin direction 

as the electrons transverse the DW. As DW width is narrow, the spatial magnetization 

gradient across the DW will become very large. This causes the formation of a finite 

mis-tracking angle between the electron spin and local spins and result in spin-flip 

scattering of the electrons and a nonadiabatic torque acted on the DW [63]. 

However, there is also a controversy regarding the magnitude of non-adiabatic 

torque β. This incomplete understanding of non-adiabatic torque makes it difficult to 

engineer and investigate the evolution of magnetic textures in ferromagnetic materials 

using current driven STTs. Therefore much more detailed research need to be done to 

derive the exact magnitude of β for future study. 
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2.1.3  Thermally activated domain wall motion  

Thermal activation also affects the DW motion. Martinez et al. [64] found that 

even the driving force (either field or current) is smaller than the determined threshold, 

thermal activation will cause a non-zero DW velocity through micro-magnetic 

simulations. On the other hand, thermal activation has a neglectable effect on the DW 

velocity when the driving force is stronger than the pinning force. In the thermally 

activated regime, it is found that the DW velocity exponentially depend on the driving 

force. Duine et al. [65, 66] and Tatara et al. [67] also investigated the function of 

thermal activation. In the pure adiabatic case, the DW motion can be observed with a 

current density lower than threshold current density at zero field since thermally 

activated jump of the DW angle ψ over the demagnetizing energy barrier. However, 

this effect only occurs in systems with a small DW demagnetizing energy such as in 

the magnetic semi-conductor (Ga,Mn)As and has little impact in metallic systems.  

Schieback et al. [68] dealt with the situation differently. They introduced the 

thermal effect using a Landau-Lifschitz Bloch (LLB) equation [69] where the 

magnetization modulus is not assumed to be constant and is temperature dependent. 

Hence, besides the usual precession and relaxation, the LLB equation contains 

another term which controls the longitudinal relaxation. Under this assumption, the 

DW internal structure is strongly affected by the local disorder at small H or current. 

In this regime, the DW propagation process is similar to an interface in a disordered 

medium and results from the competition between the elastic energy of the DW that 

tends to keep the domain line straight and the disorder which tends to roughen it. The 
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dynamics of a DW driven by an external magnetic field H in this regime was shown 

to follow a law of the form [70, 71]: 

              
  

   
 
    

 
                 (2.8) 

where Hdep is the depinning field from the pinning force. The Uc is a constant 

describing the pinning energy and η is a constant characteristic of the disorder and of 

the dimensionality of the system, which equals to 1/4 in ferromagnetic metals.  

To further understand the current driven DW motion in this regime, the Duine et 

al. [65, 72] expressed the DW velocity scaling by considering extrinsic pinning as  

     
   
   

 
   
 
                            (2.9) 

where     is the elastic energy and    is the critical exponent. The main results of 

their calculations was that the exponent characterizing the creep regime strongly 

depends on the presence of a dissipative spin transfer torque. In ferromagnetic metals, 

μ
 
 is found equal to 1/4 for β ≠ 0 as is in the case of field driven DW motion.  

2.1.4  Spin Orbit Torques and Dzyaloshinskii Moriya Interaction 

Recently, it has been observed experimentally that DWs in certain ferromagnetic 

nanowires can move at a significantly larger speeds on the order of ~400m/s and that 

their direction is opposite the direction of electron flow [73]. These phenomena have 

been seen in ultrathin ferromagnets sandwiched between a heavy metal and an oxide 

layer, e.g. Pt/Co/AlOx [74] as well as in structures such as Pt/CoFe/MgO [75]. This 

observation cannot be explained using conventional STT, and therefore new torques 

have been introduced: the field-like torque and the Slonzewski-like torque. These two 
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additional torques are known to originate fundamentally from spin orbit interactions 

at the interfaces between ferromagnets and heavy metals or ferromagnets and oxides. 

The LLG equation can also be modified to include these additional torques on a 

magnetic moment [76]   
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where Heff includes effective fields from spin-orbit interactions and σ is the unit vector 

in-plane and orthogonal to the applied current, and  F and  T are the field-like torque 

and the Slonzewski-like torque coefficients, respectively. These torques are usually 

represented as effective fields where that of the field-like torque has a direction that 

depends on the direction of the applied current and that of the Slonczewski-like torque 

(or damping-like torque) points (anti-) parallel to the damping torque for 

magnetization vector. These two torques can cause the same qualitative and 

quantitative changes in DW dynamics, causing controversy regarding the dominant 

physics behind experimentally observed DW dynamics. 

The first observation of this phenomenon was made by Miron et al. [73, 74, 77] 

showing a strong current-induced Rashba field transverse to the nanowire in an 

asymmetric Pt/Co/AlOx structure. The first estimation of the Rashba effective field 

was a  roximatel  1 T, enough to o ercome the materials’ anisotro   field, and the 

calculated efficiency was extremely large, ~1 T/10
8
 A/cm

2
 [77]. Because the Rashba 

effective field is effectively an in-plane transverse field, it alone cannot propel DWs' 

motion, therefore, Miron et al. [74] [77] have attributed the extraordinary motion to a 

combination of the Rashba effect and a strong non-adiabatic STT. They have stated 
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that the DW is in the Bloch configuration at rest and that the strong effective fields 

from the Rashba effect can lock the Bloch configuration such that only rigid 

translation can occur at high DW velocities. 

However, the mechanism of a strong field-like torque still involves relatively 

large non-adiabatic STT, which is not well understood. In parallel to this approach, 

Liu et al.[75, 78] have performed a series of experiments using similar heavy 

metal/ultrathin ferromagnet/oxide structures and proposed an alternative spin orbit 

mechanism based on the spin Hall effect. In short, the spin Hall effect is the effect 

wherein a pure spin current is generated orthogonal to a charge current in a heavy 

metal with strong spin orbit coupling (e.g. Pt, W, or Ta). The bulk metals 

preferentially scatter spins of opposite direction, leading to spin accumulation at the 

edges [79]. When an ultrathin ferromagnetic layer is placed in contact with a heavy 

metal, scattered spins can be injected into a ferromagnet, exerting an additional torque. 

This effective torque from the spin Hall effect is called the Slonzewski-like torque 

which acts as an effective field, HSL, causing either a damping or anti-damping effect. 

The spin Hall effect was first predicted by Dyakonov and Perel et al.[80] and Hirsch 

et al.[81], and spin accumulation was first experimentally observed in semiconductors 

by Kato et al[82]. The ratio of the charge current to the spin current, which measures 

the efficiency of vertical spin injection, is called the spin Hall angle, θSH. The sign and 

magnitude of spin Hall angle depend on the structure and composition of the heavy 

metal layer. 

Liu et al.[75] have also demonstrated current-induced switching in Pt/Co/AlOx, 
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which is the same structure as used by Miron et al.[74] for their Rashba model, and 

concluded that the strong spin Hall effect is responsible for the switching. Later 

experiments have showed that the DWs in ferromagnets grown on Ta and Pt move in 

opposite directions for the same direction of applied current, which has since been 

explained by taking into account the opposite signs of the spin Hall angle in Ta and Pt 

[75, 78]. However, even in this spin Hall model, the Slonzewski-like effective field 

cannot drive a Bloch DW. When we use the magnetization vector pointing Bloch 

configuration in Eq. 2.10, the effective torque from spin Hall effect (or Rashba effect), 

τT (or τF), is zero. Therefore, the Néel configuration is required for DW motion driven 

solely by the spin Hall effect. However , the orgin of Néel DW configurations is 

needed to further understand. Recently, a interfacial spin orbit interaction, the 

Dzyaloshinskii-Moriya Interaction (DMI) [83, 84] has been proposed, which can 

stabilize Néel-type DWs in ultrathin sputtered film stacks with asymmetric interfaces, 

such as Pt/CoFe/MgO [84] or Pt/CoFe/AlOx [83] at room temperature. 

The DMI is dominant in materials with a broken inversion symmetry in their 

lattice or at interfaces in engineered material structures, which will induc the chiral 

magnetic configurations [85]. DMI is known to originate from large spin orbit 

coupling. Unlike the exchange interaction that aligns neighboring spins in an 

(anti-)parallel configuration, DMI prefers a perpendicular spin arrangement in order 

to minimize its cross product. The DMI can arise in both bulk material as well as at 

interfaces between a ferromagnet and another material with large spin orbit coupling, 

e.g. heavy metals. 
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2.2  Characterization of domain wall motion  

In this section, we introduce some of the experimental techniques that are 

commonly used for detection and characterization of DW motion in magnetic 

nanowires. The choice of the technique to be used depends on the DWs properties that 

one wants to study. For instance, magnetic microscope techniques are used to detect 

the presence of the DWs in a certain section of the wire, while anomalous Hall effect 

or magneto-optical Kerr effect (MOKE) measurements can be used to detect the DW 

position and the DW dynamics. 

2.2.1  Anomalous Hall effect measurement 

In 1879, Edwin H. Hall [86] found that when the current passes through a 

conductor, which is  laced in a magnetic field, the Lorentz force “ ushes” its 

electrons against one side of the conductor. The phenomenon is known as Hall effect. 

Later, Hall et al. [87] also reported that the “ ushing electricit ” effect is ten times 

larger in ferromagnetic iron than in nonmagnetic conductors. The stronger effect that 

Hall discovered in ferromagnetic conductors came to be known as the anomalous Hall 

effect (AHE) [88]. 

The AHE is usually used to characterize DW motion in magnetic systems with 

PMA [34, 36, 89]. Such measurements require the sample to be patterned into a Hall 

cross geometry. The AHE occurs in solids with broken time-reversal symmetry, 

typically in a ferromagnetic phase, as a consequence of spin-orbit coupling [90]. The 

AHE allows us to detect magnetization variation with a sensibility of the same order 
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as micro-Squid techniques [91]. The Hall resistivity    in homogeneous thin films 

of ferromagnetic metals can be written in a perpendicularly magnetic field H [88],  

                                    (2.11) 

where    is the perpendicular saturation magnetization. RAHE and ROHE are the 

anomalous and ordinary Hall coefficients, respectively. The first term is the ordinary 

Hall effect and the second term is the AHE. Then measuring in a Hall cross the time 

variation of    during magnetization reversal from     to     allow us to study 

the dynamics of reversal. Besides, the time variation of the Hall signal when the DW 

is passing from a wire of constant lateral width to a Hall cross reveals the influence of 

lateral size on DW propagation [92]. In this thesis we mainly use the AHE to locally 

detect the DW motion in magnetic nanowires. In the AHE measurement setup, a 

current is sent through the sample, and the voltage perpendicular to the current is 

measured. Detection of DW displacements smaller than 1 nm can be achieved due to 

the large AHE signals [93]. 

2.2.2  Magnetic microscopy techniques 

The magnetic imaging techniques are commonly to detect the spin configuration 

in DW structure, including magnetic force microscopy (MFM), Lorentz microscopy, 

scanning electron microscopy with polarization analysis (SEMPA), Kerr microscopy 

(magneto-optical Kerr effect - MOKE), photoemission electron microscopy (PEEM) 

and scanning transmission X-ray microscopy (STXM). For magnetic imaging, the last 

two techniques are used together with X-ray magnetic circular dichroism (XMCD), 
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which yield the dependence of the absorption coefficient of a magnetic material on 

the helicity of circularly polarized X-rays and the magnetization direction. The MFM 

has been widely used to characterize DW structure and DW dynamics in magnetic 

nanowires with IMA [94, 95] and PMA [96-98]. The major advantage of MFM 

technique is its simple and fast implementation together with a high resolution of 

down to 10 nm depending on the details of the system. Electron microscopy 

techniques are particularly well suitable for mapping the spin structure of a magnetic 

nanostructures since they provide high resolution with the advantage of being largely 

non-invasive. Transmission electron microscope can be used to perform Lorentz 

microscopy [99] or (off-axis) electron Holography [100, 101]. These two techniques 

take advantage of the fact that the high energy electrons which are accelerated to 

energies of a few hundreds of keV have both particle and wave like properties. Both 

techniques have been recently used to study the structure and pinning of DWs at 

constriction [102, 103] and the structure variation of a DW in a NiFe nanowires with 

different anti-notches [104]. 

2.2.3  Optical measurement techniques 

Magneto-optical Kerr effect (MOKE) is a very well established technique to 

study magnetism in thin solid film [105] and it has been successfully adapted to 

investigate DW motion in magnetic sub-micron sized nanowires [106]. Many 

experiments on DW propagation have been reported using MOKE microscopy [96, 

107]. While the laser spot size on the sample is diffraction limited, MOKE 
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microscopy has allowed for imaging of nanostructures as small as 30 nm [108]. 

Moreover, time-resolved experiments using a time-of-flight measurement technique 

have been carried out to characterize DW propagation in NiFe nanowires [109]. This 

technique has allowed the Walker breakdown field to be observed in NiFe as well as 

the periodical transformation of a DW [51].  

2.3  Current induced domain wall motion 

2.3.1  Current induced domain wall motion in in-plane magnetized 

nanowires 

Current induced DW motion in the thin films with in-plane magnetic anisotropy 

(IMA) have been intensively investigated theoretically and experimentally in the 

recent decade. Theoretical models [59, 110] have been developed and a large number 

of experiments [111-114] have been carried out to understand the mechanism of spin 

transfer torque exerted on the DW motion in such systems. The IMA material most 

frequently employed is permalloy (Ni80Fe20). It has virtually zero magnetostriction 

and magnetocrystalline anisotropy, making it very soft with low propagation fields for 

DWs [31]. Figure 2-7 shows the summary of the threshold current density (Jth) in 

permalloy nanowires with thickness less than 40 nm under zero external magnetic 

field (H) [115]. It is found that Jth are between 5×10
11

 and 3×10
12

 A/m
2
 [115]. Klaui et 

al. have reported Jth ~ 5×10
11

 A/m
2
 for a 5 nm thick nanowire and 1.3×10

12
 A/m

2
 for a 

35 nm thick permalloy nanowire [116]. Hayashi et al. found a maximum DW velocity 

vmax ~ 130 m/s in a permalloy wire using the AMR effect [117].  



36 

 

 
Fig. 2-7 Threshold current density for DW motion in permalloy nanowires dependent on the 

nanowire thickness [118]. 

Other in-plane magnetized materials include CoFe [119] and thick FePt films (~ 

10 nm) [120]. Tsoi et al. found that Jth ~ 10
11

 A/m
2
 without H in the CoFe nanowires 

[119]. Ho et al. [120] reported the Jth ~ 2.5×10
11

 A/m
2
 without H in 380nm-width 

FePt nanowire and a vmax ~ 18.4 mm/s is observed under J = 2×10
12

 A/m
2
. The lower 

velocity in FePt nanowire compared with permalloy is attributed to poorer 

polarization and spin transfer efficiency in FePt [121]. 

Although the permalloy nanowire can exhibit high DW velocity of 100 m/s in the 

region of 10
12

 A/m
2
, current induced DW motion in NiFe nanowires encounters 

serious obstacles for commercial applications. Firstly, high current density (∼10
12

 

A/m
2
) is required to drive the DW motion in permalloy nanowires. The current 

density in the order of 10
12

 A/m
2
 may degenerate the performance of device due to 

ohmic heating and cause much power consumption. In addition, the DW width in 
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IMA thin-film nanowires is large (~100 nm). Particularly, vortex DWs width can 

extend to 1 μm [117]. The large size of DW will limit the storage density. Moreover, 

the DWs are very flexible and can transform between transverse and vortex DWs 

when driven at high current densities [122, 123]. For these reasons, the use of in-plane 

magnetized materials is not ideal for reliable device operation. 

2.3.2  Current induced domain wall motion in perpendicularly 

magnetized nanowires 

Materials with perpendicular magnetic anisotropy (PMA) have attracted much 

attention because they exhibit narrower DWs (Δ ~10 nm) as compared with IMA (Δ 

~100 nm), which are favorable for high density magnetic storage [31]. Some types of 

the perpendicularly magnetized thin films have been proposed as the promising 

candidates. One of them is multilayer films, in which interfacial anisotropy 

contributes to strong PMA caused by the electron orbital hybridization between 3d 

and 4d electrons. Typical multilayers are Co/Pt [124], Co/Ni [42], CoB/Ni [125] and 

Co/oxide [77]. In all such multilayers, the thickness of ferromagnetic sub-layer should 

be less than 1 nm so that the perpendicularly interfacial anisotropy dominates over 

in-plane shape anisotropy. Co(Fe) based multilayers with noble metals such as Pt and 

Pd can be deposited at room temperature and exhibited large Keff (~1×10
7 

erg/cc). 

Single layer films with high perpendicular magnetocrystalline anisotropy is another 

type of PMA films, such as amorphous TbFeCo film [126], L10-ordered CoPt and 

FePt films [29, 127]. The L10-ordered CoPt and FePt exhibit large magnetocrystalline 
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anisotropy (˃ 1×10
7 

erg/cc) and high temperature annealing stability. Nevertheless, 

the large surface roughness and relatively high temperature required during the 

deposition process (˃ 500 °C) pose great challenges in fabrication of nanowire 

devices with CoPt or FePt alloy. In addition, micro-magnetic simulation results [32, 

33] predict that the energy barrier required to drive DWs in precessional motion is 

smaller by an order of magnitude in PMA films than in IMA ones. The intrinsic Jth for 

DW motion through adiabatic torque is then substantially smaller in PMA nanowires.  

A large number of experiments on current induced domain wall motion in 

out-of-plane magnetized structures were carried out in the presence of an external 

magnetic field. In the PMA materials, the DW is sensitive to the intrinsic local 

pinning sites due to the DW width is very small and matches the size of pinning sites 

[128]. In a magnetic film, such pinning may arise from nanoscale defects such as 

atomic steps, grain boundaries, surface roughness, local variation of the 

thickness/composition, variation in stress [129]. These lead to random fluctuations of 

the anisotropy [130] or the exchange interaction. Such pinning strongly affects the 

DW dynamics for small H, which is then thermally activated and characterized by 

discrete jumps between metastable states that are separated by the typical length scale 

between pinning sites (a few tens of nanometers). 

In a PMA thin films, two major regimes have been identified depending on the 

amplitude of H applied along the easy axis according to the depinning field Hdep [70, 

71]. At low magnetic field (H < Hdep), the domain wall velocity is described by a 

creep law [34, 124]: 
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                 (2.11) 

where v is the DW velocity, v0 is a velocity prefactor, U0 is the scaling energy 

constant, kB is the Boltzmann constant, Td is the device temperature and HJ is the 

effective field from the spin transfer effect. The modified expression is valid in the 

limit HJ < Hdep. 

For H > Hdep, the viscous regime is introduced with a velocity proportional to H: 

                                 (2.12) 

where μ is the mobility of the DW. The amplitude of Hdep depends on the magnetic 

properties of the material and the amplitude of the pinning strength. In high 

anisotropy PMA multilayer, Hdep usually reaches several tens of mT [131]. Such 

values can be higher than the Walker field preventing the observation of the steady 

high mobility viscous regime. 

Additionally, the nonadiabatic torque is expected to be a dominate factor for DW 

motion in the PMA films [31]. The effect of the nonadiabatic torque on the DW 

dynamics is predicted to be equivalent to an external magnetic field [59, 65, 132] so 

that the relative changes caused by the current induced DW dynamics can be used to 

probe nonadiabatic effects. In order to further understand the effect of the 

nonadiabatic torque, experiments were carried out to explore how current and field 

affect the pinning potentials of the DW.  

It is found that the depinning field (Hdep) for driving DW motion strongly 

dependent on the injected current density J in previous reports [40, 89, 133-135] . The 

Hdep linearly decreases with increasing J. The slope of the Hdep - J curve is described 
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as 

                                (2.13) 

where   is named as "efficiency". The   obtained in the PMA materials is much 

larger than it is observed in permalloy (5×10
-15

 T·m
2
/A) [136]. According to the 

dependence of the Hdep with J, Boulle et al. [133] found the   = 6±1.5×10
-15

 T·m
2
/A 

in the perpendicular magnetized (Co/Pt)3 multilayers nanowire. Using the 1-D DW 

dynamics simulation, the non-adiabatic torque exerted on the DWs as an effective H 

can be described [59] as  

           .                      (2.14) 

where P is the spin polarization, Ms is the saturation magnetization and   is the 

domain wall width. 

The non-adiabatic efficiency β ~ 0.35±0.08 is derived in the (Co/Pt)3 multilayers 

nanowire. On the other hand, Fukami et al. [134] and Koyama et al. [42] observed in 

narrow (70 – 200 nm) (Co/Ni)n multilayers nanowire, the Jth does not depend on H. 

This can be explained by a depinning process which is driven by the adiabatic torque 

in these narrow wires. The adiabatic torque is favor to reduce Jth because of the small 

demagnetizing field in the narrow nanowires. Table 2.1 shows the values of the 

experimental efficiency ( ) and β obtained from current induced DW motion 

(CIDWM) in the presence of an external H. Burrowes et al. observed β = 0.022 ± 

0.002 in Co/Ni multilayer and β = 0.06 ± 0.03 in FePt [137]. Feigenson et al. found an 

experimental value of β = 0.48 for SrRuO3 films [138]. Miron et al. measured an 

efficiency   = 8×10
-14

 T·m
2
/A in a Pt/Co(0.6 nm)/AlOx multilayer which leads to β = 
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2.9 [93]. This result can be attributed to the presence of a Rashba spin–orbit coupling 

(RSO). The RSO is expected in two-dimensional (2D) systems with broken inversion 

symmetry as in Pt/Co/AlOx. The RSO leads to a strong effective magnetic field on the 

conduction electron, whose directions depends on their k vector. As conduction 

electrons have different k vector on the Fermi surface, this leads to additional spin 

relaxation and thus enhances β. The presence of a Rashba field in this structure was 

proved later on by domain nucleation experiments [77] and measurements of the 

magnetization tilt induced by the Rashba field using the extraordinary Hall effect 

[139].  

Table 2-1. The values of the experimental   and β for different materials obtained 

from current induced DW motion (CIDWM) in the presence of an external H. 

Materials   (10
-14

 T·m
2
/A) β 

(Co/Pt)3 [133] 0.6 ± 0.15 0.35 ± 0.08 

 (Co/Ni)4 [137] 1.5 0.022 ± 0.002 

SrRuO3 [138] 100 0.48 

FePt [137] 30 0.06 ± 0.03 

Pt/Co/AlOx [93] 8 1.9 

Pt/CoFe/MgO [140, 141] 5 4 

Pt/Co/Pt [142] 2 0.75 

According to the results, one can identify three groups depending on the 

efficiency. A first one, composed of (Co/Pt)n and (Co/Ni)n with extreme values,   is 

of the order of 10
-14

 T·m
2
/A. A second one, composed of SrRuO3 and FePt with 

narrow DW walls and a much higher efficiency. A third group is composed material 

with a combination of the spin Hall effect (or Rashba effect) and a strong 
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non-adiabatic STT, such as Pt/Co/AlOx [93]，Pt/Co/Pt [142] and Pt/CoFe/MgO [140] 

with intermediate value of   and high value of β.  

Furthermore, it is important to understand the threshold current density (Jth) at 

zero H, since the practical racetrack memory will be used in the absence of H. In 

practical experiments, the Jth to move the DWs in the nanowire is given by [34]: 

    
    

       
                     (2.15) 

where Hdep is the depinning field for driving the DW motion. A PMA film allows the 

Bloch-type wall to be formed. The Bloch wall has a very narrow thickness, which can 

enhance the spin-torque efficient and reduces the critical current density. From the Eq. 

(2.15), it is also found that, to get a low Jth, besides the narrow DW width, a low 

saturation and a high spin polarization are desirable. Table 2.2 compares some typical 

materials used for magnetic nanowire devices. 

In addition, the nanoscale inhomogeneties present in some PMA films, in 

particular, the structure defects from interface intermixing have a strong pinning 

effect on the narrow DWs, resulting in a relatively large threshold H ― depinning 

field (Hdep) for driving DW motion. For typical PMA multilayer films, such as Co/Pt 

[143], Co/Ni [144], generally exhibit a strong Hdep > 350 Oe. The strong Hdep not only 

leads to an enhanced stochastic effect, but also requires a rather high driving current 

density in the order of 10
12

 A/m
2 

for current-induced DW motion [36]. As a result, it 

is important to reduce Hdep in order to further decrease Jth for future DW application.  
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Table 2-2. Magnetic parameters of some typical magnetic thin films. 

Materials Ms (emu/cc) λ (nm) P (%) α Anisotropy Jth (×10
11

A/m
2
) 

NiFe [13, 37] 800 200-600 0.4-0.5 0.05 IMA 30-50 

(Co/Pt)n [40] 600-700 10-20 0.56 0.1 PMA 8-9 

(CoFe/Pt)n [145] 1400    PMA 14.3 

(Co/Ni)n [42, 144] 780 10-30 0.7 0.04 PMA 4.5-6 

FePt [137]  1100 1-10   IMA 10-50 

TbFeCo [126] 300 4-10 <0.4 0.03 PMA 5 

Ta/CoFeB/MgO 

[146] 

1200 10 0.71 0.01 PMA 6.2 

Pt/Co/AlOx [93, 

147] 

1100 4-5 0.6  PMA 10 

Pt/Co/Pt [142, 148] 1200-1300 6-12  0.15 PMA >5 

Pt/(Co/Tb)n [149] 1500-2000    PMA 1.5 

Table 2.3 shows the Jth, minimum DW velocity vmin, depinning field (Hdep), and 

DW motion direction of some typical PMA materials. The vmin is generally obtained 

by dividing the DW displacement by the length of the pulse. According to the results 

shown in Table 2.3, the magnetic materials can be classified into different groups. The 

first group includes ultrathin magnetic multilayer films. Jth ranges from 3 to 

15×10
11

A/m
2
 due to the variation of Hdep in the different films. Another group 

consists of SrRuO3 and TbFeCo with much lower Jth in the range of 10
10

 A/m
2
. 

Although different materials are considered, the result for the multilayer films suggest 

an approximate dependence of the Jth on Hdep. Ravelosona et al. [34] and Li et al. [150] 

reported in (Co/Pt)n and TbFeCo nanowires an approximately linear dependence of Jth 

on Hdep, which is consistent with a depinning controlled by the nonadiabatic torque. 

However, a different variation was reported in narrow (Co/Ni)4,5 nanowires [42, 144], 
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where the Jth was found to be independent of external pinning nor on the external 

field.  

Koyama et al. [42] also studied the dependence of Jth on the wire width in the 

range of 40 to 300 nm. They observe a minimum Jth for a given width of the wire 

corresponding to the transition from a Bloch to a Néel DW where the DW 

demagnetizing field is minimum. This behavior is clearl  consistent with an ‘intrinsic 

pinning’ behavior where the depinning process is driven by the adiabatic torque in 

this case. The Jth associated with the adiabatic torque can be lower than the one 

associated with the nonadiabatic torque for narrow wire due to the small DW 

demagnetizing field. The nonadiabatic torque plays thus a minor role in these 

experiments. 

The DW moves in the direction of the electron flow are mainly observed by most 

authors. However, Moore et al. [147] and Lee et al. [151] observed respectively in 

Pt/Co(0.6 nm)/Al2O3 and Pt/Co(0.3 nm)/Pt a DW motion in the direction opposite to 

the electron flow. In these studies, the nonadiabatic torque was identified to be the 

main driving force on the domain wall motion. Liu et al. [75] utilized the combination 

of the spin Hall effect to explain this result. The chiral dependency of DWs in 

ultra-thin PMA films has been proposed to further understand the phenomenon. It is 

well known that there are two types of DW exist in ultra-thin films, which are Néel 

and Bloch walls. In Bloch walls, the magnetization is perpendicular to the current 

direction. However, the relative orientation of the magnetization and current gradually 

varies in Néel walls. The magnetostatic interaction favors the formation of Bloch 
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walls. In case of Néel walls, there is no preference of chirality due to the spatial 

inversion symmetry. However, Ryu et al. [83] and Beach et al. [84] proposed that 

there exists a mechanism called Dzyaloshinskii–Moriya interaction (DMI) that breaks 

the spatial inversion symmetry introducing chirality in the systems they studied. DMI 

favors the formation of Néel walls over Bloch walls. Together with the spin Hall 

effect and Slonczewski spin torque, the DMI pushes all of the chiral walls rapidly in 

the same direction [152]. This provides a revolutionary approach to control domain 

walls in perpendicular systems. 

Table 2-3. The values of Jth, and minimum DW velocity vmin, depinning field (Hdep), 

and DW motion direction of some typical PMA materials. Direction ‘-e’ stands for a 

current induced DW dis lacement in the direction of the electron flow, and ‘e’ in the 

direction of the current. 

Materials Jth (×1011A/m2) vmin (m/s) vmax (m/s) Hdep (mT) Direction Ref 

(Co/Ni)n  4.5-6 4 60 40-62.5 -e [42, 144] 

(CoFe/Pt)5 14.3 1.5 50 70 -e [145] 

CoCrPt 10 0.048 0.2 50 -e [97] 

SrRuO3 780 10-30 90 

 

10 e [138] 

TbFeCo 0.46-0.59 ~0.01 40 100-220 -e [126] 

Pt/Co/AlOx 10 0.6 400 ~10 e [73, 147] 

Ta/CoFeB/MgO 6.2 10 50 5 -e [146] 

Pt/Co/Pt 0.83-1.8 ~10
-4

 ~10
-2

 No 

reported 

e [151] 

Pt/TbFeCo 1.3 3 80 No 

reported 

e [153] 

Pt/(Co/Tb)n 1.5 0.02 70 No 

reported 

e [149] 

As shown in the Table 2.3, the Co based multilayers film possess high DW 

velocity. However the Jth is still large due to the high Hdep in these films. In another 
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group, although the much lower Jth is observed in SrRuO3 and TbFeCo films, the DW 

velocity is too low to be applied in the future spin-DW devices. On the other hand, 

when the spin Hall effect is appled to induced DW motion, a high DW velocity with 

relative low Jth have been achieved for DW motion. Therefore, we need to further find 

out a novel type of materials with both low Jth and high DW velocity. 
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Chapter 3  Experimental details on the growth and 

characterizations  

This chapter describes the fabrication and characterization techniques used to 

synthesize, characterize and measure the thin films as well as fabricate patterned 

devices used in this thesis. We introduce the techniques following the processing flow 

of the devices. 

3.1  Thin film deposition by ultra-high vacuum sputtering 

technique 

The ultrahigh vacuum magnetron sputtering [154] are used to grow thin films and 

deposit the electrodes in our studies. Sputtering is a deposition process using the 

kinetic energy conversion, in which atoms are ejected from a solid target material and 

deposit on the substrate through collision of the target generated by energetic particles 

[155]. In principle, physical sputtering is a momentum transfer process between atoms 

and ions through collisions in the materials. It is a technique to deposit thin films of 

target material on the surface of substrates. Sputtered films possess prominent purity, 

density, adhesion and uniformity.  

Figure 3-1 illustrates the basic components of magnetron sputtering system. A 

strong magnetic field was generated from permanent magnets placed under the target 

materials. This field causes the travelling electrons to spiral along magnetic flux lines 

near the targets. This arrangement confines the plasma near the target area without 



48 

 

causing the damage to the thin films being formed on the substrate, and maintains the 

stoichiometry and thickness uniformity of the deposited thin film. Substrates are 

firstly placed into the vacuum chamber and the chamber pressure is then pumped 

down to its process pressure. When applying a large voltage, the inert gas Ar is 

ionized (e.g.          ), causing a plasma or glow discharge. The ions from 

this plasma are accelerated towards to the target materials (the material to be 

deposited) when a negative charge is applied to the target materials. the target 

material is bombarded by the accelerated ions through energy transmission and is 

ejected in the form of neutral particles - either individual atoms, clusters of atoms or 

molecules. After these neutral particles are ejected, they will travel in the chamber 

and are deposited as a thin film onto the surface of the substrate. This process is the 

fundamental principles of the sputtering deposition. 

 

Fig. 3-1 A schematic diagram of the basic components of magnetron sputtering system [156]. 

In addition, the sputtering technique also offer the chance to deposit oxidized and 

nitrided alloys either with reactive sputtering methods or with RF guns. The charge 
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accumulation of the ions on the oxide targets causes the plasma to die off. To avoid 

this issue, a radio frequency (RF) ac-voltage is applied to the target material to 

suppress the charges generation on the top surface. However, the RF-power based 

deposition method provides a very slow deposition rate compared to that of 

DC-deposition  

 

Fig. 3-2 BESTEC Chimera deposition system used for magnetron sputtering. 

The sputter tool BESTEC Chimera deposition system as shown in Fig. 3-2 used 

in our experiment consists of 9 targets deposition chamber. It can be used for either 

DC or RF sputtering. The RF option allows for the deposition of insulating materials. 

The base pressure of the system after a bake out is 7×10
-10

 Torr. There is no 

detectable difference observed between the magnetic properties of our films before or 

after a bake-out. Therefore, the samples in our experiment are deposited with a base 

pressure of 2.5×10
-9

 Torr. During sputtering, the Ar pressure in the chamber is fixed 
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to a constant pressure (typically 1.5 mTorr). The vertical position of the manipulator 

is set at 130 mm above the substrate to achieve the best uniformity of the film. The 

manipulator rotation speed is set at 45 rpm.   

3.2  Characterization of structural properties 

The structural properties of materials can be characterized using XRD and AFM. 

XRD is used to investigate the lattice structure of sample and the surface morphology 

can be studied using AFM. The MFM is an essential tool in this thesis since it allows 

a direct observation of the magnetic domain structure and thus the DWs. 

3.2.1  X-ray diffraction (XRD) 

X-ray diffraction (XRD) is one of the important techniques to investigate the 

crystal structure. Figure 3-3 shows the Bragg’s Law is the underlying principle for 

X-ray diffraction. Based on this law, X-rays that are reflected from the adjacent lattice 

planes will experience constructive interference only when the path difference 

between them is an integer multiple of the X-ra 's wa elength. Bragg’s Law is given 

by 

                                (3.1) 

where d is the spacing between the adjacent lattice planes, λ is the wavelength of 

incident X-ray, n is an integer and θ is the angle between incident X-ray beam and 

scattering plane.  
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Fig. 3-3 Schematic diagram of Bragg’s diffraction law [157]. 

Figure 3-4 shows basic features of a typical XRD experiment. The XRD 

experiment includes three primary elements: a sample holder, an X-ray tube, and an 

X-ray detector. X-ray is produced in a cathode ray tube using the following 

procedures. Firstly, electrons are generated through heating the filament and then a 

large voltage is applied to accelerate the electrons toward a target material. X-ray 

spectra can be generated when electrons have sufficient energy to cast inner shell 

electrons out from the target material. These X-rays are parallel and directed onto the 

sample. The intensity of the reflected X-rays is recorded when detector and the 

sample are rotated. When the geometry of the incident X-rays colliding the sample 

accords with the Bragg’s Diffraction Law, constructive interference appears and a 

peak in intensity can be detected. A detector records and processes this X-ray signal 

and converts the signal to the output data for the computer or monitor. The geometry 

of an X-ray diffractometer is such that the sample rotates in the path of the collimated 

X-ray beam at an angle θ while the X-ray detector is mounted on an arm to collect the 
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diffracted X-ra s and rotates at an angle of 2θ [158]. 

 

Fig. 3-4 Basic features of typical XRD experiment [159]. 

3.2.2  Atomic force microscopy (AFM) 

The atomic force microscopy (AFM) is one type of scanning probe microscopy 

with high resolution on the order of fractions of 1 nm. The AFM is used to image the 

surface of almost any materials with a probe and operate by measuring force between 

a probe and the sample. Figure 3-5 demonstrates the schematic diagram of AFM. The 

AFM includes a cantilever with an atomically sharp tip at its end. When the tip is 

brought close to the surface of sample, an attractive force is generated between the tip 

and the sample surface. This force causes a deflection of the cantilever based on 

Hooke's law. As the probe tip scans forth and back above the specimen surface, the tip 

will rise and fall according to the different features on the surface. The deflection is 

measured using a laser spot reflected from the top surface of the cantilever into an 
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array of photodiodes. As the tip goes up and down, the laser hits different parts of the 

sensor. With the information the sensor collects, an image of the surface can be 

recreated.  

 

Fig. 3-5 Schematic diagram of AFM [160]. 

3.2.3  Magnetic Force Microscopy (MFM) 

Magnetic Force Microscopy (MFM) as shown in Fig. 3-6 has been used for 

characterization reading and writing heads as well as recording media due to its 

ability to provide information about the magnetic configuration in a sample with 

resolution in the sub-100-nm range. The MFM basic operation is very similar with 

AFM. Instead of a non-magnetic tip for AFM, a magnetic tip is mounted in a 

cantilever. When the tip is brought close to the surface of sample, the tip-sample 

magnetic interaction causes a deflection of the cantilever. This deflection is also 

measured by using a laser spot reflected from the cantilever into an array of 



54 

 

photodiodes. Piezoelectrics are used to control the position of the sample. MFM 

characterization of specimens was detected in two steps. In the first step, which is 

named as "trace", the cantilever utilizes short range forces, such as Van der Waals, to 

record the topography of specimens. In the second step, which is named as "retrace", 

the interaction between the stray field of the sample and the magnetic moment of the 

tip are recorded using the cantilever. 

The first "trace" step is usually carried out using a mode known as tapping mode. 

In this mode the cantilever is oscillated at or close its resonating frequency and the 

interactions between tip and the surface of the sample cause change in the oscillation 

amplitude. In order to keep the oscillation amplitude constant, a piezoelectric actuator 

is used to control the height of the cantilever above the sample. Adjustments made to 

keep a set cantilever oscillation amplitude reproduce the topography of the surface of 

the sample. In the second "retrace" step, the changes in the oscillation frequency 

provide information about magnetic tip-sample interaction. In the MFM, the force 

from the stray field exerted on the magnetic tip can be modeled by the following 

equation: 

                                (3.2) 

where m is the tip moment and Hs is the field from the sample at the tip. There are two 

types of tips. In the first type (Type 1), the stray field from the sample does not alter 

the tip magnetization. In the second type (Type 2), the tip does not show a hysteresis 

behavior and has a high and constant susceptibility whose moment is directionally 

proportional to the field experienced. Type 1 tips are usually sensitive to changes in 
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the out-of-plane direction whereas Type 2 tips can image the in-plane magnetization. 

However, for this type of tip the application of a bias field is required in order to 

distinguish the changes in-plane of the magnetization. 

 

Fig. 3-6 Schematic diagram of Magnetic Force Microscopy (MFM) [161]. 

The MFM signal at a type 1 tip is given by the expression: 

     
   

   
                     (3.3) 

This assumes that the tip is magnetized in the z axis, and thus it has a constant mz. For 

the magnetic characterization presented throughout this experiment, a scanning 

AFM/MFM was used with a standard CoCr tip with a coercivity of 400Oe and a 

magnetic moment of 1×10
-13

 emu.   

3.2.4  Scanning Electron Microscope (SEM) 

A scanning electron microscope (SEM) is a kind of electron microscope that 

generate the image of the specimen by emitting and accelerating a beam of electrons 

from a source as well as focusing electrons through a sequence of magnetic lenses to 

interact with  atoms in the sample. The focused electron beam scans the sample 

surface by using scanning coils and these electrons experience repeated absorption 
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and scattering as they impact to the sample. The interactions with the atoms of sample 

are explored and utilized to generate the image of sample. The interactions are 

classified into three types, namely backscattered electrons (elastic, high energy), 

secondary electrons (inelastic, low energy), and emitted X-rays. 

The low-energy secondary electrons are explored to manifest the topography of 

the sample while scanning the electron beam. This generates an intensity distribution 

corresponding to the topography of the sample. The high-energy electrons are used to 

explore the atomic-number of the target materials. Finally, the emitted X-rays are 

used to obtain the chemical composition of the sample since they originate from 

element specific electron transitions within the electron shells. The main advantage is 

the high-resolution specified to be sub-nm and the non-destructive nature of the 

technique. Figure 3-7 shows a scanning electron micrograph of a device used in our 

experiment.  

 

Fig. 3-7 Scanning electron micrograph of a functional device with nanowire width of 800 nm. 
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3.2.5  Transmission Electron Microscope (TEM) 

The TEM allows the imaging of the crystallographic structure of a sample at an 

atomic scale [162]. The working principle of TEM is similar to that of a light 

microscope except that electron is used instead of light to achieve atomic resolution. 

An accelerated beam of electron transmits through the thin specimen to form an 

image which is magnified and displayed on fluorescent screen or detected using a 

CCD camera. The transmitted electrons undergo elastic and inelastic scattering which 

provide crystallographic information such as diffraction patterns and spatial variation 

in intensity which differentiates crystal defects and secondary phases, respectively. A 

schematic of a basic TEM system is shown in Fig. 3-8. 

 

Fig. 3-8 Diagram outlining the internal components of a basic TEM system [162]. 
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In order to determine the crystal structure of each layer the selective-area electron 

diffraction (SAED) patterns can be analyzed. Electron diffraction patterns can be 

equated with reciprocal lattice patterns. It is often possible to index an electron 

diffraction pattern by noting its symmetry. A reciprocal lattice has the same symmetry 

as its real lattice. The TEM system (JEOL 2300) used was also equipped with EDS 

which allows elemental analysis. It detects the X-ray emitted when an electron from a 

higher energy shell fills a lower energy empty shell whose electron has been excited 

by the incident electron beam. Similar to XPS, it creates spectral lines that are specific 

to individual elements and thus capable of determining chemical composition and 

elemental mapping of specific regions. 

3.3  Characterization of magnetic properties  

3.3.1  Alternating gradient magnetometer (AGM) 

The Alternative Gradient Magnetometer (AGM) as shown in Fig. 3-9 allows 

magnetic measurements on thin film samples. The principle is based on the detection 

of the oscillation amplitude of a sample fixed on a quartz probe which vibrates in a 

small alternative gradient field.  

The sample is placed at the end of a fiber, then the sample is subjected to a fixed 

DC field plus an alternating field gradient, generated by and appropriate coil pair. The 

field gradient produces an alternating force on the sample, which causes it to oscillate 

and flexes the fiber. If the frequency of vibration is tuned to a resonant frequency of the 

system, the amplitude of vibration increases by a factor equal to the quality factor Q of 
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the vibrating system, which can be of the order of 100. A piezoelectric crystal is used to 

generate a voltage proportional to the amplitude of vibration, which in turn is 

proportional to the sample moment [14]. The device has a good sensitivity and can 

measure samples with a total magnetization as small as 10
-6

 emu. Magnetic field can 

be swept between -2T to 2T. Due to the high resonance frequency (typically some 

Hz’s hundreds) the acquisition time is short (some minutes). The measurements can 

be done with a field parallel or perpendicular to the film plane.  

 

 

Fig. 3-9 The alternating gradient magnetometer (AGM) system. 

3.3.2  Ferromagnetic resonance (FMR) 

Ferromagnetic resonance (FMR) is a spectroscopic technique to detect the 

magnetization of ferromagnetic materials from the magnetic moments of 

dipolar-coupled but unpaired electrons. It is used for deecting spin dynamics and spin 

https://en.wikipedia.org/wiki/Spectroscopic
https://en.wikipedia.org/wiki/Magnetization
https://en.wikipedia.org/wiki/Ferromagnetic
https://en.wikipedia.org/wiki/Magnetic_moment
https://en.wikipedia.org/wiki/Electron
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waves. [163] FMR arises from the precessional motion of the magnetization M of a 

ferromagnetic material in an external magnetic field H. The H exerts a torque on the 

sample magnetization which causes the magnetic moments in the sample to precess. 

The precession frequency of the magnetization depends on the magnetization 

direction of the material, the strength of the H, as well as the macroscopic 

magnetization of the sample. [163] 

 

Fig. 3-10 The ferromagnetic resonance (FMR) system. 

The basic setup for an FMR experiment is a microwave resonant cavity with an 

electromagnet as showin in Fig. 3-10. The resonant cavity is fixed at a frequency in 

the super high frequency band. A detector is placed at the end of the cavity to detect 

the microwaves. The magnetic sample is placed between the poles of the 

electromagnet and the H is swept while the resonant absorption intensity of the 

microwaves is detected. When the magnetization precession frequency and the 

resonant cavity frequency are the same, absorption increases sharply which is 

indicated by a decrease in the intensity at the detector.  

https://en.wikipedia.org/wiki/Torque
https://en.wikipedia.org/wiki/Precess
https://en.wikipedia.org/wiki/Microwave_cavity
https://en.wikipedia.org/wiki/Electromagnet
https://en.wikipedia.org/wiki/Super_high_frequency
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3.4  Nanofabrication of magnetic nanowire 

3.4.1  Electron beam lithography (EBL) 

Electron Beam lithography (EBL) is one of most important techniques used in the 

forming extremely fine patterns at the nanoscale. Briefly, this technique scans a beam 

of electrons over a surface covered with a resist film (e.g. PMMA). The exposure of 

the resist film to an electron beam modifies its chemical composition and this makes 

the exposed areas susceptible to be dissolved in a solvent substance. The latter is 

known as development of the pattern. The final transfer of the patterns exposed to an 

electron beam onto a substrate is known as lift-off and takes place after the deposition 

of a material that reproduces the exposed pattern. 

In our experiment, magnetic nanowires are patterned by electron beam 

lithography, using the Elionix ELS-7700 system as shown in Fig. 3-11. This system is 

equipped with a ZrO/W thermal field emission electron gun (Schottky emitter). With 

an acceleration voltage up to 75kV, this fine e-beam system can achieve a minimum 

feature dimension of 2 nm, which enables us to achieve line widths on the order of 10 

nm or less. 
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Fig. 3-11 Elionix 7700 75kV e-beam lithography system. 

3.4.2  Lift-off and etching method 

The process flow to fabricate structures using electron beam lithography with 

etching or lift-off method is depicted in Fig. 3-12. The exposure of a sensitive resist 

with an electron beam is the core of the EBL process. The resist is often a polymer 

dissolved in a liquid solvent, which is coated onto a surface and baked to form an 

even thin layer. During electron beam exposure, the solubility of the resist is altered, 

causing a dissolution variation with areas that are non-exposed. Following this, the 

pattern is developed using a liquid developer. Lastly, the combination with processes, 

like dry or wet etching, lift-off of evaporated material, and/or electro-deposition 

completes the fabrication of structure. In our study, we mainly use the lift-off method.  
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Fig. 3-12 The process flow to fabricate structures using electron beam lithography with etching or 

lift-off method. 

The magnetic nanowires and Hall-bars are fabricated using the following process 

steps. 

1. Sample is cleaned in acetone and IPA for 5 minutes each in an ultrasonic (US) 

bath. 

2. E-beam resist PMMA 495 (polymethyl methacrylate) is applied to cover the 

plane of the substrate by spin coater. The sample is rotated in the spin coater with 

a speed of 6000 rmp for 60 s. A hard bake is then performed at 180°C for 180s. 

3. E-beam lithography is used to make pattern in the E-beam resist. 

4. Sample is developed for 60 s in a mixture of IPA and MIBK (methyl 

isobutylketone) with a combination ratio of 3:1.  

5. After film deposition, sample is immersed in acetone for 1 hour to lift-off the 
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evaporated material. 

3.5  Transport measurement 

An electrical transport measurements setup has been built and automated. The 

setup and its components are shown in Fig. 3-13. It consists of a variable rotatable 

probe station between the poles of a fixed electromagnet. The magnetic field at the 

sample can be controlled by a lakeshore electromagnet power supply (Model 648), 

allowing smooth and fast bi-polar magnetic field control up to 0.7 T. The field is 

directly measured by a Lakeshore 475 Hall probe mounted on the nearby probe 

station between the two electromagnets and calibrated to the field at the sample 

position. 

Individual devices can be addressed through a BNC distribution board as shown 

in Fig. 3-13 (c) where every contact can be connected in parallel to ground (shunted) 

by a 10 kΩ resistor to prevent electrostatic discharge. A current source (Keithley 

6221DC-AC) is used to directly measure the devices. The output signals are measured 

by a lock-in amplifier (Stanford Research 830) which differentially lock-in to the 

AC-frequency set by the Keithley 6621 current source. The output of the lock-in 

amplifier is recorded by a control program for time-resolved measurements. We use 

another current source (Keithley 6221DC-AC) in the setup to apply pulse current to 

create the DW in the nanowire. 
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Fig. 3-13 Transport measurement setup: (a) The complete setup of transport measurement systems. 

Left is electronics rack with the testing instruments, the magnet is in the middle, Right is the 

control system and the monitor to display the samples; (b) Measurement probe station between the 

poles pieces of an electromagnet. The sample is placed on the sample holder; (c) BNC distribution 

board; (d) The control interface displayed on the monitor. 
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Chapter 4  Characterization of CoFe/Pd multilayers and 

their application for domain wall motion 

In this chapter, we study the magnetic properties of (CoFe/Pd)n multilayer films 

as a function of non-magnetic layer Pd thickness. This study highlights the effect of 

surface/interfacial magnetism to the magnetic properties of the film. In addition, the 

magnetic properties of (CoFe/Pd)n multilayer films as functions of magnetic layer 

CoFe thickness and repeated number n are also investigated to understand the 

optimized PMA. We show that strong effective PMA Keff, controllably low saturation 

magnetization Ms, narrow DW width λ and high spin polarization P can induce low 

threshold current density for DW motion in CoFe/Pd multilayer films.  

Additionally, we demonstrate the motion of magnetic DWs in (CoFe/Pd)n 

multilayer nanowire induced by a low current density at a realistic level for practical 

applications. Nonadiabatic torque with a high non-adiabatic coefficient is ascribed to 

be the main contribution to the DWs motion. 

4.1  Deposition conditions and magnetic characterization 

methods 

In our experiment, CoFe/Pd-based multilayers with the structure of Si/SiO2/Ta(3 

nm)/Pd(3 nm)/[CoFe(tCoFe)/Pd(tPd)]n/Ta(3 nm) were grown on thermally oxidized Si 

substrates by using DC magnetron sputtering in an ultrahigh vacuum chamber. Figure 

4-1 shows a schematic diagram of the stack structure of CoFe/Pd multilayers in our 

study. The composition of the CoFe layers was fixed at Co70Fe30 (at. %). The first set 
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of experiment was designed to investigate the effects of interfacial magnetic moment 

on PMA. The tCoFe was fixed at 0.4 nm with n = 6. The tPd was varied from 1 to 2 nm 

in step of 0.2 nm (i.e. tPd = 1.0, 1.2, 1.4, 1.6, 1.8, 2.0 nm). The second set of 

experiment was carried out to find out the optimized PMA. The tCoFe was varied from 

0.25 to 0.5 nm in step of 0.05 nm (i.e. tCoFe= 0.25, 0.3, 0.35, 0.4, 0.45, 0.5 nm) at each 

tPd in the range of 1 to 2 nm. The n was varied from 4 to 16 in step of 2. The base 

pressure was better than 2.5×10
-9

 Torr and Ar working pressure was maintained at 1.5 

mTorr during deposition. The magnetic properties of the films were characterized 

using an alternating gradient force magnetometer (AGM) with a maximum magnetic 

field of 20 kOe at room temperature.  

 

Fig. 4-1 Schematic diagram of the (CoFe/Pd)n multilayers structure. 

The X-ray magnetic circular dichroism (XMCD) and X-ray absorption 

spectroscopy (XAS) at Fe L3,2 and Co L3,2 edges [164] were conducted by measuring 

the variation of sample current dependent on photon energy at the SINS beam line 

under help of Dr. A. Rusydi in the Singapore Synchrotron Light Source (SSLS) . 

Elliptically polarized light with a degree of circular polarization (DCP) = 80 and an 

energy resolution of 0.25 eV were employed for the XMCD measurements. In order 
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to obtain the orbital and spin magnetic moments perpendicular to the plane of film, 

the incident light was perpendicular to the surface of the sample, and the incident 

direction is the same as  perpendicular magnetization direction of the sample. A 

magnetic field H of ±10 kOe was applied to magnetize the sample along the 

perpendicular direction. The XCMD was carried out by varying the direction of H as 

well as maintaining the helicity of the light. The thin films of Co and Fe were also 

measured as references to calibrate the XMCD results. The XMCD was measured 

with spin polarization in the easy-axis magnetization direction of perpendicular 

magnetic moments by the magnetometer measurements. The LLG micro-magnetic 

simulator was used to simulate the micro-magnetic domain structure [165]. 

4.2  Magnetic properties of CoFe/Pd multilayers  

Figure 4-2 shows the magnetic-hysteresis (M-H) loops measured on two 

directions for CoFe(0.4 nm)/Pd(tPd) multilayers (tPd = 1.0 ― 2.0 nm); parallel (dashed 

line) and perpendicular (opened cycle) to the plane of the film. The M-H loops 

measured in the in-plane of the film exhibit a hard axis behavior of the magnetization 

reversal denoted by S-shape loops. The easy-axis loops as measured in the 

out-of-plane direction are reflected by the square-shape M-H loops. The smooth M-H 

loops indicate that unique magnetic properties occur over the film as a single phase 

behavior due to strong ferromagnetic coupling between the magnetic CoFe layers. 

These results confirm that the magnetic anisotropy of such CoFe/Pd multilayer has 

been well aligned normal to the film plane.  
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Fig. 4-2 Magnetic hysteresis (M-H) loops of the CoFe/Pd multilayers with different Pd spacing 

thickness. The loops with circle dots are measured out-of-plane of the films, and the dash lines 

denote the in-plane loops. 

It is noted that Co100-xFex films deposited on Ta/Pd seed layer with Fe 

concentration above 22% exhibited body-centered cubic (bcc) (110) structure and the 

magnetic anisotropy of such a film prefer to be IMA [166]. On the other hand, the 

thick Pd seed layer would cause a fcc (111) texture in the CoFe layer that promote the 

PMA [167]. Figure 4-3 shows the XRD spectra for Ta(3 nm)/Pd(3 nm)/[CoFe(0.4 

nm)/Pd (1.2 nm)]6 multilayers. It has been observed that the CoFe/Pd multilayer 

samples have primary fcc (111) texture. The Pd seed layer is beneficial to induce fcc 

(111) texture in the ultra thin CoFe films and generate high PMA for CoFe/Pd 

multilayers. The previous report [167] have attributed the fcc (111) texture in CoFe 

layer to the interfacial anisotropy of the CoFe/Pd interface, which is possibly a 

significant factor dominating the PMA of the CoFe/Pd multilayers.  
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Fig. 4-3 XRD of Ta(3 nm)/Pd(3 nm)/[CoFe (0.4 nm)/Pd (1.2 nm)]6 multilayers. 

It is important to know the variation of PMA in the CoFe/Pd multilayers as a 

function of Pd sublayer thickness. Figure 4-4 (a) shows the saturation magnetization, 

Ms, of the CoFe/Pd multilayers as a function of Pd sublayer thickness. The value of 

Ms was obtained through dividing magnetic moment (m) by the total volume of the 

Co70Fe30/Pd multilayers. The reason for using the total volume of CoFe/Pd 

multilayers in calculating Ms is that the PMA arises from the interface anisotropy, 

which originates from the spin orbit coupling between CoFe and Pd atoms. The 

interface anisotropy is dependent on the Pd thickness [168]. Additionally, even for Pd 

thickness larger than 1 nm, it would affect the interlayer coupling[169] and domain 

nucleation between adjacent CoFe layers [170], which then influence the Ms and Keff. 

It is found that Ms reduces with increasing thickness of Pd sublayer. When tPd = 1 nm, 

the measured value of Ms is around 280 emu/cc, whereas Ms decreases to 155 emu/cc 

as the tPd is increased to 2.0 nm. These values of Ms (155 to 280 emu/cc) are 

dramatically smaller than that in other common Co-based PMA films, such as Co/Ni 
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multilayers (660 emu/cc) [25], Co/Pt multilayers (~900 emu/cc) [131], perpendicular 

magnetized CoFeB/MgO films (1200 emu/cc) [171], but comparable with 

ferrimagnetic TbFeCo film [126]. The Ms of the studied CoFe/Pd multilayers is 

definitely much lower than that of pure fcc-Co70Fe30 alloy film (1200 emu/cc) [172]. 

This decrease in Ms can be attributed to the weakening of interlayer ferromagnetic 

coupling as increasing the distance between adjacent CoFe layers and the variation of 

the interfacial magnetic moments with tPd. These factors will be discussed in the Sec. 

4.5 with XMCD and XAS measurements.  

 

Fig. 4-4 The dependence of (a) the saturation magnetization Ms, (b) anisotropy field Hk and (c) the 

uniaxial anisotropy Ku as a function of Pd sublayer thickness. 

In contrast to the variation tendency of the Ms, the anisotropy field (Hk) increases 

almost linearly as a function of tPd as shown in Fig. 4-4 (b) from 12.6 kOe to 14.8 kOe. 

The Hk can be obtained from the M-H loops as Hk = Hs + 4Ms (Hs is the saturation 
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field) [146]. From Hk and Ms, the uniaxial anisotropy Ku is determined as Ku = 

Hk·Ms/2. Figure 4-4 (c) shows variation of Ku dependent on tPd. It is found that Ku 

decreases with increasing tPd. As tPd increases from 1.0 to 2.0 nm, the Ku decreases 

from 1.77×10
5
 J/m

3
 to 1.14×10

5
 J/m

3
.  

Additionally, the exchange interaction length can be derived from the value of Ms 

through the following equation: 

           
                         (4.2) 

where A is the exchange constant. Assuming A ~ 10 pJ/m (typically for Co-based 

magnetic thin films) [46] and Ms varies from 155 to 280 emu/cc, the value of lex is 

deduced to be in the range of 7-12 nm. This value is around the overall thickness of 

the multilayers, confirming the thin magnetic layers are ferromagnetically coupled to 

each other over the total thickness of multilayers. 

It is expected that the non-adiabatic torque plays a dominant role in the narrow 

DWs due to higher magnetization gradient [31]. The DW width is estimated by using 

the relation [131] : 

                                  (4.3)
 

where Keff  is effective perpendicular magnetic anisotropy. The Keff is determined as 

                   
 , where Hs is the anisotropy field which the hard axis 

and easy axis M-H loops superposed [146]. It can be found that the higher Keff is 

beneficial to induce smaller λ and higher non-adiabatic torque for driving DW motion. 

Therefore it is important to study the variation of Keff dependent on tCoFe and tPd in the 

CoFe/Pd multilayers.  
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To further understand the optimized PMA of CoFe/Pd multilayers, Keff and Ms of 

CoFe/Pd multilayers in the as-deposited state with different thickness of Pd and CoFe 

sublayers were measured. The repeated number of CoFe/Pd multilayers was fixed at n 

= 6. The tCoFe was varied from 0.25 to 0.5 nm in step of 0.05 nm (tCoFe = 0.25, 0.3, 

0.35, 0.4, 0.45, 0.5 nm) at each tPd in the range of 1 to 2 nm with step of 0.2 nm (tPd = 

1.0, 1.2, 1.4, 1.6, 1.8, 2.0 nm). 

 
Fig. 4-5 Ms (a) and Keff (b) in [CoFe (tCoFe)/Pd (tPd)]6 multilayer samples as a function of the 

thickness of CoFe sublayer (tCoFe) ranging from 0.25 nm to 0.5 nm and the thickness of Pd 

sublayer (tPd) ranging from 1 nm to 2 nm, respectively. 

Figure 4-5 (a), (b) illustrate the variation of Ms and Keff in the [(CoFe(tCoFe)/ 

Pd(tPd)]6 multilayers with tCoFe and tPd. The minimum value of Ms is achieved at tCoFe = 

0.25 nm and tPd = 2nm. On the other hand, the maximum Keff is obtained when tCoFe = 

0.4 nm and tPd = 1.2 nm. When tCoFe > 0.4 nm, the shape anisotropy caused by the 

CoFe sublayers would enhance the IMA and reduce the interfacial anisotropy induced 

PMA. Thus, PMA starts to decrease with tCoFe increases beyond 0.4 nm. When tCoFe < 

0.4 nm, the total magnetic moment of CoFe magnetic layers is reduced with 

decreasing tCoFe, which would cause a decrease in Keff. Therefore, when tCoFe = 0.4 nm 
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and tPd = 1.2 nm, Keff achieves a maximum value. In addition, Ms = 194 emu/cc with 

tCoFe = 0.4 nm and tPd = 1.2 nm, which is still smaller than other Co-based multilayers, 

such as Co/Ni multilayers (660 emu/cc) [25], Co/Pt multilayers (~900 emu/cc) [131] 

and perpendicular magnetized CoFeB/MgO films (1200 emu/cc) [171].  

 

Fig. 4-6 Ms (a) and Keff (b) of [CoFe (0.4 nm)/Pd (1.2 nm)]n multilayers as a function of n ranging 

from 4 to 20. 

The [CoFe (0.4 nm)/Pd (1.2 nm)]n multilayers with n ranging from 4 to 20 were 

deposited to study the effect of n on PMA. Figure 4-6 (a) and (b) show Ms and Keff of 

[CoFe (0.4 nm)/Pd (1.2 nm)]n multilayers as a function of n. It is noted that both Ms 

and Keff gradually increase to their respective maximum values of 228 emu/cc and 

2.81×10
6
 erg/cc, respectively as n increases from 5 to 15 and then decrease with 

further increasing n. It is found that PMA is well established in [CoFe (0.4 nm)/Pd 

(1.2 nm)]n multilayers films with n ≥ 4. According to the results shown in Fig. 4-6, the 

value of Ms changes slightly as n varies from 6 to 18, whereas the value of Keff 

changes dramatically with n in the range of 6 to 18. The [CoFe (0.4 nm)/Pd (1.2 

nm)]15 sample exhibits the maximum value of Keff, which is more favorable to reduce 
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the DW width and increase the efficiency for current induced DW motion. Therefore, 

the experimental results of the current induced DW motion for the nanowires 

patterned on [CoFe (0.4 nm)/Pd (1.2 nm)]15 films shall be discussed later. 

4.3  Micro-magnetic simulations of domain structure  

In order to further understand the magnetic anisotropy in our samples, 

micro-magnetic simulations of domain structure for out-of-plane and in-plane 

induction components were performed under help of Prof. Michael R. Scheinfein 

(Arizona State University in Tempe, Arizona). Figure 4-7 illustrates a typical picture 

of simulated domain pattern in the CoFe/Pd multilayer with tPd = 1.0 nm at 

demagnetized state. A stripe-like domain structure is observed in the CoFe/Pd 

multilayer sample with a well-defined period of about 400 nm. This result is similar to 

the PMA FePd film previously reported [173], The 400 nm is almost the size of 

magnetic domains in some Co based PMA multilayers [174]. For the stripe domains, 

it is significant to consider the quality factor Q, which can be described by the 

equation [174]:
 

2

0

2 u

s

K
Q

M
                            (4.4) 

In our CoFe/Pd multilayers, the Q factor varies from 3.5 to 7.6. This indicates the 

anisotropy energy term is dominant to form a sharply defined domain state as shown 

in Fig. 4-7 (a). Previous reports [173, 175] show that the Bloch-type domain walls 

extend right up the surface of the films with a weak Néel caps in similar size of the 
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Bloch walls. It can be found that PMA in the domains is obviously visible via the 

blue-red color whilst the Néel caps are visualized as the in-plane components located 

at the domain walls as shown in Fig. 4-7 (b).  

 

Fig. 4-7 Simulated domain pattern in the CoFe/Pd multilayer with a spacing thickness of 1.0 nm: 

(a) out-of-plane induction component and (b) in-plane induction components. 

4.4  Spin polarization and electronic structure of CoFe/Pd 

multilayers  

In this section, we discuss the spin polarization and electronic structure of the 

films measured by XAS and XMCD. Figure 4-8 (a) and (b) shows the XAS and 

XMCD at Fe L3,2 (i.e. Fe 2p  Fe 3d transitions) and Co L3,2 edges (i.e. Co 2p  Co 

3d transitions). The transitions are sensitive to spin polarization and electronic 

structure at the Co 3d and the Fe 3d bands because of dipole selection rule. Due to the 

strong core hole spin-orbit coupling, XAS at Co L3,2 edges show two main peaks, at 

~778 eV for L3 and ~794 eV for L2, while XAS at Fe L3,2 edges shows two strong 

peaks, at ~708 eV for L3 and ~721 eV for L2 in the CoFe layers. A typical XAS (using 

circular polarized light with different direction of magnetic field with respect to the 

normal surface of sample) and XMCD on CoFe layers of the multilayer film with tPd 
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= 1.0 nm are shown in Fig. 4-8 (a) and (b). A magnetic field H of ±10 kOe is applied 

perpendicular to the plane of the film and the XMCD signal is derived by subtracting 

two XAS signals at the opposite directions of H, which are known as positive and 

negative fields. 

 
Fig. 4-8 (a,b) X-ray absorption (XAS) and X-ray magnetic circular dichroism (XMCD) spectra of 

the Fe and Co atoms in the CoFe/Pd multilayer with a spacing thickness of 1.0 nm. (c,d) XAS and 

XMCD spectra of the Fe and Co atoms in referenced Fe and Co films, respectively. (e) The spin 

magnetic moment (μs) and (f) orbital magnetic moment (μL) of Fe and Co atoms as a function of 

Pd sublayer thickness in the CoFe/Pd multilayers derived from XMCD spectra. (g) Spin magnetic 

moment, orbital moment and total magnetic moment of Fe70Co30 composition as a function of Pd 

sublayer thickness in the CoFe/Pd multilayers. 
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We have grown Co and Fe films (~200 nm thick) and used them as reference 

samples to calibrate and compare XAS and XMCD signals as shown in Fig. 4-8 (c) 

and (d). In the XMCD signal, strong ferromagnetic properties in the films are 

observed, which can be referred as two well-defined peaks at both edges, L3 and L2 of 

Co and Fe. This is a strong evidence that the intrinsic ferromagnetism in our CoFe/Pd 

multilayers essentially comes from the Co 3d and Fe 3d states. The normalized peak 

in the XAS signal of the CoFe/Pd multilayer films is the signal (μ+-μ-) with pink 

dotted line in Fig. 4-8 (a,b), which corresponds to the intensity of 0.4 for Co and Fe in 

the CoFe/Pd multilayer. The normalized peak in the XAS signal of Fe and Co atoms 

in referenced Fe and Co films is the signal (μ+-μ-) with green solid line in Fig. 4-8 

(c,d), which corresponds to the intensity of 0.2 for Co and Fe. The intensity 

enhancement is around two times for Co and Fe in the CoFe/Pd multilayer. This result 

indicates the strong ferromagnetic interaction between Co-Fe ions in the CoFe lattice. 

This is well-known as the origin of the high magnetic moment in the Co-Fe alloy 

system [176].  

One of great advantages of XMCD data is its capability to reveal the spin and 

orbital magnetic moments [177]. By applying the X-ray MCD sum rule [178, 179], 

we have estimated spin magnetic moment (S) and orbital magnetic moment (L) 

based on the following equations: 
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where n3d is the 3d electron occupation number, <Tz> is the expectation value of 

magnetic dipole operator, <S > is equal to half of the mspin in Hartree atomic units, θ is 

photon incident angle which is 0
o
, and CPD is circular polarization degree which is 

0.8. Based on band structure calculations [180], the <Tz>/<Sz> is negligible. From the 

elementary magnetic moments of Co and Fe atoms, magnetic moments of the 

Co70Fe30 composition in the CoFe/Pd multilayers are calculated by combining those 

of Co and Fe. The results are shown in Fig. 4-8 (e) - (g). 

By normalizing the spin magnetic moment of the CoFe/Pd multilayer films to the 

reference Co and Fe films, the spin polarization in the CoFe/Pd multilayer films can 

be estimated. It is assumed that the spin polarization of Fe is 43% [181]. Then, the 

spin polarization in the studied CoFe/Pd-based multilayers can be qualitatively 

evaluated to be ~60%, and slightly larger than the spin polarization of the Co-based 

multilayers (e.g. 56% in Pt/Co multilayer) [182].
  

Interestingly, the spin magnetic moment and total magnetic moment apparently 

decrease by varying the Pd spacing thickness as shown in Fig. 4-8 (e) and (g). This is 

in good agreement with our AGM result as shown in Fig 4-4. In view of the fact that 

when the thickness of the CoFe magnetic layers is fixed, the decrease in the spin 

magnetic moment and total magnetic moment can be assigned to the contribution of 

the interfacial magnetic moment of the CoFe/Pd interfaces, which varies with Pd 

thickness. This is consistent with the XAS and XMCD results of the Co/Pd 



80 

 

multilayers described above. The magnetic properties were considered to be partially 

contributed from the hybridization between Pd 4d and Co 3d electrons. The Pd atoms 

located further away from the CoFe/Pd interface should experience less hybridization 

and hence less magnetic moment than the Pd atoms located near the interface. If the 

additional Pd layers are not hybridized as strongly as those at the interface, it will 

cause the averaged magnetic moment to decrease with increasing Pd thickness [183]. 

It is noted that XAS and XMCD technique used here is one of the powerful tools to 

investigate the interfacial properties of the multilayer films. 

4.5  Room temperature measurement of domain wall motion   

The nanowire with a pattern of 30 μm-long and 300 nm-wide was fabricated on 

the film with the stack structure of Ta(3)/Pd(3)/[CoFe(0.4)/Pd(1.2)]15/Ta(3) (unit in 

nm) by electron beam lithography and Ar ion-milling. The 300-nm width of nanowire 

is chosen because the single DW can be formed in the 300-nm-width nanowires as 

shown by the MFM image in Fig. 4-9.  

 
Fig. 4-9 The MFM image showing a single DW is formed at the 300nm-width (CoFe/Pd)15 

nanowires. 
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The nanowire structure was then modified with a triangular contact pad and one 

Hall cross with a width of 300 nm for magnetotransport measurements. The Au 

electrodes with thickness of 40 nm were deposited on the contact pad and then wired 

to inject the driving current into the nanowire. The DW motion in the nanowire was 

detected by means of anomalous Hall effect (AHE) and all measurements were 

performed at room temperature. 

 

Fig. 4-10 The micrograph of the nanowire device with a width of 300 nm and a schematic diagram 

of the experimental setup. The Lables 1 to 4 are used to indicate four electrodes, which are 

connected to the nanowire to detect DW motion through the Hall effect. 

Figure 4-10 shows a micrograph of the nanowire device and a schematic diagram 

of the experimental setup for DW motion measurement. In order to create a single 

DW in the nanowire, the device was first saturated in one direction using a large 

positive magnetic field (4000 Oe). The DW was then created in the nanowire using 
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the local Oersted field generated by applying a large pulsed current from the current 

source B through the electrode A.  

After the single DW was nucleated and pinned at the joint between the triangular 

contact pad and nanowire, a continuous sine-wave current iac from the current source 

A was injected into the nanowire in order to measure the Hall resistance. It was found 

that the amplitude of iac = 10 μA with a density in the order of ~ 10
8
A/m

2
 was too 

small to drive the DW motion. Next, a pulsed current from the pulse generator 

together with iac were injected into the nanowire to drive DW motion under H. The 

duty cycle and the pulse width (tp) of the pulse current were fixed at 1/1000 and 5μs, 

respectively. After each pulse, the lock-in amplifier, which was locked to the 

frequency of iac, was used to measure the Hall-effect resistance (RHall) and detect the 

DW motion at the Hall cross. The DW velocity is defined as the distance from the 

electrode to Hall cross (30 μm) divided by the integrated time of current pulses until 

the switching of RHall was observed. 

4.6  Current induced DW motion at room temperature 

Figure 4-11 (a) shows the normalized Hall resistance hysteresis loops (RH-H) of 

the CoFe/Pd multilayer nanowire with a width of 300 nm under a sweeping magnetic 

field (between -1200 Oe and 1200 Oe) perpendicular to the film plane (solid square 

symbol). The CoFe/Pd multilayer stack structure was Si/SiO2/Ta(3)/Pd(3)/[CoFe(0.4)/ 

Pd(1.2)]15/Ta(3) (unit in nm). The loop presents a sharp magnetization reversal 
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behavior and clear squareness, indicating that the magnetization easy-axis is 

perpendicular to the plane of film and the nanowire has a PMA feature.  

In order to determine the Hdep, which is the field required to depin the DW from 

the pinning site [133], the field-switching experiment with DW was conducted as 

follows. First, DW injection process mentioned above was applied to create and pin 

the DW in the nanowire as shown by the MFM image in Fig. 4-11 (b). The RHall was 

then measured with sweeping H from 0 to -1200 Oe in order to detect the DW motion 

only under the effect of H. As shown in Fig. 4-11 (a), when the amplitude of H is 

increased to 755 Oe, the sharp switching of RHall is observed (solid cycle symbol). We 

have measured the field-switching experiment 10 times for both positive and negative 

magnetic field directions and the switching field of 755 ± 1.6 Oe is derived and fixed 

for both directions. The result indicates that the required H for the DW overcomes the 

pinning strength and moves freely along the nanowire is Hdep = 755 ± 1.6 Oe.  

 
Fig. 4-11 (a) Normalized Hall resistance hysteresis loops (RH-H) of (CoFe/Pd)15 multilayer 

nanowire with a width of 300 nm under a sweeping magnetic field perpendicular to the film plane 

without the driving pulse current (solid square symbol); The variation of RHall under the magnetic 

field H sweeping from 0 to -1200 Oe for the nanowire after DW injection process (solid cycle 

symbol); (b) The MFM image shows that the DW was formed by local Oersted field of the 

injected pulse current at the end of the nanowire. 
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In addition, the Hdep is identical with the previous switching field for RH-H loop 

of the nanowire (solid line with solid square symbol in Fig. 4-11 (a)). This can be 

explained as follows. When H is swept from 1200 Oe to negative field, the nucleation 

spots and DWs are easily form in the pad prior to the appearance in the wire area due 

to the shape anisotropy [147, 184] and the nucleation field is smaller than Hdep. As H 

is further increased to Hdep, the nucleated DWs in the pad depin from the pinning sites 

and propagate across the entire nanowire. Therefore, the switching field of RH-H loop 

is the same as Hdep.     

In order to study the effect of the spin polarized current on the DW motion after 

DW injection, the RHall as a function of number of driving current pulses under fixed 

bias magnetic field of 750 Oe (< Hdep of 755 Oe) are monitored. Figure 4-12 shows 

the normalized RHall as a function of the integrated pulse duration (t) with different 

current densities and polarities under H = 750 Oe (t = tp × pulse number). The positive 

and negative signs of current density denote the current directions are along and 

opposite to the DW motion direction (from the electrode A to the Hall cross), 

respectively. The sudden jump of RHall as shown in Fig. 4-12 indicates that the spin 

polarized current facilitates the single DW to depin from the pinning site and drive the 

DW to move along the nanowire and passes through the Hall cross with H = 750 Oe. 

The switching of RHall can only be observed with negative injected current densities. 

The result indicates that the DW moves in the direction of electrons flow. In addition, 

it is evident that the switching time for RHall decreases with increasing current density. 

This demonstrates that the DW velocity is enhanced by the driving current, which will 
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be discussed later.  

 

Fig. 4-12 The RHall as a function of integrated pulse duration t with the different current densities 

for both current polarities under H = 750 Oe when the multiple pulsed current with tp=5μs was 

injected into the nanowire ( t= tp× pulse number). The value of the driving current is ranged from 

1.4×10
11

 A/m
2
 to 6.4×10

11
 A/m

2
. The "+"and "-" symbols mean that the DW is in the same or 

opposite direction to the current direction, respectively. 

Figure 4-13 (a) shows the dependence of the averaged DW velocity (v) on driving 

current density (J) measured under H of 750 Oe. It can be found that the v increases 

from 2 μm/s when J = 1.4×10
11

 A/m
2
 to the maximum value of 0.3 m/s with J = 

6.4×10
11

 A/m
2
. In addition, it is found that when J is below 1.4×10

11
 A/m

2
, such as J 

= 1.3×10
11

 A/m
2
, v = 0. This suggests that the DW would not move towards the Hall 

cross because the effective field generated by both applied pulse current and H are not 

high enough to depin the DW. We therefore define the threshold current density (Jth) 

as the lowest value of the spin current density to be sufficient to depin the DW from 

the pinning site and drive the DW to move along the nanowire [184]. Thus Jth = 
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1.4×10
11

 A/m
2
 under H = 750 Oe for current induced DW motion in (CoFe/Pd)15 

multilayer nanowires.  

 
Fig. 4-13 (a) The averaged DW velocity as a function of driving current densities (J) ranging from 

1.3×10
11

 A/m
2
 to 6.4×10

11
 A/m

2 under H of 750 Oe. (b) Jth as a function of magnetic field H. Each 

data point is the average value of 10 measurements at each current density and magnetic field. The 

error bars denote the standard deviation of the mean value. 

Figure 4-13 (b) shows the variation of Jth as a function of H. It is found that the Jth 

decreases linearly with H indicating the spin polarized current produces a field-like 

effect to assist DW depinning. It is noticed that an even higher Jth (~ 7×10
11

 A/m
2
) is 

required for the DW depinning as H is further decreased below 700 Oe. Thus we only 

show the data for H > 700 Oe since such a high current would burn out the device 

easily due to the overloading of Joule heating. In order to quantitatively extract the 

value of spin-torque efficiency, the current-field equivalence model [133] is used. In 

this approach, the spin-torque efficiency ɛ can be obtained from the slope of the linear 

dependence of H on Jth (         ) [40]. A value of ɛ = (1.12 ± 0.06) ×10
-14

 T 

m
2
/A is derived from Fig. 4-13 (b). If only the non-adiabatic STT effect is dominated 
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for the DW motion in CoFe/Pd multilayers, a high value of nonadiabatic efficient β = 

0.42 ± 0.02 can be deduced from the formula [133]   
    

    λ
 , which is higher than it 

is commonly found in other Co-based multilayers, for example β = 0.35 in Co/Pt 

multilayer film [40]. However, it is known that Ta can generate a strong spin Hall 

effect (SHE) in some multilayer systems [78, 84]. In the present work, the ultrathin 

CoFe/Pd multilayer is sandwiched between the top and bottom Ta interfaces and the 

thickness of top and bottom Ta layers are identical (3 nm). Although the SHE-driven 

spin torques generated from the top and bottom Ta layers are in opposite directions, 

the SHE from Ta can not be easily canceled out. Therefore the spin orbit torque (SOT) 

generated by the SHE in the Ta(3)/Pd(3)/[CoFe(0.4)/Pd(1.2)]15/Ta(3) sample will be 

quantified in the following section. 

4.7  Spin orbit torque (SOT) effect on DW motion 

In order to quantify the SOT separately, the harmonic Hall voltage measurement 

with planar Hall effect correction [140, 141, 185-188] are performed for obtaining the 

first harmonic (Vω) and the second harmonic (V2ω) Hall voltages. We defined the 

longitudinal (transverse) direction as the direction along (transverse to) the applied 

current as shown in Fig. 4-14. 

An AC current produces a periodic torque on the magnetized films and causes the 

z-component of the magnetization (Mz) to change at the driving frequency (ω) [187]. 

The Vω and V2ω are measured with the sweeping external magnetic field along the 

longitudinal (HL) or the transverse (HT) direction. The effective fields with planar Hall 
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effect correction along the HL and HT directions can be obtained from the measured 

Vω and V2ω based on the following expression[186, 188]:  

                 
2

)L(T)T(L

)T(L
4-1

B2B
2H




 ,                   (4.7) 

where                  

L(T) // H

2

2
)T(L

HH
B








  VV

 .                   (4.8) 

The ξ is defined as the ratio of the planar Hall and anomalous Hall resistance 

(ΔRP/ΔRA), and the   sign corresponds to the direction of the out-of-plane 

magnetization (  Mz).  

 

Fig. 4-14 Schematic of experimental setup for measuring the spin-orbit-torque effective fields in 

both of the longitudinal (HL) and the transverse (HT) directions.  

We performed the measurements at a fixed frequency f = 133.369 Hz and in the 

in-plane magnetic field of  40 mT. Eq. (4.7) is derived based on the anomalous Hall 

effect (AHE) and planar Hall effect (PHE) for out-of-plane magnetization system. HT 

or HL varies from -40 mT to 40 mT. Figure 4-15 (a) and (b) show the variations of Vω 

and V2ω as functions of HL at a current density J = 3 × 10
11

 A/m
2 

for 

Ta(3)/Pd(3)/[CoFe(0.4)/Pd(1.2)]15/Ta(3) (unit in nm) sample, measured both for  Mz. 

Figure 4-15 (c) and (d) show the corresponding data for HT. 
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Fig. 4-15 The variation of first harmonic, Vω (a, c) and second harmonic, V2ω (b, d) Hall voltage as 

a function of the sweeping magnetic field along either the longitudinal, HL (a, b) or the transverse, 

HT (c, d), direction for the Ta(3)/Pd(3)/(CoFe/Pd)15/Ta(3) sample (unit in nm) under J = 3 × 10
11

 

A/m
2
. 

In order to evaluate ξ value, we performed the planar Hall effect (PHE) correction 

measurement. Both of the anomalous Hall effect (AHE) and planar Hall effect (PHE) 

contribute to the spin-orbit torques (SOTs) in the harmonic Hall voltage 

measurements [140, 186, 187]. Therefore we need to evaluate the AHE and PHE 

contributions and add the PHE correction to the harmonic Hall SOT measurements.    

The ΔRP and ΔRA are defined as AHE and PHE resistance, respectively. The 

measured transverse Hall resistance RXY can be expressed [186, 187] as  

                 2s i ns i n
2

1
c o s

2

1 2

PAXY RRR                (4.9) 

where the first and second terms are AHE and PHE contributions, respectively. It can 

be found that when φ = 0°,  
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AXY RR                                (4.10) 

when φ = 45°, 

                    245 sin
2

1
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2

1
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We define  
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Therefore, we obtain  
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
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
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Figure 4-16 (b) shows the plot ΔPXY as a function of 1- PXY
2
 using the data in Fig. 

4-16 (a). From Fig. 4-16 (b), the slope gives ΔRP/ΔRA = ξ = 0.32. The same 

measurement is performed for Ta(3)/Pd(3)/(CoFe/Pd) 15/Ta(3) sample and ξ ~ 0.32 is 

also obtained. In this case, the PHE correction cannot be ignored and should be taken 

into consideration.  
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Fig. 4-16 (a) The dependence of Hall resistance RXY on the in-plane magnetic field (H) oriented at 

φ = 0° and φ = 45° for Ta(3)/Pd(3)/(CoFe/Pd)8/CoFe/Ru/Pd/(CoFe/Pd)9/Ta(3) sample; (b) The 

dependence of ΔPXY on 1- PXY
2
. 

By using Eq. (4.7), we obtain the ΔHL and ΔHT under different charge current 

density (J) with a planar correction. Figure 4-17 (a) and (b) show the variation of ΔHL 

and ΔHT as function of J for Ta(3)/Pd(3)/(CoFe/Pd)15/Ta(3) sample, respectively. The 

dependence of ΔHL and ΔHT on J can be used to evaluate the SOT.    

 

Fig. 4-17 (a) ΔHL and (b) ΔHT of the Ta(3)/Pd(3)/(CoFe/Pd)15/Ta(3) samples, after planar Hall 

effect correction with different charge current density (J). 

It is found that The magnitude of ΔHL and ΔHT increase linearly with J. We 

define the longitudinal (βL) and transverse (βT) SOT efficiencies [185, 188] as βL(T) 
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=ΔHL(T)/J and the βL(T) values can be obtained from the slope. The βL (24 Oe cm
2
/10

7
 

A) is around 5 times larger than the βT (5 Oe cm
2
/10

7
 A), the damping-like torque 

arisen by the spin current from Ta layer should be the main source of the SOT in the 

CoFe/Pd multilayers [78]. In addition, these results indicate that although the 

thickness of top and bottom Ta layers is identical (3 nm), the top and bottom Ta layers 

generate non-identical SOTs on the CoFe/Pd multilayers. The effective spin Hall 

angle θSH is calculated from HL using the formula [189] )t2/(H FSHL seMJ , with 

tF is the ferromagnetic film thickness, e is the electron charge, and   is the Planck 

constant. The effective θSH = 0.02 is derived. Although the effective θSH in our 

CoFe/Pd multilayers is smaller than other reported Ta layer (θSH ~ 0.12) [78], the SOT 

generated by Ta layer also can promote the DW motion in the direction with electrons 

flow [75, 78]. Therefore, the combination of the SOT generated by Ta layer and the 

non-adiabatic STT torque is benefit to drive the DW motion and cause the 

enhancement of the spin-torque efficiency.         

4.8  Summary 

In summary, the Co70Fe30/Pd multilayers with strong perpendicular magnetic 

anisotropy and magnetic properties with variations of tCoFe, tPd and repeated number n 

have been investigated. A small Ms value as low as 217 emu/cc and a maximum Keff 

as large as 2.81×10
6
 erg/cc are obtained when tCoFe = 0.4 nm, tPd = 1.2 nm and n = 15. 

This high Keff is beneficial to form narrow DW width, which can increase the capacity 

for data storage. By using XAS and XMCD measurements, spin polarization is 



93 

 

observed and estimated up to 60% in the thin CoFe/Pd multilayer films. Furthermore, 

the XAS and XMCD spectra reveal that the modification of electronic structure of 

CoFe/Pd interfacial magnetic moments by changing the Pd sublayer thickness 

contributes to the magnetic properties of the films. The motion of DWs manipulated 

by current with Jth = 1.4×10
11

 A/m
2
 under H of 750 Oe has been observed in the 

CoFe/Pd multilayer nanowire at room temperature measurement. The depinning 

experiments show the spin-torque term works as an effective field with J, which 

indicates the non-adiabatic torque has the effect on the DW motion. In addition, a θSH 

= 0.02 is obtained in the CoFe/Pd multilayer nanowires show that the combination of 

the SOT and the non-adiabatic STT torque is the main contribution to the motion of 

the DW.  
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Chapter 5  Monatomic (Co70Fe30/Pd)n superlattice-like film 

and its application for DW motion 

In chapter 4, we observe a threshold current density Jth = 1.4×10
11

 A/m
2
 under H 

= 750 Oe and a maximum DW velocity v = 0.3 m/s with J = 6.4×10
11

 A/m
2
 due to the 

high depinning field Hdep =755 Oe. However, these values of Jth and v are difficult to 

be used for commercial applications. In addition, the Pd-based multilayer suffers from 

PMA instability when the post-process temperature is above 300 
o
C due to Pd 

diffusion. It has been reported that the PMA of Co-based multilayers disappears when 

the post-annealing temperature (Tpa) is increased beyond 300 °C due to the 

intermixing of atoms at the interfaces of multilayers [190, 191]. This will suppress the 

stability of the nanowire device for long-time usage [192]. Therefore, the study of 

ultrathin films with large PMA, small Hdep and high temperature stability is important 

for the application of DW motion. In addition, the relatively high spin polarization (P 

~ 60%), which is favorable to reduce the threshold current density for DW motion 

[34], is observed in CoFe/Pd multilayers. Moreover, the noble metal Pd used in the 

multilayers can improve the magnetic property of films because of longer 

spin-diffusion length compared with Pt [193, 194].  

In this chapter, we show that a high PMA can be achieved in CoFe/Pd 

superlattice-like multilayers with total thickness as low as 1.5 nm using CoFe and Pd 

sublayers at monatomic layered thicknesses owing to the formation of an ordered 

superlattice-like structure [192, 195]. The superlattice-like structure can suppress the 
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interface intermixing and lead to small Hdep for DW motion. In addition, high 

temperature stability up to 350 ℃ is also demonstrated in these multilayers. The high 

thermal stability of superlattice-like structure films can enhance the stability of the 

device for long-time usage [192]. All these properties indicate that the ultrathin 

CoFe/Pd multilayer with alternative CoFe and Pd monatomic layers is a potential 

material for racetrack memory devices. 

We have also investigated the current-induced DW motion under small magnetic 

field H and systematically studied the DW velocity dependence on H and current 

density in monoatomic (CoFe/Pd) multilayer nanowires to disclose the nature of DW 

motion. A small Hdep and low Jth are observed. The nonadiabatic spin transfer torque 

is proposed to be a dominant factor for the current-induced DW motion in ultrathin 

[CoFe/Pd]n multilayer. 

5.1  Deposition conditions and magnetic characterization 

methods 

The samples were grown on thermally oxidized Si (100) substrates using dc 

magnetron sputtering in an ultrahigh vacuum chamber with base pressure lower than 

5.0×10
-9

 Torr at room temperature. All samples were deposited at a constant Ar 

pressure of 1.5 mTorr. Two series of experiments were conducted by alternating the 

thickness of CoFe monolayer (tCoFe) and Pd monolayer (tPd) and then the number of 

(Co70Fe30/Pd)n bilayers (n) in due succession. The first set of experiment was 

designed to investigate the effects of the respective monolayer thickness on PMA. 
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The tCoFe was varied from 0.12 to 0.26 nm and tPd was varied from 0.16 to 0.28 nm. 

The second set of experiment was carried out to examine the effects of the repeat 

number of bilayer on PMA. The stack structure was Si/SiO2/Ta(3)/Pd(3)/[CoFe(0.16)/ 

Pd(0.22)]n/Ta(3), where n is ranged from 3 to 30. All the number in bracket is the 

thickness of the layer with unit in nanometer. The thickness of CoFe and Pd 

monatomic layers were fixed at 0.16 nm and 0.22 nm, respectively. These thickness 

values were derived from the interplanar spacing of (111) plane of bulk Co70Fe30 and 

Pd crystal [196, 197]. For comparison, a series of Co70Fe30-Pd alloy samples with 

quantities of CoFe and Pd and the total thickness equivalent to that in the (CoFe/Pd)n 

multilayers were prepared by co-sputtering CoFe and Pd targets. The Ta(3)/Pd(3) was 

applied as a seed layer and Ta(3) was used as a capping layer to avoid oxidation [198]. 

The effective anisotropy (Keff) was obtained by integrating the area involved between 

the M-H loops measured in both directions. The Keff is determined [199] as  

                   
                (5.1) 

where Hk is the anisotropy field which the hard axis and easy axis M-H loops 

superposed, Ku is the intrinsic anisotropy and the term     
  is the demagnetization 

energy density. The Keff can also be written [200] as 

     
  

 
     

                         (5.2) 

where t is the total thickness of CoFe layer, Ki and Kv denote the interfacial and 

volume anisotropy energy densities, respectively. Generally, the       is linearly 

dependent on t. The value of Ki can be derived from the intercept of the y axis. The 
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crystal structures of (Co70Fe30/Pd)n multilayers and Co70Fe30-Pd alloy films were 

characterized by TEM and XRD. The surface morphology was measured using AFM. 

The nanowire with a pattern of 40 μm-long and 300 nm-wide was fabricated on 

the monoatomic (CoFe/Pd) multilayer films by electron beam lithography and Ar 

ion-milling. The nanowire structure was then modified with a triangular contact pad 

and one Hall cross with a width of 300 nm for magnetotransport measurements. The 

Au electrodes with thickness of 40 nm were deposited on the contact pad and then 

wired to inject the driving current into the nanowire. The DW motion in the nanowire 

was detected by means of anomalous Hall effect (AHE) and all measurements were 

performed at room temperature as mentioned in the previous chapter. 

5.2  Characterization of monatomic (Co70Fe30/Pd)n superlattice- 

like film 

5.2.1  Magnetic properties of ultrathin (CoFe/Pd)n multilayers 

dependent on the thickness of CoFe and Pd sublayers 

Figure 5-1 (a) shows the magnetic hysteresis loops of co-sputtered CoFe-Pd alloy 

film with composition and thickness equivalent to that in the [CoFe (0.16 nm)/Pd 

(0.22 nm)]10 multilayer in the as-deposited state. It is clearly observed that the 

in-plane loop has an easy-axis behavior whereas the out-of-plane loop displays a 

hard-axis behavior. Figure 5-1 (b) depicts the magnetization hysteresis (M-H) loops 

for the [CoFe (0.16)/Pd (0.22)]10 multilayer with well-developed PMA property in the 

as-deposited state. Figure 5-2 shows the enlarged portion of the loops measured under 
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magnetic field (H) applied along the in-plane and out-of-plane directions. The 

in-plane M-H loop exhibits nearly linear variation of M with H below the saturation 

field. The loops measured with out-of-plane field show sharp magnetization reversal 

behavior and squareness with a remanence Mr nearly equals to Ms, indicating the easy 

axis is perpendicular to the plane.  

 

Fig. 5-1 Magnetic hysteresis (M–H) loops of (a) co-sputtered CoFe-Pd alloy films with the 

equivalent composition as [CoFe (0.16 nm)/Pd (0.22 nm)]10 multilayer and (b) [(CoFe (0.16 

nm)/Pd (0.22 nm)]10 multilayers. The symbol ∥ and  indicates the loops measured with 

magnetic field (H) in the plane of sample film and out of plane of the sample film, respectively. 

To examine the temperature stability, the M–H loops of [(CoFe(0.16)/Pd (0.22)]10 

multilayers annealed at 350 ℃ for 1 hour are also shown in Fig. 5-2. It is found that 

the PMA remained unchanged after post-annealing temperature (Tpa) up to 350 ℃. 

This result is in contrast to the previous report of [CoFe/Pd] based multilayer, where 

the PMA of CoFe/Pd multilayers with thicker Pd sublayer (>1 nm) degraded when 

Tpa >300 °C due to Pd diffusion [201]. We infer that the interface diffusion is 
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suppressed and the post-annealing stability of our ultrathin [(CoFe(0.16)/Pd (0.22)]10 

film is attributed to the formation of an ordered superlattice-like structure [192, 202]. 

The ultrathin multilayer film can be considered to be an artificial superlattice-like 

structure since the thicknesses of the CoFe and Pd layers are monatomic. 

 
Fig. 5-2 The enlarged M–H loops of [(CoFe (0.16 nm)/Pd (0.22 nm)]10 multilayers in the 

as-deposited state (solid lines) and annealed at 350 °C for 1 hour (dotted lines) at small fields. 

The microstructure of the ultrathin [CoFe (0.16)/Pd (0.22)]10 films with high 

PMA were further studied by TEM to investigate the ordered superlattice-like 

structure. Figure 5-3 (a) and (b) reveal the cross sectional images with selective area 

electron diffraction (SAED) of [CoFe(0.16)/Pd (0.22)]10 film and co-sputtered 

CoFe-Pd alloy film with equivalent composition as CoFe/Pd multilayer deposited on 

the Ta/Pd seed layers, respectively. The d-spacing of Pd (111) obtained is ~0.223 nm 

for both of the Pd seed layers in two different cases. This means that the Pd seed 

layers have the same fcc (111) structure for both of the cases. For CoFe/Pd multilayer 

sample, fcc phases were formed in both ultrathin CoFe/Pd multilayer and Pd seed 

layer. The ultrathin film was deposited epitaxially on the Pd (111) seed layer, 
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resulting in a high-quality crystal structure, thus contributing to the strong PMA [21]. 

The d-spacing of Pd (111) obtained is ~0.223 nm, which is consistent with the result 

measured by XRD (to be discussed later). On the other hand, stacking faults were 

observed in the fcc phase of the CoFe-Pd alloy film. The poor crystallity would lead 

to a reduced Keff and cause the formation of an in-plane easy axis in the CoFe-Pd alloy 

films [203]. It is difficult to observe the exact superlattice-like microstructure of 

ultrathin CoFe/Pd multilayers using TEM due to the limit of resolution. However, the 

PMA can be maintained with the post-annealing temperature up to 350 ℃ and 

maximum Keff are achieved when thickness of CoFe (0.16 nm) and Pd (0.22 nm) 

sublayers are monatomic from the AGFM result indirect an ordered structure may 

exist in the CoFe/Pd multilayers with alternative Pd and CoFe monatomic layers, 

which will be discussed detailly in the following part.  

 
Fig. 5-3 The cross-sectional TEM images with selective area electron diffraction (SAED) of (a) 

Ta(3 nm)/Pd(3 nm)/[CoFe (0.16nm)/Pd (0.22nm)]10/Ta(3 nm) multilayer sample and (b)Ta(3 

nm)/Pd(3 nm)/equivalent composition of co-sputtered CoFe-Pd alloy /Ta(3 nm) film sample. 
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To further clarify the contribution of superlattice-like structure to the 

enhancement of PMA, Keff and Ms of CoFe/Pd multilayers in the as-deposited state 

with different thickness of Pd and CoFe sublayers as well as different repeated 

number n were measured. Firstly, the number of CoFe/Pd multilayers was fixed at n = 

10, while the thickness of respective CoFe sublayers and Pd sublayers were varied to 

investigate the variation of PMA among these fabricated multilayer samples.  

 

Fig. 5-4 Ms (a) and Keff (c) in [CoFe (tCoFe)/Pd (0.22 nm)]10 multilayer samples as a function of the 

thickness of CoFe monolayer (tCoFe) ranging from 0.12 nm to 0.26 nm, respectively. The Ms (b) 

and Keff (d) in [CoFe (0.16 nm)/Pd (tPd)]10 multilayer samples as a function of the thickness of Pd 

monolayer (tPd) ranging from 0.16 to 0.28 nm. (e) The Keff tCoFe in [CoFe (tCoFe)/Pd (0.22 nm)]10 

multilayer samples as a function of the total thickness of CoFe (t). (f) Kv in [CoFe (tCoFe)/Pd (0.22 

nm)]10 multilayer samples as a function of the thickness of CoFe monolayer (tCoFe) ranging from 

0.16 nm to 0.26 nm. 
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Figure 5-4 (a) and (c) show the variation of Ms and Keff in the 

[(CoFe(tCoFe)/Pd(0.22)]10 multilayers with tCoFe while Fig. 5-4 (b) and (d) depict the 

variation of Ms and Keff in [(CoFe(0.16)/Pd(tPd)]10 multilayers with tPd. The Ms value 

of [(CoFe(tCoFe)/Pd(0.22)]10 multilayers increases by ~ 10% as tCoFe increases from 

0.12 to 0.22 nm, whereas Ms value of [(CoFe(0.16)/Pd(tPd)]10 multilayers decreases by 

~ 30% as tPd increases from 0.16 to 0.28 nm. The remarkable increase in Ms with 

increasing tCoFe can be ascribed to the contribution of magnetic moment of CoFe, 

whilst the reduced Ms with increasing tPd was caused by the expanded total volume of 

the multilayers due to a larger amount of Pd layers. In both sets of multilayer samples, 

Keff increases with increasing tCoFe (or tPd) to a maximum value and then decreases 

with increasing tCoFe (or tPd) as shown in Fig. 5-4 (c) and (d). The maximum value of 

Keff (2.26×10
6
 erg/cc) is achieved at tCoFe = 0.16 nm and tPd = 0.22 nm, which 

corresponds to the interplanar spacing of Co70Fe30 (111) and Pd (111) planes in the 

bulk samples, respectively. The variation of Keff with tCoFe (or tPd) suggests that the 

highest PMA could be obtained when layer by layer stacking of CoFe and Pd was 

conducted such that each sublayer is exactly monatomic. This result could be 

explained based on the formation of the superlattice-like structure as shown in Fig. 

5-5 (a).  

In Fig. 5-4 (d), a negative value of Keff is observed when tPd is reduced to 0.16 nm, 

indicating an in-plane magnetic anisotropy (IMA) instead of the PMA because of the 

interfacial and crystalline anisotropy are not strong enough to overcome the 

demagnetizing anisotropy. Figure 5-5 (b) shows that when the thickness of CoFe is 
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larger than one monolayer, the redundant CoFe (Pd) adatoms will damage the 

interface structure between the CoFe and Pd sublayer, leading to the reduced PMA 

and Keff . On the other hand, the reason for the decrease of Keff with reducing tCoFe in 

the region of tCoFe < 0.16 nm and tPd in the region of tPd < 0.22nm can be explained as 

follows. When the CoFe (Pd) thickness is less than one monolayer, the bonded CoFe 

(Pd) adatoms are randomly distributed and formed isolated CoFe (Pd) spots in the 

film as shown in Fig. 5-5 (c). Between these spots, the CoFe (Pd) upper layer will 

grow directly onto the CoFe (Pd) bottom layer, which would disrupt the formation of 

CoFe/Pd interface and cause the reduction of PMA.  

 

Fig. 5-5 The schematic diagram model showing the structure of the ultrathin multilayers with Pd 

sublayer thickness is monoatomic and CoFe sublayer thickness is (a) equal to monoatomic (b) 

larger than monoatomic and (c) less than monoatomic. 

Figure 5-6 (a) and (b) show the Keff in the [(CoFe(tCoFe)/Pd(tPd)]10 multilayers as 

functions of post-annealing temperature Tpa and as-deposited state for tCoFe and tPd at 

various thicknesses, respectively. We find that for all the samples except the 

multilayers with CoFe and Pd sublayer thickness being monoatomic, the Keff slightly 

increases as the Tpa increases from 200 ℃ to 300 ℃. Then Keff start to reduce when 

the Tpa is increased up to 350 ℃ and after 400 ℃, PMA almost completely disappear. 

The improved PMA with Tpa up to 300 ℃ can be attributed to the enhanced fcc (111) 



104 

 

texture upon thermal annealing with Tpa > 350 ℃. It would cause excessive interfacial 

diffusion and destroy the PMA [204]. However, for multilayers with CoFe and Pd 

sublayer thickness is monoatomic, the Keff remains almost constant for Tpa ≤ 350 ℃ 

and starts to decrease after 370 ℃. This result confirms the ordered superlattice-like 

structure can suppress the interface diffusion and improve the texture stability with 

increasing Tpa. 

 

Fig. 5-6 Keff as a function of the annealing temperature and the as-deposited state for (a) 

[CoFe(tCoFe)/Pd(0.22 nm)]10 multilayer samples with various tCoFe and (b) [CoFe(0.16 nm)/Pd 

(tPd)]10 multilayer samples with various tPd. 

It would be interesting to evaluate the contribution of the interfacial and volume 

anisotropy using the obtained value of Keff. In this study, it is found that the linear 

relationship can only be obtained with tCoFe beyond one monolayer thickness as shown 

in Fig. 5-4 (e). The Ki is obtained to be 0.40 erg/cm
2
, which is consistent with the 

value reported in Ref [205]. Figure 5-4 (f) shows the variation of Kv in the 

[(CoFe(tCoFe)/Pd(0.22 nm)]10 multilayers with tCoFe calculated using the Eq. (5.2). We 

notice that Kv reached a maximum at tCoFe = 0.16 nm, which is much larger than other 
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Kv with tCoFe ranging from 0.18 to 0.26 nm. The highest Keff observed when the 

thickness of CoFe and Pd is equal to monolayer thickness. This result is in contrast to 

the previous first-principles calculation result [206], in which PMA had a maxima 

when the tCo(Fe):tPd = 1:2 and PMA did not show any maxima at the ratio of 1:1. The 

difference between the experimental and calculation results can be attributed to the 

formation of a superlattice-like CoFe/Pd structure with monolayer thickness, which 

can enhance the PMA.  

The superlattice-like structure may induce another magneto-crystalline anisotropy 

(Kc) contained in the Kv and promote Kv value to Keff [207]. The Kc is estimated to be 

1.41×10
5
 erg/cc according to the Fig. 5-4 (f). The positive value of Kc indicates its 

influence on the enhancement of the PMA. This result confirms that the improvement 

in PMA is closely related to the formation of superlattice-like microstructure with 

monatomic CoFe and Pd sublayers, which agrees well with the report by S. Fukami et 

al [207]. In addition, by comparing with the previous thick CoFe/Pd multilayers 

(tPd>1nm) [46], a larger Keff (2.26×10
6
 erg/cc) and a smaller total thickness of 

CoFe/Pd multilayer (~ 3.8 nm) as well as the post-annealing stability up to 350 ℃ in 

the superlattice-like CoFe/Pd multilayers suggest that the ultrathin CoFe/Pd 

multilayer is a promising candidate to be used as the reference layer in the MTJs. 
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5.2.2  Magnetic properties of ultrathin (CoFe/Pd)n multilayers 

dependent on the repeated number n 

The [CoFe (0.16 nm)/Pd (0.22 nm)]n multilayers with n ranging from 3 to 30 

were deposited to study the effect of n on PMA. It is found that PMA is well 

established in [CoFe (0.16 nm)/Pd (0.22 nm)]n multilayers films with n as small as 4, 

which corresponds to a total thickness of 1.5 nm for the whole multilayers. Heretofore, 

this ultrathin CoFe/Pd multilayers with PMA has not been reported for the CoFe 

based multilayers, in which the PMA can only be observed with the total thickness 

larger than 5 nm [208]. The disappearance of PMA in CoFe/Pd multilayers with n < 4 

is probably attributed to reduced number of interfaces and the formation of magnetic 

dead layers at the multilayer interfaces with the Pd seed layer and the Ta cap layer. 

This reduces the effective thickness of the CoFe/Pd multilayers [209]. Figure 5-7 (a) 

and (b) show Ms and Keff of [CoFe (0.16 nm)/Pd (0.22 nm)]n multilayers as a function 

of n. It is noted that both Ms and Keff gradually increase to their respective maximum 

values of 640 emu/cc and 2.33×10
6
 erg/cc as n increases from 5 to 9 and decrease 

with further increasing n.  

We further investigate the effect of n on PMA characteristics (Ms and Keff) by 

performing AFM and XRD measurements. The dependence of surface roughness of 

ultrathin [CoFe(0.16 nm)/Pd(0.22 nm)]n multilayers as a function of n is shown in Fig. 

5-7 (c). It is found that the root mean square (RMS) roughness remains unchanged as 

n increases from 6 to 10, and then monotonously increases from 0.240 to 0.295 nm 

when n further increases to 35. Since the grown CoFe and Pd monolayer thickness are 
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rather thin, the bonded adatoms from the target atoms impinging on the substrate 

surface are prone to form nuclei and thus lead to island growth during the deposition 

process. This may result in the damage of the flatness of the interface between CoFe 

and Pd monolayers and cause the increase in roughness. As n increases, the randomly 

distributed adatoms will accumulate and the roughness will be enhanced, resulting in 

a relaxation state and the destruction of the superlattice-like structure of the 

multilayers. The random nature of such fluctuations induced roughness is expected to 

lower the strength of PMA [210]. In addition, as the roughness increases, the 

fluctuating interface between CoFe and Pd atoms would induce the augment of 

in-plane magnetization components, which would effectively reduce Keff.  

 

Fig. 5-7 Ms (a) and Keff (b) of [CoFe (0.16 nm)/Pd (0.22 nm)]n multilayers as a function of n. (c) 

The surface roughness of ultrathin [CoFe (0.16 nm)/Pd (0.22 nm)]n multilayers as a function of n. 

(d) XRD of referenced Ta(3 nm)/Pd(3 nm)/Ta(3 nm), Ta(3 nm)/Pd(3 nm)/CoFe(8 nm)/Ta(3 

nm)layers and ultrathin multilayers [CoFe (0.16 nm)/Pd (0.22 nm)]n as a function of n. 
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Figure 5-7 (d) reveals the XRD spectra for CoFe (0.16 nm)/Pd (0.22 nm) 

multilayers with n = 6, 10, 20, 30 and for reference samples with the following 

structures: Ta(3 nm)/Pd(3 nm)/Ta(3 nm) and Ta(3 nm)/Pd(3 nm)/CoFe(8 nm)/Ta(3 

nm). It has been observed that the CoFe/Pd multilayer samples have primary fcc (111) 

texture which is well known as an important factor to induce the PMA in the ultrathin 

CoFe/Pd multilayers [46]. Another important feature shown in the (CoFe/Pd)n 

multila er films is the shift of the CoFe/Pd (111) diffraction  eak to higher 2θ angle 

with increasing n. In addition, the Co100-xFex films deposited on Ta/Pd seed layer with 

Fe concentration above 22% exhibited body-centered cubic (bcc) (110) structure 

[211]. A CoFe (110) peak can be observed in the Ta(3 nm)/Pd(3 nm)/CoFe(8 

nm)/Ta(3 nm) reference sample as shown in Fig. 5-7 (d). The CoFe/Pd (111) 

diffraction peak also shifts towards higher angle with increasing n. The shift in 

CoFe/Pd (111) peak with change in n is due to the lattice contraction normal to the 

(CoFe/Pd)n multilayer film plane increases with n [212]. This leads to the lattice 

spacing of the (111) plane of the CoFe/Pd multilayers (dCoFe/Pd (111)) to decrease with n 

and thus causes the shift of CoFe/Pd (111) diffraction peak to higher 2θ angle. The 

increase in Ms and Keff for n ranging from 4 to 9 can be ascribed to the increase in the 

number of interfaces and thus promote the superlattice-like structure. The maximum 

values for both Ms and Keff of CoFe/Pd multilayers were obtained at n = 9. The 

subsequent decrease in Ms and Keff at larger values of n originates from the 

deterioration of the flatness of interface and loss of the superlattice-like structure.  
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5.3  Current induced domain wall motion in the ultrathin 

(Co70Fe30/Pd)n -based nanowire  

5.3.1  Depinning field of the ultrathin (CoFe/Pd)n-based nanowire 

Figure 5-8 shows the normalized Hall resistance hysteresis loops (RH-H) of the 

ultrathin (CoFe/Pd)8 multilayer nanowire with a width of 300 nm under a sweeping 

magnetic field (between -1000 Oe and 1000 Oe) perpendicular to the film plane (solid 

line with solid square symbol), which is similar to Fig. 4-11 shown in chapter 4. The 

stack structure was Si/SiO2/Ta(3)/Pd(3)/[CoFe(0.16)/Pd(0.22)]8/Ta(3). The number in 

bracket is the thickness of the layer with unit in nanometer. We have measured the 

field-switching experiment 10 times for both positive and negative directions of 

magnetic field and the depinning field Hdep of 120 ± 0.6 Oe is derived and fixed for 

both directions in the 300 nm-width nanowires patterned on the ultrathin CoFe/Pd 

multilayers with alternative CoFe and Pd monatomic sublayers.  

 

Fig. 5-8 Normalized Hall resistance hysteresis loops (RH-H) of ultrathin (CoFe/Pd)8 multilayer 

nanowire with a width of 300 nm under a sweeping magnetic field perpendicular to the film plane 

without the driving pulse current (solid line with solid square symbol); The variation of RHall 

under the magnetic field H sweeping from 0 to -200 Oe for the nanowire after DW injection 

process (dashed line with solid cycle symbol). 
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In order to further understand the small Hdep in the ultrathin CoFe/Pd multilayer, 

we have measured the Hdep in two sets of 300 nm-width nanowire samples. The stack 

structure of first set samples was Ta(3)/Pd(3)/[CoFe(tCoFe)/Pd(0.22)]8/Ta(3) with tCoFe 

ranging from 0.1 to 0.22 nm. The second set samples was Ta(3)/Pd(3)/ 

[CoFe(0.16)/Pd(tPd)]8/Ta(3) with tPd ranging from 0.16 to 0.28 nm. Figure 5-9 (a) and 

(b) show the variation of Hdep in the [(CoFe(tCoFe)/Pd(0.22 nm)]8 multilayer nanowires 

with tCoFe and [CoFe(0.16)/Pd(tPd)]8 multilayer nanowires with tPd, respectively. It is 

found that in both sets of multilayer nanowires, Hdep decreases with increasing tCoFe 

(or tPd) to a maximum value and then increases with increasing tCoFe (or tPd). The 

minimum value of Hdep (120±0.6 Oe) is achieved at tCoFe = 0.16 nm and tPd = 0.22 

nm, which corresponds to one monoatomic layer thickness of CoFe and Pd, 

respectively. This result indicates that the ultrathin CoFe/Pd multilayer with one 

monoatomic sublayer thickness of CoFe and Pd possesses a smaller DW pinning 

strength, which may be attributed to a better ordering of ultrathin CoFe/Pd multilayers 

with alternate monoatomic layer deposition (AMLD). The ultrathin CoFe/Pd 

multilayers exhibit a maximum effective magnetic anisotropy when the thickness of 

CoFe and Pd sublayers are around one monoatomic layer thickness of CoFe and Pd, 

respectively. This is due to the formation of superlattice-like structure in the ultrathin 

CoFe/Pd multilayers with AMLD [192, 195]. The superlattice-like structure with 

better ordering can reduce the number of pinning sites and suppress the intermixing 

between CoFe and Pd sublayers. 
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Fig. 5-9 (a) The Hdep in [(CoFe(tCoFe)/Pd(0.22 nm)]8 multilayer nanowires as a function of the 

thickness of CoFe sublayer (tCoFe) ranging from 0.1 to 0.22 nm; (b) The Hdep in [(CoFe(0.16 

nm)/Pd(tPd)]8 multilayer nanowires as a function of the thickness of Pd sublayer (tPd) ranging from 

0.16 to 0.28 nm. 

5.3.2  The dependence of domain wall velocity on the magnetic field 

and threshold current density    

In order to study the impact of the spin polarized current on the DW motion after 

DW injection, the RHall as a function of number of driving current pulses under fixed 

bias magnetic field (H < Hdep) are monitored as mentioned in chapter 4. Figure 5-10 

shows the dependence of the averaged DW velocity (v) on driving current density (J) 

measured under different H from 75 to 115 Oe at 5 Oe intervals. It is known that a 

narrow DW can be formed in the nanowire because of high PMA of CoFe/Pd 

multilayers [184]. However, the narrow DW can be readily pinned due to the structure 

inhomogeneities. The pinning effect of structure defects on the narrow DW would 

cause a creep DW motion in the region of H < Hdep [213]. As H is further increased 

beyond Hdep, the DW moves in a viscous flow region where the disorder becomes 
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irrelevant and can be ignored [131]. The current-driven DW motion in the creep 

region can be described by the following expression [34, 124] : 

           
  

    
  

       

 
 

 
 
                   (5.3) 

where v is the DW velocity, v0 is a velocity prefactor, U0 is the scaling energy 

constant, kB is the Boltzmann constant, Td is the device temperature and HJ is the 

effective field from the spin transfer effect. The modified expression is valid in the 

limit HJ < Hdep. The linear dependence of ln(v) on H
-1/4

 for all the different J as shown 

in Fig. 5-10 indicates that the DW motion is in the creep region.  

 

Fig. 5-10 The averaged DW velocity as a function of H for various driving current densities 

ranging from 0.93×10
11

 A/m
2
 to 2.48×10

11
 A/m

2
. Each data point is the average value of 10 

measurements at each current density and magnetic field. The error bars denote the standard 

deviation of the mean value. The right vertical axis represents the logarithmic value of the DW 

velocity. The inset shows the dependence of the device temperature Td on the pulsed current 

density J. 
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It is well known that the Joule heating also affects the DW motion besides the 

spin torque effect. The Joule heating would cause the variation of the device 

temperature (Td) when the applied pulse current passing through the nanowire. 

Therefore, the enhancement of DW velocity with increasing J is mainly determined 

by two major factors, namely HJ due to spin torque effect and Td caused by the Joule 

heating. The absolute value of kv can be obtained from the slope (kv) of       versus 

H
-1/4 as     

  

    
          

 

  in Fig. 5-10. Therefore, in order to extract the 

value of HJ resulted from the spin torque effect unambiguously, we have to determine 

Td caused by the Joule heating separately. We have measured the variation of 

resistance in the nanowire as a function of pulsed current density and then converted 

the resistance into device temperature using the temperature coefficient of resistance 

(αT) [214]. The value of αT ~ 0.0045 K
-1

 is derived from the resistance versus 

temperature measurement. The dependence of Td on J is plotted in the inset of Fig. 

5-10. The Td increases nearly by 50 K above the ambient temperature as J increases 

from 0 to 2.48×10
11

 A/m
2
. In addition, Hdep = 120 Oe and U0 = 0.15 ± 0.01 eV are 

obtained from the DW velocity at H =120 Oe and J = 0 in Eq. (5.3). Hence, we can 

quantitatively derive HJ as a function of J as shown in Fig. 5-11 (a). It is seen that HJ 

increases almost linearly with J from 0.93×10
11 

to 2.48×10
11

 A/m
2
. The spin-torque 

efficiency of ɛ =（1.68 ± 0.09)×10
-14

 T·m
2
/A is obtained by a linear-fit of the data to 

       according to Ref. [131].  

It is found that there is no Hall resistance switching can be observed for a further 

reduction of bias field under centain current density, such as decreasing H to 90 Oe 
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for J = 0.93×10
11

 A/m
2
. This suggests that the DW would not move towards the Hall 

cross because the effective field generated by both applied pulse current and H are not 

high enough to depin the DW. We therefore define threshold current density (Jth) as 

the lowest value of the spin current density to be sufficient enough to depin the DW 

from the pinning site and drive the DW to move along the nanowire [184]. The values 

of Jth are measured from the depinning experiment under different H. Figure 5-11 (b) 

shows the variation of Jth as a function of H. It is found that the Jth decreases linearly 

with H indicating the spin polarized current produces a field-like effect to assist DW 

depinning.  

 

Fig. 5-11 (a) HJ as a function of pulsed current density J; (b) Jth as a function of magnetic field H. 

5.3.3  Non-adiabatic torque and spin orbit torque of the ultrathin 

(CoFe/Pd)n-based nanowire 

The spin-transfer torque exerted on the DW is mainly attributed to two terms, i.e. 

the adiabatic torque [60] and the nonadiabatic torque [59, 62], which are strongly 
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dependent on the material, geometry and magnetic anisotropy (IMA or PMA). The 

adiabatic term is expected to be the main contribution to the DW motion in the Co/Ni 

multilayers [42] or CoFeB single layer [146] wire. In contrast, the non-adiabatic 

torque with a high non-adiabaticity factor β dominates the DW motion rather than the 

adiabatic term in Co/Pt [124], (Ga, Mn)As [215] and Pt/Co/AlOx [93] PMA films. In 

PMA films with the adiabatic term being dominant in DW motion, Jth is only 

determined by the intrinsic pinning [42, 146]. This means that Jth is independent of the 

external magnetic field in films which are adiabatic-term dominated. On the other 

hand, the non-adiabatic term is usually characterized as an additional effective field 

associated with the DW motion. Thus Jth relies on H in the PMA films with 

non-adiabatic term governing the DW motion [34, 150].  

From the microscopic point of view, the contribution of adiabatic and 

nonadiabatic terms depends on the DW characteristic width of a given material. When 

DW width is wide, the electron spin can adiabatically follow the local spin direction 

as the electrons transverse the DW. As DW width is narrow, the spatial magnetization 

gradient across the DW will become very large. This causes the formation of a finite 

mis-tracking angle between the electron spin and local spins and result in spin-flip 

scattering of the electrons and a nonadiabatic torque acted on the DW [63]. Therefore, 

it is expected that the non-adiabatic torque plays a dominant role in the narrow DWs 

due to higher magnetization gradient [184].  

We estimated a narrow DW width (λ ~ 4.8 nm) in our nanowire using   

         , where the effective perpendicular magnetic anisotropy Keff = 4.3 × 10
5
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J/m
3  

and the exchange constant Aex is assumed to be 1 × 10
-11

 J/m for CoFe/Pd 

multilayer thin films [46]. The value of λ in our nanowire is much smaller than those 

in in-plane magnetized films [216]. Therefore, the narrow λ and proportional variation 

of Jth dependence of H indicate that the non-adiabatic torque is the main contribution 

to the DW motion in the ultrathin CoFe/Pd multilayer films.  

The spin-torque efficiency ɛ can be obtained from the slope of the linear 

dependence of H on Jth (         ) [40]. A value of ɛ = (1.72 ± 0.08) ×10
-14

 

T·m
2
/A is derived from Fig. 5-11 (b). This value obtained from the depinning 

experiment is in well agreement with the result ɛ ~（1.68 ± 0.09）×10
-14

 T·m
2
/A 

mentioned in the Sec. 5.3.2.  

As mention in the section 4.7, the SOT genrated by the Ta layer need to be 

considered for the DW motion. Figure 5-12 (a) and (b) show the variation of ΔHL and 

ΔHT as function of J for Ta(3)/Pd(3)/[CoFe(0.16)/Pd(0.22))8/Ta(3) sample, 

respectively using the same measurement methods in the section 4.7.  

 

Fig. 5-12 (a) ΔHL and (b) ΔHT of the Ta(3)/Pd(3)/[CoFe(0.16)/Pd(0.22)]8/Ta(3) samples, after 

planar Hall effect correction with different charge current density (J). 
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It is found that βL ~ 21 Oe cm
2
/10

7
 A and the βT ~ 3 Oe cm

2
/10

7
 A, in which the 

damping-like torque arisen by the spin current from Ta layer should be the main 

source of the SOT in the CoFe/Pd multilayers [78]. In addition, the effective spin Hall 

angle θSH = 0.015 is calculated from HL using the formula [189] 

)t2/(H FSHL seMJ , which is slightly smaller than θSH ~ 0.02 in (CoFe/Pd)15 

multilayers in section 4.7.  

A minimum Jth of 5.2×10
10

 A/m
2
 is observed under the bias H of 115 Oe as 

shown in Fig. 5-11 (b) in our device. It is important to note that the DW can steadily 

propagate in the ultrathin (CoFe/Pd)8 multilayer nanowire with a significantly lower 

Jth combined with a smaller H in comparison with other common Co-based multilayer 

nanowires, such as Co/Ni (Jth~5×10
11 

A/m
2
, H~230 Oe) [36] and Co/Pt (Jth~1.5×10

11 

A/m
2
, H~350 Oe) [40]. In addition, by extrapolating the linear behavior in Fig. 5-11 

(b), we find Jth ~ 4×10
11

 A/m
2
 when bias H = 0, which is still much smaller than other 

common Co-based multilayer nanowires, such as Co/Ni (Jth~1.3×10
12 

A/m
2
 when H = 

0) [98] and CoFe/Pt (Jth~1.43×10
12 

A/m
2
 when H = 0) [145]. 

It is noted that Jth is proportional to         
    

      
 in PMA films [34, 217], 

where α is the Gilbert damping and λ is the domain wall width, respectively. The Jth is 

proportional to λ but inversely proportional to β. A smaller Jth is observed with a 

lower strength of SOT compared with (CoFe/Pd)15 multilayers in section 4.7. This 

results indicates a larger β value in ultrathin CoFe/Pd multilayers contribute to a 

smaller value of Jth. A smaller value of Hdep is also beneficial as it reduces Jth. In 

principle, CoFe/Pd multilayers would have a small damping as compared to CoFe/Pt 
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which has a strong spin-orbit coupling due to the presence of Pt. Additionally, a larger 

DW velocity (vmax= 8 m/s with J= 2.48×10
11

 A/m
2
 and H = 115 Oe) in ultrathin 

CoFe/Pd multilayer is observed in Fig. 5-10 as compared to Co/Pt multilayers (vmax= 

0.02 m/s with J= 5.4×10
11

 A/m
2
 and H = 115 Oe) [124, 148].  

As mention in Sec. 5.3.1, the formation of superlattice-like structure would lead 

to a smaller DW pinning strength and Hdep as well as the DW velocity can be 

enhanced in the ultrathin CoFe/Pd multilayer nanowires. Although the heat tolerance 

of the nanowire device needs to be further improved, all the advantages mentioned 

above suggest that the ultrathin CoFe/Pd multilayers with alternative CoFe and Pd 

monatomic sublayers is a promising candidate for the spin-torque DW devices. 

5.4  Summary 

In summary, a systematic study of effects of the thickness of CoFe and Pd 

sublayers and then the repeated number (n) on PMA has been carried out. The PMA 

and post-annealing stability up to 350 ℃ was observed in the ultrathin (Co70Fe30/Pd)n 

monatomic layer stacks. The formation of superlattice-like microstructure is a 

significant factor in enhancing PMA in the ultrathin (CoFe/Pd)n multilayers. Both 

saturation magnetization (Ms) and effective PMA constant (Keff) went up 

proportionally to a maximum value and then decreased as n increased. The reduced 

PMA strength can be attributed to the destruction of the ordered superlattice-like 

structure. In addition, we have systematically studied the DW velocity dependence on 

magnetic field as well as current density in 300 nm-width ultrathin CoFe/Pd 
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multilayer nanowires. The low threshold current density and relatively high DW 

velocity are obtained in ultrathin CoFe/Pd multilayer nanowires due to the small 

depinning field of 120 Oe. The spin torque efficiency of ɛ = (1.68 ± 0.09) ×10
-14

 

T·m
2
/A was obtained from two separate methods. The non-adiabatic factor  is 

estimated to be larger and plays an important role togther with spin orbit torque for 

current-induced DW motion in ultrathin [CoFe/Pd]n multilayer nanowires.  
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Chapter 6  Monatomic (Co70Fe30/Pd)n superlattice based 

synthetically antiferromagnetic structure 

(SAF) 

In chapter 5, ultrathin CoFe/Pd multilayers with alternative CoFe and Pd 

monatomic sublayers is found to be a promising candidate for the spin-torque DW 

devices, such as racetrack memory (RM) [13]. However, there are still problems 

remained to be addressed for the application of RM with PMA materials. One of them 

is the dipolar fringing field from the neighbouring magnetic domains. As the lateral 

dimension of DW memory bites being scaled down for high-density capacity, the 

dipolar fringing field increases dramatically and results in strong interaction between 

adjacent DWs. This will degrade the performance of the device and limit the data 

density for RM. An efficient solution is to use a synthetic antiferromagnetic (SAF) 

structure, which consists of two ferromagnetic (FM) layers separated by a 

nonmagnetic spacer layer. The exchange bias field (Hex) via the spacer layer leads to 

the magnetic moment in top and bottom FM layers are aligned antiparallel and the 

fringing field can be considerably reduced. 

It is noted that the Hex of the SAF structure is closely related to the exchange 

coupling strength and PMA strength.[218] The Hex is determined by the 

antiferromagnetic (AFM) coupling through the spacer layer in SAF structure. The Hex 

is expressed [219] through the interlayer exchange coupling theory as  

                                  (6.1) 
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where Jex, Ms and t are AFM coupling strength, saturation magnetization and overall 

thickness of the top reference layer, respectively. In order to increase Hex, the 

thickness of the top layer has to be reduced. On the other hand, in commonly used 

PMA multilayers such as [Co/Pd], [Co/Pt] or [Co/Ni], a large thickness of the 

multilayers is required to obtain a high PMA. Furthermore, a thicker bottom FM layer, 

which is further away from the FL than the top FM layer, has to be used to 

compensate the spatial loss of the magnetostatic field [220] in the SAF structure. This 

would result in the stack being too thick and cause degradation of device performance 

induced by etching process [221]. In order to suppress the stray field and shorten the 

etching time, it is of practical necessity to reduce the thickness of multilayer while 

keeping high PMA. Additionally, a post-annealing stability up to 350 ℃ for SAF 

structure is required in the fabrication process for long-time usage of the spin-DW 

devices [192]. Therefore the maintenance of Hex and PMA of SAF structure after high 

temperature post annealing up to 350 ℃ are also of great importance.  

In this chapter, we described the study of the variation of Hex and PMA 

dependence on the thickness of Ru spacer layer and insertion of the Pd layer in 

ultrathin (Pd/Co70Fe30)9/Ru/Pd/(Co70Fe30/Pd)9 SAF structure. The AFM coupling and 

PMA strength could be enhanced by inserting Pd layer with a suitable thickness 

between the Ru and ultrathin top (CoFe/Pd)9 multilayers. The effect of annealing 

temperature on the PMA and AFM coupling was also discussed.  
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6.1  Characterization of monatomic (Co70Fe30/Pd)n based SAF  

structure film 

6.1.1  Measurement method 

The stack structure was Si/SiO2/Ta(3)/Pd(3)/[CoFe(0.16)/Pd(0.22)]8/CoFe(0.16)/ 

Ru(tRu)/Pd(tPd)/[CoFe(0.16)/Pd(0.22)]9/Ta(3) (all the number in brackets is the layer 

thickness with unit in nanometer), where tRu ranged from 0.4 to 1.1 nm and tPd was 

varied from 0 to 0.5 nm. The thickness of CoFe and Pd monatomic layers were fixed 

at 0.16 nm and 0.22 nm, respectively. The samples were annealed at a vacuum of 

5×10
-9

 Torr for 1 hour with different temperature ranging from 200 °C to 400 °C. The 

magnetic hysteresis loops were measured at room temperature using alternating 

gradient force magnetometer (AGFM) under a maximum magnetic field of 1.5T 

applied perpendicular to the plane of the samples. 

6.1.2  Characterization of as-deposited monatomic (Co70Fe30/Pd)n 

based SAF structure film  

Figures 6-1 (a) and (b) show the typical magnetic hysteresis (M-H) loops for   

[CoFe/Pd]8/CoFe/Ru(0.7)/[CoFe/Pd]9 and [CoFe/Pd]8/CoFe/Ru(0.7)/Pd(0.2)/[CoFe/ 

Pd]9 samples measured at room temperature under magnetic field (H) perpendicular to 

the plane of the film, respectively. Both loops demonstrate that magnetization reversal 

appears before the magnetic field reaches zero as the magnetic field reduces from 

saturation field. This result indicates that the two ferromagnetic [CoFe/Pd] multilayers 
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are antiferromagnetically coupled through the spacer in both SAF structured samples. 

Comparing the minor loops of both samples, the sample with 0.2 nm Pd insertion 

layer between Ru spacer and [CoFe/Pd] multilayers has a sharp magnetization 

reversal behavior, while the sample without Pd insertion shows a slant magnetization 

switching. The gradient M-H minor loops of the top [CoFe/Pd] multilayers in Fig. 6-1 

(a) indicates the easy axis of the magnetization is not fully perpendicular to film plane 

when the [CoFe/Pd] multilayers are deposited on Ru. On the other hand, the squared 

minor loop for the sample in Fig. 6-1 (b) demonstrates the easy axis is perpendicular 

to the film plane. These results show that the top [CoFe/Pd] multilayer possess a 

higher PMA grown on Pd insertion layer than on Ru [222].  

 

Fig. 6-1 Normalized out-of-plane hysteresis loop for samples of (a) Ta(3)/Pd(3)/ 

[CoFe(0.16)/Pd(0.22)]8/CoFe(0.16)/Ru(0.7)/[CoFe(0.16)/Pd(0.22)]9 and (b) Ta(3)/Pd(3)/[CoFe 

(0.16)/Pd(0.22)]8/CoFe(0.16)/Ru(0.7)/Pd(0.2)/[CoFe(0.16)/Pd(0.22)]9. Normalized hysteresis 

(M–H) loops of (c) Ta(3)/Pd(3)/Ru(0.7)/[CoFe(0.16)/Pd(0.22)]9 and (d) Ta(3)/Pd(3)/Ru(0.7)/ 

Pd(0.2)/[CoFe(0.16)/Pd (0.22)]9. The ‖ indicates the loops measured with magnetic field (H) in the 

plane of sample film and  indicates H is out of plane of the sample film. All the film thickness is 

measured in nm unit. 
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Figure 6-1 (c) and (d) show the M-H loops for the Ta(3)/Pd(3)/Ru(0.7)/ 

[CoFe/Pd]9 and Ta(3)/Pd(3)/Ru(0.7)/Pd(0.2)/[CoFe/Pd]9
 samples measured under the 

applied magnetic field in two different directions. It can be observed in Fig. 6-1 (c) 

that the in-plane loop has an easy-axis behavior whereas the out-of-plane loop 

displays a hard-axis behavior. This indicates that the Ta/Pd/Ru/[CoFe/Pd]9 sample has 

an in-plane magnetic anisotropy (IMA). Figure 6-1 (d) shows that the 

Ta/Pd/Ru/Pd/[CoFe/Pd]9 sample exhibits a well-developed PMA because of the Pd 

insertion. Therefore, we can conclude that the minor loops in Fig. 6-1 (a) and (b) 

correspond to the switching behavior of the top [CoFe/Pd]9 multilayer. Although the 

top and bottom multilayers have equal number of repeated bilayers (n) and same 

composition, the net magnetic moment is beyond zero at the remanent state as well as 

the magnetization reversal occurs in top [CoFe/Pd]9 multilayers prior to the bottom 

ones. This suggests that the top multilayers have a smaller PMA than the bottom ones. 

The larger PMA in the bottom multilayers is attributed to the improvement of a better 

crystalline structure of [CoFe/Pd]9 multilayers grown on a thicker Pd (3 nm) seed 

layer.  

To further confirm that the thin Pd insertion together with Ru layer induces a 

higher PMA than a single Ru layer, the variation of the effective magnetic anisotropy 

(Keff) as functions of the Ru thickness and inserted Pd layer thickness were studied. 

Figures 6-2 (a) and (b) show the respective Keff in the Ta(3)/Pd(3)/Ru(tRu)/ 

[CoFe(0.16)/Pd(0.22)]9 as a function of tRu ranging from 0.4 to 1.5 nm and 

Ta(3)/Pd(3)/Ru(0.7)/Pd(tPd)/[CoFe(0.16)/Pd (0.22)]9 as a function of tPd
 
from 0 to 0.5 
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nm. The results show that Keff increases with increasing both tRu and tPd. The negative 

value of Keff is observed when tRu is less than 1.2 nm in Fig. 6-2 (a) and tPd is smaller 

than 0.2 nm in Fig. 6-2 (b). This behavior indicates the existence of IMA which is 

attributed to the interfacial and crystalline anisotropy is not strong enough to 

overcome the demagnetizing anisotropy. When the tRu is larger than 1.2 nm or tPd is 

above 0.2 nm, the PMA dominates with the appearance of positive Keff.  

 

Fig. 6-2 The Keff as a function of tRu in the Ta(3)/Pd(3)/Ru(tRu)/[CoFe(0.16)/Pd(0.22)]9 and (b) Keff 

as a function of tPd in the Ta(3)/Pd(3)/Ru(0.7)/Pd(tPd)/[CoFe(0.16)/Pd(0.22)]9. 

It is noteworthy that with the similar thickness of 0.9 nm, the composite Ru(0.7 

nm)/Pd(0.2 nm) layer induces higher PMA than a single Ru layer. The XRD 

measurements are performed to further understand the mechanism of higher PMA 

induced by Ru(0.7)/Pd(0.2) layer. Figure 6-3 shows the XRD 2Ɵ scans for 

Ta(3)/Pd(3)/Ru(0.9)/[CoFe(0.16)/Pd(0.22)]9 (solid line) and Ta(3)/Pd(3)/Ru(0.7) 

/Pd(0.2)/[CoFe(0.16)/Pd(0.22)]9 (dashed line) samples. Both samples have the same 

total thickness but different spacer layers, which are Ru(0.9) and Ru(0.7)/Pd(0.2), 
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res ecti el . The diffraction  eak can be obser ed at 2θ = 40.7° due to the fcc (111) 

texture of CoFe/Pd multilayers for both samples. The basic spectrum is unchanged for 

both samples. However, the peak intensity of fcc (111) reflection for the 

Ru(0.7)/Pd(0.2) sample increases by ~56% as compared with the peak intensity of the 

Ru(0.9) sample. In addition, the full peak width at half maximum height (FWHM) of 

Ru(0.7)/Pd(0.2) sample decreases by ~ 20% in comparison with that of the Ru(0.9) 

sample, showing that the Ru(0.7)/Pd(0.2) sample has a better fcc (111) orientation 

than the Ru(0.9) sample. All these results indicate that the enhanced PMA of CoFe/Pd 

multilayers deposited on the Ru(0.7)/Pd(0.2) can be attributed to the better fcc (111) 

texture induced by the inserted Pd layer.   

 

Fig. 6-3 The XRD 2Ɵ scans for Ta(3)/Pd(3)/ Ru(0.9)/[CoFe(0.16)/Pd(0.22)]9 (solid and blue line) 

and Ta(3)/Pd(3)/Ru(0.7)/Pd(0.2)/[CoFe(0.16)/Pd(0.22)]9 (dashed and red line) samples. 

The Hex is defined as the field shifts from the center of the minor hysteresis loop 

to zero [218, 219, 223] as shown in Fig. 6-1 (b). By comparing the minor loops in Fig. 

6-1 (a) and (b), we found that the sample with 0.2 nm Pd insertion layer exhibits a 



127 

 

larger Hex value (1.37 kOe) than the one without Pd insertion (1.23 kOe). As 

mentioned above, since the top [CoFe/Pd]9 multilayers have the same saturation 

magnetization and total thickness in both samples, the larger Hex in 

[CoFe/Pd]8/CoFe/Ru/Pd(0.2 nm)/[CoFe/Pd]9 indicates the sample with Pd insertion 

between Ru and top [CoFe/Pd] multilayers exhibits a larger interlayer coupling Jex as 

compared with the sample without Pd insertion.  

In order to further understand the mechanisms underlying PMA interlayer 

coupling, the Hex in the [CoFe/Pd]8/CoFe/Ru(tRu)/Pd(tPd)/[CoFe/Pd]9 SAF structure 

samples with different thicknesses of Pd insertion layer (tPd) as well as Ru layer (tRu) 

were measured. Figure 6-5 shows the variation of Hex as a function of Ru thickness 

for various thicknesses of Pd insertion layer. A maximum Hex of 2.13 kOe is observed 

at tRu = 0.5 nm and tPd = 0.3 nm. We measured the Ms for the Ta(3)/Pd(3)/ 

Ru(0.5)/Pd(0.3)/[CoFe(0.16)/Pd(0.22)]9 films using the AGM and Ms = 720 emu/cc 

for Ta(3)/Pd(3)/Ru(0.5)/Pd(0.3)/[CoFe(0.16)/Pd(0.22)]9 is then obtained. By taking Ms 

= 720 emu/cc and the total top reference layer thickness of 3.42 nm, a strong 

interlayer coupling Jex = 0.522 erg/cm
2
 is obtained for the [CoFe/Pd]8/CoFe/Ru(0.5)/ 

Pd(0.3)/[CoFe/Pd]9 sample. The Ms is measured by taking the ratio of magnetic 

moment (m) of [CoFe/Pd]9 multilayers and the total volume of CoFe/Pd multilayers. 

In comparison with other SAF structures with Co based multilayers such as CoFeB/Pt 

(Hex ~ 1.1 kOe, Jex ~ 0.09 erg/cm
2
) [219], Co/Pd (Hex ~ 1.05 kOe) [224], the larger Hex 

and higher PMA are achieved in our sample with Pd insertion. These results suggest 
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that the SAF structure with two ultrathin [CoFe/Pd] multilayers separated by the 

Ru/Pd spacer is a promising candidate for DW application.  

It is well known that the interlayer coupling between the top and bottom CoFe/Pd 

multilayers originates mainly via three different interactions, namely indirect 

exchange Ruderman-Kittel-Kasuya-Yosida (RKKY) coupling because of the 

conduction electron reflection at the spacer interfaces [7, 225], magnetostatic orange 

peel (Néel) coupling due to the roughness between the non-magnetic and magnetic 

interfaces [226], and the stray field induced the magnetostatic coupling rising from 

the multi-domain state in both the top and bottom multilayers [227].
 
The RKKY 

coupling oscillates and its amplitude decays with tRu, showing a behavior between 

ferromagnetic (FM) and anti-ferromagnetic (AFM) properties according to the space 

layer material and thickness whereas the orange peel coupling decreases with 

increasing the thickness of the spacer layer [225]. The previous report [226] shows 

that the perpendicular orange peel coupling favors FM coupling when the spacer layer 

thickness is less than 3.5 nm. In our study, the thickness of the spacer layer is in the 

range of 0.4 to 1.7 nm. This means the perpendicular orange peel coupling exhibits 

the FM coupling.  

For the magnetostatic coupling, Fig. 6-4 depicts the MFM images of the 

demagnetized remanent magnetic domain structure for [CoFe/Pd]8/CoFe/Ru(0.7)/ 

Pd(0.2)/[CoFe/Pd]9 sample. A uniform magnetization state is clearly observed and the 

stripe domain structure (multi-domain state) does not exist at the remanent state in our 

SAF structure. This presents a uniform SAF structure that is ferromagnetically 
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correlated in the CoFe/Pd multilayers and antiferromagnetic coupling between the top 

and bottom CoFe/Pd multilayers [228]. The stripe domains are hardly observed; 

indicating that the stray field induced the magnetostatic coupling can be negligible in 

our experiment. Besides the interactions mentioned above, the strong hybridization 

appearing at the Pd/CoFe interface should also be considered. Firstly, the 

hybridization between 3d electrons of Fe (Co) and 4d electrons of Pd will cause the 

variation of the exchange splitting and polarization in the CoFe layer. The 

hybridization will induce the interfacial PMA anisotropy in [CoFe/Pd]n multilayers 

and form the FM coupling, which will influence the interlayer coupling in the SAF 

structure [229]. Therefore the interlayer coupling in the SAF structure is affected by 

the Pd thickness in [CoFe/Pd]n multilayers. Since the Pd thickness in [CoFe/Pd]n 

multilayers is fixed, the FM coupling generated from [CoFe/Pd]n multilayers is treated 

as a constant in our study. Secondly, the Pd insertion layer with Ru can work as a 

composite spacer layer in the SAF structure, which will affect the interlayer coupling 

and thus determine the Hex. This will be discussed in detail in the following 

paragraph. 

 

Fig. 6-4 The MFM image of the remanent magnetic domain structure for [CoFe/Pd]8/CoFe/ 

Ru(0.7)/Pd(0.2)/[CoFe/Pd]9 sample. 

5 m
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Figure 6-5 shows that Hex exhibits an oscillatory-like behavior with increasing Ru 

thickness. In previous reported Co/Pt-multilayers-based SAF structures [219, 

229-231], it is expected that RKKY coupling is AFM when the thickness of Ru spacer 

is in the range of 0.4 to 1.1 nm. The RKKY coupling shows a oscillating behavior and 

its amplitude decays exponentially with tRu [231].Therefore the oscillatory-like 

behavior of Hex with tRu in the range of 0.4 to 1.1 nm can be attributed to the 

competition between the AFM RKKY coupling and the FM coupling from the orange 

peel as well as CoFe-Pd hybridization. All the samples with tRu in the range of 0.4 to 

1.1 nm exhibit positive values of Hex, indicating that the interlayer coupling is AFM. 

This shows that AFM RKKY coupling is dominant for the interlayer coupling in our 

samples rather than the FM coupling.  

 
Fig. 6-5 The exchange coupling field Hex in Ta(3)/Pd(3)/[CoFe(0.16)/Pd(0.22)]8/ 

CoFe(0.16)/Ru(tRu)/Pd(tPd)/[CoFe(0.16)/Pd(0.22)]9 (unit in nm) SAF structure samples as 

functions of the thickness of Ru (tRu) ranging from 0.4 nm to 1.1 nm for various Pd insertion layer 

thicknesses. 
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As shown in Fig. 6-5, there are two peaks for Hex appearing at tRu = 0.5 nm and 

tRu = 1 nm. Additionally, the positions of these two peaks for Hex remain unchanged 

with varying the insertion Pd layer. The first and second peak position with tRu is 

consistent with other Co-based SAF structures with PMA [218, 229, 232]. The two 

peaks of Hex appearing in the AFM RKKY coupling region may be due to a 

superposition of two period oscillation behavior and the positions of two peaks are 

mainly related to the density of state of Ru [233]. This is because the Fermi level lies 

within the wide d band in Ru and the two Fermi wave vectors from both d and s(p) 

electrons generate the different periods of the oscillation behavior [229]. Thus, both d 

and s(p) electrons are considered to take part in the interferences and are accounted 

for the two long-period oscillation. On the other hand, in order to further understand 

the variation of Hex dependent on tPd, we plotted the Hex as a function of tPd for various 

tRu. Figure 6-6 depicts the Hex as a function of Pd insertion layer thickness for the 

various Ru thicknesses (tRu). It reveals that Hex exhibits a non-monotonic behavior 

with increasing tPd for tRu < 0.8 nm while the Hex monotonically decreases with 

increasing tPd for tRu ≥ 0.8 nm. For tRu < 0.8 nm, the Hex increases with increasing 

tPd to a maximum value and then decreases with further increasing tPd. It can be seen 

that the maximum peak position of Hex shifts to a smaller tPd with increasing tRu. 

These results suggest the Hex is not only dependent on the tRu, but also relied on the 

Pd insertion layer thickness.  
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Fig. 6-6 The exchange coupling field Hex in Ta(3)/Pd(3)/[CoFe(0.16)/Pd(0.22)]8/CoFe(0.16)/ 

Ru(tRu)/Pd(tPd)/[CoFe(0.16)/Pd(0.22)]9 (unit in nm) SAF structure samples as functions of the 

thickness of Pd insertion layer ranging from 0 nm to 0.5 nm for various Ru thickness. 

The maximum peaks of Hex appears when the tPd + tRu is around 0.8 nm (tRu = 0.5 

nm and tPd = 0.3 nm) with fixed tRu (tRu ≤ 0.8 nm) as shown in Fig. 6-6. The 

non-monotonic variation of Hex with tPd for tRu < 0.8 nm may be attributed to the thin 

Pd insertion between Ru and CoFe layers. For the SAF structure without Pd insertion, 

the Ru-CoFe interdiffusion will cause the top and bottom multilayers to form direct 

FM contact when tRu is small. Therefore, the Ru-CoFe interdiffusion will cause a FM 

coupling between top and bottom CoFe/Pd multilayers with decreasing tRu. However, 

the Pd insertion suppresses the Ru-CoFe interdiffusion, which will increase the AFM 

coupling. For a smaller tRu, the thicker Pd insertion layer is needed to suppress the 

Ru-CoFe interdiffusion and increase AFM coupling. For example, the maximum 

value of Hex (1.47 kOe) was obtained at tPd = 0.1 nm when tRu is fixed at 0.7 nm 

whereas when tRu=0.4 nm, the Hex increases to a maximum of 1.75 kOe with 
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increasing tPd to 0.4 nm. In addition, when the tRu + tPd is increased beyond 0.8 nm, the 

Pd insertion may reduce the interfacial electron polarization and lead to a dramatically 

decrease in Hex [230]. Therefore, the Pd insertion layer can work together with Ru 

layer as a composite Ru/Pd spacer to tune the interlayer coupling. Although the PMA 

of top CoFe/Pd multilayers can be enhanced with increasing thickness of Pd insertion 

layer up to 0.5 nm as shown in Fig. 6-2 (b), there is a trade-off between the RKKY 

coupling and PMA by varying the thickness of Ru and Pd insertion layer.  

6.1.3  The post-annealing effect on the magnetic properties of 

monatomic (Co70Fe30/Pd)n based SAF structure film  

Figure 6-7 shows a series of normalized out-of-plane hysteresis loops of 

[CoFe/Pd]8/CoFe/Ru(0.8)/Pd(0.3)/[CoFe/Pd]9 sample (unit in nm) as-deposited and 

annealed for 1 hour at various temperature ranging from Ta = 250 °C to 380 °C and 

the corresponding minor loops is shown in the inset. It is interesting to note that the 

Hex increases with increasing Ta up to 350 °C. This result is in contrast to the previous 

report of other SAF structures with Co based multilayers [219, 230, 234, 235], where 

the Hex decreases with increasing Ta, which is due to the annealing-induced increase 

in interdiffusion between the different layers.  

The increase in interface diffusion can cause the creation of pinholes and lead to 

the reduction of the interlayer coupling and Hex. The behavior of Hex increases with 

increasing Ta up to 350 °C is not completely understood yet. One possible reason 

could be due to the ultrathin [(CoFe(0.16 nm)/Pd(0.22 nm)]9 multilayers which 
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possess a high post-annealing stability up to 350 °C. The formation of an ordered 

superlattice-like structure [192, 202] and the PMA of the multilayers can be enhanced 

with increasing Ta up to 350 °C. The superlattice-like structure can restrain the 

interface diffusion and decrease the creation of the pinholes through the spacer. 

Therefore, we infer that our result can be attributed to the interdiffusion between 

ultrathin [CoFe/Pd] multilayers and Ru is suppressed during annealing due to the 

existence of superlattice-like structure. 

 
Fig. 6-7 Normalized out-of-plane hysteresis loops of [CoFe(0.16)/Pd(0.22)]8/CoFe(0.16)/Ru(0.8)/ 

Pd(0.3)/[CoFe(0.16)/Pd(0.22)]9 (unit in nm) samples as-deposited and annealed at various Ta. The 

inset shows the minor loops of the same sample as-deposited and annealed at various Ta. 

In addition, the electron mobility in Ru/Pd can be enhanced with increasing the Ta 

[236]. This feature may cause a change in the structural properties and has an 

advantage in enhancing the Hex with increasing Ta. This is in agreement with the 

quantum interference model proposed by Bruno [237]. When the Ta is further 

increased to 370 °C, the Hex starts to reduce as the minor loop presents a canted 
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switching behavior. This indicates the magnetic anisotropy starts to change from 

PMA to IMA and possibly due to the destruction of the [CoFe/Pd] fcc (111) ordered 

structure at Ta > 370 °C and the reduction of Hex caused by excessive interdiffusion.   

 

Fig. 6-8 The exchange coupling field Hex in Ta(3)/Pd(3)/[CoFe(0.16)/Pd(0.22)]8/CoFe(0.16)/ 

Ru(tRu)/Pd(0.3)/[CoFe(0.16)/Pd(0.22)]9 (unit in nm) SAF structure samples as functions of the Ru 

(tRu) thickness ranging from 0.4 nm to 1.1 nm for the as-deposited state and annealed at various Ta 

ranging from 250 °C to 370 °C. 

The theoretical model [238] predicts that Hex would reduce with increasing Ta. 

Figure 6-8 shows the Hex as a function of tRu in the [CoFe/Pd]8/CoFe/Ru(tRu)/ 

Pd(0.3)/[CoFe/Pd]9 samples (unit in nm) for various Ta. Our results show that Hex 

does not monotonically decrease with Ta as tRu varies from 0.4 to 1.1 nm. The Hex of 

individual sample with tRu > 0.7 nm increase to a respective maximum value as Ta 

increases from room temperature to 350 °C and decrease with further increasing Ta to 

370 °C. We note that the maximum Hex is achieved at Ta = 300 °C when tRu = 0.6 nm 

and Hex has a maximum value at Ta = 250 °C for tRu = 0.5 nm. As the tRu is further 
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reduced to less than 0.5 nm, Hex reaches a maximum value for the as-deposited 

sample. When tRu ≤ 0.7 nm, the position of maximum Hex shifts to a smaller Ta with 

decreasing tRu. In addition, Hex = 0 is when Ta is above 300 °C for tRu ≤ 0.5 nm, 

indicating the sample is completely ferromagnetic coupling after annealing. This 

result could be explained based on the formation of the pinholes.  

The pinholes can induce the two ferromagnetically coupled magnetic layers and 

thus causing the reduction of AFM coupling strength. As the tRu is reduced which 

corresponds to a thinner spacer, the pinholes are more easily formed. In addition, the 

orange peel induced ferromagnetic coupling between the top and bottom CoFe/Pd 

multilayers will increase with reducing tRu, which will also cause the reduction of 

AFM coupling strength. Although maximum of Hex (~ 1.5 kOe) and Jex (~ 0.39 

erg/cm
2
) of our as-deposited SAF structure with tRu  0.7nm are slightly smaller than 

those of the previous Co/Pt multilayers based SAF structure (Hex ~ 1.8 kOe, Jex ~ 0.46 

erg/cm
2
) [230], the post-annealing stability with high Ta is significantly improved in 

our ultrathin (CoFe/Pd) multilayers based SAF structure. It is found that PMA is 

maintained and Hex is enhanced with increasing Ta (tRu  0.7nm) in our samples, 

whereas Hex dramatically decreases with increasing Ta up to 350 °C in the previous 

reported SAF structure [230].  

6.2  Summary 

In summary, the effects of the Pd insertion and annealing temperature on the 

interlayer exchange field Hex and PMA in ultrathin (CoFe/Pd) multilayers based SAF 
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structure have been systematically studied. The Hex exhibits an oscillatory decay 

behavior with a period of 0.5 nm and Hex is dependent on the thickness of both Ru 

layer and Pd insertion layer. A maximum Jex of 0.522 erg/cm
2
 is achieved at room 

temperature and Hex presents a strong dependence on annealing temperature Ta. The 

enhancement of Hex and PMA with Pd insertion and increase in Ta up to 350 °C for 

tRu >0.7 nm in this SAF structure can be attributed to the suppression of the creation 

of pinholes due to Ru/Pd spacers and a better ordered [CoFe/Pd] multilayer structure. 
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Chapter 7  Current induced domain wall motion in SAF 

structure based nanowires 

Besides reducing the dipolar fringing field from the neighbouring magnetic 

domains for high-density capacity as discussed in chapter 6, a reasonably low current 

density to control the DW motion and high DW velocity for high speed devices are 

also needed to fulfill the requirements of practical devices. D. Ravelosona et al. [34] 

found that Jth for DW motion is proportional to net saturation magnetization in PMA 

films. In the SAF structure, as the top and bottom FM layers are aligned antiparallel, 

the net Ms equals to | Ms1 - Ms2 |, where Ms1 and Ms2 are the saturation magnetization 

of the top and bottom FM layers, respectively. Thus the net magnetization of this SAF 

structure is considerably reduced and decreased Jth. On the other hand, the simulation 

result predicts that antiferromagnetically (AFM) coupled magnetic nanowire exhibit 

larger DW velocity in comparison with a single-phase-ferromagnetic nanowire [239]. 

All these factors indicate that the SAF structure is a promising candidate for 

spin-torque DW devices. Furthermore, we show that ultrathin (Pd/Co70Fe30)9/Ru/Pd/ 

(Co70Fe30/Pd)9 SAF structure possesses high interlayer exchange coupling. The high 

interlayer coupling field (Hex) and PMA are maintained after high temperature 

post-annealing up to 350 ℃ in this SAF structure, which would enhance the stability of 

the device for a long-time usage.  

In this chapter, we have investigated the current induced DW motion in 

(Pd/Co70Fe30)9/Ru/Pd/(Co70Fe30/Pd)9 SAF structure and systematically studied the 
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variation of Jth and DW velocity dependent on | Ms1 - Ms2 |. A smaller Jth of 9.2×10
10

 

A/m
2
 and a maximum v of 150 m/s under J = 1.5×10

12
 A/m

2
 for DW motion were 

observed, which can be attributed to a smaller net magnetization in the SAF structure 

nanowire. 

7.1  Current induced domain wall motion in the SAF structure 

based nanowires  

7.1.1  Measurement methods 

The stacks of SAF structures experiment was Si/SiO2/Ta(3)/Pd(3)/[CoFe 

(0.16)/Pd(0.22)]8/CoFe(0.16)/Ru(0.8)/Pd(0.2)/[CoFe(0.16)/Pd(0.22)]N/Ta(3) (all the 

number in brackets is the thickness of the layer with unit in nanometer), where N 

ranged from 4 to 9. The 25 μm-long and 300 nm-wide nanowires were fabricated by 

means of electron beam lithography and Ar ion-milling process. The Au electrodes 

with the thickness of 40 nm were deposited on the contact pad and wire to inject 

current along the nanowire and detect the DW motion by anomalous Hall effect 

(AHE). All measurements were performed at room temperature. The nucleation of 

single DW was imaged using magnetic force microscopy (MFM) measurement at the 

remanent state. The duty cycle and pulse width (tp) of each pulse current in the DW 

velocity (v) measurements were fixed at 1/1000 and 5 ns, respectively. 
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7.1.2  Threshold current density of DW motion in the SAF structure 

based nanowires  

Figure 7-1 shows the normalized perpendicular magnetization hysteresis loops 

(M-H) for 300 nm-width nanowire with a structure of [CoFe/Pd]8/CoFe/Ru/Pd/ 

[CoFe/Pd]N with N=5, 6 and 7. The schematic diagrams present the magnetization 

configuration in SAF structure. All the M-H loops show sharp reversal behavior, 

indicating that the CoFe/Pd multilayers exhibit typical PMA. When H reaches the 

saturation field (> 2000 Oe), the magnetic moments of top (FM1) and bottom (FM2) 

multilayers are aligned parallel and the magnetization of the SAF structure equals to 

Ms = |Ms1 + Ms2| at this state, where Ms1 and Ms2 are the saturation magnetization of 

the top and bottom FM layers, respectively. As H reduces from the saturation field, all 

the M-H loops show the magnetization reversal appears before H reaches zero. This 

result indicates that two ferromagnetic [CoFe/Pd] multilayers are 

antiferromagnetically coupled through the spacer layer Ru in all SAF structured 

samples. At the remanent state, the magnetic moments of FM1 and FM2 are aligned 

antiparallel and the net magnetization of the SAF structure is Mn = |Ms2 - Ms1|. When 

H is reversed, FM1 and FM2 couple together and operate as a single magnet to switch 

with H in the range of ± 1 kOe. This is due to the large antiferromagnetic coupling 

strength between FM1 and FM2 that dominate the net magnetic moment reversal 

[240]. We can define     
           

          
. The equation Mn = |Ms2 - Ms1| = 

   

    
Ms2 is 

then obtained. Since the bottom CoFe/Pd multilayers is fixed, a constant Ms2 = 452 

emu/cc is measured by taking the ratio of magnetic moment of bottom CoFe/Pd 
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multilayers and the total volume of bottom CoFe/Pd multilayers. Additionally, mr can 

be obtained from the M-H loops.  

 

Fig. 7-1 Normalized Hall resistance hysteresis loops (RH-H) for 300 nm-width nanowire. The 

structure is Ta(3)/Pd(3)/[CoFe(0.16)/Pd(0.22)]8/CoFe(0.16)/Ru(0.8)/Pd(0.2)/[CoFe(0.16)/ 

Pd(0.22)]N/Ta(3) with N=5, 6 and 7. The RH-H loops are measured under H perpendicular to the 

film plane and no pulse current is driven through the nanowire. The schematic diagrams present 

the magnetization configuration in SAF structure.  

Figure 7-2 (a) shows the dependence of Mn on N. The Mn decreases as N varies 

from 4 to 9, which is attributed to the difference in magnetization between the top and 

bottom [CoFe/Pd]N multilayers that reduces with N. The smallest Mn = 79 emu/cc is 

achieved when N = 9, which is due to the identical nominal total thickness (1.44 nm) 

of CoFe magnetic layer in the top and bottom CoFe/Pd multilayers. The exchange 

coupling strength Jex between the two FM layers is expressed as tMHJ sexex   [241], 

where Ms and t are saturation magnetization and overall thickness of the top FM layer, 

respectively. The Jex as a function of N is shown in Fig. 7-2 (b). It is found that Jex 

increases with N, which is mainly due to the Mst of top CoFe/Pd multilayers increases 

with N. In the following discussion, we shall focus on the current induced DW 
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displacement in the region that magnetization of top and bottom FM layers are 

aligned antiparallel as to study the effect of ECT on the DW motion. 

 
Fig. 7-2 The variation of (b) net magnetization Mn (= |Ms2 − Ms1|) and (c) Jex of [CoFe/Pd]8/CoFe/ 

Ru/Pd/[CoFe/Pd]N SAF structure as functions of N. 

Prior to each measurement, DW was first nucleated at the joint between the 

triangular contact pad and nanowire (see MFM image in Fig. 7-3 (a)). The DW is 

pinned in the wire due to the intrinsic pinning strength after its nucleation [242]. 

Subsequently, a pulsed current is injected into the nanowire to induce the DW motion. 

The bottom of Fig. 7-3 (a) confirms the DW displacement after applying the pulsed 

current with current density J > Jth. The RH is measured after each pulse to detect the 

DW motion [43]. Figure 7-3 (b) shows RH as a function of the integrated pulse 

duration t with J = +0.93×10
11

 A/m
2
, +0.85×10

11
 A/m

2 
and −0.93×10

11
 A/m

2
 under H 

= 0. The positive and negative signs of J denote the electrons are flowing along and 

opposite to the direction of DW motion, respectively. For J = +0.93×10
11

 A/m
2
, a 

sudden jump of RHall in Fig. 7-3 (b) indicates that the DW driven by the current has 

passed through the Hall cross. As the pulse width is 5 ns for each pulse, the swtching 
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is occured when the pulse number equal to around 1800. The value of RH changes 

around 0.2 Ω, which is almost the same as the variation of RH for different orientation 

of |Ms1 - Ms2| in [CoFe/Pd]8/CoFe/Ru/Pd/[CoFe/Pd]9 SAF structure. This confirms 

that current induced DW motion occurs when magnetization of top and bottom FM 

layers are aligned antiparallel. On the other hand, no switching is observed when J = 

−0.93×10
11

 A/m
2
, indicating that the DW moves in the direction of electron flow. 

Additionally, no switching of RH is observed when the J is decreased to 0.85×10
11

 

A/m
2
. This suggests that the driving force generated by applied pulse current is not 

strong enough to drive the DW motion. Notably, the low threshold current density Jth 

for driving the DW motion is of importance to device applications.    

Figure 7-3 (c) shows Jth of the [CoFe/Pd]8/CoFe/Ru/Pd/[CoFe/Pd]N SAF structure 

nanowire as a function of N. All measurements were performed at zero field. The Jth 

decreases with N and a smallest Jth = 9.3×10
10

 A/m
2
 is obtained for N = 9. This value 

is significantly lower in comparison with other perpendicularly 

Co-based-ferromagnetic multilayer nanowires, such as Co/Ni (Jth~4−5×10
11 

A/m
2
) 

[42, 144], Co/Pt (Jth~1×10
12 

A/m
2
) [77], CoFe/Pt (Jth~1.43×10

12 
A/m

2
) [145] and 

CoFe/Pd (Jth~1.44×10
11 

A/m
2
) [184]. To further understand the small value of Jth in 

our samples, we investigate the pinning effect on the Jth and measure the depinning 

field (Hdep) for SAF structure nanowires with different N. Figure 7-3 (d) shows the 

dependence of Hdep on N. The variation of Hdep is in the range of 40 to 70 mT and Hdep 

has a local maximum of 70 mT at N = 7. This excludes the possibility of the reduction 

of Jth due to the lowering of Hdep.  
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Fig. 7-3 The (a) The top MFM image shows that DW was formed by the local Oersted field of 

injected pulse current at the joint between contact pad and the nanowire in the 

[CoFe(0.16)/Pd(0.22)]8/CoFe(0.16)/Ru(0.8)/Pd(0.2)/[CoFe(0.16)/Pd(0.22)]4 SAF structure sample. 

The bottom MFM image shows that DW position is changed after flowing the pulsed current with 

the J > Jth along the nanowire. A schematic diagram presents the domain and DW configuration in 

SAF structure. The red and blue regions represent areas that are oppositely magnetized; (b) The 

Hall resistance RHall as a function of integrated pulse duration t measured with driving pulse 

current densities J = +0.93×10
11

 A/m
2 

(opened cycle), +0.85×10
11

 A/m
2 

(opened rectangle) and 

−0.93×10
11

 A/m
2 
(opened triangle) under zero magnetic field, respectively. The SAF structure of 

the nanowire device is [CoFe(0.16)/Pd(0.22)]8/CoFe(0.16)/Ru(0.8)/Pd(0.2)/[CoFe(0.16)/ 

Pd(0.22)]9; (c) The threshold current density (Jth), hard axis anisotropy (Kh.a.) and (d) depinning 

field (Hdep) as functions of repeated number N for the [CoFe/Pd]8/CoFe/Ru/Pd/[CoFe/Pd]N SAF 

structure nanowire. 

Returning back to Fig. 7-3 (c), it shows that Jth dramatically decreases from 

2.8×10
11 

to 9.3×10
10

 A/m
2
 by a factor of 3 as N increases from 5 to 9. There are two 

important factors determining the Jth, which are the energy barrier and the driving 

force [31]. The DW has to overcome the energy barrier arising from the hard-axis 

anisotropy energy (Kh.a.) [33, 230] for motion [53]. Fig. 7-3 (c) shows that the Kh.a. 

decreases with N in our SAF samples, which indicates the height of the energy barrier 
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decreases with N. On the other hand, previous simulation [243] and experimental [4, 

244] results show that an exchange coupling torque (ECT) proportional to Jex can be 

generated in a SAF structure. The ECT works as a driving force to help in depinning 

DWs in the two different layers [244, 245] and Jth can be decreased with reducing Jex. 

As Jex increases with N (changing from 5 to 9), the driving force increases with N. 

Therefore the dramatic reduction of Jth can be attributed to the reduction of the energy 

barrier and the increase in driving force. 

7.1.3  Domain wall velocity in the SAF structure based nanowires 

Figure 7-4 shows the averaged DW velocity (v) as a function of J for N ranging 

from 4 to 9. For a given sample, as J is increased from Jth, v increases linearly with J 

till Jw. Above Jw, the v slightly changes with J and subsequently increases linearly as J 

is further increased. The dependence of v on J can be explained by considering the 

Walker breakdown model.[59, 246] In this model, three regimes of the DW motion 

are predicted for Walker breakdown limit in SAF structure. Firstly, a steady-state DW 

motion occurs at low J, in which a linear dependence between v and J is expected. 

Then the v slightly decreases in the Walker breakdown regime of Jw ≤ J ≤ Jp, where 

Jw is defined as the Walker breakdown current density. The Walker breakdown limit 

originates from the demagnetization field that generates a torque on the magnetization. 

This torque has an opposite direction with the magnetization, resulting in the DW 

structure undergoes periodic configurations.[31] In the third region for high current 

density, v increases linearly as J is further increased above Jp and the DW motion 
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changes to a precessional regime.[31, 215, 247] The Jp is defined as the lowest J, 

above which the DW starts a processional motion. These predictions are in good 

agreement with our results of v dependent on J in the SAF structure nanowires. 

 

Fig. 7-4 The variation of the v as functions of J under zero applied field for the 

[CoFe/Pd]8/CoFe/Ru/Pd/[CoFe/Pd]N SAF structure nanowires with N ranging from 4 to 9. The 

inset is the enlarged portion with J is in the range of 0.93×10
11

 A/m
2
 to 3×10

11
 A/m

2
. Each data 

point is the averaged value of 10 measurements at fixed current density. The error bars indicate 

the standard deviation. 

In comparing the DW velocity among the different samples under the same 

driven current density, v increases with N and correspondingly the Jex value. The 

maximum velocity vmax = 150 m/s in the SAF structure nanowire is significantly larger 

in comparison with our previous work using the same material but without SAF 

structure and other common Co-based multilayer nanowires, such as CoFe/Pd (vmax ~ 

8 m/s) [43], Co/Ni (vmax ~ 60 m/s) [144] and CoFe/Pt (vmax ~ 1.5 m/s) [145]. These 

observations again agree with the prediction of ECT promote domain wall motion. 
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7.1.4  Discussion of exchange coupling torque (ECT) and spin orbit 

torque (SOT) in the SAF structure based nanowires 

We note that ECT is dependent on the spin-orbit torque (SOT) originating from 

the adjacent heavy metal layer [244]. The SOTs will cause the magnetization of top 

and bottom FM in SAF to rotate to the spin accumulation direction (transverse to the 

length of nanowire). This will further result in an exchange field on the top and 

bottom FM, driving them back to their equilibrium state [244]. ECT is then generated 

through exchange field, which drive the DWs in the two different layers to move in 

the same direction. The SOTs could arise from spin Hall effect (SHE) and Rashba 

field as a consequence of breaking of structure inversion symmetry and the interfaces. 

It is expected that the heavy metal Ta [78, 84, 187], Pd and Ru [79] have nonzero spin 

Hall angle, which will generate the SOT due to SHE and influence the amplitude of 

ECT in Ta/Pd/(CoFe/Pd)8/CoFe/Ru/Pd/(CoFe/Pd)N/Ta structure samples. Thus, the 

SOT and ECT need to be further considered. Ru has smaller spin Hall conductivity 

compared with Ta, which may result in a smaller spin Hall effect for Ru than for Ta 

[79, 248]. Ru is inserted into the (CoFe/Pd)n multilayers to induce the 

antiferromagnetic coupling. In order to understand the major contribution to the ECT, 

we compare the v as function of J for three nanowire samples with different SAF 

structures, which are Ta(3)/Pd(3)/(CoFe/Pd)8/CoFe/Ru/Pd/(CoFe/Pd)9/Ta(3) (sample 

A), Ta(3)/Cu(3)/(CoFe/Pd)8/CoFe/Ru/Pd/(CoFe/Pd)9/Ta(3) (sample B) and Ta(3)/ 

Pd(3)/(CoFe/Pd)8/CoFe/Ru/Pd/(CoFe/Pd)9/Cu(3) (sample C) as shown in Fig. 7-5 (a). 

The Ta/Cu seed layer (Cu cap layer) is used to replace the Ta/Pd seed layer (top Ta 
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layer) to exclude the effect of SOT generated by Pd seed layer (top Ta layer). The 

Ta/Cu seed layer can also induce the (CoFe/Pd)n fcc (111) texture for high PMA [249]. 

The dependence of v on J for the sample A and B are almost the same, indicating the 

SHE of Pd seed layer has little effect on the DW motion due to the small spin Hall 

angle [250]. However, the v of sample C dramatically decreases as compared with 

sample A and B. This result indicates the high v is mainly dependent on the top Ta 

layer. The Ta has a large spin Hall angle and can generate strong SOT [78], which 

will directly influence the amplitude of ECT and the v value.   

In order to quantify the SOT generated by Ta, the harmonic Hall voltage 

measurement with planar Hall effect correction [140, 141, 185-188] were performed 

for obtaining the effective fields along the longitudinal (ΔHL) or the transverse (ΔHT) 

direction for sample A and C, respectively. The dependence of effective fields ΔHL 

and ΔHT on J are plotted in Fig. 7-5 (b) and (c) for sample A and C, respectively. The 

magnitude of ΔHL and ΔHT increase linearly with J. We define the longitudinal (βL) 

and transverse (βT) SOT efficiencies [185, 188] as βL(T) =ΔHL(T)/J and the βL(T) values 

can be obtained from the slope. The βL (βT) is enhanced from 0.9 mT cm
2
/10

7
 A (0.2 

mT cm
2
/10

7
 A) for sample C to 4 mT cm

2
/10

7
 A (0.7 mT cm

2
/10

7
 A) for sample A. 

These result indicate that although the thickness of top and bottom Ta layers is 

identical (3 nm), the top and bottom Ta layers generate non-identical SOTs on the 

SAF structure due to the Pd insertion in the bottom. The small SOT in sample C 

originates from the bottom Ta/Pd and the SAF structure [251]. It also shows that the 

top Ta layer produces much larger SOT than the bottom one. This structure 
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asymmetric leads to the enhancement of spin injection efficiency from the Ta to 

(CoFe/Pd)n multilayers based SAF structure [187]. 

 

Fig. 7-5 (a) The v as functions of J for three nanowire sample A, B and C with different SAF 

structures; (b) and (c) show the dependence of ΔHL and ΔHT after planar Hall effect correction on 

J for sample A and C, respectively. The   /   Mz indicates the positive/negative initial 

magnetization states. The layered structures for sample A, B, and C are described in the text. 

We note that v = 150 m/s at J = 1.5×10
12

A/m
2
 achieved in this study is smaller 

than v ~ 380 m/s with identical J in Ref. [239]. One possible reason for the smaller v 

in our sample is that the SOT generated by the top Ta is smaller than Pt in Ref. [239]. 

Additionally, the SOT will be attenuated through the thickness of (CoFe/Pd)n 

multilayer based SAF structure. Our SAF structure thickness (~ 8 nm) is larger than in 

the Co/Ni/Co based SAF structure (~ 4 nm)
8
, which will lead to smaller ECT and v.  
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7.2  Summary 

In summary, we have systematically studied the threshold current density (Jth) 

and DW velocity (v) in ultrathin CoFe/Pd multilayer based SAF structure nanowires. 

A low Jth = 9.3×10
10

 A/m
2
 and a maximum v = 150 m/s are achieved for the sample 

with Jex of 0.0158 J/m
3
. The small Jth and high v is due to an exchange coupling 

torque (ECT) generated in SAF structure. The amplitude of ECT is dependent on the 

spin-orbit torque from Ta and Jex. The results suggest that SAF structure nanowires 

based on ultrathin [CoFe/Pd] multilayers with large spin orbit torque is beneficial for 

the spin-torque DW devices. 
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Chapter 8  Conclusions  

8.1  Summary of results 

The manipulation of magnetic domain wall (DW) motion using spin polarized 

current is important for scalable low-power devices in novel memory-storage 

applications, such as racetrack memory (RM). It is convenient to manipulate the 

magnetization of storage cell in RM using current-induced DW motion (CIDWM). 

Therefore, the high capacity density, small current density to drive the DW motion 

and enhanced current-driven DW dynamics are the primarily technological concerns 

for practical application. The PMA thin films are of great importance for RM because 

they possess higher magnetic storage density and lower driving current density for 

DW motion as compared with the in-plane magnetized materials. Taking advantage of 

strong interaction between the spin-polarized current and the local magnetization in 

PMA thin films is an essential method to produce robust current-induced torques.  

We found that the CoFe/Pd multilayers, especially the multilayers with 

monoatomic thickness sublayers, have relatively high spin polarization (~ 60%), small 

domain wall width (~ 4.8 nm) and tunable saturation magnetization. In addition, high 

temperature post-annealing stability has been found in the CoFe/Pd superlattice-like 

multilayers, which is beneficial for the long time usage of the devices. Moreover, the 

noble metal Pd used in the multilayers can improve the magnetic property of films 

because of longer spin-diffusion length compared with Pt. These factors are favorable 

to reduce the threshold current density and improve the dynamics for DW motion.   
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In this thesis, we study the DW motion in a nanowire of CoFe/Pd multilayer with 

strong PMA. A small Jth of 1.44×10
11

 A/m
2
 under magnetic field H of 750 Oe has 

been observed in the normal CoFe/Pd multilayer nanowire at room temperature 

measurements. The combination of non-adiabatic spin-transfer-torque and spin orbit 

torque generated by Ta layer is found to be the main contribution to the current 

induced DW motion.  

To improve the DW efficiency and Jth, we study the DW motion in the nanowires 

patterned on CoFe/Pd superlattice-like multilayers. A smaller driving current density 

J =2.8×10
11

 A/m
2
 under H = 115 Oe has been achieved with a maximum DW velocity 

v = 8 m/s. A larger non-adiabatic coefficient is deduced from the CoFe/Pd 

superlattice-like multilayers. 

Furthermore, the magnetization reversal and magnetic interlayer coupling in 

(CoFe/Pd)n superlattice-like based synthetic antiferromagnetic (SAF) structure have 

been studied. We have investigated the current induced DW motion in PMA 

nanowires patterned on the (CoFe/Pd)n superlattice-based synthetic antiferromagnetic 

(SAF) structure. A much smaller Jth = 9.2×10
10

 A/m
2
 without bias H is observed and a 

maximum v = 150 m/s with J = 1.5×10
12

 A/m
2
 for DW motion is achieved in the SAF 

structure nanowires. This is due to an exchange coupling torque (ECT) generated in 

SAF structure. The amplitude of ECT is dependent on the spin-orbit torque from Ta 

and Jex. This indicates that ultrathin CoFe/Pd multilayer based SAF structure has 

better performances for future spin-torque devices.  
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8.2  Recommendation for future work 

Besides the high efficiency of current-driven DW motion, there is renewed 

interest in domain wall based devices following the observation of spin Hall effect [78, 

84] in multilayer films consisting of a nonmagnetic heavy metal and a ferromagnet. 

The effective spin Hall field acting on DWs has a similar symmetry as an out-of-plane 

driving magnetic field [148]. Therefore, it is possible to decrease the threshold current 

density required to move DWs by reducing the pinning field or defects in the 

nanowires. But the spin Hall effect is still under debate because the magnitude of spin 

Hall effect efficiency acquired is higher than the theoretical limit imposed by the 

efficiencies in two separate materials, Pt and Ta [75, 78, 84, 187]. At the same time, it is 

highly controversial that whether spin orbit torques (SOTs) induced by Rashba effect 

and spin Hall effect are pure material-dependent or interface-mediated in the 

spintronics community. The magnitude of SOT efficiencies has been reported with a 

lack of consistency. To effectively manipulate spin orbit torques for device applications, 

therefore, a solid understanding on spin orbit torques needs be established. Therefore, 

the spin Hall effect of Ta or Pt on the DW motion in the CoFe/Pd multilayers based 

nanowires need to be further understood in the following study.   
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