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Abstract 

 
Spin-orbit torque (SOT) is an electrical-driven phenomenon in which the 

magnetization of a ferromagnetic material can be switched by the momentum transfer 

of the diffused accumulated spins at the heavy metal (HM)/ferromagnet (FM) interface, 

when applying an electric current through the HM layer. The SOT effect is highly 

attractive from application viewpoint, specifically for faster magnetization switching 

and lower power non-volatile memory devices.  However, the search for in-depth 

physics understanding of the SOT continues, specifically on the SOT-induced 

magnetization switching phenomenon. In this thesis, systematic investigation of the 

physics governing the SOT-induced magnetization switching has been carried out by 

examining the SOT effective fields, i.e., damping-like term and field-like term. AC 

harmonic Hall voltage measurement technique was applied to characterize the SOT 

effective fields in Pt/Co/Ta structure with perpendicular magnetic anisotropy (PMA). It 

is found that the sign and magnitude of the damping-like term are dependent on the 

thickness of the inserted Pt layer at the Co/Ta interface, while that is negligible for the 

field-like term. In the Pt/Co/Pt/Co/Ta structure, the effective field strength is dependent 

on the lower Co layer thickness while no changes were observed with varying upper Co 

layer thickness. The asymmetric dependence of the SOT on the two Co layer thicknesses 

is attributed to the modulations of the saturation magnetization as a result of their 

different interface conditions. Additionally, by exploiting the intrinsic tilt of the 

magnetization in the Pt/[Co/Ni]2/Co/Ta structure, it is shown that field-free SOT-

induced magnetization switching is possible. Kerr imaging reveals that the field-free 

SOT switching process is completed via the nucleation of reverse domain and 

propagation of domain wall in the system.  
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Chapter 1. Introduction 

 

 
Conventional microelectronic devices based on the transition of electron charge 

have been widely applied in human life. The studies on spin, another inherent attribute 

of electron, find that electron spin has more advantages than electron charge in the last 

several decades. Attempts to use both charge and spin of electron have given rise to an 

emerging field known as spintronics. The electron spin denoted by one of its two 

possible states on arbitrary axis has huge potential in digital information processing. 

The energy to reverse the spin orientation is amazingly small, which opens great 

opportunities to reduce the power consumption of electronic circuits for future devices. 

Recently, the spintronic devices are proposed to be strong candidates in memory 

technology owing to its advantages of non-volatility and compatibility with CMOS 

circuits, especially magneto-resistive devices constructed by a magnetic tunnel junction 

(MTJ) structure. The discovery of spin-transfer torque (STT) effect promises the 

possibility of directly magnetization via charge current, which builds new spin-based 

devices for integrating data storage and data processing techniques, such as spin transfer 

torque magnetic random-access memory (STT-MRAM). Lately, a new transport effect 

named spin-orbit torque (SOT) has attracted intense interest of research. It has been 
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perceived as a better alternative to invert the magnetic moments in memory devices, 

due to its higher power efficiency than STT. Though many investigations of SOT have 

been reported, the in-depth understanding of physics of SOT is still under debate. In the 

thesis, my research focuses on the quantification of the SOT effective fields and 

investigation of SOT-induced magnetization switching in magnetic multilayers with 

perpendicular magnetic anisotropy. The related fundamentals are included in this 

chapter, and the last section of this chapter describes the structure of the thesis. 

 

1.1 Spin of electron and spin-orbit coupling 

 
As a fundamental particle, electron is proved to exist objectively by Thomson in 

1897 [1, 2]. It possesses one elementary negative charge, which promises the 

application of electronic devices based on manipulating electron charge [3]. The 

invention of evacuated tube [4] and transistor [5] makes the electronic devices possible 

to be widely applied in human life. With the further understanding of electron, the spin 

of electron is discovered [6], and it can be controlled to implement various functions, 

which facilitates the development of spintronic devices [7]. The advantages of 

miniaturization and low power consumption make the spintronic devices the focus of 

research [8-10]. 

In 1922, Stern and Gerlach experimentally discovered the spin of electron [6], as 

the electron moves along its orbit of an atom. Both motion and spin are intrinsic 

properties of electron, associated with the intrinsic form of angular momentum in 

quantum mechanics. The former generates an orbital angular momentum, which has the 

same relationship as classical definition  

 .L = r ×p   (1-1) 
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Here, r  is the position operator, p  is the momentum operator, and L  is the orbital 

angular momentum operator. The latter produces another type of angular momentum, 

called spin angular momentum (usually denoted S ). As a quantum concept, spin is 

quantized with a spin quantum number 1
2

s = , resulting in a constant magnitude of spin 

angular momentum  

 3( 1) .
2

S s s + ==     (1-2) 

Its component along the arbitrary z-axis (usually determined by an external magnetic 

field) is given by ⋅z sS = m  . The electron spin can be denoted by either an upward 

( 1
2sm = + ) arrow or a downward ( 1

2sm = − ) arrow, as shown in Figure 1-1.  

 

Figure 1-1. Illustration of spin "up" and "down". 

 

The total angular momentum J, which combines both the spin and orbital angular 

momentums, is given by  

 3( 1) .
2

S L s s L L⋅ + ==     (1-3) 
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The spin angular momentum of electron can interact with its orbital angular 

momentum, due to the relativistic interaction of electron spin with its motion inside a 

potential, known as spin–orbit coupling (SOC) [11-13]. SOC makes it possible that L  

and S  are not conserved, while the total J  remains conserved. For a monovalent atom, 

the Hamiltonian of the valence electron without external magnetic fields can be written 

as  

 
2

0 ( ) ( ) .
2 e

pH V r r
m

ξ= + + S L   (1-4) 

The last term is the SOC energy. The applied magnetic field can generate a magnetic 

potential  

 ' ( ) ( 2 ).
2l e z z

e

eBH L S
m c

= − + = +B μ μ   (1-5) 

The total Hamiltonian of the valence electron becomes  

 0 '.H H H= +   (1-6) 

In case of weak magnetic field, the magnetic potential is smaller than the SOC 

energy, which makes 'H  a perturbation. Taking ( 0H , 2L , 2J , zJ ,) as common 

eigenfunction, the zero-order approximation of wave function can be written as  

 (0) ( ) ( , , ),
j jnljm nl l jm zR r Sψ θ ϕΨ =   (1-7) 

where ( , , )
jl jm zSψ θ ϕ represents the common eigenfunction of ( 2L , 2J , zJ ,). The 

eigenvalue of 0H  is the energy level of the valence electron, and it depends on the 

quantum number n , l , j , being independent on jm . It can be recorded as (0)
nljE , whose 

degeneracy of energy level is 2 1j + . For given values of n  and l , 1
2

j l= ±  

corresponds to two energy levels, describing the fine structure of energy level. 
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According to the degenerate state perturbation theory [12], the first-order 

correction of energy attributed to the magnetic potential 'H  can be obtained as  

 (1) (0) (0)( ' ) ( ) ( ).
2 2 2j j jnljm nljm nljm z z j z

e e

eB eBE H d J S m
m c m c

τ σ= Ψ + Ψ = + = +∫


   (1-8) 

zσ  can be solved from the equation  

 ( ) ( ) 2 .+ =σ σ L σ L σ L    (1-9) 

Averaging the equation (1-9) under the state of 
jnljmΨ , can obtain  

 ( ) ,=σ σ L L   (1-10) 

where ( )σ L  becomes the eigenvalue.  

Due to 
2

= +J L σ , the equation (1-10) can be written as 

 ( ) .
2
+ =σ σ L J

   (1-11) 

Under the eigen state of zJ , 0= =x yJ J , result in 0= =x yσ σ . It is also given 

that  

 {
1( ) 1 2,2

1 ( 1) , 1 2( )
2

.
2

l j lj
j j ll

+ = +

− + = −− +


+ = =


σ L











   (1-12) 

Substituting equation (1-12) into equation (1-11), we can obtain  

 
1,
2
1

, 21

.
j

j

m
j lj

m j l
j

= +

= −−
+

= 


σ   (1-13) 

Substituting equation (1-13) into equation (1-8), the first-order correction of energy is 

acquired as  

 (1) .
jnljm B jE B m gµ=   (1-14) 
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Here, g  is the Landé factor, which is expressed by  

 
1 11 ,

2 2
1 11 ,

2( 1) 2

1 1 .
2

j lj

j l
j j

g
m

+ = +

− = −
+

= + = + = 


z z

z

σ S
J

  (1-15) 

The combination of equations (1-14) and (1-15) gives the result that the energy 

level (0)
nljE  is split into (2 1)j +  energy levels with equal interval in weak magnetic field, 

corresponding to the (2 1)j +  values of jm , 

 , 1, , ( ).jm j j j= − −    (1-16) 

The energy level spacing is BB gµ . In simple Zeeman effect, the spacing of split energy 

levels is BBµ . The energy level transition of valence electron occurs following the 

selection rule  

 1; 0, 1; 0, 1;jl j m∆ = ± ∆ = ± ∆ = ±   (1-17) 

which generates its spectrum. The SOC of electrons involved with both spin and motion 

has played a significant role in various technological applications in semiconductor 

industry. 

According to relativistic effects, an electron moving in a noncollinear electric field 

will experience an effective magnetic field, which is written as 

 1 ,
c
−

= ×B v E   (1-18) 

where v is the velocity of electron and E is the electric field. The SOC can be understood 

by the electromagnetic interaction between the magnetic moment of an electron and the 

effective magnetic field produced by the electron’s orbital motion. The interaction 

energy is expressed by  

 
2

2 3 ( ).
4

o
SO s

e

ZeE B
m r

µµ
π

= − ⋅ = ⋅S L   (1-19) 



16 
 

It suggests an additional contribution to the Hamiltonian of an atom in Eq. (1-4) caused 

by SOC. 

 

 

1.2 Introduction to ferromagnetic metals, Fe, Co, Ni 

Magnetism of material origins from the atomic magnetic moment, containing the 

orbital and spin magnetic moments of electrons. They are sorted into three types of 

weak magnetism and two types of strong magnetism in practical view. Most materials 

do not show macroscopic magnetism due to the chaotic directions of atomic magnetic 

moments, though the inherent magnetic moment of an atom exists. These materials are 

known as paramagnets. Another two types of weak magnetism are diamagnetism and 

anti-ferromagnetism. The former has a negative magnetic susceptibility with very small 

absolute value. In antiferromagnet, spin is arranged in antiparallel by sub-lattice with 

magnetic moments of the same magnitude and opposite orientations, which results in 

that   the macroscopic magnetism of antiferromagnet equals zero. Totally different with 

the previous three types of magnetism, the inner atomic magnetic moment of 

ferromagnet is spontaneously arranged in parallel by region, exhibiting a strong 

magnetism. As the last type of magnetism, ferrimagnet has the same inner magnetic 

structure as the antiferromagnet, while the different amounts of magnetic moment 

arranged in antiparallel lead to a strong magnetism.  

The spin-dependent conduction in ferromagnetic metals lead to the discovery of 

the giant magnetoresistance (GMR), which makes it possible to simultaneously regulate 

and control both charge and spin of electrons. As a historic breakthrough, the GMR 

effect has promoted the development of emerging spintronics, which is different from 

the traditional electronics and microelectronics where only the electron charge is used.  
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1.2.1 Origin of ferromagnetism  

In case of an electron revolving around a nucleus, the motion of electron charge 

forms a circular current and induces a magnetic field [15, 16]. The orbital magnetic 

moment generated by the circular current is in line with the orbital angular momentum 

of the electron and their directions are opposite. For polyelectronic atoms, the electron 

configuration observes two rules, Pauli exclusion principle and minimum energy 

principle. The state of an electron is determined by four quantum numbers, n , l , j , 

jm . Both the total angular momentum and magnetic moment of full electronic shell 

equal zero. Only the unpaired electronic magnetic moment in unfilled shell of electrons 

can contribute to the total magnetic moment of atoms.  

In the periodic table of elements, the elements in iron family, i. e., Fe, Co, Ni, 

possess the strongest magnetism, widely used in various magnetic technology and life 

as ferromagnets. The magnetic moments in these metals are almost entirely contributed 

by 3d electrons. It is experimentally found that the orbital magnetic moment in them is 

too small to contribute to the total magnetic moment, due to the freezing of orbital 

angular momentum [16, 17]. Consequently, the spin magnetic moment of 3d electrons 

makes entire contributions to their magnetism. The exchange interaction of 3d electrons 

leads to that the electrons with parallel spins have lower energy than the electrons with 

antiparallel spins. To reduce the total energy, some negative spins are transferred to 

positive spins. The unequal numbers of electrons with positive spins and negative spins 

induce the spontaneous magnetization of ferromagnetic metals. 
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Figure 1-2.  Schematic diagram of electronic density of energy state in Fe, Co and Ni, 

including both 3d and 4s bands. The average numbers of electrons in each spin state 

which is described by the white arrows. The blue indicates “majority spins” which have 

more electrons, and the red indicates “minority spins” which have less electrons, in 3d 

bands. 

 

An energy band model, named Stoner-model, can be used to demonstrate the 

contribution from the spin of 3d electrons, as shown in Figure 1-2.  Figure 1-2 displays 

the schematic diagram of electronic density of energy state in Fe, Co and Ni [17-20]. It 

is observed that 4s electrons have the same amounts of electrons in spin “up” and spin 

“down” states [16, 17], which contribute a magnetic moment of Bµ+  and Bµ− , 

respectively. (The 4s band whose width is around 10 eV, is filled with both the 4s 

electrons and 4p electrons. However, only 4s electrons are considered here to relate to 

the classical atom configuration. For further information, please refer to page 523 in 

Ref. [17] and Chapter 3 in Ref. [16]). The magnetic moments contributed by the “up” 

and spin “down” 4s electrons approximately counteract each other, result in a zero 

contribution to the total magnetic moment (The little contribution with numerical value 

can be referred in page 527 in Ref. [17]). 

As shown in Figure 1-2, the 3d energy band has an asymmetric structure with the 

band width of about 3 eV [16, 17], since that the exchange interactions (~ 1 eV) of 3d 
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electrons split off the energy band [16, 20]. Consequently, the numbers of the 3d 

electrons with magnetic moment of Bµ+  ( n+ ) and Bµ−  ( n− ) become unequal. The net 

number defined as n n n+ −∆ = − , contributes to the total magnetic moment of an atom 

as a Bm nµ= ∆ . n∆  is experimentally quantified to be around 2.2, 1.7, and 0.6 for Fe, 

Co, and Ni, and gives the corresponding magnetic moment of an atom as about 2.2 Bµ , 

1.7 Bµ , and 0.6 Bµ , respectively [17]. For the bulk magnetic materials, the saturation 

magnetization determined by the magnetic moment of the atoms at the temperature of 

0 K, is generally used to characterize the magnetism. As an experimental result, the 

saturation magnetizations of 2.2 T (1751 emu/cc), 1.8 T (1432 emu/cc), and 0.7 T (557 

emu/cc) for bulk Fe, Co, and Ni are obtained at the temperature of 4.2 K [17]. The 

comparison of the saturation magnetization at the temperature of 4.2 K with n∆ , 

implies that the number of the saturation magnetization in unit of T gives an estimated 

number of 3d electrons generating the magnetism of an atom in ferromagnets [18]. 

 

1.2.2 Two-current model in spin-dependent conduction in ferromagnet 

 
For transition metals, 3d and 4s bands have the same Fermi energy and Fermi 

surface. Both 3d and 4s electrons near the Fermi surface participate in conducting. The 

mobility of 4s electrons in electric field is much larger than 3d electrons, as 4s electrons 

can flow much faster than 3d electrons. Though the amount of 3d electrons is greater 

than that of 4s electrons in transition metals, the electric conduction is mainly via 4s 

electrons. 

In normal metals and paramagnetic metals, the conductivity is independent of spin, 

which is the known cases. Figure 1-2 demonstrates the principle of the electric 
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conduction in ferromagnetic metals, which is spin-dependent [21]. The resistivity of 

ferromagnetic metals is expressed by 

 2 ,m n eσ σ σ σρ τ∗=   (1-20) 

where mσ
∗  is effective mass of conduction electron, nσ  is the electronic density at Fermi 

surface, and στ  is the relaxation time of electron scattering. Describing the magnitude 

of scattering probability, στ  is proportional to the mean free path of electron motion 

σλ , which is expressed by  

 2~ ~ 1 ( ),FV N Eσ σ σ στ λ   (1-21) 

where Vσ  is the element of scattering potential matrix causing the electron scattering, 

and ( )FN Eσ  is the density of energy states at Fermi surface related to the final state of 

scattering. σ  represents spin “up” or “down”, in expression of ,σ =↑ ↓ . ↑  is defined 

as the spin direction parallel to magnetization, which is the same as the orientation of 

“minority spins” or spontaneous magnetization. ↓  represents the direction of “minority 

spins”. The related physical quantities with subscript σ  in equations (1-20) and (1-21) 

imply that they are spin-dependent, leading to the spin-dependent conduction in 

ferromagnetic metals. The phenomenon of different amounts of conduction electrons 

with “up” and “down” spins is called the spin polarization of electron flow, which is 

one of the three mechanisms behind the spin-dependent conduction in ferromagnetic 

metals. The different στ  and σλ  mean that the scattering probability of the spin “up” 

conduction electrons differs with spin “down” conduction electrons. This phenomenon 

is named spin-dependent scattering, which is another mechanism. However, the spin-

dependent scattering can be intrinsic and extrinsic, ( )FN Eσ  implied by and Vσ , 
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respectively. As shown in Figure 1-2, ( ) ( )F FN E N E↑ ↓<  resulting from the split of 3d 

band, gives ρ ρ↑ ↓< , indicating the asymmetric ratio of spin-dependent resistance 

1
ρ

α
ρ
↓

↑

= > . In contrast, spin-dependent Vσ  results 1
ρ

α
ρ
↓

↑

= < . For the ferromagnetic 

metals (i.e. Fe, Co, Ni) mixed with other metals, the concurrence of intrinsic and 

extrinsic spin-dependent scatterings can make the ratio α  both larger than 1 and less 

than 1 [22].  

According to the approximation under low temperature, Fert and Campbell propose 

the two-current model [22, 23] to explain the spin-dependent conduction in 

ferromagnetic metals. In this model, two separate electronic conduction channels for 

spin “up” (σ =↑ ) and spin “down” (σ =↓ ), which parallel each other, are established 

with the respective resistivities of ρ↑  and ρ↓ . Therefore, the total effective resistivity 

is obtained as  

 .t

ρ ρ
ρ

ρ ρ
↑ ↓

↑ ↓

=
+

  (1-22) 

For ferromagnetic metals under the Curie temperature, the spontaneous magnetization 

and spin-dependent scattering result in ρ ρ↑ ↓≠ , which is different with the normal 

metals ( ρ ρ↑ ↓= ). The total effective resistivity is always lower than that the resistivity 

of either channel due to the parallel relationship. Thus, the resistivity of ferromagnetic 

metals is dropped at Curie temperature.  

Especially, in ferromagnetic multilayer thin films, the two-current model can 

indicate a giant magnetoresistance, which is discovered as GMR effect as a historic 

breakthrough [24, 25]. The GMR effect firstly shows the possibility to simultaneously 

regulate and control both charge and spin of electrons, differing with the traditional 
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Figure 1-3. The schematic of the two-current model in ferromagnetic multilayer thin 

films. The arrows in black, red, and blue colors represent the conduction channel, the 

magnetization direction in each layer, and the spin direction of the conduction electrons 

in each channel, respectively. The white five-pointed stars mean the occurring of 

scattering. 

 

electronics and microelectronics where only the electron charge is used. The researches 

based on GMR effect then raise the development of emerging spintronics. Figure 1-3 

shows the schematic of the two-current model in ferromagnetic multilayer thin films. 

The two black lines with arrows in Figure 1-3(a) or (b) represent the two electron 

channels. For current parallel to the surface of films, the direction of electron motion 

may be antiparallel to the surface. The small red arrows are the orientations of the 

magnetization in each layer. The small blue arrows at the end of the electron channels 

indicate the spin direction of the conduction electrons in each channel. The case of the 

spin direction of the conduction electrons parallel to the magnetization of the multilayer 

films, where less scattering occurs, is described by a straight line. The case of 

antiparallel, where more scattering occurs, is expressed by a broken line. In Figure 1-

3(a), the magnetization of the multilayer films by magnetic field reaches saturation, 

which makes the same magnetization direction in each layer. The channel with low 

resistance shown by the black straight-line acts as a short circuit. Therefore, the Figure 

1-3(a) indicates a low resistance state. In Figure 1-3(b), due to the interlayer 
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antiferromagnetic exchange coupling, the magnetization in adjacent layers is arranged 

spontaneously in antiparallel without external magnetic field, resulting in that the total 

magnetization of the multilayers is zero. Figure 1-3(a) shows a high resistance state, 

since both two channels have high resistance. 

 

1.3 Magnetization dynamics  

If a magnetic moment m is exposed to a magnetic field H, a torque will be induced 

to attempt to align the moment in the same direction as the field vectors. In the classical 

physics, this torque acting on the magnetic moment is expressed by  

 0 .d
dt

τ µ= = ×
L m H   (1-23) 

However, the magnetic moment m is the result of both spin and orbital angular 

momentums, according to the SOC. Then the angular momentum L should be replaced 

by the total angular momentum J. The relationship of the magnetic moment and the 

total angular momentum is expressed by ( 1) ,l Bl lµ µ= + . Substituting it into equation 

(1-23), we can obtain  

 0 ,d
dt

γµ= − ×
m m H   (1-24) 

where γ is the electron gyromagnetic ratio. This equation describes the precession 

behavior of the magnetic moment, implying that both components of the magnetic 

moment perpendicular to the applied magnetic field and the moment change, with no 

change in the component along the direction of the field. Meanwhile, the action of the 

torque to align the magnetic moment with the applied magnetic field, means that both 

components of the magnetic moment perpendicular to the applied magnetic field and 
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the moment will be decreased to zero at the end. It must be achieved through a damping 

process, implying the addition of a damping term in equation (1-22).  

In ferromagnetic materials, the precessional motion of the magnetization M is 

induced by an effective magnetic field Heff, which is determined by the external 

magnetic field, anisotropic field, exchange field, demagnetizing field, etc. In 1935, 

Landau and Lifshitz introduced an original equation (Landau-Lifshitz equation) to 

describe the precessional motion including damping [26-28],  

 ( ),eff eff
S

d
dt M

αγ γ= − × − × ×
M M H M M H   (1-25) 

where γ is the electron gyromagnetic ratio, α is the damping factor of a dimensionless 

constant, and MS is the magnitude of the saturation magnetization. Later, Gilbert 

modified the Landau-Lifshitz equation in expression of [29, 30] 

 .G
eff

S

d d
dt M dt

αγ= − × + ×
M MM H M   (1-26) 

Here, the damping term becomes dependent on the time derivative of the magnetization 

and αG is called Gilbert damping constant. The modified equation is then named 

Landau-Lifshitz-Gilbert (LLG) equation, which can better describe the real behavior of 

the magnetization in ferromagnetic materials. In LLG equation, the first term in the 

right side of this equation is called the driving toque, which causes the precession of the 

magnetization around the effective field. The second term in the right side of this 

equation is called damping torque, which forces the magnetization align to the effective 

field Heff. The terms of LLG equation are illustrated in Figure 1-4. 
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Figure 1-4. Illustration of different terms in the Landau–Lifshitz–Gilbert equation. The 

effective magnetic field Heff (black) precesses the magnetization M (orange). The 

driving torque −γM × Heff in red color and the damping torque αGM × dM/dt in color 

are shown separately.  

 

1.4 Spin-transfer torque 

In the development of spintronics, spin-transfer torque (STT) effect predicted by 

Slonczewski [31] and Berger [32] in 1996 and experimentally confirmed soon after [33-

35], is another historic breakthrough. The effect enables the change of the 

magnetization in nanomagnet induced directly by current, in addition to magnetic field. 

[31, 32, 36-38]  

STT is produced by a spin polarized current (spin current) that is defined as a flow 

of electron spin. In spin current, the amounts of electrons with up- and down-oriented 

spins are not equal, which means that spin current carries a net spin angular momentum. 

When a spin current flow through an ferromagnet, a torque is generated via transferring 

spin angular momentum from spin current to the magnetization of the ferromagnet in 

case that the spin of the spin current is noncollinear with the magnetic moment of the 

ferromagnet. As shown in Figure 1-5, the basic physics of STT is illustrated. [38] In a 
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spin current going through a thin ferromagnetic layer, the outgoing electron spin is re-

oriented due to the interaction between an incident electron spin and the magnetization 

of the ferromagnet, which indicates that the spin angular momentum of the electron is 

changed. According to the conservation of angular momentum, the change of the spin 

angular momentum is transferred to the ferromagnet. Consequently, a torque called 

STT is generated on the magnetization of the ferromagnet. The torque has two different 

terms, as directed in Figure 1-5.  One is in the plane of the electron spins and called in-

plane STT (or adiabatic torque or anti-damping torque). Another is perpendicular to the 

plane and regarded as an out-of-plane torque (or non-adiabatic torque or field-like 

torque).  

 

Figure 1-5. Illustration of STT via the interaction between the spin current and the 

magnetization of ferromagnet. The bold vertical arrow in blue color represents the 

magnetization of the ferromagnet. 

 

STT can be utilized to switch the magnetization of ferromagnet. [39-45] The 

magnitude of STT determines a threshold current for the magnetization switching, 

which is critical to its applications. The problem can be solved by studying the 

magnetization dynamics via LLG equation. As introduced in section 1.3.1, the 
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magnetization in ferromagnet will align with the effective field in the absence of 

external torques. The generation of STT will expand the LLG equation with the third 

term describing it. To describe the magnetization dynamics, the LLG equation with 

STT modification can be written as  

 

Figure 1-6. Illustration of magnetization dynamics with STT. 

 

 .G
eff STT

S

d d
dt M dt

αγ τ= − × + × +
M MM H M   (1-27) 

The two terms of STT can be included in different forms. The anti-damping torque can 

be written in the form of 

 ( ),STTτ ∝ sM × M × J   (1-28) 

where Js denotes the spin current. The field-like torque can be obtained by 

 ,STTτ β⊥ ∝ sM × J   (1-29) 

where β gives the relative strength with respect to the anti-damping torque in equation 

(1-26).  
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The illustration of the magnetization dynamics with STT is shown in Figure 1-6. 

According to Figure 1-6, the anti-damping STT will counteract with the damping torque. 

For a threshold STT, which is larger than the damping torque, the magnetization can be 

switched to the opposite direction. The corresponding current generating the threshold 

STT is defined as the threshold current.  

 

1.5 Spin-orbit effects and spin-orbit torque (SOT)  

As introduced in section 1.1, the SOC describes the interaction of the spin and 

orbital angular momentums of an electron. The interaction can result in the spin 

polarization and the transport phenomenon of spin, which is called spin-orbit effect, 

e.g., Rashba effect [46-52] and spin Hall effect (SHE) [53-60]. In the structure of heavy 

metal/ferromagnetic metal (HM/ FM), the Rashba effect generates an effective electric 

field in the direction normal to the HM/ FM interface, leading to spin accumulation at 

the HM/ FM interface. The SHE gives rise to a spin current converted from the charge 

current and spin accumulation at the boundaries of heavy metals. In a HM/ FM bilayer, 

both effects will exert a torque on the magnetic moment in FM layer. The torque is 

named spin-orbit torque (SOT) to distinguish it from STT. [59]  

 

1.5.1 Rashba effect  

According to Eq. (1-18), the conducting electrons will experience a magnetic field 

in the rest frame of electrons in the flow of a current. As introduced in section 1.1, the 

intrinsic spin of an electron is 1/2, resulting in a magnetic moment .Bµ−=sμ σ   Bµ is the 

Bohr magneton and σ is the Pauli matrix of spin. Therefore, the interaction energy in 
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Eq. (1-19) can be approximated as 1( ) ( )SO BE
c

µ −
= − ⋅ = ⋅ × ∝ ⋅ − ×sμ B σ v E σ p z , where 

z is the unit vector perpendicular to the interface and p is the momentum. [17, 61, 62] 

 

Figure 1-7. Illustration of the Rashba effect at the HM/FM interface. 

 

As illustrated in Figure 1-7, the interfacial Rashba effect originates from the SOC 

in systems with broken inversion symmetry, such as the HM/FM bilayer. [17] An 

internal electric field E is generated in the direction normal to the HM/FM interface. 

The conduction electrons near the interface will experience an effective magnetic field 

B, which couples to and polarizes the magnetic moments of the conduction electrons. 

[63-69] The combination of the interfacial SOC and the induced effective electric field 

give rise to a Hamiltonian to describe the Rashba effect,  

 ( ),R RH α= ⋅ ×σ z p   (1-30) 

where αR is the Rashba parameter. The conduction electrons will also have an exchange 

interaction with the local magnetization in the FM. As a result, the magnetization M in 

the FM can be aligned with the spin polarization σ of the conduction electrons. The 

Rashba Hamiltonian in Eq. (1-30) becomes to ( )R RH α= ⋅ ×M z p . The effect of the 

Rashba Hamiltonian is equivalent to an effective magnetic field  

 0 ( ) ( ),R Rµ α α= − × ∝ ×effH z p z J   (1-31) 
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where J is current density of the applied in-plane current. The Rashba effect was 

initially observed in inversion asymmetric semiconductors [70] and two-dimensional 

electron gases (2DEGs) [71]. Then it is found and studied in the NM/ FM bilayers over 

the last decades. The review by Manchon et al. provides a detailed discussion of the 

Rashba effect and associated SOT. [72] 

 

1.5.2 Spin Hall effect 

The SHE arises from bulk SOC in the HM producing spin accumulations and a 

pure spin current by the conduction electrons passing through the HM, which is 

different with the Rashba effect. [73-79] In the ordinary Hall effect, the electric carriers 

with opposite signs move to opposite directions by the Lorentz force, producing the 

charges accumulations. Similarly, the electrons with opposite spins will be separated to 

accumulate at the two surfaces of the HM in SHE, which creates a perpendicular spin 

current when a charge current is injected into the HM. This is due to the asymmetric 

scattering of the conduction electrons with different spin orientations. However, no 

charge accumulation occurs in SHE, because the numbers of electrons moving to two 

surfaces are equal. [80-83] 

The SHE can be attributed to both intrinsic and extrinsic mechanisms. The band 

structure gives rise to an intrinsic mechanism of the SHE. In the intrinsic SHE, the spin 

relaxation occurs in the scattering. The combination of the SOC and the inter band 

transitions induces a transverse velocity dependent on spin, such that the spin Hall 

conductivity xyσ  is independent of the momentum relaxation time τ. The intrinsic SHE 

can be expressed in terms of Berry curvature (k)z
nΩ : 
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where is yv the charge velocity in the y direction, and knf is the Fermi distribution 

function for the nth band at k. [84-86] The Berry curvature is determined by the virtual 

inter-band transitions. SOC splits the degenerate bands in the band structure, which 

leads to non-zero Berry curvature. The bands on either side of the split gap contributes 

opposite nature of the Berry curvature. The intrinsic xyσ  is proportional to the spin-

orbit polarization at the Fermi level. The contribution of the two opposite Berry 

curvature are not compensated in the band structure with the fermi level within the split 

gap. As a result, the intrinsic xyσ  is dominated. 

Two extrinsic mechanisms, the skew and side-jump scatterings of electrons, are 

introduced by the high SOC of the impurities in HM.  The spin relaxation occurs 

between and during the scattering for the former and latter, respectively. Moreover, in 

the skew scattering, different final directions of momentums for “up” and “down” spins 

are produced by the SOC. The spin Hall conductivity due to the skew scattering is 

xyσ τ∝ , where τ is the momentum relaxation time. The side-jump scattering is 

attributed to a spin-dependent difference in the acceleration and deceleration of 

conduction electrons during scattering. A spin-dependent displacement in the side-jump 

scattering leads that the spin Hall conductivity xyσ  is independent of the relaxation time 

τ. The contribution to the SHE from different mechanisms is still under debate, which 

needs further experimental quantification. [87-89] 
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Figure 1-8. Illustration of the bulk spin Hall effect in a HM. 

 

The bulk SHE in a HM is illustrated in Figure 1-8. An injected in-plane charge (JC) 

current in the HM can be converted to a pure perpendicular spin current (JS) into the 

FM. [90-100] The polarization σ of the accumulated spins at the two surfaces of the 

HM is orthogonal to both the directions of the injected JC and the generated JS. As a 

result, the generated spin current is obtained by the equation [101, 102] 

 ( ).
2 SHe
θ= ×S CJ J σ   (1-40) 

Here, SHθ  is called spin Hall angle and quantified by the intrinsic property of the HM.  

 

Figure 1-9. Illustration of the spin accumulation direction at the boundaries in Ta and 

Pt for the same charge current injection. 
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The magnitude of the spin Hall angle shows the efficiency of generating spin 

current for an injected charge current density. The sign of the spin Hall angle determines 

the orientation of the accumulated spins at the HM/FM interfaces. β -Ta has a spin Hall 

angle of around −0.15 and Pt has a spin Hall angle of around 0.06. [89] The opposite 

signs of the spin Hall angles in Ta and Pt indicate opposite spin polarization at the 

surface of the HM for the same injected charge current, as shown in Figure 1-9. 

As introduced, the SHE converts an unpolarized charge current to a pure spin 

current. A reverse process can generate a charge current from a pure spin current in the 

HM, which is named the inverse spin Hall effect (ISHE). [103, 104] The ISHE also 

originates from the same SOC effects as the SHE in the HM. The readers who are 

interesting in their mechanisms are encouraged to refer to reviews by Hoffman [89] and 

Sinova et al. [105] 

 

1.5.3 SOT effective fields 

As discussed in sections 1.4.1 and 1.4.2, both the Rashba effect and the SHE gives 

rise to the spin accumulation and SOT. [74, 106, 107] In the Rashba picture, the 

exchange interaction between the magnetization in FM and the itinerant spins is also 

necessary for the generation of SOT. In the case of only Rashba SOC without the 

exchange interaction, the Fermi surfaces are described by two spheres with different 

radius for “majority” and “minority” electrons, as introduced in section 1.2.  Finite total 

spin density is obtained due to the opposite signs of the net spin density in each band, 

when the Fermi surfaces is displaced in the direction of the current by the electric field. 

As a sequence, no spin torque is exerted on the local magnetization in the absence of 

the exchange interaction. The Rashba SOC gives rise to the nonequilibrium spin density. 

The exchange interaction couples the spins with the local magnetization. They together 
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act as an effective magnetic field HFL, generating a field-like SOT on the magnetization 

in the FM [108-111]   

 .FLH= − ×FLτ M p   (1-41) 

In the picture of SHE, the charge current injected in the HM produces a spin current 

diffused into the FM layer. The electron spins moving into the FM can be reflected by 

the spin scattering in the FM layer, transferring the momentums and angular 

momentums to the magnetization in the FM. [112-114] As a result, the damping-like 

term of SOT is given by [110, 110, 115, 116] 

 ( ).DLH= − × ×DLτ M m p   (1-42) 

Here, HDL is the corresponding effective magnetic field.  

The first experimental observation of SOT was carried out in dilute ferromagnetic 

semiconductor Ga1-xMnxAs films grown on the (001) surface of GaAs reported by 

Chernyshov et al. [117]. It provides the evidence for magnetization reversal in a dilute 

magnetic material by means of spin-orbit induced magnetic field contributed by the 

broken symmetry of the film structure. On the other hand, the first observation of a 

current-induced SOT in a ferromagnetic heterostructure consisting of a metallic thin Co 

layer sandwiched by Pt and AlOx interfaces is reported by Miron et al. [46], which 

results from the broken symmetry of the interfaces. In the Pt/Co/ AlOx heterostructures, 

Rashba and spin Hall effect induce the effective fields at the interface between the 

heavy metal and the ferromagnetic layer, to give rise to a torque on the local 

magnetization of thin Co layer resulting in the domain wall nucleation [46, 49]. 

Alternatively, a new case of an ultrathin Co layer sandwiched between two different 

heavy metals, Pt and Ta, which have spin Hall angles of opposite sign, is reported [53]. 
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In this case, the SOTs from the top Co/Ta and bottom Pt/Co interfaces both contribute 

to enhance the total effective torque. 

 

1.6 Motivation of SOT-based memory  

Magnetic Random-Access Memory (MRAM), which relies on the controlled 

manipulating of the magnetization of magnetic materials, is an emerging memory 

technology promising advantages such as non-volatility, high density and scalability. 

As such, the research on the efficient and accurate switching of magnetization has been 

widely investigated with the aim of developing next generation magnetic memory 

devices. The conventional method of magnetization reversal in ferromagnetic materials 

is via external magnetic field or locally induced Oersted field by electrical current. In 

recent years, the move to manipulate the magnetization of ferromagnetic materials by 

using spin polarized electrical current opened a wider spectrum of opportunities to 

integrate magnetic functionalities into electronic circuits [32, 36, 118-120].  

As introduced in section 1.4, the STT is induced by a spin-polarized current 

produced by spin filtering from a thin ferromagnetic film (the “fixed layer”), which is 

directed into another thin ferromagnetic film (the “free layer”) with different moment 

orientation, has attracted much attention as an efficient method to achieve the switching 

or reversal of the magnetization [36, 37, 119-121]. In this effect, partial angular 

momentum of the incident electrons is transferred to the free layer, inducing a torque 

interacting on the magnetic momentum of the free layer. It can be used to excite 

oscillations or even flip the direction of the magnetic moment of ferromagnetic 

materials in nanometer scale devices. STT-MRAM [122-135] has been proposed as a 

non-volatile and scalable magnetic memory device with the same read and write path. 

Memory devices comprising of STT-MRAM structures are already in the market for 
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specific applications [45]. However, STT-MRAM is restricted by the high write current 

and high energy consumption efficiency (10 times more energy employing per writing 

operation than Static Random-Access Memory) [36, 39, 59]. In STT-MRAM, the 

writing current and reading current flow in the same path, causing a disturbance. Due 

to the thermal wave, the magnetization can be reversed by a smaller current through the 

MTJ than the threshold current. Therefore, a high reading current may mislead a writing 

operation. Especially for nanoscale STT-MRAM, the difference between the writing 

and reading currents decreases. The read disturbance becomes more serious. Moreover, 

the resistance of MTJ is generally similar to transistor and the general value of TMR is 

100% - 200%. As a result, the reading error can be easily caused by technological 

deviation of device. The disturbance is a critical problem to solve for designing STT-

MRAM. [45, 59]  

Recently, another novel current-induced spin torque mechanism, SOT discovered 

in ferromagnetic materials (FM) sandwiched between a heavy metal (HM) layer and an 

Oxide layer, has been proposed as a more efficient alternative to manipulate the 

magnetization [136-147]. As introduced in section 1.5, the concept of the spin-orbit 

interaction at the interface between ferromagnetic metal and non-magnetic metal layer 

is utilized for more efficient magnetization switching. The charge current passing 

through the HM layer induces effective fields mainly contributed by two known 

mechanisms: the SHE and the Rashba effect. Spin Hall effect arises due to spin current 

induced by the spin dependent electron scattering from the large SOC in heavy metals, 

such as Pt and Ta. The spin current exerts a torque on the local magnetization of the 

ferromagnetic layer. Rashba effect is a relativistic effect induced by strong SOC, 

leading to the effective magnetic field polarizing the spin of conduction electrons as 

well as the magnetization via s-d interaction. It is fundamentally different from the 
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processes of STT, relying on the presence of strong SOC in the intrinsic structure of a 

material.  

 

Figure 1-10. Illustration of the cell of (a) STT-MARM and (b) SOT-MARM. 

 

Compared to STT-MRAM, the recently proposed SOT-MRAM exhibits more 

advantages in the properties of memory devices, especially in the writing process [148-

158]. In SOT-MRAM the reading and writing path are decoupled. The read stability of 

SOT-MRAM is significantly improved than STT-MRAM due to the orthogonal read 

and write path of SOT-MRAM. Furthermore, the write current of SOT-MRAM is much 

lower and the write access is much faster, because of the independently optimized write 

path. The STT-MARM and SOT-MARM are illustrated in Figure 1-10(a) and 1-10(b). 

Consequently, the solid understanding of SOT is critical in using this technology for 

the development of future magnetic memory devices. In this work, the SOT effective 
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fields and SOT-induced magnetization switching are studied in ferromagnetic 

multilayers with perpendicular magnetic anisotropy. 

 

1.7 This thesis 

Methods to manipulate the magnetization of ferromagnets by the electric current 

open a wide spectrum of opportunities to integrate magnetic functionalities into 

electronic circuits. One of them is SOT generated by spin-orbit interaction (SOI). 

Understanding the SOI behavior is critical for the design of SOT-based memory devices. 

Therefore, the SOT effective fields and the SOT switching are investigated in the thesis. 

In this thesis, systematic investigation of the physics governing the SOT-induced 

magnetization switching has been carried out by examining the SOT effective fields, 

i.e., damping-like term and field-like term. AC harmonic Hall voltage measurement 

technique was applied to characterize the SOT effective fields in Pt/Co/Ta structure 

with PMA. It is found that the sign and magnitude of the damping-like term are 

dependent on the thickness of the inserted Pt layer at the Co/Ta interface, while that is 

negligible for the field-like term. In the Pt/Co/Pt/Co/Ta structure, the effective field 

strength is dependent on the lower Co layer thickness while no changes were observed 

with varying upper Co layer thickness. The asymmetric dependence of the SOT on the 

two Co layer thicknesses is attributed to the modulations of the saturation magnetization 

as a result of their different interface conditions. Additionally, by exploiting the intrinsic 

tilt of the magnetization in the Pt/[Co/Ni]2/Co/Ta structure, it is shown that field-free 

SOT-induced magnetization switching is possible. Kerr imaging reveals that the field-

free SOT switching process is completed via the nucleation of reverse domain and 

propagation of domain wall in the system. 

Chapter 2 provides the details of films preparation and device fabrication process. 
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The characterization of the as-deposited magnetic films by the polar magneto-optic 

Kerr effect (MOKE) measurement and the Vibrating sample magnetometer (VSM) 

technique is described. The experimental techniques such as the anomalous Hall effect 

(AHE) and Planar Hall effect (PHE) measurements used in this work are briefly 

depicted. The SOT effective fields are derived using harmonic Hall voltage 

measurements.  

Chapter 3 gives the characterization of SOT effective fields in Pt/Co/Pt (t)/Ta 

structure with perpendicular magnetic anisotropy (PMA) using AC harmonic Hall 

voltage measurement technique. Varying the thickness of the inserted Pt layer at the 

Co/Ta interface in the structure can change both the sign and magnitude of the damping-

like term of SOT effective field. The field-like term is negligible as the Rashba effects 

at the Pt/Co and Co/Pt interfaces counteract each other. The ability to change the sign 

of the damping-like SOT allows control over the magnetic switching direction in SOT 

devices.  

Chapter 4 presents the Co layer thickness dependence of SOT in Pt/Co/Pt/Co/Ta 

structures with PMA. It is found that the lower and upper Co layers give rise to different 

PMA behaviors and asymmetric Co layer thickness dependence of SOT. The harmonic 

Hall voltage measurements reveal that the effective fields tend to decrease with the 

lower Co layer thickness, whereas they remain at the same level as varying the upper 

Co layer thickness. The asymmetric Co layer thickness dependence of SOT is attributed 

to the different modulations of the saturation magnetization by the lower and upper Co 

layers, due to their different interface conditions. The result indicates a new scene of 

modifying SOT, which enhances the flexibility of SOT-based spintronic devices.  
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 Chapter 5 describes the observation of field-free SOT-induced magnetization 

switching in micron sized Pt/[Co/Ni]2/Co/Ta structure. Kerr-microscopy image reveals 

that the reversal process is completed via nucleation and propagation of a domain wall 

(DW) in the path of current within the cross structure, which is large enough for domain 

nucleation and extension mechanism.  Due to the intrinsic tilt of the magnetization, the 

nucleated DW adopts a chiral DW configuration during the reversal process. 

Chapter 6 gives a conclusion and future works. 
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Chapter 2. Sample preparation and 

experimental techniques 
 
 
 
 

In this chapter, the preparation techniques of the ultrathin magnetic films are 

presented. The characterization of the as-deposited magnetic films by the polar MOKE 

measurement and the VSM technique is then described. The process to pattern the 

films into Hall cross structures are indicated schematically. The experimental 

techniques such as the AHE and PHE measurements used in this work are briefly 

depicted. The SOT effective fields are derived using harmonic Hall voltage 

measurements. 

 

 

2.1 Thin film deposition 

In this thesis, the SOT effective fields and SOT-induced magnetization switching 

in perpendicularly magnetized multilayers are studied. The thin magnetic multilayer 

films in this work were deposited using DC magnetron sputtering deposition 

technique. [1,2] In the process of magnetron sputtering, the velocity of the moving 

electron is increased by the Lorentz force. The collision between the moving electrons 

and the atoms of working gas is thus enhanced, resulting in the increase of the 

sputtering rate. The DC magnetron sputtering can work at low pressure and sputtering 

voltage to lower the contamination of the films. On the other hand, it also enhances 

the energy of the incident atoms into the substrate surface, which improves the quality 
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of the films. Meanwhile, the energy of moving electrons decreases due to the 

collisions, such that the temperature of the substrate will not be too high.  

 

Figure 2-1. Image of the AJA magnetron sputtering system. 

 

All magnetic films were prepared at room temperature in an AJA magnetron 

sputtering system as shown in Figure 2-1. The base pressure of the chamber is lower 

than 10−8 Torr. After Argon (Ar) gas was released, the sputtering pressure was 

maintained as ~10−3 Torr. [3, 4] All magnetic films were sputtered on Si/SiO2 

substrates. The thickness of each layer in the films can be controlled by deposition 

time. Capping layers, such as Ta and/or Ru, were used to prevent the samples from 

being oxidized.  
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2.2 Film characterization 

The as-deposited films were firstly characterized by the MOKE to evaluate their 

magnetic anisotropy. Then the VSM technique was used to measure the saturation 

magnetization and anisotropy field of the deposited films. 

 

2.2.1   Magneto-optic Kerr effect  

In the MOKE, an incident linear polarized light interacts with the magnetization 

in a ferromagnetic thin film under external magnetic field. The reflected light will be 

elliptically polarized with a different main polarization axis. The reflected light 

contains the information of the component of the magnetization in the ferromagnetic 

film along longitudinal and polar directions. It is sensitive and non-invasive to measure 

the magnetic hysteresis of an ultrathin magnetic film by using the MOKE technique. 

[5-8] 

Figure 2-2 shows the schematic of the polar MOKE setup.  A diode laser was used 

as the light source. The incident beam was focused on the surface of magnetic films 

after going through a polarizer, an optical chopper, a spectroscopy, and a magnet core. 

The chopper chopped the beam in frequency of 157 Hz, which was used as the input 

reference signal of a lock-in amplifier. The polarization of the reflected beam became 

different due to the interaction between the incident polarized beam and the 

magnetization of magnetic films.  The electromagnet was used to apply a magnetic 

field along the normal of the films to control the interaction. The reflected beam is 

analyzed and detected by a lock-in amplifier. However, the MOKE technique cannot 

give the results of the saturation magnetization and anisotropy field of the deposited 

films. The reflected beam was reoriented by the spectroscopy after going through the 

magnet core and went into a detector after analyzed by the second polarizer. The 
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detected signal was output by the lock-in amplifier. The magnetic field was swept to 

obtain the magnetic hysteresis loops of magnetic films. 

For instance, the magnetization hysteresis loop of Ta (3 nm)/Pt (3 nm)/Co (0.9 

nm)/Ta (3 nm) thin film measured by polar MOKE technique is shown in Figure 2-3. 

The square loop evidences the PMA of the film. The coercivity is obtained to be ~30 

Oe. 

 

 

Figure 2-2. Schematic of the polar MOKE setup. 
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Figure 2-3. Magnetization hysteresis loop of Ta (3 nm)/Pt (3 nm)/Co (0.9 nm)/Ta (3 

nm) thin film measured by polar MOKE technique. 

 

2.2.2   Vibrating sample magnetometer 

VSM is generally used to obtain the magnetic hysteresis behaviors of materials. 

Parameters such as coercivity HC, saturation magnetization MS, and anisotropy field 

HK, can be obtained. The VSM utilizes the principle of electromagnetic induction and 

it is used to measure small sample [9, 10], with a typical size of 4 mm × 4 mm. The 

small sample can be seen as a magnetic dipole, after it is magnetized in a uniform 

magnetic field. During the measurements, the small sample is vibrated harmonically 

at a frequency ω , forming a vibrating magnetic dipole. The alternating magnetic field 

produced by the vibrating magnetic dipole changes the magnetic flux through the 

detection coils. A voltage ε proportional to the total magnetic moments M of the 
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sample is then induced as  

 .KMε =      (2-1) 

Here, K is a constant and can be determined by a standard sample. Therefore, the total 

magnetic moments can be measured by detecting the induced voltage using a lock-in 

amplifier, after calibration using a standard sample. The saturation magnetization is 

obtained by ,S
MM V=  where V is the volume of the magnetic material in the sample. 

The Lakeshore model 8600 Vibrating Sample Magnetometer as shown in Figure 2-4 

was used in this work. 

 

 

Figure 2-4. Image of the Lakeshore model 8600 Vibrating Sample Magnetometer. 

 

The Ta (3 nm)/Pt (3 nm)/Co (0.9 nm)/Ta (3 nm) thin film was characterized by 

VSM as an example. The measured out-of-plane and in-plane magnetic hysteresis loops 

are shown in Figures 2-5(a) and 2-5(b). The film exhibits PMA with a coercivity of ~30 
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Oe as evidenced by the square out-of-plane hysteresis loop with sharp switching in 

Figure 2-5(a). The values of coercivity measured by MOKE and VSM are the same. 

The saturation magnetization Ms and anisotropy field Hk were measured to be ~539 

emu/cm3 and ~3.7 kOe, respectively. 

 

Figure 2-5. Normalized magnetic hysteresis loops measured by VSM when out-of-

plane (a) and in-plane (b) magnetic fields were applied. 

 

2.3 Device fabrication  

The deposited films were patterned into Hall cross structures using a combination 

of electron beam lithography (EBL) and Ar+ ion milling techniques. [1-4] The used 

Raith EBL system and AJA Ar+ ion milling system are shown in Figure 2-6 and Figure 

2-7. 

For the experiments, the sample fabrication process can mainly be divided into two 

sections, as shown in Figure 2-8(a) and 2-8(b), respectively. The first section describes 

the process of fabricating the Hall bar structure. We start with a Si/SiO2(300 nm) wafer 

of 1cm × 1cm which is cleaned by acetone for 15 minutes and IPA for 15 minutes in 

ultrasonic irrigation. Then we deposite the sample films on the wafer by AJA magnetron 

sputtering system. A thin negative photoresist (MAN 2403) film is spin coated upon the  
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Figure 2-6. Raith EBL system. 

 

 

Figure 2-7. AJA Ar+ ion milling system. 

 

sample film. After this, the whole wafer with photoresist and sample films is patterned 

via an EBL system. Due to the properties of negative photoresist, the area exposed by 
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the electron beam hardens. After we wash the treated wafer in MAD for 45 seconds for 

2 times and then in DI-water for 2 minutes, only the area exposed by e-beam can be left 

for the photoresist film. Then the Ar+ ion milling is done to eliminate the sample film 

not protected by photoresist film to produce cross Hall bar structure as designed. At last, 

we remove it using in MR-remover in ultrasonic irrigation for about 10 hours. 

 

 
Figure 2-8. Schematic illustration of sample fabrication process. (a) The process of the 

Hall cross structure fabrication. (b) The process of the contact pads fabrication.  
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Then the second section is the process of fabricating the contact structure. This 

section is the continuous process of the first section. We start with the wafer already 

patterned in the first section, where the Hall cross bar structure of the sample has been 

fabricated. We firstly spin coat the positive photoresist (PMMA) film on the sample. 

The similar e-beam exposure operation is made with the same EBL system. The 

exposure of this section was done according to the coordinate established in the first 

exposure operation accurately. After exposure, we do the development by washing the 

sample in MIBK for 30 seconds and in IPA for 30 seconds to clean the exposed parts. 

Then we deposit the electrode film using a six targets magnetron sputter system. The 

electrode film consists of Au, Cu and Ta from top to bottom. At last, we wash the sample 

by acetone for 30 seconds and IPA for 30 seconds in ultrasonic irrigation to lift-off the 

unexposed area. 

 

2.4 Electrical measurements 

As introduced in section 2.3, the deposited magnetic films were patterned into Hall 

cross structures. Figure 2-9 shows scanning electron microscopy (SEM) image of the 

fabricated device with illustrated electrical measurement configuration. [1,2] Hall bar 

structure is of 80 μm × 50 μm with a uniform width of 5 μm. Contact pads of Ta (5 

nm)/Cu (120nm)/Au (5nm) were deposited following a second EBL step to connect the 

Hall cross structure with electrical instruments. A DC or AC current was applied 

through the wire along x-direction and the voltage across the Hall bar along y-direction 

was detected for all performed measurements at room temperature. 



66 
 

 

Figure 2-9. Electrical measurement configuration superimposed on the SEM image of 

fabricated device.  

 

2.4.1   Anomalous Hall effect measurement 

The transport measurements are mostly dependent on the AHE in the FM. The 

AHE leads to an additional larger Hall voltage, which is proportional to the out-of-plane 

magnetization in the FM. It is generally used to characterize the magnetization in the 

FM devices. The Hall resistance contributed AHE can be expressed by  

 1 cos ,
2H AHER R θ=   (2-2) 

where RH is the Hall resistance of the device, θ is the polar angle of the magnetization 

vector, and RAHE is called the AHE resistance. 

To measure the AHE resistance RAHE, a small current is applied through the channel 

along the x-axis using a Keithley 2400 current source meter, and the voltage across the 

Hall bar along the y-axis is detected by a Keithley 2000 voltage meter or a lock-in 

amplifier. The out-of-plane loop of the Hall resistance RH can be obtained by sweeping 

the out-of-plane magnetic fields during the measurements. Figure 2-10 shows the 

measured result of the AHE measurement in a Pt/Co/ Pt/Co/Ta device. The square AHE 
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loop evidences the PMA of the device. The AHE resistance RAHE is obtained to be about 

0.9 Ω. 

 

Figure 2-10. The loop of RH as a function of applied out-of-plane magnetic field. 

 

2.4.2   Planar Hall effect measurement 

The planar Hall effect contributes the Hall resistance with respect to both the polar 

(θ ) and azimuthal (ϕ )angles of the magnetization vector. The Hall resistance due to 

PHE can be written as  

 21 sin sin 2 .
2H PHER R θ ϕ=   (2-3) 

PHER is the planar Hall resistance. To measure the planar Hall resistance, a constant 

external magnetic field was applied in the in-plane direction (θH = π/2). The applied 

external field should be strong enough to tilt the magnetization in the in-plane direction . 

The magnetization tilt angle (θ) was assumed to be independent of the azimuthal angle 
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of the external magnetic field. The sample stage was rotated between 0 to 2π, which 

means that the azimuthal angle of external magnetic field also varies between 0 to 2π, 

while the Hall resistance was measured. The Hall resistance RH becomes a sinusoidal 

function of the azimuthal angle of external magnetic field. As shown in Figure 2-11 are 

the experimental result of a Pt/Co/Ta device. The planar Hall resistance RPHE is 

quantified to be RPHE ≈ 0.25 Ω, as the amplitude of the expected sinusoidal fitting in 

Figure 2-11. 

 

Figure 2-11. The Hall resistance as a function of the azimuthal angle of the fixed in-

plane magnetic field. 

 

2.4.3   Harmonic Hall voltage measurement 

Recently, an adiabatic (low frequency) harmonic Hall voltage measurement 

technique, has been developed (originally by Pi et al.) to measure the magnitude and 
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direction of the effective magnetic field [11] that acts on the local magnetic moments 

in ferromagnetic heterostructures, as an efficient method to evaluate SOT. The 

harmonic Hall voltage measurement has previously shown that the effective field 

induced by SOT strongly depends on the thickness of heavy metal and ferromagnetic 

layer [12]. The strong angle (the angle between the magnetization and the current flow 

orientation) dependence of the effective field has also been exhibited in the reference 

[13]. Additionally, the effect that the spin current generated in a Pt layer can flow 

through a Cu spacer and exert torques on the magnetization of the magnetic layer, has 

been detected and reported by a similar technique [14]. All these experimental results 

indicate that the adiabatic harmonic Hall voltage measurement is a capable tool to 

measure the effective fields in ultrathin ferromagnetic heterostructures produced by 

SOT. 

 

Figure 2-12. Schematic depiction of fabricated Hall cross structure and definition of the 

coordinate system used. θ (θH) and φ (φH) are the polar and azimuthal angles of the 

magnetization M (external magnetic field H) vector, respectively. 
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For the purpose of understanding the magnitude and direction of the effective fields 

induced by SOT, the illustration of harmonic Hall voltage measurement for a 

ferromagnetic heterostructure system with PMA is shown in Figure 2-12. The magnetic 

energy density of the system can be expressed as [2, 15] 

 2 2 2cos sin sin ,total eff inE K Kθ θ ϕ= − − − ⋅SM H   (2-4) 

Where the effective perpendicular anisotropy energy is 2
0

1 ( )
2eff u z x SK K N N Mµ= − − .  

Ku is the uniaxial perpendicular magnetic anisotropy energy and defined a positive 

value for out of plane magnetic easy axis (z-axis). MS is the saturation magnetization, 

and the in-plane anisotropy energy 2
0

1 ( )
2in x y SK N N Mµ= −   is from the shape 

anisotropy of the nanowire. effK and inK  are expressed using the demagnetization 

coefficients Ni (
, ,

4ii x y z
N π

=
=∑ ). In this system, the demagnetization factors along 

basic directions satisfy z y xN N N>  due to the geometry of the wire. The in-plane 

easy axis in our system is along the x-axis (the wire direction). Hence, we neglect xN  

and yN , and set 4zN π=  for the convenience of computation. Then energy can be 

obtained as  

 2 2
0( 2 )cos .total u SE K Mπµ θ= − + − ⋅SM H   (2-5) 

When an electric current is applied to the sample device, the current induced 

effective fields ∆Hx,y,z, including the Oersted field, can induce torques to modify the 

magnetization angle from its equilibrium position ( 𝜃𝜃0 , 𝜑𝜑0 ). The equilibrium 

magnetization direction (𝜃𝜃0, 𝜑𝜑0) is calculated by the following two equations: 

 0totalE
θ

∂
=

∂
  (2-6) 
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and  

 0.totalE
ϕ

∂
=

∂
  (2-7) 

The Hall resistance typically is obtained from the two contributions, the AHE and 

the PHE [1]. RAHE and RPHE are defined as the variation of the Hall resistance due to the 

AHE and PHE, respectively. The Hall resistance Rxy is expressed as 

 21 1cos sin sin 2 .
2 2xy AHE PHER R R θθ ϕ= +   (2-8) 

The Hall voltage Vxy is a product of the Hall resistance Rxy and the applied current 

Ix, Vxy is expressed as 

 .xy xy xV R I=   (2-9) 

The AC current 𝐼𝐼𝑥𝑥 = 𝐼𝐼0𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠, related to the oscillating effective field is applied. 

The polar and azimuthal angles will oscillate as 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠. The polar and azimuthal angles 

are expressed as 𝜃𝜃 = 𝜃𝜃0 + ∆𝜃𝜃𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠  and 𝜑𝜑 = 𝜑𝜑0 + ∆𝜑𝜑𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 .  ∆𝜃𝜃  and ∆𝜑𝜑  are the 

modulation amplitudes of the magnetization angle from its equilibrium position (𝜃𝜃0, 

𝜑𝜑0).  

The Hall voltage Vxy can be expressed in harmonic form as 

 0 2sin sin 2 ,xyV V V t V tω ωω ω= + + +   (2-10) 

where 𝑉𝑉𝜔𝜔 and 𝑉𝑉2𝜔𝜔 are the first and second harmonic voltage, respectively. 
For our system, the initial magnetization MS is towards perpendicular to the film 

plane due to a high Keff. The equilibrium magnetization position deviates very small 

from the z-axis. Therefore, 𝜃𝜃0 = 𝜃𝜃0′  (𝜃𝜃0′ ≪ 1) for initial up magnetization state (MS 

along +z direction) and 𝜃𝜃0 = 𝜋𝜋 − 𝜃𝜃0′  for initial down magnetization state (MS along -z 

direction). Keeping the linear terms of 𝜃𝜃0′ , eqs. (2-5) and (2-6) give 
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 '
0 0

sin , .
cos

H
H

K H

H
H H

θθ ϕ ϕ
θ

= =
±

  (2-11) 

Here, 𝐻𝐻𝐾𝐾 is defined by
2

02 .u S
K

S

K MH
M
πµ−

=  The ± sign corresponds to the case for up 

magnetization and down magnetization, respectively.  

Combining eqs. (2-5) - (2-11), we can obtain 

 2
0

sin1 1[1 ( ) ],
2 2 cos

H
AHE

K H

HV I R
H Hω

θ
θ

≈ ± −
±

 (2-12) 

and 

 2 0 2

sin1 ( cos sin ) .
4 ( cos )

H
AHE x H y H

K H

HV I R H H
H Hω

θϕ ϕ
θ

≈ ± ∆ + ∆ ×
±

  (2-13) 

Here, we neglect the contribution of PHE. 

We consider the case of an external in-plane magnetic field, 𝜃𝜃𝐻𝐻 = 𝜋𝜋
2

. With a 

longitudinal field 𝐻𝐻𝑥𝑥 along the x direction (𝜑𝜑𝐻𝐻  =  0) is applied, we can get 

 
2

0 2

1 (1 ),
2 2

x
AHE

K

HV I R
Hω = ± −   (2-14) 

and 

 2 0 2

1 .
4

x
AHE x

K

HV I R H
Hω = ± ∆   (2-15) 

When a transverse field 𝐻𝐻𝑦𝑦 along the y direction (𝜑𝜑𝐻𝐻 = 𝜋𝜋
2

) is applied, we drive  

 
2

0 2

1 (1 ),
2 2

y
AHE

K

H
V I R

Hω = ± −   (2-16) 

and 
 

 2 0 2

1 .
4

y
AHE y

K

H
V I R H

Hω = ± ∆   (2-17) 
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The ± signs correspond to the case for up and down magnetization states, respectively. 

Finally, the SOT effective fields can be obtained as follows: 

 
2

2
22 ,x L

x x

V VH H
H H

ω ω∂ ∂
∆ = − =

∂ ∂
  (2-18) 

and 
 

 
2

2
22 ,y T

y y

V VH H
H H

ω ω∂ ∂
∆ = − =

∂ ∂
  (2-19) 

Here, the contribution of PHE and Oersted field is neglected [2]. The respective slope 

and curvature of V2ω and Vω as a function of the external field are evaluated from the 

equation.  

Take the PHE into consideration, the effective fields, damping-like term HDL and 

field-like term HFL terms are given by [1, 15] 

 2

2 ,
1 4
L T

DL
H HH ξ

ξ
±

=
−

  (2-20) 

and 

 2

2 .
1 4
T L

FL
H HH ξ

ξ
±

=
−

  (2-21) 

Here, ξ  is the ratio of RPHE and RAHE, defined as  AHE

PHE

R
R

ξ = . 
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Chapter 3. Characterization of SOT 

effective fields in Pt/Co/ Pt/Ta 

structures 

 

 

In this chapter, AC harmonic Hall voltage measurement technique was applied to 

characterize the SOT effective fields in Pt/Co/Ta structure with PMA. It is found that 

the sign and magnitude of the damping-like term are dependent on the thickness of the 

inserted Pt layer at the Co/Ta interface, while that is negligible for the field-like term. 

The ability to change the sign of the damping-like SOT allows control over the magnetic 

switching direction in SOT devices. Additionally, we have observed an unusual SOT-

induced magnetization switching in the Pt/Co/Ta structure, where the switching only 

responded to applied positive current. The preliminary investigation of this observation 

is presented in Appendix. 

 

 

 

3.1 Motivation 

The manipulation of magnetization using local electric currents has been widely 

studied because of its prospects in non-volatile magnetic memory and logic devices [1-

4]. For instance, the STT technique has been used to excite oscillations or even switch 
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the magnetic moments of magnetic materials in magnetic nanodevices [5-7]. Recently, 

current-induced SOT in ultrathin heavy metal (HM)/ferromagnet (FM) heterostructure 

has gained prominence as a more efficient alternative for magnetization switching [8-

11], as well as faster domain wall propagation [12-15]. SOT is proposed to arise mainly 

from two spin-orbit effects: the spin Hall effect (SHE) [9, 10] and the Rashba effect [8, 

16]. Enhanced SOT with both damping-like HL and field-like HT terms has been 

observed in Pt/Co/Ta structure [17]. The enhancement of the damping-like term is 

attributed to the sum of the large SHE from both Pt and Ta layers, as they have opposite 

spin Hall angles. The modulated Rashba effect at the Pt/Co and Co/Ta interfaces can 

enhance the effective spin accumulation, resulting in an enhanced field-like SOT.  

In most works, the SOT-driven magnetization switching has been investigated via 

the modulation of the damping-like SOT and the Dzyaloshinskii-Moriya interaction 

(DMI) effect [14, 18, 19]. As the field-like torque does not add on to the efficiency of 

SOT switching, the Rashba effect should be kept to a minimum. However, the SHE and 

Rashba effect generally both exist and contribute to SOT in ferromagnetic 

heterostructures. The portion of the contributions from the SHE and Rashba effect is 

always unclear. By introducing the Pt insertion in Pt/Co/Ta structure, the effect of 

Rashba becomes negligible. The SHE only contributed SOT behaviors can be 

investigated. Moreover, the ability to simultaneously and continuously tune the 

magnitude and direction of SOT is still lacking. By introducing the Pt insertion in 

Pt/Co/Ta structure, the SOT can be continuously tuned from positive to negative by 

varying the thickness of the inserting Pt layer. It provides a way to tune SOT without 

affecting DMI, which will be helpful for designing SOT-based memory and logic 

devices. 
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In this chapter, we studied the effect of inserting a Pt layer at the Co/Ta interface 

on SOT in Pt/Co/Ta. Using the AC harmonic Hall voltage measurement technique, 

large SOT effective fields in perpendicularly magnetized Pt/Co/Ta structure were firstly 

obtained. The inserted Pt layer at the Co/Ta interface results in negligibly small field-

like SOT, due to counteracting Rashba effects at the interfaces of Pt/Co and Co/Pt. The 

damping-like term was found to be tuned by the thickness of the Pt insertion layer, 

which changes both sign and magnitude of the SOT effective fields. The contribution 

from the Ta layer diminishes with increasing Pt insertion layer thickness. The sign 

reversal of the damping-like SOT effective field also leads to opposite magnetic 

switching direction. 

 

3.2 SOT effective fields in Pt/Co/Ta structure 

Control sample comprising of sub./Ta (3 nm)/Pt (3 nm)/Co (0.9 nm)/Ta (3 nm) 

stack was prepared using the DC magnetron sputtering deposition technique. The stack 

was patterned into Hall cross structures using EBL and Ar+ ion milling techniques. The 

harmonic Hall voltage measurements were performed on the fabricated Pt/Co/Ta 

structure using an AC current density J that varies from 1×1010 A/m2 to 1×1011 A/m2. 

The measured results are shown in Figure 3-1. The first harmonic signals in Figure 3-

1(a) and Figure 3-1(b) indicate that domain walls are induced during the measurements. 

Some values of the second harmonic signals are not correct because they are larger than 

the auto range of the lock-in amplifier, which is evidenced by the horizontal lines in 

Figure 3-1(c) and Figure 3-1(d). 



79 
 

 

Figure 3-1. The measured first and second harmonic signals by AC harmonic Hall 

voltage measurements. 

To make the uniform magnetic moments during the measurements, an additional 

out-of-plane magnetic field of ~80 Oe aligning with the magnetization is applied. The 

measured results with Hx or Hy quasi-statically swept between ±700 Oe are shown in 

Figure 3-2. Figures 3-2(a) and 3-2(c) show the typical first and second harmonic Hall 

voltage signals versus Hx at AC current density J = 5×1010 A/m2 for both up (Mz > 0) 

and down (Mz < 0) magnetized states. Figures 3-2(b) and 3-2(d) show the corresponding 

data for Hy. Vω shows the same parabolic variation with Hx and Hy, and for up and down 

magnetized states, the variation tendency is oppsite in the range. V2ω varies linearly 

with both Hx and Hy. While the slope sign for Hx is dependent on the magnetization 

states, it is independent on the magnetization states for Hy, as expected for HL and HT, 

respectively.  
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Figure 3-2. The measured first and second harmonic signals by AC harmonic Hall 

voltage measurements with the assistance of a small out-of-plane magnetic field. 

 

 

Figure 3-3. (a) In-plane and out-of-plane (inset) magnetic field dependence of the Hall 

resistance RH. (b) The Hall resistance as a function of the azimuthal angle   of the fixed 

in-plane magnetic field. 
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The RH measurement was also carried out by passing a 100 μA DC current in the 

patterned structure with sweeping in-plane and out-of-plane magnetic fields, as shown 

in Figures 3-3(a). The obtained square out-of-plane AHE loop, as shown in the inset of 

Figures 3-3(a), indicates that the device has a strong PMA. The measured AHE 

resistance was RAHE ≈ 1.02 Ω. The effective out-of-plane and in-plane magnetic 

anisotropy fields were calculated by fitting to the x-axis and y-axis magnetic field 

dependence of RH and found to be around 8.3 kOe and 500 Oe, respectively. To measure 

the planar Hall resistance, a constant external magnetic field of ~8 kOe was applied to 

the sample in the in-plane direction (θH = π/2). The external field is comparable to the 

magnetic anisotropy fields and is therefore large enough to tilt the magnetization in the 

in-plane direction (θ = π/2). The magnetization tilt angle (θ) was assumed to be 

independent of the azimuthal angle of the external magnetic field. The sample stage 

was rotated between 0 to 2π, which means that the azimuthal angle of external magnetic 

field also varies between 0 to 2π, while the Hall resistance was measured. The Hall 

resistance RH becomes a sinusoidal function of the azimuthal angle of external magnetic 

field, as shown in Figures 3-3(b). RPHE was quantified to be RPHE ≈ 0.25 Ω, as the 

amplitude of the expected sinusoidal fitting. The ratio of RPHE and RAHE was calculated 

to be 0.25PHE AHER Rξ = ≈ .  

Combining Eqs. (2-18)-(2-21), the effective fields of Pt/Co/Ta sample were 

computed and plotted as a function of AC current density J in Figures 3-4(a) and 3-4(b) 

for up and down magnetized states, including both HDL(FL) and HL(T). Both HDL(FL) and 

HL(T) increase linearly with J. HDL and HL have opposite signs for up and down 

magnetized states, while the sign is the same for HFL and HT. The effective fields are 

enhanced by ~1.6 times for the damping-like term and ~4 times for the field-like term 

after PHE correction, indicating that the PHE has a stronger influence on field-like SOT. 
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SOT efficiency is defined as the effective field per unit AC current density ( )DL FLdH dJ , 

characterized by the slope of the linear fitting curves of the HDL(FL) versus J. Irrespective 

of the initial magnetization states, ( )( ) ( )
2

DL FL DL FL
dH dJ dH dJ+ −+  is taken from 

Figures 3-4(a) and 3-4(b) to evaluate the effective fields, where +(−) sign represents up  

 

Figures 3-4. The obtained effective fields of Pt/Co/Ta structure as a function of AC 

current density for (a) damping-like term and (b) field-like term with the assistance of 

an out-of-plane field of ~80 Oe. HDL (HL) and HFL (HT) are damping-like term and field-

like term after (before) PHE correction, respectively. 

(down) magnetized state. The SOT efficiencies for the damping-like term and field-like 

term are evaluated as 160 Oe per 1011 A/m2 and 108 Oe per 1011 A/m2, respectively. The 

damping-like term originates from the large SHE from both Pt and Ta layers, as they 

have opposite spin Hall angles. The field-like term is attributed to the Rashba effects at 

the Pt/Co interface and Co/Ta interface.  

To show the effect of the applied out-of-plane field on the SOT, the measurements 

were repeated by applying another out-of-plane field of ~160 Oe. The measured 

effective fields are shown in Figures 3-5. The results are the same as the case of applied 

out-of-plane field of ~80 Oe. Therefore, the applied small out-of-plane magnetic field 

under 160 Oe has no effect on SOT. 
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Figures 3-5. The obtained effective fields of Pt/Co/Ta structure as a function of AC 

current density for (a) damping-like term and (b) field-like term with the assistance of 

an out-of-plane field of ~160 Oe. HDL (HL) and HFL (HT) are damping-like term and 

field-like term after (before) PHE correction, respectively. 

 

 

3.3 Tuning SOT effective fields by Pt layer insertion 

Using similar experimental procedure, the set of samples with Pt inserted between 

Co/Ta interface were investigated. The thin film stacks comprising of sub./Ta (3 nm)/Pt 

(3 nm)/Co (0.9 nm)/Pt (t)/Ta (3 nm) were deposited by DC magnetron sputtering system, 

where t varies from 0.9 nm to 4 nm. The same fabrication process and electrical 

measurements were performed on the new set of samples. Figure 3-6 shows the 

harmonic Hall voltage signals for the t = 0.9 nm sample: first harmonic Hall voltage 

signals with 3-6(a) longitudinal magnetic field Hx and 3-6(b) transverse external 

magnetic field Hy for up and down magnetization; second harmonic Hall voltage signals 

with 3-6(c) longitudinal magnetic field Hx and 3-6(d) transverse magnetic field Hy for 

up and down magnetization. The significant difference is observed from the second 
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harmonic Hall voltage signals with Hx and Hy. The clear signal in Figure 3-6(c) indicates 

the effect of SHE. However, there is no obvious change in the second harmonic Hall 

signal when sweeping the magnetic field along the y-axis under the same current value, 

as shown in Figure 3-6(d). The zero slope indicates that the Rashba effect is cancelled 

out, which is attributed to the counteractive effects at the Pt/Co interface and Co/Pt 

interface [24]. As a result, the field-like effective field is negligible. Similar results were 

obtained for varying thickness of Pt insertion layer up to 4 nm.  

 

Figure 3-6. Harmonic Hall voltage signals of t = 0.9 nm sample: first harmonic Hall 

voltage signals with (a) longitudinal magnetic field Hx and (b) transverse magnetic field 

Hy for up and down magnetization; Second harmonic Hall voltage signals with (c) 

longitudinal magnetic field Hx and (d) transverse magnetic field Hy for up and down 

magnetization. 

The damping-like SOT efficiencies of the set of samples were calculated and 

plotted as a function of the inserted Pt layer thickness t in Figure 3-7, including the 
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result for t = 0 nm sample. The damping-like SOT has the largest value at t = 0 nm, and 

it decreases once the Pt layer is inserted. As the Pt insertion layer thickness t increases, 

the damping-like SOT gradually decreases to zero up to approximately 2 nm, and then 

subsequently increases towards opposite sign. Finally, the damping-like SOT saturates 

for t ≥ 3 nm. When the Pt insertion layer thickness is thinner than 0.9 nm, both the Pt 

and Ta layers contribute to the damping-like term. At the thicknesses above 0.9 nm, the 

contribution from Ta layer becomes insignificant. In contrast with Pt/Co/Ta structure, 

opposite spin currents from the inserted Pt and bottom Pt layers flow toward the Co 

layer, resulting in the reduction of the overall torque. For t = 3 nm, the spin current from 

the inserted Pt layer is the same as that from bottom Pt layer, leading to a cancelled bulk 

SHE. Therefore, the symmetric Pt (3 nm)/ Co (0.9 nm)/ Pt (3 nm) structure should have 

no SOT. While our result is not the case. Bandiera et. al. reported that the inter-diffusion 

at the top Co/Pt interface contributes a lower perpendicular magnetic anisotropy than 

the bottom Pt/Co interface [25]. The result implies that more Pt atoms are mixed with 

Co atoms at the top Co/Pt interface than the bottom Co/Pt interface. The side-jump 

scattering occurs when the spin dependent acceleration and deceleration in the Pt layers 

are different during the scattering of electrons, resulting in an effective transverse 

displacement of the electron. It contributes a spin Hall conductivity and a spin Hall 

angle that are proportional to the impurity concentration [26]. Therefore, the SHE from 

the side-jump scattering can be asymmetric at the top Co/Pt and the bottom Pt/Co 

interfaces [25, 26]. The top Co/Pt interface can provide higher interfacial SHE than the 

bottom Pt/Co interface, due to the greater impurity concentration at the top Co/Pt 

interface. The SHE differences determines a net interfacial SHE, which contributes the 

damping-like SOT from the top Co/Pt interface. The interfacial SHE contribution can 

be transferred to that from an extra thin Pt inserting layer with thickness of ∆𝑠𝑠, which 
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means that the effective thickness of the Pt inserting layer is t+∆t. As a result, the zero 

damping-like SOT is obtained at t ≈ 2.2 nm, which is thinner than the bottom Pt layer 

of 3 nm. ∆t is estimated to be ∆t ≈ 0.8 nm. The result shows that the damping-like SOT 

can be continuously tuned by the inserted Pt layer, including both the sign and 

magnitude of the SOT effective fields. 

 

Figure 3-7. The damping-like SOT efficiency as a function of inserted Pt thickness for 

up and down magnetized states. 

 

3.4 Dependence of SOT switching direction on the sign of 

damping-like SOT 

To study the effect of the sign reversal behavior on SOT-driven magnetization 

switching in the presence of an in-plane magnetic field to break the symmetry, an in-

plane field of 2 kOe was applied and a quasi-static in-plane current was swept across 
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the wire. By measuring the dependence of Hall resistance on the current, a hysteretic 

magnetic switching between up and down magnetization states for samples t = 0, 0.9, 

3 nm, was observed in Figure 3-8 with the in-plane bias field along 3-8(a) +x and 3-8(b) 

−x directions. The positive and negative in-plane magnetic fields result in opposite 

magnetization switching directions, as shown in Figure 3-8(a) and 3-8(b), respectively. 

With the same in-plane magnetic field, the t = 3 nm sample has an opposite switching 

behavior, which is due to the sign reversal of the damping-like SOT. The result shows 

that the magnetic switching direction can be controlled by both the direction of external 

in-plane magnetic field and the sign of damping-like SOT. Additionally, we observed 

an unusual SOT-induced magnetization switching in the Pt/Co/Ta structure, where the 

switching only responded to applied positive current. The preliminary investigation of 

this observation is presented in Appendix. 
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Figure 3-8. SOT-induced magnetization switching behavior of samples t = 0, 0.9, 3 nm, 

measured by the dependence of Hall resistance on the current in the presence of an in-

plane bias field of 2 kOe along (a) +x and (b) −x directions. 

 

3.5 Summary 

In summary, a Pt layer was inserted between the Co/Ta interface to effectively 

negate the field-like SOT in perpendicularly magnetized Pt/Co/Pt(t)/Ta structures using 

AC harmonic Hall voltage measurement technique, as the Rashba effects at the Pt/Co 

and Co/Pt interfaces counteract each other. The damping-like term is tuned by varying 

the thickness of the inserted Pt layer to change both sign and magnitude of the SOT 
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effective fields. The damping-like SOT is zero at t ≈ 2.2 nm, which is thinner than the 

bottom Pt layer of 3 nm, indicating the asymmetric contribution from the Pt/Co and 

Co/Pt interfaces to the damping-like SOT. The magnetic switching direction is found 

to be controlled by both the orientation of external in-plane magnetic field and the sign 

of damping-like SOT, which offers additional flexibility in the design of SOT-based 

spintronic devices.   
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Chapter 4. Layer thickness 

dependence of SOT in 

Pt/Co/Pt/Co/Ta structures 

 

In this chapter, the investigation of the Co layer thickness dependence of SOT in 

Pt/Co/Pt/Co/Ta structures with PMA is presented. It is found that the effective fields 

strength is dependent on the lower Co layer thickness while no changes were observed 

with varying upper Co layer thickness. The saturation magnetization increases with the 

lower Co layer thickness, whereas it decreases with the upper Co layer thickness, as the 

lower Co is sandwiched by two Pt layers and the upper Co is sandwiched by Pt and Ta 

layers. This asymmetric dependence of the SOT on the two Co layer thicknesses is 

attributed to the modulations of the saturation magnetization as a result of their interface 

conditions. 

 

4.1 Motivation 

Efficient and accurate magnetization manipulation has always been the focus of the 

non-volatile magnetic memory and logic devices to attain high speed and power 

efficiency [1-5]. The novel discovery of STT has revolutionized the manipulation of 

magnetization via spin current rather than the conventional Oersted field [6-8]. STT 

acts on the magnetization of an adjacent ferromagnetic “free layer” separated by a 
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nonmagnetic spacer through the transfer of angular momentum from the “spin polarizer” 

to the “free layer”. More recently, SOT has been extensively studied in heterostructures 

composing of either an ultrathin FM contiguous to two HM layers, or having the FM 

sandwiched between a HM and an oxide layer. Due to its highly efficient magnetization 

switching [9-11] and fast domain wall motion [12-14], it was proposed for future 

power-efficient spintronic devices [15,16]. While the mechanism behind efficient SOT 

switching has yet to be thoroughly explored and optimized, it is potentially superior to 

STT, as it is not limited by the total spin transfer from the “spin polarizer” [15]. 

The thickness dependence of either the FM or the HM on the SOT effective fields 

has been investigated in HM/FM/Oxide heterostructures [17, 18]. Most works of SOT 

were done in classical HM/FM bilayer, where the thickness of the ferromagnetic 

material was ~1 nm. The ultrathin thickness of FM layer is impractical for real 

applications. The thickness of the ferromagnetic material can be increased by multi FM 

layers without changing the properties of the ultrathin FM layer. In Pt/Co/Pt/Co/Ta 

structures with high thermal stability and strong PMA strength, high speed SOT-driven 

domain wall motion has been reported. In Pt/Co/Pt/Co/Ta structures with high thermal 

stability and strong PMA strength, high speed SOT-driven domain wall motion was 

reported. [19, 20] However, the SOT dependence on the interfacial qualities in the upper 

and lower Co layers remains unclear. Therefore, SOT is investigated in Pt/Co/Pt/Co/Ta 

structures as the thickness of the two Co layers are varied. In this chapter, the SOT 

dependence on the upper and lower Co layer thicknesses in Pt/Co/Pt/Co/Ta structures 

is studied. In Pt/Co/Pt/Co/Ta structures, the thickness of the lower and upper Co layers 

contributes PMA behaviors differently, as the lower Co is sandwiched by two Pt layers 

and the upper Co is sandwiched by Pt and Ta layers. Harmonic Hall voltage 

measurements reveal that the effective fields decrease with the lower Co layer thickness, 
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while maintaining at the same level when the upper Co layer thickness was varied. This 

asymmetric dependence of the SOT on the two Co layer thicknesses is attributed to the 

modulations of the saturation magnetization as a result of their interface conditions. 

 

4.2 Co layer thickness dependence of PMA 

The magnetic thin films were deposited on thermally oxidized silicon wafers using 

DC magnetron sputtering technique with a base pressure lower than 2×10−8 Torr at 

room temperature. Two sets of film stacks consisting of Ta (3)/ Pt (3)/Co (t1)/Pt (1)/Co 

(0.9)/Ta (3) (denoted as A), and Ta (3)/Pt (3)/Co (0.9)/Pt (1)/Co (t2)/Ta (3) (denoted as 

B) were prepared, as shown in Figures 4-1(a) and 4-1(b). The as-deposited films were 

characterized by VSM technique to attain the normalized out-of-plane hysteresis loops 

of A and B as shown in Figures 4-1(c) and 4-1(d), and in-plane magnetic hysteresis 

loops of A and B as shown in Figures 4-1(e) and 4-1(f), respectively. Evidential in 

Figure 4-1, the films exhibited clear PMA. Nonetheless, different effects of t1 and t2 on 

the PMA were observed. With the increase of t1, the coercivity increases prominently 

up till t1 = 0.7 nm, and then decreases as the thickness t1 > 0.7 nm. When t2 was increased 

to 1.1 nm, coercivity also increases. Anisotropy field variation for t1 variation from 0.3 

nm to 1.1 nm is also greater than that for the same range of t2. The different PMA 

behaviors contributed by the lower and upper Co layers are attributed to the variation 

in interface conditions, as the lower Co is sandwiched by two Pt layers and the upper 

Co is sandwiched by Pt and Ta layers [21-23].  

The PMA contributed by Co layer is determined by both thicknesses of Co and its 

interfaces [21-23]. For the lower Co, the thicknesses of the Pt/Co interface and the Co/Pt 

interface are assumed as l11 and l12. For the upper Co, the thicknesses of the Pt/Co 
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interface and the Co/Ta interface are assumed as l21 and l22. The interface thickness is 

dependent on the total thickness of layers upon it. For the lower Co thickness t1, the 

effective thickness 1t∆ of Co is 1 1 11 12 21 22( 0.9 )t t l l l l∆ = + − − − − . When the lower Co 

thickness t1 increases, only l11 increases. However, the increase of l11 is smaller than t1. 

As a result, the effective thickness 1t∆ also increases. For the upper Co thickness t2, the 

effective thickness 2t∆ of Co is 2 2 11 12 21 22(0.9 )t t l l l l∆ = + − − − − . When the upper Co 

thickness t2 increases, l11, l12, and l21 increase. The sum of the increase of l11, l12, and l21 

will become similar to t2. Additionally, the Pt/Co, Co/Pt and Co/Ta interfaces also 

contribute different PMA. Overall, for the same increase of t1 and t2, the effective 

thickness 1t∆  and 2t∆  are different, which gives rise to different PMA behaviours. 

To quantify the SOT effective fields, the films were patterned into Hall cross 

structures using the EBL technique and Ar+ ion etching processes, as introduced in 

section 2.3. The coordinate system used in this work is schematically illustrated in 

Figure 4-2(a). θ (θH) and φ (φH) are the polar and azimuthal angles of the magnetization 

M (external magnetic field H) vector, respectively. Figure 4-2(b) shows the SEM image 

of the fabricated device with electrical measurements configuration. The films were 

fabricated to 80 μm × 50 μm Hall cross structures with uniform width of 5 μm. Contact 

pads composing of Ta (10 nm)/Cu (120 nm)/Au (10 nm) were deposited using a DC 

magnetron sputtering system. A DC or AC current was applied through the wire along 

the x-direction and Hall voltage was measured along y-direction throughout the 

electrical measurements. 
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Figure 4-1. Schematic of film stacks (a) Ta/Pt/Co (t1)/Pt/Co/Ta and (b) Ta/Pt/Co /Pt/Co 

(t2)/Ta. (c) and (d) out-of-plane hysteresis measurements of the two stacks. (e) and (f) 

in-plane hysteresis measurements of the two stacks.  
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Figure 4-2(a) Schematic depiction of fabricated Hall cross structure and definition of 

coordinate system. θ (θH) and φ (φH) are the polar and azimuthal angles of the 

magnetization M (external magnetic field H) vector, respectively. (b) Top view of the 

SEM image of the fabricated device with electrical measurements configuration. (c) 

Measured AHE loops using a 100 μA DC current for samples t1 = 0.3 and 0.7 nm. (d) 

The variation of AHE resistance RAHE against the Co layer thickness. 

 

Firstly, the AHE loop was measured by detecting the Hall resistances RH using a 

100 μA DC current with a sweeping out-of-plane magnetic field Hz, to characterize the 

fabricated devices. The measured results show that the fabricated devices maintain 

PMA, as evidenced by the square AHE loops, as shown in Figure 4-2(c) (for t1 = 0.3 

and 0.7 nm). The difference in the Hall resistance RH when the magnetization of the 

device is pointing along +z and –z orientations, is defined as the AHE resistance RAHE 
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in Figure 4-2(c). The obtained values of the AHE resistance RAHE are plotted against 

the thickness t1 and t2, as shown in Figure 4-2(d). Opposite trends of the AHE resistance 

RAHE with the increase of the thickness t1 and t2 was observed. Different effective 

thicknesses of Co and its interfaces resulting from the increases of t1 and t2, will lead to 

different amount of current flowing into Co. Therefore, the opposite trends is primarily 

due to the amount of current flowing into Co, as increase t1 and t2. 

 

4.3 Characterization of SOT effective fields 

The harmonic Hall voltage measurements were performed for both Mz > 0 (M 

pointing along +z orientation) and Mz < 0 (M pointing along –z orientation) states of 

each sample, with applied in-plane magnetic field Hx and Hy sweeping in range of ± 

700 Oe. The used AC current densities J during the measurements on each device were 

varied from 1×1010 A/m2 to 1×1011 A/m2. Figure 4-3 shows the measured results of the 

sample t1 = 1.1 nm. The experimental signals of the first harmonic Hall voltage Vω for 

both Mz > 0 and Mz < 0 states are shown in Figures 4-3(a) and 4-3(b), as a function of 

applied external magnetic field Hx and Hy. Vω has a parabolic relationship with Hx and 

Hy, showing parabolas opening down and up corresponding to Mz > 0 and Mz < 0 states, 

respectively. The experimental signals of the second harmonic Hall voltage V2ω versus 

Hx and Hy for both Mz > 0 and Mz < 0 states, are shown in Figures 4-3(c) and 4-3(d). 

Though V2ω varies linearly with Hx and Hy, the slope sign is independent on Mz for Hx 

and dependent on Mz for Hy, respectively. The shown data were measured using AC 

current density J = 5×1010 A/m2.  
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Figure 4-3. The first harmonic Hall voltage signals as a function of external magnetic 

fields Hx (a) and Hy (b) for both Mz > 0 and Mz < 0. The second harmonic Hall voltage 

signals as a function of Hx (c) and Hy (d) for both Mz > 0 and Mz < 0. The data are shown 

at AC current density J = 5×1010 A/m2 for sample t1 = 1.1 nm. 

 

The PHE resistance can be obtained by a DC method as introduced in section 2.4.2. 

However, the sample need to be rotated many times during the measurements. It seems 

a little difficult and need much time for the two sets of samples.  Here, we derive a new 

method to measure the PHE resistance.  

Considering the AC current 0 sinACI I tω= applied along x-direction, the Hall 

resistance including both AHE and PHE contributions is expressed as 

 2

0

1 1cos sin sin 2 .
2 2H AHE PHE

VR R R
I
ω θ θ ϕ= = +   (4-1) 

Here, we assume that the angle of the magnetization is only tilted by the applied 

magnetic field, implying Hθ θ=  and Hϕ ϕ= .  For an applied in-plane magnetic field, 
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90Hθ θ= =  . When the longitudinal magnetic field Hx is applied, 0Hϕ ϕ= =  , Eq. (4-

1) becomes 

 1( 0 ) cos .
2H H AR Rϕ θ°= =   (4-2) 

 

When an in-plane magnetic field with 45Hϕ ϕ= =  is applied, Eq. (4-1) becomes 

 21 1( 45 ) cos sin .
2 2H H A pR R Rϕ θ θ°= = +   (4-3) 

Combining Eqs. (4-2) and (4-3), we obtain 

 2

2 ( 45 ) ( 0 )
.

1 2 ( 0 )
H H H H AHE

H H AHE

R R R

R R

ϕ ϕ
ξ

ϕ

° °

°

 = − = =
 − = 

  (4-4) 

According to Eq. (4-4), the ratio PHE AHER Rξ =  can be estimated via measuring two 

Hall resistances with applied in-plane magnetic fields at 0Hϕ =   and 45Hϕ =  , since 

the values of the AHE resistances RAHE have been given in Figure 4-2(d). In this AC 

method, each sample only need to be rotated once during the harmonic Hall voltage 

measurements.  

Figure 4-4(a) shows the measured Hall resistances RH as a function of applied 

magnetic field at 0Hϕ
°=  and 45Hϕ

°=  for the same sample t1 = 1.1 nm. According to 

Eq. (4-4), we define 2 ( 45 ) ( 0 )H H H H AHEY R R Rϕ ϕ° ° = = − =   and 

2
1 2 ( 0 )H H AHEX R Rϕ ° = − =  . Then the ratio ξ  becomes Y Xξ = . The values of Y  

and X  corresponding to the applied magnetic fields are calculated and plotted in Figure 

4-4(b). The ratio ξ  is estimated to be ~0.2 by the slope of the linear fitting in Figure 4-

4(b).  
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Figure 4-4. (a) The measured Hall resistance RH versus applied in-plane fields at 

0Hϕ
°=  and 45Hϕ

°= . (b) Plot of 2 ( 45 ) ( 0 )H H H H AHEY R R Rϕ ϕ° ° = = − =   versus 

2
1 2 ( 0 )H H AHEX R Rϕ ° = − =  . The data are for t1 = 1.1 nm sample.  

 

The SOT effective fields of the sample t1 = 1.1 nm were determined from Eqs. (2-

18)-(2-21) and plotted as a function of the AC current density in Figure 4-5(a) for the 

damping-like term and Figure 4-5(b) for the field-like term, respectively. The solid 

symbols represent corrected values while the open symbols represent the uncorrected 

values for t = 1.1 nm sample. Compared to the uncorrected values, the corrected 

effective fields are ~1.4 times larger for the damping-like term and ~2.5 times larger 

for the field-like term, indicating more PHE contribution to the field-like term. The 

negative damping-like fields are obtained for Mz > 0 and positive fields are obtained for 

Mz > 0. For field-like terms, negative values were obtained for both Mz > 0 and Mz < 0 

states. Linear dependence of the effective fields on AC current density is indicated in 

the range of the current density from 1×1010 A/m2 to 1×1011 A/m2. The solid lines are 

linear fittings to the corrected effective fields. Irrespective of the sign of the effective 

fields, ( )( ) ( ) 2DL FL DL FLdH dJ dH dJ+ −+  is defined as the corresponding efficiency 

DLχ ( FLχ ), where the +(-) sign represents Mz > 0 (Mz < 0) state.  As a result, the effective 
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fields of t1 = 1.1 nm sample are obtained to be ~29.7 Oe per 1011 A/m2 for the damping-

like term and ~20.1 Oe per 1011 A/m2 for the field-like term. 

 

 

Figure 4-5. The effective fields dependence on AC current density for (a) damping-like 

term and (b) field-like term, including corrected values (solid symbols) and uncorrected 

values (open symbols). The solid lines are linear fitting to the corrected values. Results 

of t1 = 1.1 nm sample for both Mz > 0 and Mz < 0 are shown.  

 

4.4 Asymmetric Co layer thickness dependence of SOT  

The SOT effective fields of both A and B samples were characterized using the 

same measurements as the sample t1 = 1.1 nm. The efficiency of the effective fields 

DLχ  and FLχ  were extracted and plotted as a function of the lower Co layer thickness 

t1 in Figure 4-6(a), and of the upper Co layer thickness t2 in Figure 4-6(b), to directly 

show the dependence of the SOT on the upper and lower Co layer thicknesses. The 

black and red symbols represent DLχ  and FLχ , respectively. The determined damping-

like term is larger than the field-like term. It is also observed that the effective fields 

tend to decrease with the lower Co layer thickness t1, whereas no obvious changes 

happen when the upper Co layer thickness t2 varies from 0.3 nm to 1.1 nm. Moreover, 
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Figure 4-6. The efficiency of the effective fields plotted with respect to (a) the lower 

Co layer thickness, and (b) the upper Co layer thickness. The black and red symbols 

represent DLχ  and FLχ , respectively. 
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the lower Co layer thickness t1 also modulates the difference between the damping-like 

term DLχ  and the field-like term FLχ , which declines from ~43.4 Oe per 1011 A/m2 at t1 

= 0.3 nm to ~9.6 Oe per 1011 A/m2 at t1 = 1.1 nm. The asymmetric Co layer thickness 

dependence of SOT is primarily due to the different interface conditions of the lower 

and upper Co layers, as the former is sandwiched by two Pt layers and the latter is 

sandwiched by Pt and Ta layers. 

According to the theory of SHE, the efficiency χ  is proportional to 1/(MS·tFM) [24-

26]. The characterization of as-deposited films finds that the saturation magnetization 

MS increases with the lower Co layer thickness t1, whereas it decreases with the upper 

Co layer thickness t2, as shown in Figure 4-7(a). As the Co layer thickness t1 or t2 

increasing from 0.3 nm to 1.1 nm, the variation of the saturation magnetization MS is 

~526 emu/cc for t1, which is much larger than its value of ~152 emu/cc for t2. This 

suggests that the lower Co layer contributes more PMA in the structure. The function 

of 1/(MS·tFM) with respect to the Co layer thicknesses t1 and t2 were plotted in Figure 4-

7(b). From Figure 4-7(b), for lower Co layer thickness t1, 1/(MS·tFM) diminishes while 

the changes of 1/(MS·tFM) for the upper Co layer thickness t2 varying from 0.3 nm to 1.1 

nm was negligible. The trends of 1/(MS·tFM) matches the function relation of the 

effective fields well, thus demonstrating that there is an asymmetric Co layer thickness 

dependence of the SOT, which can be attributed to their different interface conditions 

of the lower and upper Co layers.  
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Figure 4-7. (a) Plot of the saturation magnetization MS with respect to the lower and 

upper Co layer thicknesses. (b) Plot of 1/(MS·tFM) with respect to the lower and upper 

Co layer thicknesses.  
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As explained in Section 4.2, the variation of t1 and t2 results in different effective 

thickness of Co. Moreover, the lower Co is sandwiched by two Pt layers and the upper 

Co is sandwiched by Pt and Ta layers, leading to different interfaces of the two Co 

layers. The increase of t1 and t2 generates different interfaces conditions. Consequently, 

the spin current going into Co and the Rashba effect will be different as t1 and t2 vary, 

which contribute the asymmetric dependence of the SOT fields to the two Co layer 

thicknesses. 

The decrease of the saturation magnetization as the upper Co layer thickness t2 

increases, as shown in Figure 4-7(a), seems unusual. This is attributed to the calculation 

of the saturation magnetization by the equation  

 3

2

10 .
16 ( 0.9)s

FM

M MM
V t

= = ×
× +

  (4-5) 

Here, the unit of M  is μemu and unit of t2 is nm, resulting in sM  with the unit of 

emu/cc. The raw data are shown in Figure 4-8. The corresponding values of M  and 

sM  are shown in Table 4-1. It is observed that the measured moment M  increases with 

the upper Co layer thickness t2, while the saturation magnetization sM  decreases.  

The actual saturation magnetization in the structures should be expressed by  

 3 31 2

2

10 10 ,
16 16 0.9s

M MM
t

= × + ×
× ×

  (4-6) 

where 1M  and 2M  are the magnetic moments in lower and upper Co layers, 

respectively. Eq. (4-5) is applicable only if 1 2M M= . Nevertheless, the different values 

of sM  for 1 2t t=  indicates 1 2M M≠ . It seems that the lower Co layer has larger 

magnetic moments than upper Co layer for the thickness greater than ~0.4 nm. 
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Therefore, the Eq. (4-5) may be inapplicable.  Further work is needed to obtain accurate 

saturation magnetization. 

 

Figure 4-8. Measured out-of-plane magnetic hysteresis loops for t2. 

 

Table 4-1. Summarized values of M  and sM  with t2. 
t2 (nm) M (10-6 emu) Ms (emu/cc) 
0.3 16.18 842.71 
0.5 16.61 741.29 
0.7 17.85 697.27 
0.9 19.37 672.60 
1.1 21.19 662.19 

 

 

4.5 Summary 

In summary, the asymmetric Co layer thickness dependence of SOT in 

Pt/Co/Pt/Co/Ta structures with PMA was found. In the structures, the lower and upper 



109 
 

Co layers contribute to different PMA behaviors. The saturation magnetization 

increases with the lower Co layer thickness, whereas it decreases with the upper Co 

layer thickness. Through the harmonic Hall voltage measurements, it was observed that 

the effective fields decrease with the lower Co layer thickness variation, while 

independent on the upper Co layer thickness. The asymmetric Co layer thickness 

dependence of SOT was attributed to their different interfacial conditions, pointing 

toward a new methodology in SOT modulation with the potential to enhance the 

tunability of future magnetic memory and logic devices based on SOT. 
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Chapter 5. Field-free SOT-induced 

magnetization switching in 

Pt/[Co/Ni]2/Co/Ta structure 

 

 

 

The external in-plane bias field exerted in SOT device restricts its application 

because it is hard to be integrated in CMOS. In this chapter, we perform the SOT-

induced magnetization switching in micron sized Pt/[Co/Ni]2/Co/Ta structure, as the 

intrinsic tilt of the magnetization in the device may result in field-free switching. As a 

result, the field-free SOT switching is observed. Kerr imaging reveals that the field-free 

SOT switching process is completed via the nucleation of reverse domain and 

propagation of domain wall in the system. Due to the intrinsic tilt of the magnetization, 

the nucleated DW adopts a specific DW configuration during the reversal process.  

 

 

5.1 Motivation 

SOT arises from the SHE and the Rashba effect in ultrathin heterostructures 

comprising of a FM in contact with HM layers [1-4]. Charge current flowing in the HM 

generates spin current into the FM via SHE, whereas the spin-orbit interaction at the 

FM/HM interface induces spin accumulation by Rashba effect [3-6]. The SOT-induced 



114 
 

magnetization switching phenomenon [7-12] is capable for free layer control in MRAM, 

as only an in-plane charge current flow along constructed HM plane is necessary. To 

realize SOT-induced bipolar magnetization switching in the structure embedded PMA 

layer, an external in-plane magnetic field is required to break the symmetry along the 

current direction [13-15]. From a device standpoint, this is not ideal as the limitation of 

in-plane field in applications influences its integration and scaling. 

Numerous techniques have been proposed to execute a field-free SOT-mediated 

magnetization switching. Lateral structural asymmetries introduced in wedged FM/HM 

structures were shown to produce a SOT-like switching without the assistance of 

external field [29, 30]. Tilted magnetic anisotropy adjusted from a wedged FM layer 

also resulted in bipolar switching of the ferromagnet [31]. More recently, 

antiferromagnetic (AFM) layers have been incorporated in FM/HM stack as an 

alternative to the structural modulation. Different stack configurations were 

investigated using a combination of IrMn and PtMn as AFM layer [19-21]. The in-plane 

exchange bias field induced by the AFM layer breaks the symmetry [18, 20] and induces 

a tilting in the out-of-plane magnetization of the FM layer. The AFM layer can 

substitute as an HM layer in the structure [19]. Another approach is to pin an in-plane 

FM (iFM) layer with an AFM layer [21]. The structure utilizes that the stray field from 

the iFM layer affects the magnetization of the FM layer to be switched. The basis of all 

these techniques is to provide an external stimulus so as to induce an out-of-plane tilt 

in the magnetization. 

In this chapter, we show that by selecting PMA material with a weak out-of-plane 

anisotropy, bipolar SOT-induced magnetization reversal can be achieved without the 

assistance of external magnetic field. Our material stack comprises of 
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Pt/[Co/Ni]n/Co/Ta thin films, where n = 2, 3 and 4. Bidirectional magnetization 

switching in the patterned micro Hall bars is observed with an in-plane DC current flow 

in the structure with n = 2. Kerr-microscopy image reveals that the reversal process is 

completed via nucleation and propagation of a domain wall (DW) in the path of current 

within the cross structure, which is large enough for domain nucleation and extension 

mechanism.  Due to the intrinsic tilt of the magnetization, the nucleated DW adopts a 

chiral DW configuration during the reversal process. 

 

5.2 Sample characterization 

Stacks comprising of Ta(5 nm)/Pt(5 nm)/[Co(0.25 nm)/Ni(0.5 nm)]n/Co(0.25 

nm)/Ta(5 nm)/Ru(5 nm) films, where n = 2 (bilayer), 3 (trilayer) or 4 (four-layer), were 

grown using DC magnetron sputtering deposition technique. Normalized magnetization 

hysteresis loops were obtained using polar MOKE technique, as shown in Figure 5-1. 

The complete film stack structure is illustrated in the inset of Figure 5-1. The coercivity 

of the bilayer film is 73.5 Oe. A large increase in the film coercivity to 121.7 Oe is 

observed when n increases to 3. For n = 4, the coercivity is almost the same as the 

trilayer. This is consistent with previous reports of coercivity change with the number 

layers of Co/Ni. [35] All film stacks exhibit clear PMA as evidenced by the square 

hysteresis loops with sharp switching. The anisotropy energy density uK  is given by 

equation 1
2u S SK M H= •  . The saturation magnetization SM  and the hard axis 

saturation magnetic field SH  were measured by VSM. The corresponding values are: 

SM = 539 emu/cm3 and 609 emu/cm3 for n = 2 and 4; SH  = 924.4 Oe and 4715.6 Oe 

for n = 2 and 4, respectively. The out-of-plane anisotropy energy density was calculated 



116 
 

to be 2.5×105 erg/cm2 for n = 2, increasing to 1.4×106 erg/cm2 for n = 4, via the hard 

axis measurement method. The film stacks were patterned into cross-shaped structures, 

comprising of a wire and an orthogonal Hall bar, using a combination of EBL and Ar+ 

ion milling techniques, as introduced in section 2.3. 

 

Figure 5-1. Normalized magnetization hysteresis loops measured using polar MOKE 

magnetometer. Inset shows schematic of Pt/[Co/Ni]n/Co/Ta thin film stack structures 

with n = 2, 3 and 4. 

 

5.3 SOT effective fields in Pt/[Co/Ni]n/Co/Ta structures 

Harmonic Hall voltage measurements were performed to quantify the SOT 

effective fields of the fabricated devices. Figures 5-2(a)-(e) show the experimental 

results. We calculate the effective fields HL = –23 Oe and 21 Oe for up and down 
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magnetization, respectively, and HT = 19.80 Oe and 19.20 Oe for up and down 

magnetization, respectively.  

The SOT effective fields of the different film stacks (n = 2, 3 and 4) are shown in 

Figures 5-3(a) and 5-3(b), as a function of the AC current density. A linear dependence 

of the effective fields on current density is obtained. The positive and negative 

damping-like effective fields correspond to the magnetization orientation with respect 

to the initial up (+z) and down (–z) magnetization states, respectively, as shown in 

Figure 5-3(a). The field-like effective fields for initial up and down magnetized states 

have the same sign and amplitude as seen from Figure 5-3(b). This is consistent with  

 

Figure 5-2. Harmonic Hall voltage signals. (a) The AHE loop obtained by AC 

measurement. (b) First Harmonic signals with Hx. (c) First Harmonic signals with Hy. 

(d) Second harmonic signals with Hx. (e) Second harmonic signals with Hy.  
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Figure 5-3. (a) Damping-like effective fields of each sample for +z and –z magnetized 

states as a function of current density. (b) Field-like effective fields for each sample for 

+z and –z magnetized states as a function of current density. 

 

the field-like effective fields being independent of the magnetization orientation. The 

plots reveal a negative correlation between the FM layer thickness and the SOT 

effective fields. The bilayer sample exhibits much larger SOT fields as compared to the 

four-layer sample. For the bilayer sample, the damping-like effective fields increases 

by ~50 Oe as the current is increased from 1 mA to 5 mA, whereas for the four- layer 

sample, the increase is only ~20 Oe for the same current range. 

 

5.4 Field-free magnetization switching induced by SOT 

To investigate the SOT effect on the magnetization reversal process, the AHE 

measurements was conducted using different magnitude of AC bias current. Shown in 

Figures 5-4(a), 5-4(b) and 5-4(c) are the measured respective AHE loops for wires with 

film stack n = 2, 3 and 4, respectively. The switching field decreases as the bias current 
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is increased. The corresponding switching fields extracted from the AHE loops, as a 

function of the AC bias current amplitude for stacked wire n = 2, 3 and 4, are presented 

in Figure 5-4 (d) For n = 2 and 3, the coercivity of the wire decreases linearly with 

respect to the applied current. A striking observation is that the coercivity of the stacked 

wire n = 2 is almost zero when the amplitude of the applied AC bias current is ≥ 3 mA. 

For the wire with n = 4, there is negligible change in the coercivity for current smaller 

than 3mA. For current amplitude greater than 3 mA, the coercivity decreases linearly 

with current.  

 

Figure 5-4. Representative AHE loops measured by different AC bias current for 

samples (a) n = 2, (b) n = 3, and (c) n = 4. (d) Measured coercivity as a function of the 

magnitude of the applied current for wire patterned with film stacks with n = 2, 3, and 

4. 
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The measurements were performed using a DC bias current on the structures with 

n = 2 structures and are presented in Figure 5-5. In general, the coercivity decreases as 

the magnitude of the DC current increases and for IDC > 3mA, the coercivity is almost 

zero. For DC current magnitude smaller than 3mA, the positive and negative DC bias 

current lead to different coercivity trends. Similar change in coercivity as a function of 

DC current bias have been reported in structures comprising of HM/FM layer and the 

decrease in coercivity has been attributed to the damping-like SOT fields induced by 

the current [19]. For all measurements, the current density in the wire was in the range 

of 1010 A/m2.  

To assess the Joule heating effect, the resistance of the wire was monitored by a 

DC current flow for 10 minutes. Figure 5-6 shows the measured wire resistance for n = 

2 structures by 1mA and 3 mA, respectively. Though the variation of resistance at a 

fixed DC bias is ~0.1 Ω, a change of ~1 Ω was observed in the resistance of n = 2 

sample as the current is increased from 1 mA to 3 mA, where the coercivity is tuned by 

current. Therefore, the Joule heating assists on the reversal process. No similar change 

was observed for the n = 4 sample, as shown in Figure 5-6. As such, the coercivity trend 

observed for n = 2 structures can be attributed to a combination of joule heating and 

SOT-induced switching. For the n = 4 sample, no change in the wire resistance was 

observed as the DC bias was increased, as shown in Figure 5-6. As such, the coercivity 

trend observed for n = 2 structures can be attributed to a combination of joule heating 

and SOT-induced switching. As such, the coercivity trend observed in our structures 

can be attributed to a combination of Joule heating and SOT-induced switching. We 

note that the coercivity decrease correlates with the corresponding measured SOT fields. 

The onset of coercivity change occurs when the damping-like SOT fields is greater than 

15 Oe. This corresponds to a current of 0.5 mA for the bilayer sample and 3 mA for the 
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four-layer sample. The coercivity of the bilayer sample reduces to zero for damping-

like SOT field greater than 30 Oe.  

 

Figure 5-5. AHE loops measured by positive (a) and negative (b) DC current for n = 2 

structures. (c) Coercivity trends on DC and AC current.  

 

 
Figure 5-6. The wire resistance monitored by DC current flow for 10 minutes. (a) The 

wire resistance measured by 1mA and 3 mA for n = 2 structures. (b) The wire resistance 

measured by 3 mA and 5 mA for n = 4 structures. 
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To confirm the observed SOT switching, Hall resistance (RH) measurements with 

DC current sweeping were performed on the n = 2 structure, without any externally 

applied magnetic fields.  Figure 5-7 shows the measured RH as a function of the DC 

current. A clear hysteresis loop was obtained, implying a deterministic switching of the 

magnetization induced by the applied current. Firstly, the magnetization is aligned 

along the +z orientation. No change in RH is observed when positive current (along +x 

direction) flows through the wire. As the current is swept in the opposite direction, 

negative current (along −x direction), RH exhibits a step wise decrease at a current of 

−4 mA, reaching saturation at −6.5 mA.  This implies that the magnetization has 

switched to the −z orientation. As the current is then increased towards +6.5 mA, the 

initial change in RH signal occurs at 2 mA, with a quasi-stable state at +3 mA and 

saturation at +4 mA. This results in an asymmetric hysteresis loop, as shown by the 

black loop in Figure 5-7. This asymmetric switching is due to an initial large current 

required to nucleate a reverse domain. The change in the Hall resistance corresponds 

each run, a clear hysteretic loop is obtained, indicating that the switching process is 

deterministic in nature. 
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Figure 5-7. Measured RH as a function of DC current without external magnetic field 

for Pt/[Co/Ni]2/Co/Ta structure. 

 

5.5. Switching process revealed by Kerr imaging  

Direct observation of the magnetization switching process was carried out using 

quasi-static Kerr imaging technique. The sample was first saturated along the +z 

direction and the field was reduced to zero. This initial state was captured and used as 

a reference to be subtracted from subsequent images captured at different DC bias. 

Figure 5-8 shows the Kerr images at different instances during the switching process, 

corresponding to the state labelled in Figure 5-7. The wire was initially saturated by a 

large magnetic field along the +z direction. The initial configuration, image A was 

captured after a positive current of +6.5 mA was applied to the wire. No change in 

magnetization configuration is observed. As the current was reduced from +6.5 mA to 

−4 mA, a reversed domain is nucleated in the wire, as evidenced by the bright contrast  
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Figure 5-8. Kerr images at different stages during the reversal process. Image A shows 

the initial up (+z) state; images B1-B4 show the gradual reversal process from up to 

down (–z) state; image C shows that the magnetization has completely switched to the 

down state; image D shows the quasi stable state as the magnetization is reversed in the 

opposite direction; image E shows that the magnetization has switched back to the up 

state again. The yellow arrows show the corresponding current directions. 
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in Figure 5-8-B1, indicating the onset of magnetization switching. The magnetic 

configuration at the top half of the wire has flipped to the down (−z) state. Further 

increase of the current leads to the expansion of the reversed domain along both the 

wire length as seen in Figure 5-8-B2→B4. Complete magnetization reversal of the wire 

was achieved when the current was increased to −6.5 mA, as can be seen by the 

complete white contrast of the structure in Figure 5-8-C. As the current was increased 

from –6.5 mA to +2 mA, the quasi stable region in the Hall signal, Figure 5-7, 

corresponds to the pinning of the DW at the Hall cross as seen in Figure 5-8-D. As the 

current was increased to positive saturation at +6.5 mA, the magnetization switched 

towards the up (+z) state again, as seen in Figure 5-8-E. The Kerr imaging confirms 

that the reversal process is completed via DW nucleation and propagation within the 

structure. The current can deterministically switch the magnetization orientation of the 

wire. Different orientations of current flow lead to different stable magnetization 

configurations.  

Reversed domain nucleating from the edge of the wire has been reported by a 

combination of Oersted field and weakened anisotropy at the edges due to defects. [22] 

The out-of-plane component of the Oersted field has the maximum amplitude Hz-Oersted 

at the wire edges. [23] For a uniform strip conductor with width w and thickness t, Hz-

Oersted can be approximated as (3 2ln( / )) / 4z OerstedH Jt w t π− = +  when t w . [24] In our 

geometry, the conductor can be considered as a 5 μm wide and 20 nm thick strip. The 

Oersted field is estimated to be ~0.84 mT for a current of 3 mA (current density

10 21 10J Am−= × ), where the reversed domain is nucleated. This is much smaller than 

corresponding SOT fields at 3mA which is ~30 Oe. To show that the combination of 

Oersted field and weak-end anisotropy due to edge-defects do not play a role in the 
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switching, the reversed process was repeated for initial magnetization along +z and −z 

directions. Figure 5-9 shows that though the reversal starts from the edge of the wire, 

the region where the reversed domain nucleates are different. For each instance, the 

reversed domains are nucleated closer to the contact where the current is applied. This 

implies that the Oersted field and edge-defects do not play a significant role in the 

reversal domain nucleation.   

 

Figure 5-9. The reversal occurs from the edge for initial magnetization along (a) +z 

and (b) –z directions. The two configurations occur at opposite current directions. 

 

5.6 Insight to the switching process 

The deterministic SOT switching is ascribed to a tilt in the out-of-plane 

magnetization induced by the combination of Joule heating and SOT in the bilayer 

structure. To experimentally assess this presumptive explanation, a small out-of-plane 

magnetic field was applied and the in-plane current sweeping measurements on samples  
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Figure 5-10. Measured RH as a function of the DC current with a small fixed out-of-

plane magnetic field along the +z or –z directions for (a) up and (b) down initial 

magnetization states. (c) and (d) are the schematic magnetic configurations 

corresponding to (a) and (b), respectively. 
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with magnetization along the +z orientation was performed. When the out-of-plane field 

of 12 Oe was applied along the +z direction, no magnetization switching behavior was 

observed in the measured AHE signal, even for current strength up to 10 mA, as 

indicated by the black data line in Figure 5-10(a). However, when the field (–16 Oe) 

direction was reversed, i.e. along the −z direction, which was also opposite to the 

magnetization orientation, a sharp change in the AHE signal was observed, implying 

the switching of the magnetization state, as shown by the red data line in Figure 5-10(a). 

Once the magnetization switches, it was aligned with the applied field direction, and no 

further switching was observed even when the current direction was reversed. Similar 

behavior was observed when the initial magnetization of the device is set along the –z 

orientation, as shown in Figure 5-10(b). These experimental results confirm our 

explanation that the marginal tilt of the magnetization with respect to the z-axis in the 

bilayer structure contributes to the field-free SOT reversal process. As introduced in 

section 5.2, the out-of-plane anisotropy energy rapidly increases when the Co/Ni repeat 

times n increases, implying stronger coupling of Co and Ni for larger n. The 

magnetization tilt originates from the weak coupling of Co and Ni for n = 2. 

Nevertheless, the size of the magnetization tilt is too small to characterize. For n = 2 

and n = 4, stronger coupling of Co and Ni results in negligible magnetization tilt. 

Figures 5-10(c) and 5-10(d) depict the configurations of current induced SOT fields for 

initial magnetization along +z and –z directions, corresponding to Figures 5-10(a) and 

5-10(b) respectively. The direction of the transverse effective field HT is determined by 

ẑ J×


, which is independent of the initial magnetization state. The direction of the 

longitudinal effective field HL is determined by ˆ ˆm s× , where m̂ is the magnetization 

direction and ŝ  represents the average spin direction of the electrons diffusing into the 

magnetic layer.  
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In our configurations, the collective spin Hall effect from Pt underlayer and Ta 

capping layer results in a positive spin Hall angle, which aligns ŝ  pointing to – ( ẑ J×


). 

Therefore, the direction of the longitudinal field is determined by – ( ( )ˆ ˆm z J× ×


), which 

is dependent of the initial magnetization state, as shown in Figures 5-10(c) and 5-10(d). 

 

 

Figure 5-11. The RH vs IDC loops with different applied longitudinal external magnetic 

fields along (a) +x and (b) –x directions. 

 

To gain an insight into the SOT induced DW motion leading to the magnetization 

switching, RH measurements were carried out by sweeping DC current with various 

fixed in-plane magnetic fields (Hx) applied along the wire long axis. The measured RAHE 

vs IDC loops at different Hx are shown in Figure 5-11. Irrespective of the magnitude of 

the negative Hx, complete magnetization reversal at the Hall cross is obtained, as 

evidenced by the maximum change in RH magnitude. For positive Hx less than 500 Oe, 

a smaller change in RH magnitude is obtained, implying incomplete switching at the 

Hall cross. As the positive Hx is increased, the change of RH in magnitude increases 

correspondingly, reaching the saturation for Hx ≥ 500 Oe. Our result is consistent with 
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Pt being the dominant source of DMI and leading to a negative DMI effective field 

HDMI, stabilizing in a left-handed Néel DW. 

Figure 5-11 infers that the negative filed can result in the full reversal at the Hall 

cross evidenced by the maximum change in RH magnitude. Whereas for the positive 

filed, the full switching at the Hall cross only occurs when the field is larger than 500 

Oe. For the positive filed smaller than 500 Oe, the Hall cross can be reversed only 

partially evidenced by the lower change in RH magnitude. Therefore, the DMI effective 

field HDMI in our sample structure is negative, acting along the –x orientation. Negative 

HDMI results in a left-handed Néel DW chirality. This is consistent with Pt being the 

dominant source of DMI. 

The representative loops for Hx = +500 Oe and –100 Oe are shown in Figure 5-

12(a). For the measured RH-IDC loops with fields applied along the +x (+500 Oe) or –x 

(–100 Oe) orientations in Figure 5-12(a), complete magnetization switching at the Hall 

cross is obtained. Despite both field orientations displaying clear hysteresis, the 

switching behavior is completely different. When a positive Hx is applied, a RH-IDC loop 

similar to the result without any applied external field was obtained. However, when 

the applied Hx is along the –x-direction, the magnetization switching from +z to –z 

direction occurs when a positive current was applied. The discrepancy is attributed to 

the stabilization of different DW configurations with the application of Hx. The 

direction of the Hx favors a handedness chirality of the DW mediating the reversal 

process. For Hx applied along the +x orientation more than +500 Oe, a right-handed 

Néel DW is obtained. It is known that for SOT-induced Néel DW motion in structure 

with Pt underlayer, the left-handed DW moves along the direction of current, whereas 
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the right-handed DW moves in the opposite direction of current. This is consistent with 

the measured RH-I loops property shown in Figure 5-12(a). 

 

 

Figure 5-12. (a) RH-I loops measured by sweeping DC current with a fixed in-plane 

magnetic field along the (black) +x and (red) –x directions. (b)  Measured RH-I loops 

with sweeping DC current when a fixed in-plane magnetic field was applied along the 

(red) +y and (blue) –y directions together with the loop for (black) zero field. 

 

Similar measurements were conducted with an in-plane transverse field. Figure 5-

12(b) shows the representative RH-I loops in the presence of the transverse field along 

the + or − y-directions.  It is worth noting that the transverse field does not affect the 

switching behavior and the magnitude of current required to induce switching. 

Additionally, irrespective of the field orientation, the same switching behavior implies 

that the magnetization reversal process is mediated by the damping-like term of the 

SOT. 
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5.7 Summary 

In summary, field-free bipolar SOT-induced magnetization switching can be 

achieved by a weak out-of-plane magnetic anisotropy in as grown Pt/[Co/Ni]2/Co/Ta 

structures. Kerr imaging reveals that the reversal process is completed via the nucleation 

and propagation of DW within the wire. Due to the intrinsic tilt of the magnetization, 

the nucleated DW adopts a specific DW configuration during the reversal process. 

These results may pave the way for an alternative approach to induce field-free SOT-

induced magnetization switching. 

 

 

 

 

 

 

 

 

 

 



133 
 

References 

[1] M. Hayashi, J. Kim, M. Yamanouchi and H. Ohno, Quantitative characterization of 

the spin-orbit torque using harmonic Hall voltage measurements. Phys. Rev. B 89, 

144425 (2014). 

[2] P. Gambardella and I. M. Miron, Current-induced spin–orbit torques. Phil. Trans. R. 

Soc. A 369, 3175 (2011). 

[3] A. Chernyshov, M. Overby, X. Liu, J. K. Furdyna, Y, Lyanda-Geller and L. P. 

Rokhinson, Evidence for reversible control of magnetization in a ferromagnetic 

material by means of spin–orbit magnetic field. Nat. Phys. 5, 656-659 (2009). 

[4] I. M. Miron, G. Gaudin, S. Auffret, B. Rodmacq, A. Schuhl, S. Pizzini, J. Vogel and 

P. Gambardella, Current-driven spin torque induced by the Rashba effect in a 

ferromagnetic metal layer. Nat. Mater. 9, 230 (2010). 

[5] H.-R. Lee, K. Lee, J. Cho, Y.-H. Choi, C.-Y. You, M.-H. Jung, F. Bonell, Y. Shiota, 

S. Miwa and Y. Suzuki, Spin-orbit torque in a bulk perpendicular magnetic anisotropy 

Pd/FePd/MgO system. Sci. Rep. 4, 6548 (2014). 

[6] M. Kawaguchi, T. Moriyama, T. Koyama, D. Chiba and T. Ono, Layer thickness 

dependence of current induced effective fields in ferromagnetic multilayers. J. Appl. 

Phys. 117, 17C730 (2015). 

[7] I. M. Miron, K. Garello, G. Gaudin, P.-J. Zermatten, M. V. Costache, S. Auffret, S. 

Bandiera, B. Rodmacq, A. Schuhl and P. Gambardella, Perpendicular switching of a 

single ferromagnetic layer induced by in-plane current injection. Nature 476, 189 

(2011). 

[8] L. Liu, O. J. Lee, T. J. Gudmundsen, D. C. Ralph and R. A. Buhrman, Current-

Induced Switching of Perpendicularly Magnetized Magnetic Layers Using Spin Torque 

from the Spin Hall Effect. Phys. Rev. Lett. 109, 096602 (2012). 

[9] M. Cubukcu, O. Boulle, M. Drouard, K. Garello, C. O. Avci, I. M. Miron, J. Langer, 

B. Ocker, P. Gambardella and G. Gaudin, Spin-orbit torque magnetization switching of 



134 
 

a three-terminal perpendicular magnetic tunnel junction. Appl. Phys. Lett. 104, 042406 

(2014). 

[10] K. Garello, C. O. Avci, I. M. Miron, M. Baumgartner, A. Ghosh, S. Auffret, O. 

Boulle, G. Gaudin and P, Gambardella, Ultrafast magnetization switching by spin-orbit 

torques. Appl. Phys. Lett. 105, 212402 (2014). 

[11] R. L. Conte, A. Hrabec, A. P. Mihai, T. Schulz, S.-J. Noh, C. H. Marrows, T. A. 

Moore and M. Kläui, Spin-orbit torque-driven magnetization switching and thermal 

effects studied in Ta\CoFeB\MgO nanowires. Appl. Phys. Lett. 105, 212402 (2014). 

[12] C. Zhang, S. Fukami, H. Sato, F. Matsukura and H. Ohno, Spin-orbit torque 

induced magnetization switching in nano-scale Ta/CoFeB/MgO. Appl. Phys. Lett. 107, 

012401 (2015). 

[13] J. Cao, Y. Zheng, X. Su, L. Hao, Y. Wang, J. Bai and F. Wei, Spin-orbit torque 

induced magnetization switching in Ta/Co20Fe60B20/MgO structures under small in-

plane magnetic fields. Appl. Phys. Lett. 108, 172404 (2016). 

[14] O. J. Lee, L. Q. Liu, C. F. Pai, Y. Li, H. W. Tseng, P. G. Gowtham, J. P. Park, D. 

C. Ralph and R. A. Buhrman , Central role of domain wall depinning for perpendicular 

magnetization switching driven by spin torque from the spin Hall effect. Phys. Rev. B 

89, 024418 (2014). 

[15] G. Yu, P. Upadhyaya, K. L. Wong, W. Jiang, J. G. Alzate, J. Tang, P. K. Amiri and 

K. L. Wang, Magnetization switching through spin-Hall-effect-induced chiral domain 

wall propagation. Phys. Rev. B 89, 104421 (2014). 

[16] G. Yu, P. Upadhyaya, Y. Fan, J. G. Alzate, W. Jiang, K. L. Wong, S. Takei, S. A. 

Bender, L.-T. Chang, Y. Jiang, M. Lang, J. Tang, Y. Wang, Y. Tserkovnyak, P. K. 

Amiri and K. L. Wang, Switching of perpendicular magnetization by spin-orbit torques 

in the absence of external magnetic fields. Nat. Nanotechnol. 9, 548 (2014). 

[17] M. Akyol, G. Yu, J. G. Alzate, P. Upadhyaya, X. Li, K. L. Wong, A. Ekicibil, P. 

K. Amiri and K. L. Wang, Current-induced spin-orbit torque switching of 

perpendicularly magnetized Hf|CoFeB|MgO and Hf|CoFeB|TaOx structures. Appl. 

Phys. Lett. 106, 162409 (2015). 



135 
 

[18] L. You, O. Lee, D. Bhowmik, D. Labanowski, J. Hong, J. Bokor and S. Salahuddin, 

Switching of perpendicularly polarized nanomagnets with spin orbit torque without an 

external magnetic field by engineering a tilted anisotropy. Proc. Natl. Acad. Sci. U. S. 

A. 112, 10310-10315 (2015).  

[19] S. Fukami, C. Zhang, S. DuttaGupta, A. Kurenkov and H. Ohno, Magnetization 

switching by spin-orbit torque in an antiferromagnet-ferromagnet bilayer system. Nat. 

Mater. 15, 535 (2016). 

[20] A. Van den Brink, G. Vermijs, A. Solignac, J. Koo, J. T. Kohlhepp, H. J. M. 

Swagten and B. Koopmans, Field-free magnetization reversal by spin-Hall effect and 

exchange bias. Nat. Commun. 7, 10854 (2015). 

[21] Y.-C. Lau, D. Betto, K. Rode, J. M. D. Coey and P. Stamenov, Spin–orbit torque 

switching without an external field using interlayer exchange coupling. Nat. 

Nanotechnol. 11, 758 (2016). 

[22] D. Bhowmik, M. E. Nowakowski, L. You, O. Lee, D. Keating, M. Wong, J. Bokor 

and S. Salahuddin, Deterministic domain wall motion orthogonal to current flow due to 

spin orbit torque. Sci. Rep. 5, 11823 (2015). 

[23] O. Boulle, L. Heyne, J. Rhensius, M. Kläui, U. Rüdiger, L. Joly, L. Le Guyader, 

F. Nolting, L. J. Heyderman, G. Malinowski, H. J. M. Swagten, B. Koopmans, C. 

Ulysse and G. Faini, Reversible switching between bidomain states by injection of 

current pulses in a magnetic wire with out-of-plane magnetization. J. Appl. Phys. 105, 

07C106 (2009). 

[24] M. Yamanouchi, D. Chiba, F. Matsukura, T. Dietl, and H. Ohno, Velocity of 

domain-wall motion induced by electrical current in the ferromagnetic semiconductor 

(Ga,Mn)As. Phys. Rev. Lett. 96, 096601 (2006). 

 

 



136 
 

Chapter 6. Conclusion and future 

work 
 
 

6.1 Conclusion 

In this thesis, we detail the investigations on the SOT effective fields and SOT-

induced magnetization switching in ferromagnetic multilayer structures. The SOT 

effective fields are quantified using AC harmonic Hall voltage measurement technique. 

Strong SOT including both the damping-like and field-like terms is obtained in 

Pt/Co/Ta structure with PMA, contributed by the opposite spin Hall angles of Pt and 

Ta. A Pt layer inserted between the Co/Ta interface can effectively negate the field-like 

SOT in Pt/Co/Pt (t)/Ta structures, as the Rashba effects at the Pt/Co and Co/Pt interfaces 

counteract each other. The damping-like term is tuned by varying the thickness of the 

inserted Pt layer to change both the sign and magnitude of the SOT effective fields. The 

damping-like SOT is zero at t ≈ 2.2 nm, which is thinner than the bottom Pt layer of 3 

nm, indicating the asymmetric contribution from the Pt/Co and Co/Pt interfaces to the 

damping-like SOT.  

In the Pt/Co/Pt/Co/Ta structure, the two Co layers contribute to different PMA due 

to their interface conditions. By varying either the lower or the upper Co layer thickness, 

it is found that the effective field strength is dependent on the lower Co layer thickness 

while no changes were observed with varying upper Co layer thickness. The 

asymmetric dependence of the SOT on the two Co layer thicknesses is attributed to the 

modulations of the saturation magnetization as a result of their different interface 

conditions.  
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From the device standpoint, the field-free capability of SOT-device is demanded.  

The external in-plane bias field exerted in SOT device restricts its application because 

it is hard to integrate in CMOS. The micron sized Pt/[Co/Ni]2/Co/Ta structure is studied 

to achieve the field-free SOT switching due to the intrinsic tilt of the magnetization in 

the device. Kerr imaging reveals that the field-free SOT switching process is completed 

via the nucleation of reverse domain and propagation of domain wall in the system. Due 

to the intrinsic tilt of the magnetization, the nucleated DW adopts a specific DW 

configuration during the reversal process.  

 

 

6.2 Future work 

6.2.1   Enhancing SOT by engineering different capping layers 

As discussed in chapter 3 and chapter 4, the interface conditions of the FM are also 

important for SOT. The Co layer sandwiched between Pt and Ta layers induces stronger 

SOT than that sandwiched between two Pt layers. Even in the Pt/Co/Pt/Co/Ta structure, 

where Pt/Co/Pt is coupled with Pt/Co/Ta, the lower and upper Co layers contribute to 

different SOT. Therefore, different capping layers can be tried on a HM/FM bilayer 

when we optimize the stack structure for larger SOT. SOT and DMI have been 

investigated in Pt /Co/[Ni/Co]4/X with different capping layers (X = Pt, Ta, MgO, or 

Cu) by J. Yu, et. al. [1]. The result provides an insight into the role of DMI in SOT 

driven magnetization switching, demonstrating the feasibility of achieving desirable 

SOT and DMI for spintronic devices. Y. C. Lau evaluated the SOT efficiency in in-

plane magnetized HM/CoFeB/MgO heterostructures (HM = Pt, W, and Ta), suggesting 

that a more advanced model is required to accurately describe SOT effective fields. [2] 
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However, the mechanism behind still needs more works to investigate. Moreover, the 

AFM is never used in these works. Therefore, Pt, Ta, Cu, IrMn, and MgO can be 

selected as the capping layers on Pt/Co bilayer. The primary results of IrMn and Cu 

capping layers are shown in Figure 6-1 and Figure 6-2. The results show that IrMn 

capping layer can generate larger damping-like SOT, where the field-like terms are 

comparable for both capping layers. 

 

Figure 6-1. The measured SOT effective fields for IrMn capping layer. 

 

Figure 6-2. The measured SOT effective fields for Cu capping layer. 

6.2.2   Investigating SOT switching in Pt/Co/Ta structure 

SOT-induced magnetization switching in FM/HM heterostructures has attracted 

extensive attention because of its prospects in low power magnetic memories and logic 
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devices [3-7]. In most reports, the magnetization switching between Mz > 0 and Mz < 0 

states was achieved by opposite current. [3, 7, 8] The SOT switching process can be 

explained by the combination of the SHE and DMI, where a sufficient in-plane bias 

field collinear with the applied current to overcome DMI is needed. [7-11] As presented 

in Chapter 3, it was observed that the switching only responded to applied positive 

current in the SOT- induced magnetization switching under in-plane bias field Hx = ±2 

kOe in the perpendicularly magnetized Pt/Co/Ta structure, as shown in Figure 6-3. The 

unusual SOT switching in the Pt/Co/Ta structure cannot be explained by the theory of 

the SHE and DMI. Therefore, the further investigation of the SOT switching in the 

perpendicularly magnetized Pt/Co/Ta structure is needed in future work. The roles of 

the in-plane bias field and DC current in the switching process should be explored. The 

dependence of SOT switching on the in-plane bias field should be studied. Moreover, 

the switching process can be revealed by Kerr imaging. 

 

Figure 6-3. SOT-induced magnetization switching with applied in-plane bias field (a) 

Hx = +2 kOe and (b) Hx = –2 kOe in Pt/Co/Ta structure. 

 

The AHE measurements were performed using various DC currents with applied 

an external in-plane magnetic field, to investigate the roles of the in-plane bias field and 
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DC current in the switching process. Figures 6-4(a) and 6-4(b) show the measured AHE 

loops by a 100 μA DC current, which has a negligible effect on the magnetization 

switching, with applied positive and negative in-plane bias fields Hx, respectively. The 

AHE resistance RAHE remains the same value of ~1 Ω for various in-plane bias fields. 

The square shape of the AHE loops demonstrates that the magnetization in the magnetic 

layer is switched uniformly by the out-of-plane magnetic field. From the AHE loop in 

the inset of Figure 3-3(a), the measured positive and negative values of the Hall 

resistance RH represent the –z and +z magnetization, respectively. The switching fields 

which switch the magnetization to +z and to –z, are defined as 𝐻𝐻𝑆𝑆𝑆𝑆+  and 𝐻𝐻𝑆𝑆𝑆𝑆– . Therefore, 

the coercivity (HC) of the device can be expressed as HC = (𝐻𝐻𝑆𝑆𝑆𝑆+ – 𝐻𝐻𝑆𝑆𝑆𝑆– )/2. The 

hysteresis loop center 0 ( ) 2SW SWH H H+ −= +  can be used to characterize the horizontal 

shift of the hysteresis loop. For the in-plane bias field of ±500 Oe, the coercivity of the 

device is around 20 Oe. For the in-plane bias field of ±2000 Oe, the coercivity reduces 

to about 7 Oe. The decrease in the coercivity with increasing in-plane bias field suggests 

that the in-plane bias field allows the magnetization to be switched more easily. 

Meanwhile, the shift in the switching field Δ𝐻𝐻𝑆𝑆𝑆𝑆+  = [𝐻𝐻𝑆𝑆𝑆𝑆+  (500 Oe) – 𝐻𝐻𝑆𝑆𝑆𝑆+  (2000 Oe)]/2 

is larger than Δ𝐻𝐻𝑆𝑆𝑆𝑆–  = [𝐻𝐻𝑆𝑆𝑆𝑆–  (500 Oe) – 𝐻𝐻𝑆𝑆𝑆𝑆–  (2000 Oe)]/2 for the positive in-plane bias 

field as shown in Figure 6-4(a). However, the in-depth physics of the in-plane bias field 

affecting the AHE loops remains unclear, which needs future efforts to search.   
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Figures 6-4. Measured AHE loops by a 100 μA DC current with the positive (a) and 

negative (b) in-plane bias field Hx. 

 

Figure 6-5 shows the measured results for various positive currents with an in-plane 

bias field of Hx = +2 kOe. With the application of increasing DC currents, the switching 

fields 𝐻𝐻𝑆𝑆𝑆𝑆+  and 𝐻𝐻𝑆𝑆𝑆𝑆–  become similar due to the small coercivity of the device. The shape 

of the AHE loops also becomes step-wise, containing a series of intermediate Hall 

resistance and implies the existence of domains in the Hall cross area. [12] These 

domains can be switched individually to achieve the full switching in response to large 

enough applied fields to align all domains. The results illustrate that the DC current can 

modulate the mode of the magnetization switching with the assistance of an in-plane 

bias field.  
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Figure 6-5. Out-of-plane magnetic field dependence of the Hall resistance RH measured 

by various positive currents with applied in-plane bias field Hx = +2 kOe. 

 

Though the effects of the in-plane bias field and DC current were observed in 

Figures 6-4 and 6-5, SOT-induced magnetization switching should be investigated by 

measuring DC current dependence of the Hall resistance RH with applied an in-plane 

bias field. During the SOT switching measurements, the effects of the initial 

magnetization state and DC current sweep way were also studied. It was found that the 

initial magnetization state and the DC current sweeping sequence also affect the SOT 

switching process under small in-plane bias fields. When the in-plane bias field is large 

enough to overcome the DMI, the effects of the initial magnetized state and the DC 

current sweep sequence can be ignored. The in-depth physics will also be researched in 

future. Additionally, Kerr imaging will be used to reveal the switching process. The 
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preliminary investigation of the SOT switching in the perpendicularly magnetized 

Pt/Co/Ta structure is presented in Appendix.  
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Appendix. Unusual magnetization 

switching induced by SOT in 

Pt/Co/Ta structure 

 

 

As mentioned in chapter 3, the magnetization switching induced by SOT in 

perpendicularly magnetized Pt/Co/Ta structure is studied in the Appendix. The AHE 

measurements using various DC currents with applied an external in-plane magnetic 

field were performed to reveal the roles of the in-plane bias field and DC current in the 

magnetization switching process. Unusual switching behavior where switching only 

occurs in response to positive current, is observed in the structure. The phenomenon is 

attributed to the field-like SOT, which shifts the hysteresis loop acting as a magnetic 

field along –y-orientation. The initial magnetization and DC current sweep sequence 

are found to result in different SOT-induced magnetization switching process. For small 

in-plane bias fields, they can affect the mode of switching, which can be ignored when 

the in-plane bias field is large enough to overcome the DMI. 
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A.1 Motivation 

SOT-induced magnetization switching in magnetic/heavy metal multilayers has 

attracted extensive attention because of its prospects in low power magnetic memories 

and logic devices. [1-5] In these multilayer structures, SOT originates from both the 

SHE [6-8] and the Rashba effect [9-11]. Most studies have reported that SHE plays a 

more important role as compared to the Rashba effect in SOT-induced magnetization 

switching. [12-15] According to SHE, the spin dependent scattering in heavy metals 

causes a perpendicular spin current when an in-plane charge current is applied. The spin 

current then exerts a torque on the magnetic moment of the ferromagnetic layer adjacent 

to heavy metal layer to induce the magnetization switching. In MRAM, SOT-induced 

magnetization switching by using an in-plane current is preferred over conventional 

spin transfer torque, as the former avoids having a large switching current through a 

MRAM cell. [16-19] To realize SOT-induced magnetization switching in the structure 

with PMA, an external in-plane magnetic field is required to break the symmetry along 

the in-plane current direction. [3, 4, 20, 21] Therefore, it remains important to 

understand the roles of the in-plane bias field in SOT-induced magnetization switching, 

even though field-free SOT switching has been achieved via different techniques. [22-

26]  

A macrospin model was first used by Liu et. al. to explain how an in-plane bias 

field breaks the symmetry in the response to SHE-torque. [12] In case of small spin 

torques, the bias field was shown to favor either one of the out-of-plane magnetization 

orientation (±Mz), depending on its sign. Nevertheless, the model only applies to a 

uniform switching process. The SOT-driven domain wall (DW) depinning and domain 

expansion model proposed by Lee et al., gave a better understanding of the switching 
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process in more complex magnetization systems. [13] In this model, the switching 

process can be explained by a SHE+DMI scenario, where a sufficient in-plane bias field 

collinear with the applied current to overcome DMI is needed. The magnetic moments 

within the DW is significantly oriented by the in-plane bias field, resulting in a 

component parallel to the current. This allows the expansion of a reversed domain via 

an effective perpendicular feld produced by SHE-torque to induce a full magnetization 

switching. 

The SOT-induced magnetization switching behaviors in Pt/Co/Ta structure with 

PMA are investigated. The roles of the in-plane bias field and DC current in the 

magnetization switching process are revealed by the AHE measurements using various 

DC currents with applied an external in-plane magnetic field. Unusual switching 

behavior where switching only occurs in response to positive current, is observed in the 

structure. The phenomenon is attributed to the field-like SOT, which shifts the 

hysteresis loop acting as a magnetic field along –y-orientation. The initial magnetization 

and DC current sweep sequence are found to result in different SOT-induced 

magnetization switching process. For small in-plane bias fields, they can affect the 

mode of switching, which can be ignored when the in-plane bias field is large enough 

to overcome the DMI. 

 

A.2 The roles of in-plane bias field and current in SOT-

induced magnetization switching 

To understand the role of the in-plane bias field in SOT-induced magnetization 

switching, the AHE measurements were performed with the assistance of an external 
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in-plane magnetic field using a 100 μA DC current, which has a negligible effect on the 

magnetization. Figures A-1(a) and A-1(b) show the measured AHE loops with applied 

positive and negative in-plane bias fields Hx, respectively. The AHE resistance RAHE 

remains the same value of ~1 Ω for various in-plane bias fields. The same square shape 

of the measured AHE loops demonstrates that the magnetization in the Hall cross area 

of the magnetic layer is switched uniformly by the out-of-plane magnetic field. The 

result implies that the in-plane bias field cannot affect the mode of the magnetization 

switching by itself. From the AHE loop in the inset of Figure 3-3(a), the measured 

positive and negative values of the Hall resistance RH represent the –z and +z 

magnetization, respectively. The switching fields which switch the magnetization to +z 

and to –z, are defined as 𝐻𝐻𝑆𝑆𝑆𝑆+  and 𝐻𝐻𝑆𝑆𝑆𝑆– . Therefore, the coercivity (HC) of the device can 

be expressed as HC = (𝐻𝐻𝑆𝑆𝑆𝑆+ – 𝐻𝐻𝑆𝑆𝑆𝑆– )/2. The hysteresis loop center 0 ( ) 2SW SWH H H+ −= +  

can be used to characterize the horizontal shift of the hysteresis loop. For the in-plane 

bias field of ±500 Oe, the coercivity of the device is around 20 Oe. For the in-plane bias 

field of ±2000 Oe, the coercivity reduces to about 7 Oe. The decrease in the coercivity 

with increasing in-plane bias field suggests that the in-plane bias field allows the 

magnetization to be switched more easily. Meanwhile, the shift in the switching field 

Δ𝐻𝐻𝑆𝑆𝑆𝑆+  = [𝐻𝐻𝑆𝑆𝑆𝑆+  (500 Oe) – 𝐻𝐻𝑆𝑆𝑆𝑆+  (2000 Oe)]/2 is larger than Δ𝐻𝐻𝑆𝑆𝑆𝑆–  = [𝐻𝐻𝑆𝑆𝑆𝑆–  (500 Oe) – 

𝐻𝐻𝑆𝑆𝑆𝑆–  (2000 Oe)]/2 for the positive in-plane bias field as shown in Figures A-1(a), which 

suggests that the positive in-plane bias field has more effect on the magnetization 

switching to +z-orientation. The opposite result in Figures A-1(b) indicates that the 

negative in-plane bias field has more effect on the magnetization switching to –z-

orientation. As a result, the horizontal shift of the hysteresis loop is affected by the 

direction of in-plane bias field, with the signs of H0 depending on Hx. 
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Figure A-1. Measured AHE loops by a 100 μA DC current with the positive (a) and 

negative (b) in-plane bias field Hx of 500 Oe and 2000 Oe. 

 

Various DC currents IDC between –4.9 mA and +5.1 mA with the step size of 1 mA, 

were then used to perform the AHE measurements with the assistance of an in-plane 

bias field. Figures A-2(a) and A-2(b) show the measured results for various positive 
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currents with an in-plane bias field of Hx = +2 kOe and Hx = –2 kOe. Measurements 

obtained by using negative currents are shown in Figures A-2(c) and A-2(d). With the 

application of increasing DC currents, the switching fields 𝐻𝐻𝑆𝑆𝑆𝑆+  and 𝐻𝐻𝑆𝑆𝑆𝑆–  become 

similar due to the small coercivity of the device. The shape of the AHE loops also 

becomes step-wise, containing a series of intermediate Hall resistance and implies the 

existence of domains in the Hall cross area. [27] These domains can be switched 

individually to achieve the full switching in response to large enough applied fields to 

align all domains. Larger magnitude of applied current leads to more domains which 

require greater Hz to switch, as evidenced by the increased shift of the hysteresis loop 

with enhancive applied current in Figure A-2. Interestingly, all switching behaviors for 

positive or negative currents with an in-plane bias field happen corresponding to the 

same direction of applied out-of-plane magnetic fields, which is determined by the sign 

of Hx × IDC. As shown in Figures A-2(a) and A-2(d), the same results (switching 

happens in area of Hz > 0) were obtained for positive currents with positive in-plane 

bias field and negative currents with negative in-plane bias field. Similarly, Figures A-

2(b) and A-2(c) show the same results (switching happens in area of Hz < 0), which is 

opposite to Figures A-2(a) and A-2(d), due to the different signs of the currents and the 

in-plane bias field. The results illustrate that the DC current can modulate the mode of 

the magnetization switching with the assistance of an in-plane bias field, and acts as an 

equivalent out-of-plane field, the direction of which is opposite to the sign of Hx × IDC.  



152 
 

 

Figure A-2. Out-of-plane magnetic field dependence of the Hall resistance RH with 

applied in-plane bias field Hx = +2 kOe (a) and (c), and Hx = -2 kOe (b) and (d), for 

various constant currents.  

 

The measurements with applied in-plane fields along y-orientation (Hy) were also 

performed. It is found that only the direction of Hy can affect the magnetization 

switching. The results with an in-plane field of Hy = +2 kOe are shown in Figures A-

3(a) and A-3(c) for various positive and negative currents, respectively. Figures A-3(b) 

and A-3(d) show the measured results for applied in-plane field of Hy = –2 kOe. 

Different with the case of Hx, square hysteresis loops are obtained even though the 

coercivity almost equals zero. As shown in Figures A-3(a) and A-3(c), the same results 

(switching happens in area of Hz < 0) were obtained for positive in-plane field Hy. 

Similarly, Figures A-3(b) and A-3(d) show the same results (switching happens in area 

of Hz > 0), which is opposite to Figures A-3(a) and A-3(c), due to the opposite direction 

of applied in-plane field Hy. The shift of the hysteresis loops is only dependent on the 
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direction of Hy, irrespective of both the magnitude and sign of the current. The result 

indicates that the DC current has no effect on the magnetization switching when an in-

plane field along y-orientation is applied. 

 

Figure A-3. Out-of-plane magnetic field dependence of the Hall resistance RH with 

applied in-plane bias field Hy = +2 kOe (a) and (c), and Hy = -2 kOe (b) and (d), for 

various constant currents.  

 

A.3 Determination of SHE-torque 

According to the performed AHE measurements by various DC currents with fixed 

in-plane magnetic fields, the spin Hall torque efficiency SHEχ  can be estimated. [14, 15] 

In this method, the effective field induced by SHE is defined by 0
z
effH J Hχ= = . 

Therefore, the values of ( ) 2z
eff SW SWH H H+ −= +  were summarized and plotted as a 

function of IDC with the in-plane bias field Hx = ±2 kOe in Figure A-4(a). z
effH  is linearly 

dependent on IDC. The slopes of corresponding linear fittings provide the torque 
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efficiency  z
effH Jχ =  for the in-plane bias field Hx = ±2 kOe. Figure A-4(b) shows the 

plot of χ  with respect to applied bias field Hx. χ  increases quasi-linearly with Hx and 

saturates at around Hx = ±1700 Oe. As a result, the SHE-torque efficiency SHEχ  ≈ 75.5 

Oe/1011 A·m-2 and the effective DMI field DMIH  ≈ 1700 Oe were estimated. 

 

Figure A-4. (a) The SHE-induced effective field z
effH  as a function of IDC with the in-

plane bias field Hx = ±2 kOe. The solid lines are the corresponding linear fits. (b) The 

summarized z
effH Jχ =   as a function of applied in-plane bias field Hx. The SHE-

torque efficiency SHEχ  ≈ 75.5 Oe/1011 A·m-2 and the effective DMI field DMIH  ≈ 1700 

Oe. 
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A.4 Unusual magnetization switching induced by SOT 

Similar to field-driven magnetization switching, SOT-induced magnetization 

switching was investigated by the measurements of the DC current dependence of the 

Hall resistance RH with applied an in-plane bias field. During the measurements, the 

DC current was swept between ±10 mA with various fixed longitudinal magnetic fields 

Hx. Due to the PMA in the structure, the device can be initially magnetized along +z-

orientation (Mz-initial > 0) or –z-orientation (Mz-initial < 0) before the measurements. The 

DC current sweep was applied in two different ways. The first by sweeping from +10 

mA to -10 mA, and then +10 mA, and the other from -10 mA to +10 mA, and then 

back to -10 mA. To gain full insight into the sweep sequence’s effect on SOT-induced 

magnetization switching, the measurements under a fixed Hx were performed in four 

cases of configurations, via the combinations of the initial magnetized state (Mz-initial > 

0 or Mz-initial < 0) and the DC current sweep sequence. Deterministic magnetization 

switching was obtained when the in-plane bias field was greater than 500 Oe in our 

experiments. Nevertheless, the magnetization switching exhibits distinct behaviors 

when an in-plane bias field of 500 Oe or greater than 1 kOe is applied. 

Figure A-5 shows the SOT-induced magnetization switching with applied in-plane 

bias field Hx = ±500 Oe. The four measurement configurations with Hx = +500 Oe are 

shown in Figure A-5(a), A-5(c), A-5(e), and A-5(g). The corresponding results with Hx 

= -500 Oe are shown in Figure A-5(b), A-5(d), A-5(f), and A-5(h). All the obtained 

RH-IDC loops reveal full magnetization switching induced by SOT. Of the four 

measurement configurations under Hx = +500 Oe or Hx = -500 Oe, three configurations 

results in the same switching behavior, where the switching happens in positive current 

region. This Unusual magnetization switching induced by SOT can be attributed to the 
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field-like effective field, which shifts the magnetic loops acting as a negative Hy (see 

Figures A-3(c) and A-3(d)). [20] The switching process can be explained by the reversal 

of numbers of domains, as interpreted from Figure A-2. A different switching behavior, 

where the switching happens in both positive and negative current regions, is obtained 

one configuration. This behavior is consistent with reported results of SOT-induced 

magnetization switching. [12, 20, 21, 25] For Hx = +500 Oe, the configuration of Mz-

initial < 0 and DC current sweep starting from +10 mA, gives the unique switching 

behavior, as shown in Figure A-5(g). In this behavior, the switching process to +z-

orientation becomes sharp, like the uniform switching in Figure A-1. For Hx = -500 Oe, 

the unique switching behavior results from the configuration of Mz-initial > 0 and DC 

current sweeping from +10 mA to -10 mA, and then going back to +10 mA, as shown 

in Figure A-5(d). The results suggest that the initial magnetization state and the DC 

current sweep sequence also have effects on the SOT-induced magnetization switching 

process through modulating the mode of switching, under the in-plane bias fields of 

500 Oe. 
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Figure A-5. The measured Hall resistance RH as a function of DC current IDC with 

applied in-plane bias field Hx = +500 Oe (a), (c), (e), and (g), and Hx = -500 Oe (b), (d), 

(f), and (h), for four types of measurement configurations, coming from the 

combination between the initial magnetization state (Mz-initial > 0 or Mz-initial < 0) and the 

DC current sweep sequence (+10 mA → -10 mA → +10 mA, or -10 mA → +10 mA 

→ -10 mA).  



158 
 

 

Figure A-6. The measured Hall resistance RH as a function of DC current IDC with 

applied in-plane bias field Hx = +1 kOe (a), (c), (e), and (g), and Hx = -1 kOe (b), (d), 

(f), and (h), for four types of measurement configurations. 



159 
 

 
Figure A-7. The measured Hall resistance RH as a function of DC current IDC with 

applied in-plane bias field Hx = +2 kOe (a), (c), (e), and (g), and Hx = -2 kOe (b), (d), 

(f), and (h), for four types of measurement configurations. 
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When the in-plane bias field increases to 1 kOe and 2 kOe, the effects of the initial 

magnetization and the DC current sweeping pattern can be ignored. The experimental 

results show the same switching behavior loops in the four configurations with in-plane 

bias field of ±1 kOe or ±2 kOe, as the obtained RH-IDC loops are the same in the four 

configurations, as shown in Figure A-6 and Figure A-7, respectively.  

The RH-IDC loops for in-plane bias field of Hx = +1 kOe and Hx = -1 kOe are 

replotted in Figure A-8(a). The positive and negative in-plane bias fields result in 

opposite RH-IDC loops. The switching only happens in positive current region, which is 

attributed to the shift of the magnetic loop by the field-like SOT. Figure A-8(b) shows 

the obtained RH-IDC loops for in-plane bias field of Hx = +1 kOe and Hx = +2 kOe. The 

critical current density maintains the same value of ~ 105 A/cm2, though the in-plane 

bias field is increased from 1 kOe to 2 kOe. The results demonstrate that an in-plane 

bias field of 1 kOe is enough to overcome the DMI, which gives rise to settled mode of 

magnetization switching via the modulation of current. As a result, only the 

magnetization switching direction can be changed by the direction of in-plane bias field. 

 

Figure A-8. (a) SOT-induced magnetization switching with applied in-plane bias field 

Hx = ±1 kOe. (b) SOT-induced magnetization switching with applied in-plane bias field 

Hx = +1 kOe and Hx = +2 kOe. 



161 
 

A.5 Summary 

In summary, the magnetization switching induced by SOT in perpendicularly 

magnetized Pt/Co/Ta structure is studied. The Unusual magnetization switching 

behaviors, where switching only happens in positive current region, is observed and 

attributed to field-like SOT, which shifts the magnetic loops acting as a negative Hy. It 

is also found that the initial magnetization state and the DC current sweeping pattern 

also have effects on the SOT-induced magnetization switching process under small in-

plane bias fields. When the in-plane bias field is large enough to overcome the DMI, 

the effects of the initial magnetized state and the DC current sweep sequence can be 

ignored. 
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