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Abstract 

Current-induced magnetization switching by spin-orbit torque generated through heavy 

metals offers an enticing realm for energy-efficient memory and logic devices. The spin Hall 

effect, namely the charge to spin current conversion via the spin-orbit coupling is the 

phenomenon that facilitates these spin-orbit torques (SOT) devices and the figure of merit to 

quantify the conversion efficiency is known as the spin Hall efficiency. Since the first 

demonstration of the spin Hall effect, many research revolves about understanding and 

enhancing its efficiency. However, even with the accumulated development over the past 

decades, the techniques to enhance the spin current generation are limited while the 

manipulation of current-induced spin-orbit torques remains elusive and challenging.  

Thermal behavioral studies of the spin Hall effect have often been overlooked despite 

their profound significance in a real-world application. In this thesis, the temperature 

dependence of spin Hall efficiency and Gilbert damping of PtxCu1-x are investigated to study 

the thermal robustness of the alloy at elevated temperatures. By tunning the alloy composition, 

the spin Hall efficiency could be manipulated, and it was found that the spin Hall efficiency of 

PtxCu1-x alloys with greater Pt content is temperature insensitive. The spin pumping 

contribution to the Gilbert damping can also be controlled by adjusting the alloy composition. 

As such, the alloy becomes thermal stable when the intrinsic and spin pumping damping 

contribution counteracts one another. The critical switching current density was also calculated. 

At the optimal alloy composition of x=47%, the spin transparency of the alloy is at its highest. 

Therefore, alloying not only enhances the spin Hall efficiency but also improves the thermal 

robustness for device operation at elevated temperatures. 

For the development of flexible energy-efficient SOT application, the spin Hall 

efficiency of bilayer Pt/Co under varying mechanical strain is extensively studied. As tensile 

strain is applied, strain-mediated SOT enhancement is observed and even after removing the 

applied strain, 78% of the enhancement is preserved. The strain-treated samples also have 

lower Gilbert damping as the spin pumping damping contribution decreases. These 

improvements in Pt/Co bilayer suggest that the switching current density can be reduced 

through strain application. With the aid of the X-ray magnetic circular dichroism and spin 

transparency measurement, the SOT enhancement is attributed to a bulk effect in the Pt layer 

with an increased extrinsic spin Hall effect. To further embellish the appeal of strain, a unique 

technique comprising of a combination of mechanical strain and mild annealing treatment is 
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adopted such that the strain-mediated SOT enhancement is reversible. The mild annealing can 

alleviate the residual strain from the strain treatment and is verified using X-ray diffraction. 

Besides SOT application, the strained Pt/Co bilayer can function as a microwave detector as 

the application of strain alters its resonance field. The tunable detector remains stable and 

robust even after 104 cycles of bending and unbending. These findings shed light on the origin 

and use of strain-mediated SOT enhancement and are promising in shaping future utilization 

of mechanical strain for energy-efficient devices.  
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Chapter 1 Introduction 

The use of modern electronics has become an irreplaceable component for most of our 

daily lives in the 21st century and our reliance on them will only continue to grow with more 

advancement in technology. One of the driving forces behind these electronics is the ever-

improving memory system that they operate on. Greater memory density, lower latency, and 

lower cost per bit are a few of the qualities the industry has been seeking out for and that led 

to the development of the current memory storage hierarchy as shown in Figure 1-1. This 

memory storage hierarchy is a comparison of the different memory technologies used today 

and their implemented roles. At the peak of the pyramid, the CPU registers and cache represent 

the fastest memory. Located closest to the processing core, they typically occupy between 512 

bytes to a few kilobytes (kB) of memory and their high speed is mainly achieved through the 

support of high-speed random-access memory (RAM). There are two main variants of the 

RAM, and they are the dynamic random-access memory (DRAM) and the static random-access 

memory (SRAM). With the aid of their multi- and demultiplexing circuitry, they are able to 

operate at high speed and are usually used to store a large amount of data for a short period of 

time. One of the greatest drawbacks of the volatile memory is the constant need for power in 

order to store the binary data them as the electric charge in capacitors slowly leak over time.  

On the other hand, non-volatile memory on the lower portion of the pyramid has high-

capacity storage and does not require constant power for storage. SSD utilizes solid-state 

memory in the form of NAND Flash providing for high storage capacity and non-mechanical 

operation along with much higher speed compared to their counterpart, the HDD. Cost 

efficiency is one of the key advantages that give the HDD an edge over the SSD. Although the 

hierarchy system has been adequate in providing memory solutions for the many different 

computational operations, advancement in memory technology will bring about new 

obstacles.1,2 Electrical current leakage and high-power consumption are a few of the issues that 

chip makers will face as our electronics scale smaller. Data computing-intensive task, such as 

cryptography, physical simulation, and weather forecasting, has driven the need for more 

powerful computational performance. Modern computer architecture has changed and adapted 

by introducing more cores to processors, having multi-threading and other technologies to 

reduce the latency and increase the throughput. This growing demand for energy efficiency yet 

small and powerful computational performance has resulted in the need for more transistors on 
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every electronic chip and the packing density of transistors has since doubled almost every two 

years. This rapid growth trend was described by Gordon Moore and is commonly referred to 

as Moore’s law.3 Despite the ever-growing demand for powerful computational performance, 

the predicted trend by Moore’s law began to deviate. The International Technology Roadmap 

for Semiconductors (ITRS) in 2014 declared for a reorganization and in its subsequent meet at 

the International Roadmap for Devices and Systems (IRDS), potential emerging technology to 

tackle the declining trend of Moore’s law in the semiconductor industry was addressed. The 

IRDS coordinated experts from many various fields and backgrounds to come together and 

overcome the potential challenges foresighted by the semiconductor industry. These experts 

included highly experienced engineers from the industries, research bodies, academia, and even 

equipment suppliers. Among the many candidates under the category of “Beyond CMOS”, 

spintronics devices shine as a promising technology that can resolve the scalability problem 

that the CMOS is facing.4  

 

Table 1 shows a comparison of the performance parameter between conventional and 

emerging solid-state memories. In the table, being non-volatile, having a small cell size, short 

read and write time, low power consumption, and high endurance are some of the desirable 

characteristics of ideal memory technology.5-8 The unit to measure the cell size is F2 and it is 

currently defined by the technology node as the advancement of CMOS technology such as the 

Figure 1-1 Memory-storage hierarchy showing the different memory tiers based on their 

read and write speed, capacity, and complexity. 
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FinFET, the previously used definition of gate length as a measure of cell size has become 

invalid.  

Data centers are the foundation of the world increasingly digitalized world. The demand 

for their services increasing ever so rapidly, new technology such as Internet of things (IOT), 

Artificial Intelligence (AI), distributed manufacturing systems, and autonomous vehicles 

promise to raise demand even further. Energy consumption of data centers take up an estimated 

total of 1% of the global electricity use.114 With such significant energy impact, it is only critical 

that their consumptions are monitored carefully and energy efficient alterative are constantly 

pursued. Therefore, the demand for fast and energy efficient data storage alterative is constantly 

on the rise, which makes emerging memory technology very attractive.  

 

1.1 Motivation 

Spin transport electronics, or Spintronics, in short, is a field of research that capitalizes 

on the spin of the electron to control and manipulate magnetic moment. The intertwining of the 

electron spin and charge provides an additional degree to further improve the scalability of 

device application. There have been many devices such as the spin transistor,9-11 spin logic 

devices,12-15 spin-torque nano-oscillators,16-20 racetrack memory,21-25 and magnetoelectric 

memory26-28 that have been proposed since the emergence of the field. Two key scientific 

Table 1-1 Memory specification compilation comparing conventional and emerging 

memory technologies. The blue and green highlighted boxes represent desirable 

performance by the conventional and emerging memory technologies 

respectively and the red boxes highlight areas that are still lacking performance.  
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breakthroughs that helped realize these application devices were spurred out by the discovery 

of giant magnetoresistance (GMR)29,30 and tunneling magnetoresistance (TMR).31,32 Today, 

these two phenomena form the operation basis of most ultra-sensitive magnetic field sensors 

in the read-and-write head of magnetic hard disk drive (HDD).  

Hard disk drives are great memory storage devices that have been serving our storage 

needs for many decades and with all the improvements and advances in HDD technology, hard 

disk drives will continue to stay relevant for many years to come due to their large storage 

capacity. That said, one main flaw to the drive is that its operation involves the use of the 

mechanical movement of the read-and-white head. This cripples the hard disk drive and causes 

significant delays in locating the individual storage address. To overcome this obstacle, 

researchers have proposed the use of magnetic tunnel junctions (MTJs) as storage cells. These 

MTJs are arranged in an array and are read using the random-access method. Due to the 

architecture of the device, this new type of non-volatile memory is known as magnetic random-

access memory (MRAM). An MTJ is a junction that consists of two ferromagnet layers 

sandwiched by an insulating layer as shown in Figure 1-2. Each of the ferromagnet layers has 

a special name and serves a specific task in the heterostructure of the MTJ. The free layer is 

the switching layer which is able to change its magnetization orientation while the reference 

layer has a fixed magnetization. The insulating layer also known as the tunnel barrier allows 

for the tunneling of electrons between the two ferromagnet layers.  

The MTJ has a parallel and antiparallel state depending on the orientation of the 

magnetization of the two ferromagnet layers. When the magnetization of the two ferromagnet 

layers are in the same direction, the MTJ is in its parallel state and when they are opposite with 

Figure 1-2 Illustration showing the parallel and antiparallel state of a magnetic tunnel 

junction. The magnetization orientation between the free and reference layer 

determines the resistance state of the junction.  
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one another, it is in an antiparallel state. While in the parallel state, electrons can tunnel through 

the tunnel barrier due to the similar quantum state on both sides of the barrier resulting in lower 

resistance. In order to keep fix the magnetization orientation of the reference layer, an exchange 

bias with an adjacent antiferromagnetic layer is used. This allows the free layer to switch freely 

to achieve the parallel and antiparallel state to store binary data as “1” and “0” respectively.33  

Throughout the development of the MRAM technology, the reading mechanism 

employed has remained relatively the same even though there has been extensive research in 

the field while the writing mechanism has been constantly changing and evolving. The pioneer 

Figure 1-3 Types of MTJs. (a) Field-switched MTJ cell. (b) STT-MRAM cell. (c) SOT-

MRAM cell. Resistance states of the MTJ cells are probed by the read line and 

switched using the write line. The red and blue arrow indicate the possible 

direction of the free layer magnetization. It could either be in the parallel or anti-

parallel state with respect to the reference layer. 
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generation of MRAM devices capitalized on the local magnetic field generated by passing a 

current through orthogonal write lines to switch the magnetization orientation of specific MTJ 

cells as shown in Figure 1-3(a).34 Despite the simplicity of the technique, it soon stumbled upon 

various issues. Scalability was one of its limitations as it required sufficient space between cells 

to avoid stray fields from write lines from accidentally switching the unwanted cell. 

Furthermore, the demagnetization field increases with smaller junctions resulting in a larger 

localized magnetic field required for switching. This snowballs and creates a thermal issue for 

the device as higher current density through write lines is needed in order to generate the larger 

magnetic field.  

Subsequently, thermally-assisted switching MRAM (TAS-MRAM) was introduced as 

the coercivity of the MTJ free layer can be reduced by the generation of localized joule heating 

to assist with magnetization switching.35,36 However, this technique also faced scalability 

issues as the localized heat generated becomes difficult to control with decreasing cell size and 

this led to the development of the next generation of MRAM known as the spin-transfer torque 

MRAM (STT-MRAM). This switching technique utilizes the spin-polarized current to 

manipulate the magnetization of the free layer through the spin-transfer torque (STT) effect. 

To do so, these spins are injected by either injecting charge current directly to the free layer or 

through the reflected charge current from the fixed layer. More details regarding the working 

principles will be discussed in Chapter 2.4. On-going research to commercialize the STT-

MRAM by companies such as Everspin Technologies, Grandees, Avalanche technology, and 

Spin Transfer Technologies have helped speed up and mature the technology. In August 2016, 

Everspin began shipping their first STT-RAM chips with 256 Mb memory.    

Despite the many advantages of the STT switching technique, some of the drawbacks 

include the requirement of an extra FM layer to create a spin-polarized current for STT and the 

need for the charge current to pass through the MTJ during application which will breakdown 

the tunnel barrier over time.37,38 To tackle the breakdown issue, a different approach to 

generating the spin current was proposed. These memories are known as spin-orbit torque-

driven MRAM (SOT-MRAM) and they preserve the lifespan of the tunnel barrier by separating 

the read and write current paths by including additional transistors as shown in Figure 1-3(c).39-

45 The spin current used for switching the free layer is generated by exploiting the spin Hall 

effect (SHE) when a charge current passes through a material of strong spin-orbit coupling 

(SOC). A commonly used figure of merit to examining the charge-to-spin current conversion 
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is described by the spin Hall angle. In recent years, there have been many experiments 

revolving around understanding its origin and more importantly, development to improve the 

spin Hall angle. A wide variety of quantification techniques have been developed in the last 

decades which include spin pumping, nonlocal spin-value (NLSV) and harmonic Hall 

measurement techniques. Among the many techniques, the spin-torque ferromagnetic 

resonance (ST-FMR) technique will be the main focus of this thesis. Since its first SOT 

quantification experiment by Liu in 2011, the ST-FMR has grown in popularity due to its ease 

of use and self-calibrating mechanism.39,46,47 Furthermore, besides SOT measurements, the ST-

FMR is also capable of characterizing other parameters such as Gilbert damping and spin 

mixing conductance.   

In the first demonstration of ST-FMR, Liu evaluated Pt (6 nm)/Py (4 nm) bilayer structure 

microstrip at room temperature.46 He evaluated the SOT efficiency of Pt using both the line-

shape method and the modulation of damping method, which will be discussed in detail in 

Chapter 3.8, and determined it to be ~0.056. Capitalizing on the large SOT efficiency of Pt, 

Liu went on to demonstrate SOT-driven magnetization switching in Pt/Co/Al2O3 trilayer 

structures.48 During this period, the SOT efficiency of Pt has been quantified using several 

other measurement techniques by different research groups and the result showed a large 

variation in the SOT efficiency of Pt ranging from ~0.012 to ~0.12.49-57 This difference in SOT 

efficiency was puzzling and a reason to explain the discrepancy needed. For ST-FMR 

measurements, the calculated SOT efficiency can be broken down into three different sections. 

The first two sections for consideration are the spin diffusion length of the FM and HM layer, 

which are characteristics often overlooked. The effects of spin diffusion lengths were studied 

and demonstrated by Wang where he performed thickness dependence for Pt/Py bilayers 

measured using ST-FMR.49 In his work, they discovered that the SOT efficiency increases with 

Py thickness and by considering the spin diffusion length, he determined the SOT efficiency to 

be ~0.068 and the spin diffusion length of Pt to be 1.5 nm. Lastly, the interfacial transparency 

between the FM and the HM, also known as spin transparency, is the spin current transmission 

coefficient between the layer interfaces.   

Spin loss at the interface between the FM and HM interface occurs and it is important to 

characterize the spin transparency of the interface in order to better estimate the SOT efficiency 

of a material.58,59 Zhang extensively explored the spin transparency of Pt/Py and Pt/Co using 

ST-FMR.60 From his findings, Pt/Co bilayer had a much larger SOT efficiency of ~0.11 than 
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Pt/Py bilayer, which was measured at ~0.05. He attributed the difference in magnitude to the 

difference in spin transparency between the FM and HM, which was related to the effective 

spin mixing conductance at the interface. This was coherent with his findings as the measured 

effective spin mixing conductance of Pt/Co bilayer was more than double of Pt/Py bilayer and 

his calculated spin transparency for Pt/Co and Pt/Py bilayer were ~0.65 and ~0.25, respectively. 

Taking the spin transparency into account, the intrinsic SOT efficiency of Pt/Co and Pt/Py are 

~0.17 and ~0.20 respectively. This result suggests that the Pt/Co interface allows for spin 

current to transmit more easily as compared to Pt/Py due to better electronic band matching in 

Pt and Co. To avoid confusion in the thesis, the spin Hall angle (or intrinsic SOT efficiency) 

of a material is independent of the interface between the FM and HM. Typically the measured 

spin Hall efficiency (or SOT efficiency) is smaller than the spin Hall angle as it takes into 

account the spin transparency.  

Another spin transparency study conducted by Pai on Pt/Co and Pt/CoFe bilayers found 

that SOT efficiency can be tuned using different FM/HM interface conditions.61 By doing so, 

he was able to yield a large SOT efficiency of ~0.3 using Pt, which was a much larger value 

compared to the measured value of ~0.06. This implies that the spin Hall efficiency is greatly 

affected by the spin memory loss at the interface. Therefore, the measured value using ST-

FMR is typically smaller than the intrinsic spin Hall efficiency due to the spin transparency of 

the FM/HM interface. Since the demonstration of the importance of spin transparency, there 

have been many works trying to engineer the interface transparency such as by inserting a 

spacer layer between the HM and FM,62-66 having a dusting layer at the interface67-70 and 

manipulating the crystal structures of the thin film.71  

Apart from Pt, many other promising spin Hall generator materials were explored. Ta 

and W are two materials that exhibit large spin Hall efficiency in their beta phase. Shortly after 

quantifying the spin Hall efficiency of Pt, Liu reported a giant spin Hall effect in Ta using 

Ta/CoFeB bilayer at room temperature.39 Furthermore, in the same work, he demonstrated an 

efficient SOT-driven magnetization switching in a three-terminal MTJ device. The MTJ used 

was an in-plane magnetization MTJ with a stack structure of Ta/CoFeB/MgO/CoFeB. With his 

demonstration, SOT-based devices began gaining attention as a potential candidate for power-

efficient and high-speed memory and logic devices. Here, the spin Hall efficiency of Ta 

reported was ~0.15 using the line-shape method and it has a negative sign, unlike Pt. This 

implied that the spin accumulation direction of Ta is opposite that of Pt and by engineering the 
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structure of the device, a much larger spin Hall efficiency can be achieved if the spin 

accumulation direction of both HM layers is the same. This method of engineering the stack 

structure was demonstrated using both harmonic72 and ST-FMR73,74 measurements. Similar to 

Pt, Ta also has varying spin Hall efficiencies ranging between 0.0037 and 0.26 measured using 

different techniques and thicknesses.57,75-83 However, for Ta, the spin Hall efficiency and spin 

diffusion length relationship are not as clear as in the case of Pt due to the multi-phases of Ta 

which can exist in the α-, β-phases or amorphous state. This ambiguity is also seen in W as it 

has a multi-phases characteristic as well.  

Among the pure HM, one of the largest spin Hall efficiency of ~0.3 was observed in 

W/CoFeB bilayer by Pai47 using ST-FMR measurement at room temperature. This was much 

larger than the previously observed spin Hall efficiency in Ta and in his work, he demonstrated 

SOT-driven magnetization switching using a three-terminal MTJ using β-phase W as the spin 

current generation material. The critical switching current density required was determined in 

W/CoFeB/MgO was one order of magnitude smaller than its counterpart Pt. Despite the large 

spin Hall efficiency of β-phase W, its fabrication process remains challenging and unstable. 

This resulted in a large variation in the spin Hall efficiency of W reported ranging from 0.0043 

to 0.95 by many different research groups using different techniques.47,79-81,83-88  

Venturing beyond pure HM, a widely adopted technique to enhance the spin Hall 

efficiency is through alloying. To date, there have been many combinations of alloyed materials 

investigated, and some examples of such work include PtxCu1-x,74,89-92 Au1-xPtx,93-95 Cu1-xWx,96 

AuW,97-99 and AuxTa1-x
100. One common trend among the many alloyed materials studied is the 

use of light conductive metals and HM with strong spin-orbit coupling as their alloy 

composition.101-103 In a systematic study conducted by Ramaswamy89, he demonstrated the 

ability to tune the spin Hall efficiency by tuning the alloy compositing, and with only 28% Pt, 

his Pt28Cu72/Py bilayer was able to perform similarly to a pure Pt/Py bilayer device. Apart from 

his spin Hall efficiency analysis, he also discovered that the skew scattering contribution was 

played an important role in lower Pt concentration alloys while side-jump scattering aided the 

enhancement of spin Hall efficiency at higher Pt concentration. The different contribution of 

the extrinsic scattering contribution was a result of different electrical resistivity of the alloy as 

Pt concentration changes. Skew scattering is independent of the increased resistivity due to 

alloying whereas the side jump-contribution scales with the change in resistivity.104,105 

Ramaswamy’s findings were coherent with earlier experimental and theoretical studies, and 
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this aided the understanding of how the extrinsic spin Hall effect can be manipulated by tuning 

the alloy composition.106,107  

Over the years, there have been many innovative techniques to enhance the spin Hall 

efficiency of materials. Techniques such as having a dusting layer or insertion at the HM/FM 

interface, 62-70 multilayered HM/NM,108 strain,109-111 and ionic liquid gating112,113 are just some 

examples from the tip of the iceberg as new techniques are constantly developed and 

researched. In this thesis, we will be discussing about some techniques to enhance and control 

the spin Hall efficiency, in particular alloying and strain, which brings us to the objective of 

this thesis. 

 

1.2 Objective of the thesis 

The main aim of this thesis is to enable the realization of high-performance SOT-drive 

memory and logic devices. As such, the objectives listed below are conceived with specific 

roles to improve and aid the development of the key performance parameters of the SOT-drive 

memory architecture such as spin Hall efficiency, spin transparency and thermal robustness, 

and the reduction in magnetic damping and switching current density. The objectives of this 

thesis are as follows:  

i) Alloying has become an increasingly attractive method to further enhance the spin Hall 

efficiency of materials with strong spin-orbit coupling. Here, we explore the thermal 

behavior of PtxCu1-x and demonstrate that alloying can not only improve the spin Hall 

efficiency of PtxCu1-x but also enhance its thermal robustness and spin transparency of 

the HM/FM interface.  

ii) The understanding behind the origin of the strain-induced spin-orbit torque 

enhancement remains unclear despite several works demonstrating it. To shed light on 

the origin of the enhancement, the spin transparency, and X-ray magnetic circular 

dichroism of Pt/Co bilayer were studied.  

iii) Strain-induced spin-orbit torque enhancement is a promising candidate to achieve 

significantly larger spin Hall efficiency however its reversibility remains elusive. Here, 

we demonstrate that the enhancement can be reversibly tuned using a combination of 

mild annealing and mechanical strain.  
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1.3 Thesis structure 

Chapter 2 delivers the background theory relevant to this thesis beginning with the 

magnetic dynamics in a system along with the different components experienced by the 

magnetization. After which, spin-orbit coupling is introduced to explain how spin current 

generation occurs through the phenomenon spin Hall effect. The intrinsic and extrinsic 

contribution of the spin Hall effect is also discussed. Next, details of the spin-transfer torque 

are examined to understand how STT-MRAM is switched. Different types of 

magnetoresistances are also presented.  

Chapter 3 describes the experimental techniques used in this thesis. Details regarding the 

device fabrication which include thin film deposition to lithography are discussed. Brief 

descriptions of material characterization techniques employed are also introduced.  

Subsequently, in Chapter 4, our finding presents the thermal behavior study of PtxCu1-x 

as a spin current generator. Improvement in thermal robustness of the spin current generation 

is demonstrated. Furthermore, the spin transparency of the heterostructure was studied to 

account for the enhancement in spin Hall efficiency.  

In Chapter 5, the strain-mediated spin-orbit torque enhancement is studied and from the 

findings, the enhancement remains even after the applied strain is removed. Spin transparency 

and X-ray absorption spectroscopy/X-ray magnetic circular dichroism (XAS/XMCD) 

measurements were performed to determine the source of the enhancement.  

Next in Chapter 6, using a combination of mechanical strain and mild annealing, 

reversible strain-induced spin-orbit torque is demonstrated. Apart from controlling the spin 

current generation, the resonance field was also tunable and is robust even after 104 cycles. 

Lastly, in Chapter 7, the works presented in this thesis are summarized and future works 

to pursue the enhancement and control of the spin current generation are proposed. 
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Chapter 2 Background 

 In this chapter, we will be discussing the fundamentals and theoretical background of 

the phenomena used in this thesis. We begin with the description of the magnetization 

dynamics to help understand the different components acting on the magnetization of a 

ferromagnet. Next, we discuss about spin current generation via spin-orbit coupling through a   

phenomenon known as the spin Hall effect. Subsequently, we examine the spin-transfer torque 

and magnetoresistance which gives the MRAM its characteristics to function as a memory 

device.  

 

2.1 Magnetic Dynamics  

In 1935, Landau and Lifshitz proposed the LL model to describe the dynamics of local 

magnetization M ,  

 where 𝛾 =
𝑔𝑒

2𝑚𝑒
 is the gyromagnetic ratio, 𝑔 is the g-factor, 𝑒 is the electron charge, 𝑚𝑒 is the 

electron mass, 0  is the permeability of free space and 𝐻⃗⃗ eff is the effective field.1-3 The 𝐻⃗⃗ eff 

comprises contributions such as the external magnetic field 𝐻ext, anisotropy field 𝐻ani and 

demagnetization field 𝐻demag. For an electron, the g-factor of its spin is approximately 2 and 1 

for its orbital angular momentum. According to the LL model, the magnetic moment is set in 

a precessional motion when it experiences 𝐻⃗⃗ eff and the axis of the precession is about the 

direction of the 𝐻⃗⃗ eff. Equation 2.1.1 predicts that the precession is undamped, and a constant 

precessional cone angle is anticipated. However, in reality, when the magnetization is 

misaligned with the 𝐻⃗⃗ eff, a finite time is required for the magnetization to change its precession 

trajectory to the direction of minimal energy. An amendment was required for the LL model 

and in 1955, Gilbert came up with a dissipation term and that was the birth of the Landau-

Lifshitz-Gilbert (LLG) equation.4 The LLG equation is given by:  

 

 

0 eff

d

d

M
M H

t
= −   

 

(2.1.1) 

  (2.1.2) 
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where 𝛼 is a dimensionless parameter known as the Gilbert damping. The first and second term 

in the LLG equation corresponds to the precession and damping term respectively as shown in 

Figure 2-1.  

When polarized electrons are injected into a ferromagnet, the magnetization of the 

ferromagnet experiences a torque that can lead to (i) an increase in damping, (ii) a sustained 

precession, or (iii) magnetization reversal. depending on the current direction. Incorporating 

this current-induced torque into the magnetic dynamics equation will lead us to a modified 

equation known as the Landau–Lifshitz–Gilbert–Slonczewski (LLGS) equation given by:5,6  

where DL  represents the damping-like torque, FL  is the field-like torque and   is the injected 

spin polarization orientation.  

0 eff

d d

d d

M M
M H M

t t
 = −  +   

 

 

 

( )0 eff DL FL

d d

d d

M M
M H M M M M

t t
     = −  +  +   +   

 

(2.1.3) 

Figure 2-1 Illustration of the magnetization dynamics described by the Landau-Lifshitz-

Gilbert (LLG) equation. The green arrow represents the magnetization 𝑚 

precessing about the light blue arrow representing the effective field 𝐻𝑒𝑓𝑓. The 

precession and damping of the magnetization are depicted as the navy blue and 

maroon arrow shown above. The lime-green and yellow arrows represent the 

current-induced damping-like and field-like torque direction.  
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2.2 Magnetoresistance 

 Magnetoresistance is the change in electrical resistance of a material corresponding to 

an externally applied magnetic field. First discovered in 1856, William Thomson58 observed 

an increase in electrical resistance when he passes current through pieces of iron in the same 

direction as the applied magnetic field and a decrease when he passes current through the 

orthogonal direction. This phenomenon was later known as anisotropic magnetoresistance 

(AMR) and it is one of the many types of magnetoresistance. 

 The AMR of a ferromagnet describes the resistance dependence of the ferromagnet on 

the relative angle   between its magnetization M  and the charge current CJ . As such AMR 

can be expressed as the following59,60:  

 

 where   is the longitudinal resistivity of the ferromagnet when M  is parallel to CJ  and ⊥  is 

when M  and CJ  are orthogonal with each other. Therefore, from Equation 2.2.4, the AMR 

strength is maximum when CJ  is aligned with M . Experimentally, the M  is controlled and 

changed by applying an external magnetic field. Here, the key figure of merit used to define 

the effect of the AMR is 
  

 

⊥− 
= . On a microscopic level, the origin of the AMR is due 

to the anisotropic scattering of the electrons in the ferromagnet with respect to the 

magnetization direction. Besides a change in electrical resistance in the longitudinal direction, 

the AMR can cause a resistance change in the transverse direction. This transverse anisotropic 

resistance effect is known as the planar Hall effect and its effects can be described by61:  

 With the discovery of the spin Hall effect, a new type of magnetoresistance called the 

spin Hall magnetoresistance (SMR) was proposed.62 The SMR describes the behaviors of 

longitudinal and transverse magnetoresistance in SHE-based NM/FM systems.63,64 The 

strength of the SMR is typically the same as the AMR and PHE, however, its origin is due to 

 

 

( ) 2cosxx    ⊥ ⊥= + −  

 

(2.2.4) 

 

 

( )sin cos .P

xy    ⊥= −  

 

(2.2.5) 
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the inverse spin Hall effect (ISHE) from the spin accumulation at the NM/FM interface instead 

of the spin-dependent scattering.  

 In 1988, a large magnetoresistance effect was observed by Fert and Grünberg in a 

multilayer structure consisting of two ferromagnets sandwiching a thin layer of normal metal. 

This phenomenon is named giant magnetoresistance (GMR) and with its discovery, it sparked 

the beginning of modern spintronics research and applications.65,66 The GMR effect occurs in 

a multilayer structure consisting of two FM layer sandwiching a thin NM layer as shown in 

Figure 2-2. When a charge current is injected perpendicularly though the heterostructure in the 

current-perpendicular-to-plane (CCP) configuration, the total resistance of the structure is 

dependent on the relative magnetization orientation of the two FM layers allowing for structure 

to behave like a “spin valve”. Typically, when the magnetizations of the two FM layers are 

parallel, the resistance (𝑅P) is smaller and when they are antiparallel, the resistance (𝑅AP) is 

larger. Although in a smaller magnitude, this GMR effect can also take place when a charge 

current passes through the multilayer structure in plane and this configuration is known as 

current-in-plane (CIP).67  

 

Figure 2-2 (Top) Illustration of the scattering effect experienced by the junction in the CPP 

configuration. (Bottom) Circuit diagram explaining the two-current model.  
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 The GMR effect originates from the spin-dependent scattering in the multilayer 

structure and this scattering can be described by the two-current model.68 When the spin 

polarization is parallel to the magnetization, the majority spin will experience weaker scattering 

and thus result in lower resistance ( )R R
 
=  across the multilayer. However, if the spin 

polarization is antiparallel to the magnetization, the minority spin will tend to scatter more and 

hence give rise to higher resistance ( )R R
 
= . The GMR ratio can be described as:  

 On top of the GMR, another observation that largely influenced the spintronics 

community was the discovery of tunnel magnetoresistance (TMR). However, here, instead of 

using a NM layer between the two FM layer, an insulating layer is used. As discussed in the 

previous section, due to the majority and minority spin in the ferromagnet having different 

density of states (DOS), the tunnel resistance changes depending on whether the majority spin 

on one side tunnels to the majority or minority band on the other side of the insulator when a 

current is applied across the MTJ as shown in Figure 2-3.  

To describe the magnetoresistance change of junctions with amorphous tunnel barriers 

such as AlOx or MgO, the Jullière model can be used, where the TMR ratio is expressed as:69   

Here, 𝑃1 and 𝑃2 refers to the spin polarization of the ferromagnets and they can be calculated 

from the majority and minority spin DOS at the Fermi level using the following expression: 

where (E )FN


 and (E )FN


 are the DOS for the majority and minority spin at the Fermi level, 

respectively. By the two-current model, with the assumption that spin-flipping does not occur 

during tunneling, the conductance in each channel is dependent on the Fermi's golden rule and 

is proportional to the tunneling probability. This implies that the conductance when the 
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magnetization of the two ferromagnets are parallel ( )PG  and antiparallel ( )APG  can be written 

as,  

After the discovery of TMR, the race to achieve high TMR ratio began with the first 

significant milestone being the observed in AlOx junctions.70,71 Not long after in 2004, another 

breakthrough with the use of MgO at room temperature observed a TMR ratio of over 200% 

in Fe/MgO/Fe and CoFe/MgO/CoFe junctions were made.72,73 This demonstration shed light 

on the feasibility of using the MTJs as memory cells for high storage density MRAM 

applications.   

 

2.3 Spin-Orbit Coupling  

The spin-orbit coupling (SOC), also known as spin-orbit interaction between the spin of 

the electron and its orbital motion around its nucleus.7-10 When an electron with a velocity 𝑣  

travels through a magnetic field 𝐵⃗ , it experiences a Lorentz force in the direction orthogonal to 

its direction of motion. The force can be described by F ev B= −   and the Zeeman energy it 

has is 
BF B =  , where 𝜎  is the vector of the Pauli spin matrices, 𝜇𝐵 is the Bohr magnetron, 

e and m are the charge and mass of an electron, respectively.  

and 

 

(E ) (E ) (E ) (E )P F F F FG N N N N
   

 +  

 

(E ) (E ) (E ) (E ).AP F F F FG N N N N
   

 +  

 

(2.2.9) 

Figure 2-3 Band diagram illustrating the spin-dependent tunneling phenomena. (Left) 

Parallel to antiparallel state. (Right) Antiparallel to parallel state. 
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By this analogy, in the rest frame S  of the nucleus, when the same electron orbits through 

the electric field of its nucleus, the spin-orbit coupling causes the atomic energy level of the 

electrons to shift due to the electromagnetic interaction between the spin of the electron and 

the electric field. In the rest frame of the electron S  , a magnetic field is induced by the 

interaction of the angular momentum of the electron and the electric field of the nucleus. The 

electric and magnetic fields can be expressed in their respective frame of reference by the 

following Lorentz transformation:  

where 
2 2

1

1 v c
 =

−
 is the Lorentz factor and c is the speed of light. From equation 2.3.10, 

the magnetic field 𝐵⃗  can be expressed as 
2

1

2
B E v

c
 =   and 

1

2
 is the relativistic Thomas factor 

due to the non-inertial frame of reference.11 The SOH  field that arise from the spin-orbit 

coupling can then be described as12  

 

Spin-orbit coupling can lead to an enhancement of the external magnetic field, and this 

can affect the perpendicular magnetic anisotropy, magnetostriction, g-factor and fine structure 

of the material. Another effect is the creation of spin polarization by an electrical current, which 

results in various phenomena such as the spin Hall effect, inverse spin Hall effect and spin 

relaxation. In the next section, we will discuss more about the spin Hall effect.  
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2.4 Spin Hall effect  

The ability to generate, manipulate and detect spin currents is one of the crucial aspects 

of realizing SOT device application. Among the different methods, the spin Hall effect (SHE) 

has gained much attention from the spintronics community since its first observation more than 

a decade ago. Exploiting the spin-orbit coupling in bulk NM, the SHE is a phenomenon that 

generates a transverse pure spin current from passing a longitudinal charge current through the 

material without any external magnetic field.13-15 The reverse effect, the inverse SHE (ISHE) 

works in the opposite matter where a pure spin current passing through the material generates 

a transverse charge current.16-18 Both the SHE and ISHE occurs in material that possesses spin-

orbit coupling.  

The bulk SOC in the NM is attributed to the band structure of the material (intrinsic) 

and/or by the addition of impurities with high SOC into the material (extrinsic). The spin 

polarization of the accumulated spin as a result of SHE is perpendicular to both the transverse 

spin current and longitudinal charge current as shown in Figure 2-4. The spin current generated 

through SHE can be expressed using the equation 𝐽𝐶 = 𝜃𝑆𝐻(𝐽𝐶 × 𝜎̂), where 𝜃𝑆𝐻 is the spin Hall 

angle and 𝜎̂ is the spin current polarization. The spin Hall angle 𝜃𝑆𝐻 = 𝐽𝑆 𝐽𝐶⁄  of a material is 

the measure of the charge to spin current conversion efficiency due to SHE. Over the years, 

there have been many works to obtain higher spin current generation efficiency and most of 

them involve the exploitation of the three contributing factors to the SHE: intrinsic scattering, 

skew-scattering and side-jump scattering.19-24  

Figure 2-4 Schematic of the spin Hall effect in a bilayer ferromagnet (top blue) and normal 

metal (bottom green) heterostructure. 
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The SHE adopted its model from the widely recognized anomalous Hall effect (AHE), 

where the relativistic spin-orbit coupling generates an asymmetric deflection of the charge 

carrier depending on their spin orientation.25 The presence of AHE can be electrically detected 

in a ferromagnet by applying a transverse current as a result of the population difference 

between the majority and minority carriers. In the 1950s, the intrinsic contribution of the AHE 

was first proposed by Karplus and Luttinger26 and until recently the theory was modified with 

the Berry phases and Berry curvature language.27,28 Experimentally, the intrinsic SHE was first 

observed in a two-dimensional semiconductor system.29   

 The intrinsic SHE can be described using the two-dimensional Rashba Hamiltonian in 

systems with spatial inversion asymmetry given by, 

 where 𝑝 = ℏ𝑘 is the 2D electron momentum, 𝜆 is the Rashba coupling constant, 𝜎 is the Pauli 

matrices, 𝑚 is the effective mass of the electron and 𝑧̂ is the unit vector perpendicular to the 

2DEG plane.30 However, a more general approach in the case of no inversion asymmetry, the 

intrinsic spin Hall conductivity can be more accurately calculated using the Berry phase and 

Berry curvature in the momentum space give by,  

where 𝑛 and 𝑛′ are the band indices, 𝑗ŝpin 𝑥
𝑧 =

ℏ

4
{𝜎𝑧, 𝐯} is the spin current operator, 𝜔 and 𝜂 are 

set to zero in the dc clean limit, and the velocity operator at 𝐩 are given by ℏ𝑣𝑖 =

ℏ𝜕𝐻(𝐩) 𝜕𝑝𝑖⁄ .31 Ω𝑛
𝑧(𝒌) represents the Berry curvature that describes the geometric property of 

the Bloch wavefunction in the 𝑛 th band and 𝑓𝒌𝑛 is the Fermi distribution function. Within the 

Berry curvature model, the intrinsic SHE can be interpreted from the perspective of the 

topological properties of the Bloch state near the Fermi level in a band structure and it is 

proportional to the integration over the Fermi Sea of the Berry’s curvature of each occupied 

band. ab initio calculation such as density function and microscopic tight-binding calculation 
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has been used to quantitively predict the intrinsic spin Hall conductivity of 4d and 5d 

metals.31,32   

As for the extrinsic SHE, the theoretical discovery was proposed by Dyakonov and 

Perel33 back in 1971 and it was based on the asymmetric scattering model by Mott.34 However, 

it took nearly three decades until the observations by Hirsch35 and Zhang36 helped realize the 

application potential of the SHE. Thereafter the first experimental observation of the extrinsic 

SHE was performed in a semiconductor system in 2004.14 The extrinsic contribution of the 

SHE can be divided into two main scattering mechanisms: the skew-scattering and the side 

jump contribution as shown in Figure 2-5. Due to the presence of the spin-orbit coupling, skew-

scattering causes discrete electron wave packets to scatter asymmetrically with respect to the 

spin polarization. The scattered spins that are polarized in opposite directions will then generate 

a flow of spin current in the opposite direction resulting in a nonequilibrium spin polarization. 

The skew-scattering contribution to the Hall conductivity is proportional to the Bloch state 

transport lifetime 𝜏, and by this relation the spin Hall resistivity 𝜌𝑥𝑦
𝑆𝐻−skew can be expressed as, 

In order to accurately predict the skew-scattering contribution to the SHE, the disorderliness of 

the material needs to be characterization with accuracy. In a simplified model, this contribution 

 

 

𝜌𝑥𝑦
𝑆𝐻−skew ≈ 𝜎𝑥𝑦

𝑆𝐻−skew𝜌𝑥𝑥
2 ~𝜌𝑥𝑥. 

 

(2.4.15) 

Figure 2-5 Illustration of the two main extrinsic scattering mechanisms: side-jump and 

skew-scattering. 
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arises only from the spin-orbit coupling in the disorder potential and is valid only when the 

disorder broadening is larger than the splitting of the bands. These constraints are to avoid 

inaccurate estimation of the skew-scattering contribution as a strong contribution to the skew-

scattering also arises from the scattering of the spin-orbit-coupled quasiparticle from the scalar 

potential. Furthermore, the spin-orbit coupling of the disorder potential is also strongly 

renormalized by the other nearby subbands. As such, the effect of the multiband character 

should be neglected in these materials. First principle calculations have been performed to 

investigate the skew-scattering contribution in systems with impurities.37-40  

The side-jump scattering contribution is a result of electron wave packets with an 

incident wave vector k being displaced in the transverse direction to its propagation to k after 

it scatters off an impurity with spin-orbit interaction. The scattering mechanism was first 

proposed by Smit41,42 back in 1955 but his idea was discarded until 1964, where Berger43 

reintroduced it and argued that the side-jump scattering played an important role in the spin-

dependent Hall effects. Breaking down the side-jump contribution further, the mechanism can 

be separated into two categories: (a) the extrinsic side-jump where there is an additional 

contribution from the impurity that has spin-orbit interaction with the conductive electrons and 

(b) the intrinsic side-jump where the contribution is attributed solely from the spin-orbit 

coupling of the discrete wave packet. Unlike the skew-scattering, the side-jump contribution 

to the spin Hall conductivity is scattering independent and thus the spin Hall resistivity can be 

expressed as  

where a is the side-jump contribution while b is the skew-scattering contribution.  
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2.5 Spin Transfer Torque 

Introduced in 1996, the concept of the spin-transfer torque (STT) was first predicted by 

Slonczewski and Berger independently.5,6 The mechanism made controlling the local magnetic 

moments using the transfer of the spin angular momentum possible without the need of using 

a magnetic field generated using a field line, which was previously used in field-switched 

MRAM cells. This discovery paved a new route for spintronics community and aided the 

development of high-speed and energy efficient spintronics devices such as binary memory 

devices,44-46 STT nano-oscillators47,48 and spin-wave emitters49,50 to scale down to the sub-

micrometer or even nanoscale size.51,52  

Depending on the magnetization orientation of the free layers within the MTJ, the MTJ 

can either be in the antiparallel (AP) and parallel (P) configuration. To switch the magnetization 

of the free layer of the MTJ, a charge current is passed through it and the direction of the 

switching current is determined by the existing state of the MTJ. For the case of switching the 

MTJ state from AP to P, a charge current is injected through the MTJ from the reference layer 

as shown in Figure 2-6. Due to the spin filter effect, the electron spin becomes partially 

polarized as it passes through the reference layer. The spin polarization direction will be in the 

same direction as the magnetization of the reference layer. Since the free layer is adequately 

close, the partially polarized spin current is injected into the free layer before spin relaxation. 

As the spin polarization of the injected spin current is different from the magnetization 

direction of the free layer, the transmission of the electron flow exerts a torque on the 

Figure 2-6 Illustration explaining how STT switches the magnetization of the MTJ. (Left) 

Antiparallel to parallel state. (Right) Parallel to antiparallel state.  
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magnetization of the free layer via conservation of momentum. After a sufficient amount of 

current has passed through the MTJ, the free layer configuration is then switched to the P state 

by the transferred torque. On the other hand, in order to switch from the P to AP state, the 

charge current is passed through the opposite direction into the free layer. Again, due to the 

spin filter effect, the spins are partially polarized. Upon entering the reference layer, the 

difference in spin polarization and magnetization result in the spins reflected into the free layer 

exerting a torque on free layer magnetization. This process of angular momentum transfer from 

a spin current to the magnetization of a ferromagnet in an MTJ is known as spin-transfer torque 

(STT).  

Besides the use of the spin filter effect, the spin-orbit coupling of a material can also 

generate a spin current. When a ferromagnet is placed adjacent to material of high spin-orbit 

coupling, the injected spin current from the material exerts a spin torque on the ferromagnet. 

The spin torque generated in this matter is often referred to as spin-orbit torque (SOT) to 

differentiate their source. The charge current required to generate the SOT is typically applied 

in-plane within the heterostructures as opposed to the STT. Initial experimental observations 

of the SOT phenomena were made in the early 2010s using NM/FM bilayer structures.53-57 

SOT can be categories into two main components: the damping-like and the field-like torque, 

which are described by the magnetization dynamics in Equation 2.1.3.  
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Chapter 3 Experimental Techniques 

In this chapter, details of the fabrication and characterization techniques employed in 

this work to study the spin-orbit torque are presented. All thin films used were deposited using 

magnetron sputtering. Thereafter, lithography is used to pattern the device for electrical 

measurements. Material properties are characterized with various X-ray spectroscopy 

techniques to ensure that the film possesses the desired properties and to support our 

experimental claims. Finally, the ferromagnetic resonance techniques were performed to 

characterize the spin-orbit torque of the devices.  

 

3.1 Thin Film Deposition 

Magnetron sputtering is a physical vapor deposition (PVD) process widely adapted in 

many industrial processes for thin film growth, due to its reliable uniformity, ease of alloying 

desired compound and cost-efficiency. As for the working principle, it begins with a large 

amount of power is supplied between the target (cathode) and the substrate (anode) and the 

introduction of an inert gas such as Ar into the sputtering chamber. The power applied is 

typically in the form of negative voltage at the cathode as shown in Figure 3-1(a). Stray 

electrons at the cathode will then accelerate towards the anode colliding with a neutral gas atom 

converting it into a positively charged ion. This process will result in two electrons (e- + A → 

2 e- + A+), which will then collide with other gas atoms and ionizing them creating a cascading 

process until the gas within the chamber breaks down forming a plasma depicted by the purple 

glow in the illustration. To further improve the efficiency of the generation of ions, a strong 

magnetic field is used to confine the plasma near the target such that plasma is stable, and the 

target bombardment occurs reliably.1  

The breakdown voltage is dependent on the pressure within the sputtering chamber and 

the distance between the target and the substrate. Too high a pressure will result in excessive 

collisions such that the electrons do not have enough time to gain energy from the collision to 

ionize gas atoms. While too low a pressure will make it difficult to sustain the plasma due to 

insufficient collision. As such, to maintain the optimal deposition pressure within the chamber, 

a cryogenic pump is often used. Highly energetic ions will accelerate towards the target and 

bombard its surface. The collision between the ions and target surface atoms is elastic and the 
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energy transfer between them knocks off atoms from the target material. These atoms then 

make their way onto the substrate through diffusion.  

 

The deposition rate can be tuned by varying the power supplied to the target and the 

sputtering pressure. The magnetron sputtering system developed by AJA was used and an 

image of the system is as shown in Figure 3-1(b).2 Since the chamber contains more than one 

target, it allows for sputtering of alloy material by co-sputtering by supplying power to two or 

more targets simultaneously. The PtxCu1-x alloys used in Chapter 4 were obtained by co-

sputtering both Pt and Cu and their atomic composition is varied by adjusting their sputtering 

power.  

3.2 Lithography 

Lithography is a technique used to create nanometer range patterns on a thin film or 

substrate. Typically, it is used with a combination of deposition and etching to deliver high-

resolution topography. There are several variants of lithography techniques, however, for this 

thesis, we will be focusing on the two techniques used which are electron beam lithography 

(EBL) and ultraviolet (UV) lithography.  

Electron beam lithography (EBL) involves the use of an electron beam to react with the 

chemical resist spin-coated on the sample surface. Depending on the tone of resist used, the 

solubility of the electron beam exposed areas can either become more or less soluble. The 

positive and negative resist used in our laboratories is PMMA 950K and MaN 2401 

respectively. In Figure 3-2(a), positive tone resist that is exposed to electron beam will become 

Figure 3-1 (a) Schematic of magnetron sputtering chamber during the deposition process. 

Ar ions accelerate towards the negatively charged target bombarding the target 

causing its atoms to be sputtered out and deposited onto the substrate. (b) Image 

of AJA magnetron sputter system in our Spintronics Laboratory.  
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more soluble and will dissolve when developed while negative tone resist hardens leaving them 

behind after development. Timing plays a crucial role in resist development to avoid over- or 

under-development. Development time is calibrated depending on the type of resist used, the 

thickness of resist, and exposure dose. The thickness of the resist is controlled by varying the 

ramp and speed of spin-coating the resist. To remove excess solvent from the resist, the samples 

are baked after spin-coating. After the post-lithography process, the resist is stripped using 

acetone and IPA before proceeding to the lithography step for the next layer. Exploiting this 

chemical property of the resist, device patterns can be easily fabricated onto samples by 

exposing electron beam in the shape of the device.  

The electron beam used is generated using a tungsten filament and accelerated down to 

the sample stage using an amplifier. These electrons are collimated and centered using an 

aperture lens and to beam different areas of the sample, the electron beam is deflected using a 

magnetic field generated by the deflector coil. However, there is a limit to how far the beam 

can be deflected, and the surface area at which the beam is able to strike is known as the write 

field of the electron beam. On top of aligning the pattern mask drawing to the substrate, the 

write field alignment of the beam is equally important as failure to do so will result in 

disconnected patterns as the region between the write fields is not exposed properly. Two major 

advantages of the EBL are the high-resolution point by point exposure as electron beams are 

affected by the diffraction limit of light and that it does not require a physical mask for the 

exposure. It can take place with just drawn patterns on the system computer and this helps save 

time during the initial designing phase of the samples. An image of the Raith eLine EBL system 

used in this thesis can be found in Figure 3-2(b).3 

Figure 3-2 (a) Schematic showing the effects of electron beam exposure on positive and 

negative tone resist after development. (b) Image of Raith eLine EBL system in 

our Spintronics Laboratory.  
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For the ease of lithography alignment on a transparent flexible substrate, devices 

fabricated in Chapters 5 and 6, UV lithography is used. UV lithography, also known as optical 

lithography, is the other type of lithography technique used in this thesis. Its working principle 

is similar to that of the EBL, except instead of using an electron beam, it uses UV light to 

change the solubility of the resist. The control of the area exposed to the UV light is controlled 

using a chrome mask. Since the UV light used for exposure comes from a UV lamp, UV 

lithography can expose the entire mask simultaneously. This leads to a much shorter exposure 

time for UV lithography is much shorter as compared to EBL. The positive and negative UV 

resist used in our laboratories are AZ5214E and SU-8 respectively. For all devices used in this 

thesis, a two-step positive tone lithography is used. The first step is used to create an opening 

to deposit the device structure and the second is for the deposition of the coplanar waveguide 

(CPW).  

 

3.3 X-Ray Diffraction 

X-ray Diffraction (XRD) is a method commonly used to determine the crystallinity of a 

material. In an XRD experiment, a sample is placed into the center of the instrument and 

illuminated with a beam of X-ray as shown in Figure 3-3(a). The X-ray beam used is typically 

generated using a W filament and in order to ensure that the X-ray beam is a single wavelength, 

the X-ray radiation is filtered through a Ge(220) 2 bounce monochromator which only allows 

Kα1 radiation with a wavelength of 1.405 nm pass through.  

Figure 3-3 (a) Schematic of XRD setup with X-ray beam source and detector moving in a 

synchronized motion. (b) Illustration of X-ray beam reflecting off the sample 

creating a constructive interference. 
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During measurement, the X-ray beam and detector move in a synchronized motion. The 

signal coming from the sample is recorded and graphed. Since the X-ray beam used does not 

have enough energy to cause the electrons in the sample to be released, the energy is re-emitted 

in the form of a new x-ray with the same energy as the original through elastic scattering. 

Depending on the geometry of the incident X-ray interacting with the sample, constructive 

interference can be observed as an amplified peak on the XRD spectrum. The angles at which 

these constructive interferences occur are determined by Bragg’s equation expressed by the 

following,  

 

 

2 sinn d =  

 

(3.3.1) 

where   is the angle between the diffraction plane and the X-ray beam, n  is an integer 

representing the order of diffraction, and   is the wavelength of the X-ray beam.4-6 As shown 

in Figure 3-3(b), diffracted X-ray beams that are in-phase with one another result in 

constructive interferences and an amplified peak signal is detected. The position of these 

amplified peaks provides atomic structure information of the material.  

 

 

3.4 X-Ray Reflectometry 

 X-ray reflectivity (XRR) is surface sensitive technique to analyze the surface and 

interfaces of thin films. The basic principle behind XRR is similar to that of the XRD with the 

exception of the incident angle of the X-ray beam. Typically, the grazing angle of the X-ray 

beam is set to 0° to 8°. A beam of X-ray is projected from an X-ray source and onto a flat 

Figure 3-4 (a) Schematic of X-ray beam reflecting off a sample and into the detector. 

(b) XRR spectrum of CoFeB (50nm) thin film. 
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surface of the sample and the intensity of the reflected X-ray is measured as shown in Figure 

3-4(a). The critical angle, 𝜃𝐶, of the X-ray provides information about the density of the thin 

film and can be expressed by this relation, 𝜃𝐶~√𝜌 where 𝜌 is the density of the film. The 

thickness of the measured film can be obtained by fitting the oscillation spacing of the spectra 

and the roughness of the film is determined by the damping constant of the oscillation and the 

curvature of the spectra.7-11 In Figure 3-4(b), since the alloy CoFeB film contains more than 

one element, multiple oscillations of different frequencies can be observed in the spectra.  

 

 

3.5 Energy-Dispersive X-Ray Spectroscopy 

Energy-dispersive X-ray spectroscopy (EDX) is an analytical technique used to 

determine the elemental compositions within a sample. It involves the use of an electron beam 

to excite the atoms within the sample. This interaction between the electron beam and the atom 

causes an electron from the inner orbitals to be ejected out leaving behind a void as shown in 

Figure 3-5. An X-ray radiation is emitted when an electron from a higher energy level fills this 

void. Using an X-ray detector, the energy of the X-ray radiation is converted into voltage and 

qualified. Moseley’s law states that the electromagnetic emission spectrum of each element is 

different due to their unique atomic structure and using this relation, the emission peaks of the 

different elements can be predicted.  

 

 

Figure 3-5 Schematic of interaction between an electron beam and the core electron of an 

atom resulting in an X-ray radiation emission. 
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3.6 X-Ray Magnetic Circular Dichroism 

The term “dichroism”, in the field of optics, refers to the change in absorption of 

polarized light when passing through the material in two different directions. Since materials 

usually absorb one color of white light, the material appears with two different colors for the 

two light directions.  The origin of the dichroism effect can be attributed to the anisotropies in 

the charges or spin in the material and X-ray magnetic circular dichroism (XMCD) exploits the 

latter to study ferromagnetic thin films.  

X-ray absorption spectroscopy (XAS) uses the energy dependence of X-ray absorption 

in materials to determine the elemental composition of the sample. Core electrons in the atom 

are excited in the absorption process onto valance states above the Fermi energy level and this 

allows information about the empty valence levels to be obtained. For magnetic 3d transition 

metal elements, such as Fe, Co, and Ni, their magnetic properties are largely attributed to the 

3d valence electrons. Due to the dipole selection rules that determine the X-ray absorption 

spectra, the d-shell properties in these 3d transition metal elements are ideal for L-edge 

absorption studies. The L-edge X-ray absorption spectra of these metals have two distinct peaks 

as shown in Figure 3-6(b). The two peaks are derived from the spin-orbit interaction of the 2p 

core shell and the total intensity of the peaks is proportional to the number of empty 3d valence 

states.  

The first X-ray absorption sum rule relates the total intensity of the L3 and L2 resonance 

with the number N of empty d states also known as “holes”. Since the d valence shell is capable 

Figure 3-6 (a) Illustration of the working principle of XMCD. (b) Normalized XAS/XMCD 

spectra of Pt (5 nm)/Co (5 nm). 
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of holding up to 10 electrons filled into the band states up to the Fermi level, the number of 

filled states is N-10. For a magnetic material, the d shell has a spin moment that gives rise to 

an imbalance of spin-up and spin-down electrons or holes. This provides an opportunity to 

utilize the spin-dependent characteristic of the X-ray absorption process to measure the 

difference in the number of d holes with the spin-up and spin-down. The spin dependence X-

ray absorption process is achieved by polarizing emitted the X-ray in the right and left circular 

direction which then transfers their angular momentum to the excited photoelectron as shown 

in Figure 3-6(b).  

The photoelectron carries the transferred angular momentum as a spin or an angular 

momentum, or both. If the photoelectron comes from a spin-orbit split level, the angular 

momentum of the photo can be transferred in part to the spin through the spin-orbit coupling. 

Both the right and left circular photons transfer momentum to the electrons in the opposite 

direction and this causes the two photoelectrons of a different spin to be generated. Since the 

L3 and L2 levels have opposite spin-orbit coupling, the spin polarization at the two edges will 

be opposite in direction. The direction of the spins in the absorption process is with respect to 

the photon helicity or photon spin.  

The spin-up and spin-down photoelectrons from the p core shell can only be excited into 

the respective spin-up and spin-down d hole state as spin flipping are forbidden in the electric 

dipole transitions. Therefore, the spin split valence shell acts as a detector for the excited 

photoelectron and the intensity of the transition is proportional to the number of empty d states 

of a given spin. The magnetization direction determines the quantization axis of the valence 

shell "detector" and the magnitude of the dichroism effect can be adjusted by varying angle the 

between the photon spin and the magnetization direction. The intensity of L3 and L2, the 

differences in orientation of photon spin, and magnetization directions are quantitatively linked 

to the number of d holes and the size of the spin and orbital magnetic moments by sum rules. 

More details regarding the XMCD can be found in the discussion of Chapter 5 where it is 

applied and used to support the experiment.  
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3.7 Vibrating Sample Magnetometer  

Vibrating Sample Magnetometer (VSM) is a characterization tool widely used in the 

spintronics community to probe the magnetization of a sample. The operation principle of the 

VSM capitalizes on Faraday’s law of induction. When the magnetic sample vibrates, its 

magnetic flux changes. From Figure 3-7(a), the placement of the magnetic sample is at the 

center of the two electromagnet and pickup coils. The sample is mounted onto a non-magnetic 

rod, usually made of glass, and attached to the vibrating head that provides the vibration for 

the sample. The magnitude of the magnetic flux measured by the pickup coil can be described 

by the following expression, 

 

 

B 0 ( )A H M  +=  

 

(3.7.2) 

where 0  is the magnetic permeability, A  is the surface area of the pickup coil, H  is the 

applied magnetic field and M  is the magnetization of the sample. Since there is a change in 

magnetic flux, an electromagnetic force (EMF) is induced and detected as a voltage by the 

pickup coil. This voltage can be expressed as  

 

 

Bd
N

dt



= −  

 

(3.7.3) 

where N  is the number of turns in the pickup coils and Bd

dt


 is the change in magnetic flux. 

By measuring the induced voltage, the flux from the magnetization of the sample can be easily 

determined.  

Figure 3-7 (a) Schematic diagram illustrating the setup of the VSM. (b) Image of Lakeshore 

8600 VSM system. 
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The rate of the change in magnetic flux is determined by the frequency of the vibrating 

sample and is controlled by the vibration control unit of the VSM. The voltage from the pickup 

coil is usually detected by a lock-in amplifier using the frequency of the vibration as a 

reference. As such, the accuracy of the magnetic signal detected by the VSM can be as small 

as 10-9 emu. The VSM system used in this thesis is Lakeshore 8600 as shown in Figure 3-

7(b).12  

 

3.8 Spin-Torque Ferromagnetic Resonance  

Developed by Liu et al. in 2011, the spin-torque ferromagnetic resonance (ST-FMR) 

technique has revolutionized the study of spin-orbit torque in materials.13 Due to the ease of 

use and versatility, the technique has been widely implemented since its discovery.14-23 Figure 

3-8 shows the ST-FMR system that was set up and is currently utilized in our laboratory. This 

measurement system doubles up as both an ST-FMR and FMR characterization tool and can 

be toggled between the two configuration modes. Before we dive into the process of setting up 

the tool, let us look at the working principles.  

Figure 3-8 Photo of spin-torque ferromagnetic resonance (ST-FMR) setup in our 

spintronics laboratory. 
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The ST-FMR measurement technique involves the application of an external magnetic 

field extH  at an angle   to the applied radio frequency (RF) current through the coplanar 

waveguide (CPW) and into microstrip device as shown in Figure 3-9.16,24 By sweeping extH  

and varying the current frequency, the measured DC voltage response provides information 

about the spin Hall efficiency, Gilbert damping constant, and effective magnetization field.  

The longitudinal RF current passing through the heavy metal layer (HM) generates an 

oscillating transverse spin current by spin Hall effect (SHE), which is then injected into the 

adjacent ferromagnetic layer (FM). The magnetization of the FM experiences three different 

torques induced by the RF current: Oersted-field torque as current passes through the FM, field-

like and damping-like torque produced by the current-induced SOT from the HM. At the 

resonance field resH  when the microwave frequency matches the precessional frequency of the 

magnetization, the FMR condition is satisfied, and the oscillating torques will result in the 

oscillation of the device resistance due to anisotropic magnetoresistance in the FM. The mixing 

of the RF current and oscillating resistance results in a rectified DC voltage signal mixV  across 

the device as shown in Figure 3-10.25 Using a bias tee, mixV  can be measured during the 

microwave current application. 

Figure 3-9 Photo of spin-torque ferromagnetic resonance (ST-FMR) setup in Spintronics 

laboratory. Schematic of a bilayer HM/FM heterostructure during ST-FMR 

measurement. Inset: Optical image of an ST-FMR device. 
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The measured rectified voltage mixV is then fitted to two Lorentzian which can be 

expressed as the following,  
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(3.8.4) 

where H  is the linewidth and S and A are magnitude the symmetric and anti-symmetric 

components of the mixV  respectively.13 The symmetric Lorentzian contribution is produced 

when the spin Hall torque from the generated spin current and the magnetization precession 

are in phase, while the antisymmetric is the result of the sum of the Oersted field and the field-

like torque. 

 

 The Lorentzian contribution arises from the phase difference between the Oersted field 

and the field-like torque from the charge current passing through the HM and the magnetization 

precession. The S and A contribution is described by the following relation,  
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Figure 3-10 Illustration explaining the principle of the ST-FMR. 
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where 0V  is a constant, sJ  is the spin current density, 
7 1

0 4 10  Hm  − −=   is the magnetic 

permeability in free space, t is the thickness of the ferromagnetic (FM) layer, sM  is the 

saturation magnetization of the FM layer, effM  is the effective magnetization, OeH  is the 

Oersted field and FLH  is the effective field generated by field-like torque. An example of the 

mixV  spectra of Pt60Cu40 (5 nm)/Co (5 nm)/Ta (5 nm) measured between frequencies 6 to 15 

GHz is as shown in Figure 3-11(a). The effective magnetization effM  can be obtained by an 

in-plane magnetization Kittel equation fitting, 
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(3.8.6) 

where   is the gyromagnetic ratio and 
KH  is the total magnetic anisotropy field.26 The Gilbert 

damping constant can be acquired by using a linear fitting of the linewidth dependence of 

microwave frequency given by,  
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(3.8.7) 

where 0H  is the inhomogeneous broadening term originating from sample imperfections 

which are assumed to be frequency independent.27,28 The existence of two-magnon scattering 

can be identified by the linear dependence of the FMR linewidth with frequency and is often 

Figure 3-11 (a) Measured ST-FMR spectra of Pt60Cu40 (5 nm)/Co (5 nm)/Ta (5 nm) trilayer 

for frequency from 6 to 15 GHz with nominal input power of 18 dBm. (b) 

Linewidth dependence on the DC biased for Pt (5 nm)/Co (5 nm) at 12 GHz.  
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assumed to be absent if Equation 3.8.7 has a good linear fit.  

  One of the most used methods to determine the spin Hall efficiency of the 

measured sample is the use of the line-shape method.13,29-37 Since the S component is 

proportional to the strength of the damping-like torque and A component is proportional to the 

Oersted field generated by the RF current, the spin Hall efficiency can be determined by taking 

the ratio between the S and A component using the following expression,  

 

 

0 S FM NM eff
eff

res

4
1 ,

e M t t MS

A H

 
 = +  

 

(3.8.8) 

where NMt  is the thickness of HM.18,38-44 The complexity of the ST-FMR devices is relatively 

easy to fabricate as compared to other SOT characterization methods such as nonlocal spin-

value (NLSV).45-49 ST-FMR is also a self-calibrated technique as most parameters required for 

the calculation of the spin Hall efficiency, except the SM  and thickness of the film, are 

obtained through the ST-FMR measurement itself. As such, the simplicity of the line-shape 

method has made this method a popular choice of technique to characterize the spin-orbit 

torque.  

 Not long after the breakthrough of the ST-FMR technique, a missing factor of the line-

shape method was discovered. The field-like torque was not taken into account when 

determining the spin Hall efficiency giving rise to larger than expected values as now both the 

damping-like and the field-like torque contributes to the mixV .15,43,44,50-52 This crippled the line-

shape method limiting its use to only materials with negligible field-like torque unless a 

correction was made. A correction was eventually made by varying the thickness of the HM or 

FM using the following expression,  
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(3.8.9) 

where 
DL  and 

FL  are the damping-like and field-like torque respectively.14,15,53-57 An ideal 

approach to avoid variation in multiple film growth is the use of wedge sputter deposition by 

not rotating the sample during deposition. This method allows for the fabrication of samples 

with multiple thicknesses easing the characterization process.  
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 The next approach to determine the spin Hall efficiency of the sample is the use of the 

linewidth method.40,58-63 This method uses an external DC bias to induce damping-like torque 

on the ST-FMR linewidth. Equation 3.8.7 can be modified to the following,  
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(3.8.10) 

where 
SH,dcJ  is the current density of the DC bias through the HM. By performing a linear 

equation fit for the linewidth dependence of DC bias, the 
DL  can be easily extracted as shown 

in Figure 3-11(b).13,64 That said, the linewidth method is not without its drawbacks. Calculation 

of the 
SH,dcJ  requires additional experiment to correctly determine the thickness and electrical 

conductivity of both the FM and HM. The noise in mixV  can make it difficult to observe 

substantial change if the ST-FMR system is not microwave engineered properly limiting this 

method to only materials that exhibit large spin Hall efficiency. Therefore, to avoid the above 

obstacles, the line-shape method will be used throughout this thesis with correction and 

supporting evidence to show that field-like torque is negligible, and that the method used is 

appropriate for the material being characterized.  

 This ST-FMR measurement tool was built and pieced together using parts purchased 

separately for the purpose of being able to perform both ST-FMR and FMR characterization. 

Beginning from the base of the setup, the isolation platform is a custom-made passive isolation 

table pressurized by compressed air to counteract any potential vibration from the 

surrounding.65 Special request was also made for the isolation platform to be sturdy enough to 

accommodate the 500 kg rotating magnet that will be placed on it. The electromagnet chose 

was a rotating magnet from GMW.66 The magnet is able to rotate freely in the out-of-plane axis 

of the sample by turning the circular ring that encompasses the magnet with the aid of bearings 

at the pivot point of the base platform as shown in Figure 3-8. For safety, the rotating ring is 

equipped with a lock to secure the magnet at a specified angle. The purpose of this rotating 

magnet is so that a uniform field can be achieved when characterizing both in-plane and out-

of-plane samples. An aluminum bridge in between the two magnet poles caps is used as a 

platform for the sample and the pillars of the bridge are secured down onto the breadboard of 
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the isolation base. The bridge was designed using Solidworks and sent for milling.  

  

 The initial design of the ST-FMR system was for the sample loading and unloading 

process to be automated for the characterization system. Upon placing the sample onto the 

sample arm of the system, a coarse stepper motor will be used to bring the sample up and load 

it near the ground-signal-ground (GSG) probe. Thereafter a piezoelectric motor will do fine 

adjustments such that the desired device aligns and contacts the probe for measurement. A 

cross-sectional view of the prototype design can be seen in Figure 3-12. The yellow double 

arrow denotes the sample loading and unloading motion of the sample stage. The moment of 

the stage was programmed and controlled using LabVIEW. Besides convenience from the 

automated loading and unloading, this initial prototype design was planned to be able to run 

both ST-FMR and FMR measurement on the same stage without making any major change to 

the setup. The GSG probe was attached to a slider which allowed us to switch to the CPW 

needed for FMR measurement.  

  

Figure 3-12 Cross-sectional view of prototype design of the ST-FMR measurement system 

with the initial idea of having a stepper motor to automate the loading and 

unloading of the sample. 
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 However, soon after assembling all the fixtures, we were faced with a cantilever effect 

at the sample stage platform. Even with the arm support below the stage platform, we notice 

that the vibration from the cantilever effect drowning the ST-FMR signal. In order to move 

forward with our research and avoid the problem, we decided to remove the automated loading 

and unloading feature and load the sample manually onto the bridge instead of the stage arm. 

This remedied the problem faced and next we were faced with another issue which was the 

space constraint above the sample stage for the microscope. There was not enough clearance 

between the magnet and the intended position of the microscope camera as most commercially 

available cameras could not fit. This led us to us customizing the microscope such that it fits. 

Several ideas came by but the idea that worked was the use of drawer runners. The microscope 

will be attached to a drawer runner and when it is needed, it can be easily slid to the sample for 

use as shown in Figure 3-13. The RF current is generated using Keysight N5183B analog signal 

generator and attached to a bias-tee from Picosecond Pulse Labs.67,68 The GSG picoprobes are 

customized probes ordered from GGB Industries Inc and they have a standard pitch width of 

100 μm with a P-style adaptor.69 As for the detection of the ST-FMR rectified voltage, we 

initially used a Keithley 2000 Series voltmeter. However, over time the setup was improved 

and the voltmeter was swapped to a lock-in amplifier from Zurich Instruments.70 The 

measurement is controlled using a LabVIEW program that sweeps the external magnetic field 

and iterating the RF frequency at the designated step size. As such, the ST-FMR 

characterization system is completed.  

Figure 3-13 Cross-sectional view of the customized microscope. The drawer runner allows 

the microscope to slide in and out of the magnet such that it does not affect the 

measurement as the microscope contained magnetic parts.  
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3.9 Ferromagnetic Resonance Spectroscopy 

Ferromagnetic resonance (FMR) is a measurement technique similar to that of the ST-

FMR. Both techniques capitalize on the resonance phenomena of the magnetization to probe 

the magnetic properties.26 However, several differences between the two techniques set them 

apart. One of which is the way the microwave current interacts with the sample. For the case 

of the FMR, RF current is injected through a coplanar waveguide (CPW) instead of directly 

into the sample.71,72 The CPW then generates an alternating Oersted field to excite the 

magnetization of the sample to resonance as shown in Figure 3-14(a).  

The next difference is in the way resonance is detected. For resonance to occur, the 

frequency of the alternating Oersted field from the CPW must match and couple with the 

precessional frequency of the magnetization of the sample. Once the FMR condition is met, an 

absorption peak, as shown in Figure 3-14(b), in the transmitted microwave current will be 

detected by the vector network analyzer.  The phase difference between each magnetic moment 

is zero during FMR which means that FMR is a standing wave with a wavelength of infinity. 

Another obvious difference is that the sample need not be a patterned device as the FMR setup 

already has a CPW for the propagation of the microwave current. FMR is a quick way to probe 

the magnetization of the sample to determine its Gilbert damping and effective magnetization. 

However, since the current does not pass through the sample, SOT characterization like the 

ST-FMR is not possible using FMR. 

Figure 3-14 (a) Cross-sectional illustration of the coplanar waveguide (CPW) with the 

sample placed at the top facing downwards. (b) Absorption spectrum of the 

FMR during a field sweep measurement. 
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Without the automated loading and unloading design from the prototype setup, the FMR 

and ST-FMR measurement system require a slight change in the setup configuration before 

use. The most important change would be to remove the GSG probes and replacing them with 

an FMR CPW. The CPW is faced up as shown in Figure 3-14 and so the measured sample has 

to be place upside down. This alteration was surprisingly convenient as the user simply needs 

to land the sample onto the CPW. There was no need for any alignment as long as the sample 

makes contact with the CPW facing down. To extract the FMR absorption peaks, a LabVIEW 

program is used to do a contour plot and from there the resonance peaks can be visually spotted 

and identified as shown in Figure 3-15.  

 

  

Figure 3-15 Contour plot using LabVIEW program to extract absorption peak. The x-axis 

represents the raw data measured at each iteration of the applied external 

magnetic field. The black line shows the absorption of the microwave. The blue 

and green lines denote the cursor to select specific field file and frequency 

region. 



80 

 

Reference 

1 J.A. Thornton. Influence of apparatus geometry and deposition conditions on the 

structure and topography of thick sputtered coatings. Journal of Vacuum Science and 

Technology 11, 666-670 (1974). 

2 AJA International ATC Orion Series Sputtering Systems, https://www.ajaint.com/atc-

orion-series-sputtering-systems.html. 

3 Raith eLine, https://www.raith.com/product/eline-plus/. 

4 G. Fujinawa, H. Toraya & J.-L. Staudenmann. Parallel-slit analyzer developed for the 

purpose of lowering tails of diffraction profiles. Journal of Applied Crystallography 32, 

1145-1151 (1999). 

5 M. Roberts & C. Tang. Angular resolution of parallel foils on a synchrotron powder 

diffractometer. Journal of Synchrotron Radiation 5, 1270-1274 (1998). 

6 J.I. Langford & A. Wilson. Scherrer after sixty years: a survey and some new results in 

the determination of crystallite size. Journal of Applied Crystallography 11, 102-113 

(1978). 

7 H. Kiessig. Interferenz von Röntgenstrahlen an dünnen Schichten. Annalen der Physik 

402, 769-788 (1931). 

8 L. Nevot & P. Croce. Caractérisation des surfaces par réflexion rasante de rayons X. 

Application à l'étude du polissage de quelques verres silicates. Revue de Physique 

Appliquée 15, 761-779 (1980). 

9 S. Sinha, E. Sirota, Garoff & H. Stanley. X-ray and neutron scattering from rough 

surfaces. Physical Review B 38, 2297 (1988). 

10 A. Braslau, M. Deutsch, P.S. Pershan, A. Weiss, J. Als-Nielsen & J. Bohr. Surface 

roughness of water measured by x-ray reflectivity. Physical Review Letters 54, 114 

(1985). 

11 L.G. Parratt. Surface studies of solids by total reflection of X-rays. Physical Review 95, 

359 (1954). 

12 Lake Shore 8600 Series VSM, https://www.lakeshore.com/products/categories/ 

overview/material-characterization-products/vsm-systems/8600-series-vsm. 



81 

 

13 L. Liu, T. Moriyama, D. Ralph & R. Buhrman. Spin-torque ferromagnetic resonance 

induced by the spin Hall effect. Physical Review Letters 106, 036601 (2011). 

14 H. An, S. Haku, Y. Kanno, H. Nakayama, H. Maki, J. Shi & K. Ando. Manipulation of 

Spin-Torque Generation Using Ultrathin Au. Physical Review Applied 9, 064016 

(2018). 

15 S. Haku, A. Musha, T. Gao & K. Ando. Role of interfacial oxidation in the generation 

of spin-orbit torques. Physical Review B 102, 024405 (2020). 

16 Y. Wang, P. Deorani, X. Qiu, J.H. Kwon & H. Yang. Determination of intrinsic spin 

Hall angle in Pt. Applied Physics Letters 105, 152412 (2014). 

17 L. Liu, C.-F. Pai, Y. Li, H. Tseng, D. Ralph & R. Buhrman. Spin-torque switching with 

the giant spin Hall effect of tantalum. Science 336, 555-558 (2012). 

18 C.-F. Pai, Y. Ou, L.H. Vilela-Leão, D. Ralph & R. Buhrman. Dependence of the 

efficiency of spin Hall torque on the transparency of Pt/ferromagnetic layer interfaces. 

Physical Review B 92, 064426 (2015). 

19 Y. Wang, P. Deorani, K. Banerjee, N. Koirala, M. Brahlek, S. Oh & H. Yang. 

Topological surface states originated spin-orbit torques in Bi 2 Se 3. Physical Review 

Letters 114, 257202 (2015). 

20 Y. Wang, D. Zhu, Y. Wu, Y. Yang, J. Yu, R. Ramaswamy, R. Mishra, S. Shi, M. Elyasi 

& K.-L. Teo. Room temperature magnetization switching in topological insulator-

ferromagnet heterostructures by spin-orbit torques. Nature Communications 8, 1-6 

(2017). 

21 Y. Wang, R. Ramaswamy & H. Yang. FMR-related phenomena in spintronic devices. 

Journal of Physics D: Applied Physics 51, 273002 (2018). 

22 T. Nan, J.M. Hu, M. Dai, S. Emori, X. Wang, Z. Hu, A. Matyushov, L.Q. Chen & N. 

Sun. A strain‐mediated magnetoelectric‐spin‐torque hybrid structure. Advanced 

Functional Materials 29, 1806371 (2019). 

23 N. Reynolds, P. Jadaun, J.T. Heron, C.L. Jermain, J. Gibbons, R. Collette, R. Buhrman, 

D. Schlom & D. Ralph. Spin Hall torques generated by rare-earth thin films. Physical 

Review B 95, 064412 (2017). 



82 

 

24 A. Thiaville & Y. Nakatani. Electrical rectification effect in single domain magnetic 

microstrips: A micromagnetics-based analysis. Journal of Applied Physics 104, 093701 

(2008). 

25 A. Tulapurkar, Y. Suzuki, A. Fukushima, H. Kubota, H. Maehara, K. Tsunekawa, D. 

Djayaprawira, N. Watanabe & S. Yuasa. Spin-torque diode effect in magnetic tunnel 

junctions. Nature 438, 339-342 (2005). 

26 C. Kittel. On the theory of ferromagnetic resonance absorption. Physical Review 73, 

155 (1948). 

27 M.C. Hickey & J.S. Moodera. Origin of intrinsic Gilbert damping. Physical Review 

Letters 102, 137601 (2009). 

28 Y. Tserkovnyak, A. Brataas & G.E. Bauer. Enhanced Gilbert damping in thin 

ferromagnetic films. Physical Review Letters 88, 117601 (2002). 

29 J.C. Sankey, Y.-T. Cui, J.Z. Sun, J.C. Slonczewski, R.A. Buhrman & D.C. Ralph. 

Measurement of the spin-transfer-torque vector in magnetic tunnel junctions. Nature 

Physics 4, 67-71 (2008). 

30 H. Kubota, A. Fukushima, K. Yakushiji, T. Nagahama, S. Yuasa, K. Ando, H. Maehara, 

Y. Nagamine, K. Tsunekawa & D.D. Djayaprawira. Quantitative measurement of 

voltage dependence of spin-transfer torque in MgO-based magnetic tunnel junctions. 

Nature Physics 4, 37-41 (2008). 

31 R. Ramaswamy, Y. Wang, M. Elyasi, M. Motapothula, T. Venkatesan, X. Qiu & H. 

Yang. Extrinsic spin Hall effect in Cu 1− x Pt x. Physical Review Applied 8, 024034 

(2017). 

32 G.D.H. Wong, C.C.I. Ang, W.L. Gan, W.C. Law, Z. Xu, F. Xu, C.S. Seet & W.S. Lew. 

Reversible strain-induced spin–orbit torque on flexible substrate. Applied Physics 

Letters 119, 042402, doi:10.1063/5.0056995 (2021). 

33 G.D.H. Wong, Z. Xu, W.L. Gan, C.C.I. Ang, W.C. Law, J. Tang, W. Zhang, P.K.J. 

Wong, X. Yu, F. Xu, A.T.S. Wee, C.S. Seet & W.S. Lew. Strain-mediated spin–orbit 

torque enhancement in Pt/Co on flexible substrate. ACS Nano 15, 8319-8327, 

doi:10.1021/acsnano.0c09404 (2021). 



83 

 

34 K. Kondou, H. Sukegawa, S. Mitani, K. Tsukagoshi & S. Kasai. Evaluation of spin Hall 

angle and spin diffusion length by using spin current-induced ferromagnetic resonance. 

Applied Physics Express 5, 073002 (2012). 

35 X. Shu, J. Zhou, J. Deng, W. Lin, J. Yu, L. Liu, C. Zhou, P. Yang & J. Chen. Spin-orbit 

torque in chemically disordered and L11-ordered Cu100−xPtx. Physical Review Materials 

3, 114410 (2019). 

36 J. Zhou, X. Wang, Y. Liu, J. Yu, H. Fu, L. Liu, S. Chen, J. Deng, W. Lin & X. Shu. 

Large spin-orbit torque efficiency enhanced by magnetic structure of collinear 

antiferromagnet IrMn. Science Advances 5, eaau6696 (2019). 

37 E. Liu, T. Fache, D. Cespedes-Berrocal, Z. Zhang, S. Petit-Watelot, S. Mangin, F. Xu 

& J.-C. Rojas-Sánchez. Strain-enhanced charge-to-spin conversion in ta/fe/pt 

multilayers grown on flexible mica substrate. Physical Review Applied 12, 044074 

(2019). 

38 Y. Ou, C.-F. Pai, S. Shi, D. Ralph & R. Buhrman. Origin of fieldlike spin-orbit torques 

in heavy metal/ferromagnet/oxide thin film heterostructures. Physical Review B 94, 

140414 (2016). 

39 X. Fan, H. Celik, J. Wu, C. Ni, K.-J. Lee, V.O. Lorenz & J.Q. Xiao. Quantifying 

interface and bulk contributions to spin–orbit torque in magnetic bilayers. Nature 

Communications 5, 1-8 (2014). 

40 L. Huang, S. He, Q.J. Yap & S.T. Lim. Engineering magnetic heterostructures to obtain 

large spin Hall efficiency for spin-orbit torque devices. Applied Physics Letters 113, 

022402 (2018). 

41 B. Coester, G.D.H. Wong, Z. Xu, J. Tang, W.L. Gan & W.S. Lew. Enhanced spin Hall 

conductivity in tungsten-copper alloys. Journal of Magnetism and Magnetic Materials 

523, 167545 (2021). 

42 Z. Xu, G.D.H. Wong, J. Tang, E. Liu, W. Gan, F. Xu & W.S. Lew. Giant spin Hall 

effect in Cu-Tb alloy thin films. ACS Applied Materials & Interfaces (2020). 

43 H. An, Y. Kageyama, Y. Kanno, N. Enishi & K. Ando. Spin–torque generator 

engineered by natural oxidation of Cu. Nature Communications 7, 1-8 (2016). 



84 

 

44 K.-U. Demasius, T. Phung, W. Zhang, B.P. Hughes, S.-H. Yang, A. Kellock, W. Han, 

A. Pushp & S.S. Parkin. Enhanced spin–orbit torques by oxygen incorporation in 

tungsten films. Nature Communications 7, 1-7 (2016). 

45 Y. Niimi & Y. Otani. Reciprocal spin Hall effects in conductors with strong spin–orbit 

coupling: a review. Reports on Progress in Physics 78, 124501 (2015). 

46 S.O. Valenzuela & M. Tinkham. Direct electronic measurement of the spin Hall effect. 

Nature 442, 176-179 (2006). 

47 T. Kimura, J. Hamrle & Y. Otani. Estimation of spin-diffusion length from the 

magnitude of spin-current absorption: Multiterminal ferromagnetic/nonferromagnetic 

hybrid structures. Physical Review B 72, 014461 (2005). 

48 L. Vila, T. Kimura & Y. Otani. Evolution of the spin Hall effect in Pt nanowires: size 

and temperature effects. Physical Review Letters 99, 226604 (2007). 

49 T. Seki, Y. Hasegawa, S. Mitani, S. Takahashi, H. Imamura, S. Maekawa, J. Nitta & K. 

Takanashi. Giant spin Hall effect in perpendicularly spin-polarized FePt/Au devices. 

Nature Materials 7, 125-129 (2008). 

50 T. Skinner, M. Wang, A. Hindmarch, A. Rushforth, A. Irvine, D. Heiss, H. Kurebayashi 

& A. Ferguson. Spin-orbit torque opposing the Oersted torque in ultrathin Co/Pt 

bilayers. Applied Physics Letters 104, 062401 (2014). 

51 G. Allen, S. Manipatruni, D.E. Nikonov, M. Doczy & I.A. Young. Experimental 

demonstration of the coexistence of spin Hall and Rashba effects in β− 

tantalum/ferromagnet bilayers. Physical Review B 91, 144412 (2015). 

52 W. Skowroński, Ł. Karwacki, S. Ziętek, J. Kanak, S. Łazarski, K. Grochot, T. 

Stobiecki, P. Kuświk, F. Stobiecki & J. Barnaś. Determination of spin Hall angle in 

heavy-metal/Co−Fe−B-based heterostructures with interfacial spin-orbit fields. 

Physical Review Applied 11, 024039 (2019). 

53 H. An, Y. Kanno, A. Asami & K. Ando. Giant spin-torque generation by heavily 

oxidized Pt. Physical Review B 98, 014401 (2018). 

54 A. Musha, Y. Kanno & K. Ando. Extrinsic-intrinsic crossover of the spin Hall effect 

induced by alloying. Physical Review Materials 3, 054411 (2019). 



85 

 

55 Y. Kageyama, Y. Tazaki, H. An, T. Harumoto, T. Gao, J. Shi & K. Ando. Spin-orbit 

torque manipulated by fine-tuning of oxygen-induced orbital hybridization. Science 

Advances 5, eaax4278 (2019). 

56 R. Suzuki, S. Haku, H. Hayashi & K. Ando. Spin-torque ferromagnetic resonance in 

electrochemically etched metallic device. Applied Physics Express 13, 043007 (2020). 

57 H. An, T. Ohno, Y. Kanno, Y. Kageyama, Y. Monnai, H. Maki, J. Shi & K. Ando. 

Current-induced magnetization switching using an electrically insulating spin-torque 

generator. Science Advances 4, eaar2250 (2018). 

58 C. Wang, Y.-T. Cui, J.A. Katine, R.A. Buhrman & D.C. Ralph. Time-resolved 

measurement of spin-transfer-driven ferromagnetic resonance and spin torque in 

magnetic tunnel junctions. Nature Physics 7, 496-501 (2011). 

59 S. Petit, C. Baraduc, C. Thirion, U. Ebels, Y. Liu, M. Li, P. Wang & B. Dieny. Spin-

torque influence on the high-frequency magnetization fluctuations in magnetic tunnel 

junctions. Physical Review Letters 98, 077203 (2007). 

60 K. Ando, S. Takahashi, K. Harii, K. Sasage, J. Ieda, S. Maekawa & E. Saitoh. Electric 

manipulation of spin relaxation using the spin Hall effect. Physical Review Letters 101, 

036601 (2008). 

61 S. Kasai, K. Kondou, H. Sukegawa, S. Mitani, K. Tsukagoshi & Y. Otani. Modulation 

of effective damping constant using spin Hall effect. Applied Physics Letters 104, 

092408 (2014). 

62 A. Ganguly, K. Kondou, H. Sukegawa, S. Mitani, S. Kasai, Y. Niimi, Y. Otani & A. 

Barman. Thickness dependence of spin torque ferromagnetic resonance in Co75Fe25/Pt 

bilayer films. Applied Physics Letters 104, 072405 (2014). 

63 W. Zhang, M.B. Jungfleisch, F. Freimuth, W. Jiang, J. Sklenar, J.E. Pearson, J.B. 

Ketterson, Y. Mokrousov & A. Hoffmann. All-electrical manipulation of magnetization 

dynamics in a ferromagnet by antiferromagnets with anisotropic spin Hall effects. 

Physical Review B 92, 144405 (2015). 

64 T. Nan, S. Emori, C.T. Boone, X. Wang, T.M. Oxholm, J.G. Jones, B.M. Howe, G.J. 

Brown & N.X. Sun. Comparison of spin-orbit torques and spin pumping across NiFe/Pt 

and NiFe/Cu/Pt interfaces. Physical Review B 91, 214416 (2015). 



86 

 

65 VERE Isolation Platform, https://www.vere.com/index.html. 

66 GMW Electromagnet, https://gmw.com/. 

67 N5183B MXG X-Series Microwave Analog Signal Generator, 9 kHz to 40 GHz, 

https://www.keysight.com/sg/en/support/N5183B/mxg-x-series-microwave-analog-

signal-generator-9-khz-40-ghz.html. 

68 Picosecond Pulse Labs, Inc. Datasheets for Bias Tees, 

https://datasheets.globalspec.com/ ds/3765/PicosecondPulseLabs. 

69 PICOPROBE® MODEL 50A, https://ggb.com/home/model-50a/. 

70 MFLI 500 kHz / 5 MHz Lock-in Amplifier, https://www.zhinst.com/others/en/products/ 

mfli-lock-amplifier. 

71 I. Neudecker. Magnetization Dynamics of Confined Ferromagnetic Systems, (2006). 

72 G. Counil, J.-V. Kim, T. Devolder, C. Chappert, K. Shigeto & Y. Otani. Spin wave 

contributions to the high-frequency magnetic response of thin films obtained with 

inductive methods. Journal of Applied Physics 95, 5646-5652 (2004). 

 



87 

 

Chapter 4 Thermal Behavior of Spin-Current Generation in Alloys  

The spin Hall efficiency has always been one of the spotlights within the spin-orbit 

torque community with many research revolving about exploring new methods to enhance it. 

Among the various methods, the alloying method has grown in popularity in recent years. 

However, in practical device applications there are many other factors that can affect the 

performance of the device. One such adversity would be the thermal effects due to the heat 

dissipation from adjacent devices such as the transistors. In this chapter, we explore the effects 

of elevated temperature on an alloyed material to study its behavior. Part of this chapter has 

been published in Scientific Reports.1 

 

4.1 Motivation  

Spin-orbit torque (SOT) has attracted a remarkable amount of attention in the field of 

spintronics due to its ability to manipulate magnetization.2-7 SOT-based magnetic memory 

serves as an alternative for energy-efficient memory as compared to spin-transfer torque 

magnetic random-access memory (STT-MRAM).8 In a heavy-metal/ferromagnetic layer 

(HM/FM) system, the SOT is contributed by two well-known phenomena; the spin Hall effect 

(SHE) in HM4,7,9-12 and/or the Rashba-Edelstein effect at their interface.13-15 In the former, a 

transverse spin current SJ  is generated from charge current CJ  passing through the material of 

strong spin-orbit interaction and injected into the adjacent FM to exert an STT on the 

magnetization. The magnetization switching efficiency depends on the charge-to-spin current 

conversion ratio which is defined as the spin Hall angle ( )SH S C2 / /e J J = .2,5   

Alloying is an established approach to enhance spin Hall efficiency by increasing the 

extrinsic contribution of SHE and this has been shown in many previous studies. R. 

Ramaswamy et al. reported that with as little as x = 28% in PtxCu1-x, one can achieve similar 

spin Hall efficiency as pure Pt. From his study, an enhancement in spin Hall efficiency was 

observed at room temperature.16 However, it is also important to characterize the SHE at the 

elevated temperatures that MRAM devices are often operated at. During MRAM switching, a 

large current is required resulting in temperature rise that could potentially lead to detrimental 

effects on the device performance. Temperature studies using various characterization 
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techniques including second harmonic measurement,17-20 spin-pumping21 and spin-transfer 

ferromagnetic resonance (ST-FMR)22 have been explored but only within and below room 

temperature.23 Although the effects of elevated temperature on SHE is crucial for device 

applications,24,25 the quest for high temperature SHE characterization remains relatively 

uncharted. In a recent ST-FMR study by P. Phu, a joule heating technique was applied to 

momentarily raise the temperature of the sample during characterization.23 The usage of a 

heating element as deployed in our experimental setup could provide consistent heating similar 

to external stimulus for investigating the thermal dependence of spin conductance 

measurements.  

In this chapter, we demonstrated that alloying can help to improve the thermal 

robustness of spin generation in high spin-orbit coupling (SOC) materials. This was evident by 

performing in-situ high temperature ST-FMR measurement on our sample, PtxCu1-x/Co/Ta. The 

results revealed that both the spin Hall efficiency and the thermal stability are enhanced in 

PtxCu1-x alloys. The highest spin transparency was observed in the alloy with the smallest 

switching current density. Our work indicates that there is a relation between the three 

components of a spin-torque generator: switching current density, diffusion length and spin 

transparency. This work provides a way to engineer thermally robust spin current generating 

alloys for application at elevated temperatures.  

 

Figure 4-1 (a) Schematic illustration of high temperature ST-FMR setup. Heat is applied 

from the bottom of the sample stage through a heating element and the 

temperature is calibrated at the surface of the sample substrate. Optical image 

of the device is as shown in the inset. (b) X-ray diffraction pattern of 80nm thick 

PtxCu1-x samples showing the shift between the Pt(111) to the Cu(111) peak. 

The composition of PtxCu1-x were determined using EDX spectroscopy. 
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4.2 Experimental Details 

The films were sputtered onto thermally oxidized Si substrates with (100) orientation 

using an Ar pressure of 2 mTorr and a base pressure <5 × 10-8 Torr. Two-inch-diameter targets 

were used. Stack structure of substrate/PtxCu1-x(5 nm)/Co(5 nm)/Ta(5 nm) was fabricated for 

temperature investigation. Ta was introduced as the spin current source to complement    

PtxCu1-x due to their opposite spin Hall angle signs.5,16,22 The PtxCu1-x alloys are obtained by 

co-sputtering both Pt and Cu and its atomic composition is varied by adjusting their sputtering 

power. The sputter power of the deposition system at Pt target is varied between 20 to 100 W 

while for the Cu target, it is varied from 50 to 150 W. Energy-dispersive X-ray (EDX) 

spectroscopy was used to verify the percentage composition of the alloys. X-ray diffraction 

(XRD) results for 80nm thick PtxCu1-x films on a continuous Si substrate are shown in Figure 

4-1b. Similarly, in the case of pure Pt and Cu, PtxCu1-x had a face-centered-cubic (fcc) structure 

with the PtxCu1-x (111) peak gradually shifting from the Pt (111) to the Cu (111) with increasing 

Cu concentration. At around 70% Pt composition, PtxCu1-x (200) peak becomes observable and 

its intensity gradually increased with decreasing PtxCu1-x (111) peak as it transited to the Cu-

rich region. From this, it can be concluded that the fcc (111)-textured alloy remained 

unchanged between the transition of Pt-rich and Cu-rich films, which indicated that the two 

elements mix well in their binary alloys.  

 

 

Figure 4-2 (a) Measured ST-FMR spectra of Pt60Cu40(5 nm)/Co(5 nm)/Ta(5 nm) trilayer 

device for frequency from 6 to 15 GHz with nominal input power of 18 dBm. 

(b) Fitting of Kittel equation for Pt70Cu30(5 nm)/Co(5 nm)/Ta(5 nm) trilayer.  
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In this study, the spin-torque ferromagnetic resonance (ST-FMR) was deployed to 

determine the Gilbert damping, 𝛼, and spin Hall efficiency, 𝜃eff. When the FMR condition was 

met, the magnetization precession driven by the torques will result in the maximum oscillation 

of the resistance caused by anisotropic magnetoresistance (AMR) in the Co layer. When 

coupled together with the oscillating current, a rectified DC voltage was produced and detected 

using a lock-in amplifier with amplitude modulation of the RF signal. Figure 4-1a illustrates 

the high temperature ST-FMR setup used with an inset showing an optical image of the device 

consisting of a microstrip (10 × 50 μm) tilted at 45° with its coplanar waveguide (CPW) 

electrode. RF charge current was injected through the long axis of the stripe while an in-plane 

external magnetic field 𝐻ext was swept. The longitudinal RF current passing through the device 

generates a transverse spin current which was then injected into the adjacent Co layer. The 

magnetization of Co experienced two torques induced by the RF current; an in-plane torque 

and an out-of-plane torque.26 The measurement was performed at a microwave power of 18 

dBm and measured between 6 to 20 GHz in steps of 1 GHz. Figure 4-2a. shows a segment of 

the measured ST-FMR spectra with varying current frequencies for Pt60Cu40 (5 nm)/Co (5 

nm)/Ta (5 nm). 

 

 

Figure 4-3 ST-FMR Lorentzian fitting of ST-FMR spectra of PtxCu1-x(5 nm)/Co(5 

nm)/Ta(5 nm) trilayer for (a) x = 8% and (b) 61% and a microwave frequency 

of 9 GHz. The symmetric component in the Pt rich alloy is much larger than in 

the Cu rich alloy indicating a larger spin Hall efficiency. 
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4.3 ST-FMR Characterization  

The measured rectified DC voltage 𝑉mix is then fitted using Equation 3.8.4 and as shown 

in Figure 4-3a and b are examples of the Lorentz ST-FMR fitting equation for Cu-rich and Pt-

rich trilayer system respectively.22 The red and the green solid curves are the extracted 

symmetric and antisymmetric voltage contributions. The fitted curve for the summation of both 

contributions is fitted in blue and it overlaps well with the raw data indicating a good fit. 

Through the fitting of Equation 3.8.4, the frequency dependence of properties such as 

resonance field 𝐻res, linewidth 𝛥𝐻, symmetric component S, and anti-symmetric component A 

was obtained. Figure 4-2b shows the frequency dependence of the resonance field as described 

by the Equation 3.8.6.27 

 

In Figure 4-4a, the effective magnetization given by eff S S S4 4 2 /M M K M t = −  

decreases as Pt concentration increases while the surface anisotropy constant 𝐾S increases. 

From Figure 4-4b the 𝜃eff of PtxCu1-x behaves in a parabolic manner as it increases upon the 

introduction of Cu into the alloy. This resulted from additional extrinsic SHE from skew and 

side jump scattering. As the composition of Pt increases indicating that there is an enhancement 

of the surface anisotropy constant  𝐾𝑆 with the introduction of a heavy metal. This can be 

attributed to a stronger spin-orbit coupling (SOC) when more Pt is present in the alloy. The 

Figure 4-4 (a) The effective magnetization 4𝜋𝑀eff (red circles) and surface magnetic 

anisotropy constant 𝐾𝑠 (blue circles) dependence on Pt concentration in PtxCu1-

x(5 nm)/Co(5 nm)/Ta(5 nm) films. (b) 𝜃eff at different Pt concentration extracted 

using the “lineshape” method (𝑉𝑆/𝑉𝐴 ratio). 
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FMR linewidth shows a linear dependence with the frequencies measured; indicating that the 

two-magnon scattering mechanism had negligible contribution in our samples.28 Subsequently, 

the relation between frequency and the linewidth was examined using the Equation 3.8.7.29 

Furthermore, as the decrease in intrinsic SHE outweighs the increase, the 𝜃eff starts to 

deteriorate. The Gilbert damping in Co increases as Pt concentration increases as shown in 

Figure 4-5a. This enhanced damping is a result of spin pumping to the adjacent metal of high 

spin-orbit coupling. Figure 4-5b shows the resistivity of PtxCu1-x at different Pt concentration 

fitted to the Nordheim relation for homogenous solid;

( ) ( ) ( )
1Pt Cu 1 Pt Cu100 /100 /100

x x
C x x x x  

−
= − + + − , where 𝐶1 is coefficient of parabolic 

relation, Pt  and Cu  are the resistivity of Pt and Cu respectively.30,31 The data fits well with 

the parabolic relation which indicates that the PtxCu1-x alloys are homogenous. 

 

 

 

 

 

Figure 4-5 (a) 𝛼eff at different Pt concentration calculated from the ST-FMR linewidth. (b) 

 at different Pt concentration fitted with the Nordheim relation.  
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4.4 Temperature Dependence of Gilbert Damping 

For device application, damping parameters should ideally be constant across the 

operating temperature range to maintain a consistent switching. The effective Gilbert damping 

constant of the trilayer system is given by 𝛼 = 𝛼int + 𝛼SP, where 𝛼int is the intrinsic Gilbert 

damping contribution from Co and 𝛼SP is the damping introduced by spin pumping effect due 

to the adjacent heavy metals.32,33 Damping contribution from the proximity effect is assumed 

to be negligibly small as it only affects the first atomic layer of Pt.28,34-37 From Equation 3.8.7 

using the slope of the linear relation between the linewidth and frequency, the effective Gilbert 

damping can be calculated. Figure 4-6a shows the calculated damping constants for varying Pt 

concentrations at different temperatures. The damping constant increases with higher Pt 

concentration which is in good agreement with the trend observed in prior reports.16,38 This 

could be due to the enhanced spin pump effect and interface anisotropy for elements with larger 

SOC.32,33  

 

With accordance to the torque-correlation model, damping is attributed from two main 

contributions: the intraband electron-hole transitions and the interband electron-hole 

transitions.50,51 This model states that the intraband transitions contributions is proportional to 

relaxation time and that this contribution follows the breathing Fermi-surface model which 

Figure 4-6 (a) Contour plot of 𝛼 for PtxCu1-x(5 nm)/Co(5 nm)/Ta(5 nm) trilayer device with 

temperature for varying Pt concentrations. (b) ∆𝛼 of PtxCu1-x(5 nm)/Co(5 

nm)/Ta(5 nm) for x = 8%, 66% and 100%. The temperature dependence of 𝛼int 

and 𝛼SP are inverse of one another and at the optimal alloy composition, both 

contributions will counteract and give rise to a thermally robust alloy. 
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Kambersk´y theorized for the dynamics of homogeneous magnetization. On the other hand, the 

interband transitions contributions has an inversely relation to the relaxation time and is 

described by the bubbling Fermi-surface model. Therefore, the relaxation relation 

characteristic from the intra- and inter- band transition contribution leads to the temperature 

dependence of the intrinsic and spin pumping contribution of the damping. As such, 𝛼SP is 

inversely proportional to temperature whereas 𝛼int is directly proportional to the increase in 

temperature.39 Here, 𝛥𝛼 refers to the change in Gilbert damping constant due to an increase in 

temperature with respect to room temperature. Figure 4-6b shows Δ𝛼 of PtxCu1-x at different 

Pt compositions. When the alloy is within the Cu-rich regime, the increase in damping due to 

𝛼int is much greater than the decrease from 𝛼SP. Therefore, this leads to an overall increase in 

damping(𝛥𝛼int > 𝛥𝛼SP). Upon increasing the Pt concentration beyond 45%, the Pt-rich regime 

is established. The magnitude change for the two main damping contributions at this point is 

approximately the same, giving rise to near-zero increment in damping with the change in 

temperature(𝛥𝛼int ≈ 𝛥𝛼SP). As Pt starts to saturate towards 100% concentration, 𝛼SP begins to 

dominate and the overall damping decreases with temperature(𝛥𝛼int < 𝛥𝛼SP). 

 

4.5 Temperature Dependence of Spin Hall Efficiency 

To calculate the spin Hall efficiency of the trilayer system, we implement the line-shape 

method using Equation 3.8.8.22 This lineshape method is the most suitable for bilayer structures 

with a negligible field-like contribution. When used in a trilayer structure, Oersted field 

generated from the heavy metal layers at the top and bottom will result in cancellation and thus 

result in an underestimate of the 𝜃eff.
40 To account for this, a correction factor of 

1/[1 + (𝐻FL/𝐻Oe)] can be added where 𝐻FL is the fieldlike spin-orbit torque and 𝐻Oe is the 

Oersted field generated.41,42 Because the resistivity of Ta (216 μΩ cm) is much higher than that 

of PtxCu1-x (10-51 μΩ cm), the current density in Ta is small. Thus, the Oersted field attributed 

by Ta is ignored as 𝐻FL/𝐻Oe is negligible. With the assumption that the top 3nm of Ta forms 

TaOx, the 𝜃eff of Pt/Co/Ta measured at room temperature in our work is 0.24 ± 0.03 which is 

in agreement with previous works suggesting that our approximation is appropriate.43 

Figure 4-7a summarizes the 𝜃eff across different Pt concentrations at elevated 

temperatures. Here, we observe that the 𝜃eff has a parabolic dependence with the Pt 

concentration as shown in Figure 4-4b and this is attributed to the additional extrinsic SHE 
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through alloying.16 At room temperature, PtxCu1-x/Co/Ta has a peak 𝜃eff of 0.32 ± 0.03 at x = 

67%. As shown in Figure 4-7b and c, the Cu-rich alloy is more temperature-sensitive and its 

𝜃eff deteriorates more significantly with increasing temperature as compared to the Pt-rich 

alloy. This decrease in 𝜃eff is most pronounced when x = 15 to 40% as shown by the slightly 

slanted vertical lines in Figure 4-7a, which is a result of the predominant side-jump scattering 

contribution with this region. Side-jump scattering is temperature-dependent while intrinsic 

and skew scattering contributions are temperature independent. Skew scattering contribution 

is more dominant when the alloy has a dominating element within the composition.44-46 At x = 

75%, the extrinsic and intrinsic SHE is maximized while being temperature insensitive. 

 

Figure 4-7 (a) Contour plot of 𝜃eff for PtxCu1-x(5 nm)/Co(5 nm)/Ta(5 nm) trilayer device 

with temperature for varying Pt concentrations. (b) and (c) Temperature 

dependence of  𝜃eff for Cu-rich and Pt-rich PtxCu1-x(5 nm)/Co(5 nm)/Ta(5 nm) 

trilayer device with x = 29% and 75% respectively. The 𝜃eff of Cu rich alloys 

decreases with increasing temperature while Pt rich alloys remain relatively 

stable.  
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4.6 Spin Transparency and Switching Current Density Relation  

Since the optimal spin hall efficiency and damping constant occur at different Pt 

concentrations, there is a need to analyze and characterize them such that the optimal SOT 

efficiency for current-induced switching application at elevated temperature can be determined. 

To do so, the critical switching current density, 𝐽c0, was evaluated at various temperatures. The 

required 𝐽c0 for in-plane magnetization switching  using SOT is given by  

 

 

𝐽c0 ≈
2𝑒

ℏ

𝛼eff
𝜃eff

(
4𝜋𝑀eff

2
)𝑀𝑆𝑡 , 

 

(4.6.1) 

which is proportional to 𝛼eff/𝜃eff. By plotting the ratio at different temperatures as shown in 

Figure 4-8a, the optimal Pt concentration that has the lowest critical switching current density 

was found at x = 45%. This occurs at the transition between the Cu-rich and Pt-rich regimes 

where the alloy becomes more thermally robust. To further understand the reason behind the 

optimal Pt concentration, the spin diffusion length and the spin transparency were 

characterized.  

Figure 4-8 (a) Contour plot of 𝛼eff/𝜃eff ratio for PtxCu1-x(5 nm)/Co(5 nm)/Ta(5 nm) trilayer 

device with temperature. (b) Damping parameter due to spin pumping of PtxCu1-

x(t nm)/Co(20 nm)/Ru(5 nm) with varying t thickness of Co for x = 20.4%, 

46.6%, 55.8% and 70.3%. 
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The thickness dependence of the heavy metal and damping can be described by33 
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(4.6.2) 

where g  is the g-factor, dt  is the magnetic dead layer thickness, 
1Pt Cux x

G
−

  is the effective spin-

mixing conductance due to PtxCu1-x and   is the spin diffusion length. Figure 4-8b shows the 

change in damping, 𝛥𝛼SP, of PtxCu1-x(t nm)/Co(20 nm)/Ru(5 nm) measured using FMR for 

varying t thickness of Co at different Pt concentrations due to enhanced damping from alloy. 

Fitting the data with Equation 4.6.2, the spin diffusion length for different Pt concentrations 

was obtained. Figure 4-9a indicates that around Pt45Cu55, the spin diffusion length is the 

shortest at 1.9 ± 0.2 nm. The spin transparency can be calculated by the following model,47-49  
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(4.6.3) 

Figure 4-9 Alloy composition dependence of (a) spin diffusion length and (b) spin 

transparency, respectively, for PtxCu1-x(5 nm)/Co(20 nm)/Ru(5 nm). Both the 

spin diffusion length dip and spin transparency peak occur at Pt47Cu53. 
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where T is the spin transparency and 𝜎 is the electrical conductivity of PtxCu1-x. The electrical 

resistivity of PtxCu1-x as a function of Pt concentration has a parabolic relation that follows the 

Nordheim rule for homogenous solid solutions. In Figure 4-9b, we observe that T peaks at 0.85 

± 0.09 when the Pt concentration is at x = 45%. This peak indicates that there is a relation 

between the critical switching current density and spin transparency. Improvement in spin 

transparency between the interface of the FM and the HM results in an increase in spin current 

propagation, thus reducing the switching current density.47  

 In summary, we have investigated the damping constant and spin Hall efficiency of 

PtxCu1-x at elevated temperatures and discovered that they can be modulated by adjusting the 

temperature and alloy composition. PtxCu1-x that have higher Pt content is less sensitive to 

temperature, but they suffer a tradeoff with higher damping. By tuning the alloy composition 

to Pt47Cu53, the minimum ratio of 𝛼eff/𝜃eff can be achieved, which could reduce the switching 

current density for magnetization reversal. The temperature dependence of effective damping 

is also negligible due to the counteracting relationship between 𝛼int and 𝛼SP. The spin diffusion 

length is at its smallest at 1.9 ± 0.2 nm and has high spin transparency of 0.85 ± 0.09. Therefore, 

our work here has demonstrated a method of characterizing the spin Hall channel material and 

its optimization for device application at elevated temperatures. 
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Chapter 5 Strain-Mediated Spin-Orbit Torque Enhancement  

Current-induced magnetization switching by spin-current generated in heavy metals 

offers an enticing realm for energy-efficient memory and logic devices. The spin Hall 

efficiency is a key parameter in describing the generation of spin current. Recent findings have 

reported enhancement of spin Hall efficiency by mechanical strain, but its origin remains 

elusive. In this chapter, we explore the origin of the strain-mediated spin-orbit torque 

enhancement. Part of this chapter has been published in ACS Nano.1  

 

5.1 Motivation  

 Since the demonstration of the spin Hall effect, the ability to manipulate magnetization 

with the use of current-induced spin-orbit torque (SOT) for energy-efficient memory and logic 

devices has attracted significant interest in the field of spintronics.2-7 The spin Hall effect 

capitalizes on the spin-orbit interaction in nonmagnetic material to generate a pure spin current 

from an unpolarized charge current. In a heavy-metal/ferromagnetic layer (HM/FM) bilayer 

system, this results in a magnetic torque acting on the adjacent ferromagnet, thus allowing for 

SOT-induced magnetic switching.8-12 Heavy metals, such as platinum (Pt), tantalum (Ta) and 

tungsten (W), have been widely explored due to their strong spin-orbit interaction.4,13-17 In 

particular, Pt, in spite of its higher cost, has been pivotal and often seen as a benchmark in the 

development of spin Hall material due to its large intrinsic spin Hall conductivity, easy growth, 

and ease of integration into existing manufacturing processes.  

 As such, attempts to improve the spin Hall efficiency, ( )eff int SH Pt2e T  = , of Pt 

have been conducted extensively by understanding and manipulating the three distinct 

microscopic mechanisms: the skew, the side jump, and the intrinsic scattering.4,14,18-21 Here, e 

is the elementary charge,  is the reduced Planck’s constant, and 𝑇𝑖𝑛𝑡 is the spin transparency, 

𝜎SH is the spin Hall conductivity and 𝜌Pt is the electrical resistivity. To date, most of such 

attempts to enhance the spin Hall efficiency are focused on alloying the HM with lighter and 

more conductive metals,22-30 having insertion layers within the HM31 and the varying 

deposition condition of the HM.32,33 Among the different methods used, a promising technique 

of enhancing the spin Hall efficiency is the use of mechanical strain. Recent works by T. Nan 
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et al. and E. Liu et al. have shown that tensile strain enhances 𝜃eff in spin Hall materials while 

compressive strain deteriorates it. However, the understanding behind the origin of the 

scattering mechanism that leads to this enhancement remains unclear and more studies are 

needed to deepen our understanding of the physics of flexible spintronics devices.34,35  

 In this work, we study the effects of tensile strain on 𝜃eff in Pt/Co bilayer system with 

the use of the spin-torque ferromagnetic resonance technique (ST-FMR) and demonstrate that 

the strain-induced 𝜃eff enhancement remains even after the strain has been removed. Spin 

transparency and X-ray absorption spectroscopy/X-ray magnetic circular dichroism 

(XAS/XMCD) results rule out the possibility of an improvement in the platinum/cobalt (Pt/Co) 

interface quality or interfacial spin-orbit interaction, thus leading us to hypothesize that the 

enhancement is a bulk effect in Pt. This is confirmed by the increased resistivity of Pt when 

strained, implying that tensile strain results in additional scattering within the Pt bulk. 

Furthermore, the switching current density is significantly reduced with the decrease in Gilbert 

damping parameter. These findings establish an understanding on how strain affects the spin-

Hall generation in heavy metal and offer a very compelling justification to push the boundaries 

of existing spin-Hall material for low-power SOT application.  

 

5.2 Experimental Details 

 The spin current generation mediated by the applied mechanical tensile strain on Pt was 

characterized using the spin-torque ferromagnetic resonance (ST-FMR) measurement. Figure 

5-1a depicts a schematic illustration of the measurement setup and device structure with an 

inset showing an optical image of the device. All samples were sputter-deposited onto 

unstrained Kapton substrate at room temperature. As such, the initial internal stress from the 

fabrication of the films is the same for all samples and is thus negligible. The strain is applied 

thereafter the device fabrication during the device characterization process. Bilayer Pt(5 

nm)/Co(5 nm) were fabricated with a 5 nm titanium (Ti) seed and capping layer for film 

adhesion and oxidation prevention. A photo of an as-grown Pt/Co bilayer on the Kapton 

substrate is shown in Figure 5-1b, demonstrating its flexibility. Here, Pt plays the role of the 

heavy metal (HM) layer in producing SOTs via spin-Hall effect. 
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 Figure 5-2 illustrates how the strain used in this study was applied after fabrication in 

two different configurations: tensile strain in the parallel and orthogonal direction to the 

radiofrequency (RF) current. The bending strain 𝜀 of the Kapton film in the bending direction 

was estimated by using 𝜀 = 𝑡/2𝑅, where t and R are the total thickness of the substrate (120 

μm) and bilayer structure and the curvature radius of the mold, respectively.36 By varying the 

radius of curvature of the mold used, tensile strain 𝜀 of 0 to approximately 1.5 % was employed 

in this study. All strain used in this experiment is tensile strain if not specifically mentioned. 

In-situ strain measurements are described by 𝜀in while measurements taken after relaxing the 

strain are defined as 𝜀post, where 𝜀post is the magnitude of the tensile strain applied for 60 

minutes before relaxing it for measurement. Plastic molds of predetermined curvature for the 

application of tensile strain were 3D printed using polylactic acid (PLA) filament. 

 The XMCD measurements were performed at the Co 
2,3L  edge using circularly 

polarized X-rays at the Surface, Interface and Nanostructure Science (SINS) beamline of the 

Singapore Synchrotron Light Source.37,38 All spectra were measured at room temperature in 

the total-electron-yield mode with fixed helicity of 80% circularly polarized X-rays and 

opposite magnetic fields up to ±1 T. The angle of incidence of the photon beam was positioned 

at 60° with respect to the sample surface normal. The orbital to spin magnetic moment ratio 

was extracted using the sum rules. 

Figure 5-1 (a) Schematic illustration of Pt/Co bilayer for the ST-FMR measurement. The 

green and navy arrows represent the precessing magnetization in the Co layer 

and applied external field, respectively. A RF current was applied along the 

longitudinal direction (x-axis) of the device generating two orthogonal torques 

as it passes through the heavy metal. An optical image of the device is as shown 

in the inset. (b) Photo of an array of strained ST-FMR devices on the flexible 

Kapton substrate. 
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5.3 Material Characterization  

 X-ray diffraction (XRD) was performed on two different Pt/Co thin-film samples. The 

first sample is kept in pristine condition while the other was relaxed after applying a 1.5% 

tensile strain for 60 minutes. The XRD spectra are as presented in Figure 5-3a. After the 

application of strain, the Pt (111) peak makes a 0.14° shift to the left while Co (002) peak 

remains unchanged. This different behavior is due to the difference in Poisson's ratio between 

the two materials with Pt having a larger ratio of 0.41 while Co is 0.29.39 The shift in Pt (111) 

peak suggests a change in Pt’s bulk property and an increase in lattice constant due to the tensile 

strain. One such property change observed is the electrical resistivity (𝜌Pt) of Pt.  

  

 As tensile strain is applied along the longitudinal direction (x-axis) of the Pt microstrip, 

the stripe expands and narrows along the direction of strain. Narrowing of the stripe results in 

an increase in resistivity which scales with the magnitude of the strain as shown in Figure 5-

3b. This change can be described by the gauge factor given by 𝐺𝐹 = (𝛥𝑅/𝑅)/𝜀, where 𝛥𝑅/𝑅 

is the relative change in resistance and 𝜀 is the applied strain.40 For the Pt strained along the x-

axis, GF is calculated to be 10.5 ± 0.5, which is consistent with previous findings.41 Upon 

removing the strain, the film relaxes but the shift in lattice constant of Pt remains indicating 

that the enhanced resistivity is still present due to internal stress. This residual strain is 

speculated to be the result of a change in lattice constant and the possibility of grain rotation 

Figure 5-2 (a) Schematic of strain application onto the sample using a plastic mold in 

different directions. Strain in the parallel and (b) orthogonal direction as the 

radiofrequency current was applied during the ST-FMR measurement.   
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mediated by grain boundary dislocation. The slight decrease in resistivity is caused by the 

relaxation of the substrate reversing the narrowing of the stripe. On the other hand, exerting 

strain in the transverse direction (y-axis) of the microstrip results in a less pronounced change 

in resistivity 𝜌Pt.  

Figure 5-3 (a) X-ray diffraction pattern of 25 nm thick Pt/Co samples showing the shift 

between the Pt (111) to the Cu (111) peak. The pristine sample is as-deposited 

while the 𝜀post = 1.5% sample was strained for 60 minutes before 

measurement. (b) Resistivity of Pt under tensile strain 𝜀in and when the substrate 

is relaxed after tensile strain 𝜀post is applied.   

Figure 5-4 (a) Magnetization saturation of Pt (5 nm)/Co (5 nm) as a function 𝜀post. (b) 

Magnetic dead layer extrapolation of pristine Pt (5 nm)/Co (  nm). 
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 The magnetization saturation of Pt (5 nm)/Co (5 nm) bilayer slightly decreases when 

exposed to tensile strain 𝜀post ranging between 1220 to 1129 emu/cc as shown in Figure 5-4a. 

This value is consistent with other works and it shows that there is negligible magnetization 

contribution from the magnetic proximity effect.42-47 In Figure 5-4b, the dead layer of Pt (5 

nm)/Co ( Cot  nm) was measured to be 0.61 ± 0.08 nm.  

5.4 Spin-Torque Generation Efficiency Analysis  

 To systematically evaluate the effects of tensile strain in the Pt layer on the spin-torque 

efficiency, ST-FMR was employed for bilayer Pt/Co. During the measurement, a RF current 

(𝐽𝐶) was injected into the coplanar waveguide and flows along the long axis of the microstrip 

device (10 μm × 50 μm). Simultaneously, an external magnetic field (𝐻ext) was applied at a 

45°. The longitudinal RF current passing through the Pt layer generates an oscillating 

transverse spin current by spin Hall effect (SHE), which is then injected into the adjacent Co 

layer. The magnetization of Co experiences three different torques induced by the RF current: 

Oersted-field torque as current passes through the Co layer, field-like and damping-like torque 

produced by the current-induced SOT from the Pt layer. At the resonance field (𝐻res) when the 

microwave frequency matches the precessional frequency of the magnetization, the FMR 

condition is satisfied and the oscillating torques will result in the oscillation of the device 

resistance due to anisotropic magnetoresistance in the Co layer. The mixing of the RF current 

and oscillating resistance results in a rectified DC voltage signal (𝑉mix) across the device.  

Figure 5-5 (a) Measured ST-FMR spectra of Pt/Co bilayer while applying 𝜀in = 1.5% for 

frequency from 8 to 17 GHz with nominal input power of 12 dBm. (b) ST-FMR 

Lorentzian fitting of measured  for device with 𝜀in = 1.5% applied in the 

parallel direction of the 12 GHz microwave current.    
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 Using a bias tee, 𝑉mix can be measured during the microwave current application. The 

ST-FMR spectra of bilayer Pt/Co was measured using a microwave power of 12 dBm as shown 

in Figure 5-5a. A frequency range between 8 to 17 GHz in steps of 1 and the measured 𝑉mix is 

fitted using Equation 3.8.4. The symmetric Lorentzian contribution is produced when the spin 

Hall torque from the generated spin current and the magnetization precession are in phase, 

while the antisymmetric Lorentzian contribution arise from the phase difference between the 

Oersted field and the field-like torque from the charge current passing through the Pt layer and 

the magnetization precession. Figure 5-5b shows the different Lorentz contribution of the 𝑉mix. 

  

Figure 5-7 (a) Strain dependence of total magnetic anisotropy field of Pt (5 nm)/Co (5 nm). 

(b) Angular dependence of resonance field of pristine Pt (5 nm)/Co (5 nm), 

where 𝜑 is the angle between the microstrip and the external magnetic field.   

Figure 5-6 Co thickness dependence of spin Hall efficiency measured at  to 

verify the absence of field-like torque in Pt(5 nm)/Co(𝑡FM nm) system.    
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 The effective magnetization (𝑀eff) was obtained by an in-plane magnetization Kittel 

equation fitting (Equation 3.8.6) as shown in Figure 5-8a, where 𝛾 is the gyromagnetic ratio 

and 𝐻𝐾 is the total magnetic anisotropy field. From Figure 5-8b, when exposed to tensile strain, 

𝑀eff decreases and this corresponds to an enhancement in the 𝐻𝐾 and surface anisotropy 

constant (𝐾𝑆) given by 𝐾𝑆 = 2𝜋𝑀𝑆𝑡FM(𝑀𝑆 −𝑀eff), where 𝑀𝑆 and 𝑡FM is the saturation 

magnetization of Co and thickness of Co layer respectively.26,31,42 The 𝑀eff decrease observed 

could also be attributed to the slight decrease in the 𝑀𝑆 and increase in strain-induced 

anisotropy. The total magnetic anisotropy field (𝐻𝐾) of Pt/Co bilayer was obtained from fitting 

of the Kittel equation and its strain dependence is as shown in Figure 5-7a. Here, 𝐻𝐾 

encompasses the strain-induced anisotropy and shape anisotropy of the microstrip. As tensile 

strain is applied, 𝐻𝐾 appreciates along with the 𝐾𝑆 of the sample resulting in a decrease in 𝑀eff. 

The large 𝐻𝐾 when strained could also be a result of the shape anisotropy. From Figure 5-7b, 

the shape anisotropy is determined to be 129 ± 6 Oe. 

 

 

 

 

 

 

Figure 5-8 (a) Kittel fitting of Pt/Co bilayer device with 𝜀in = 1.5%. (b) Strain dependence 

of 𝑀eff and 𝐾𝑆 for device with varying 𝜀in strain.  
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 The field-like torque in Pt/Co bilayer is assumed to be negligible due to the sufficiently 

thick Pt layer used and this is assumption is consistent with previous work for Pt.17,48 In order 

to further validate the use of the lineshape analysis, we performed a Co thickness dependence 

study. From Equation 3.8.9 if field-like torque exists, the spin Hall efficiency will be dependent 

on the ferromagnetic layer thickness. However, in Figure 5-6, the 𝜃eff remains constant with 

the varying Co thickness indicating the absence of field-like torque in Pt/Co. The lineshape 

method is a widely used method to characterize spin Hall efficiency of materials with negligible 

field-like torque. We have demonstrated that in the case of Pt, this method of analyzing the 

spin Hall efficiency is adequate. 

 Next, the SOT contribution of the titanium (Ti) seed and capping layer is studied in 

order to verify its significance. A bilayer Ti/Co sample was fabricated and its ST-FMR spectra 

was measured. Since the thickness of Pt is greater than its spin diffusion length, the contribution 

coming from the Ti seed layer can be safely excluded from our analysis which allows us to 

focus on the capping layer. From Figure 5-9, the magnitude of the symmetric contribution is 

much smaller that the asymmetric contribution. Using the lineshape analysis, the spin Hall 

efficiency of Ti was calculated to be 0.002 ± 0.003 at 𝜀post = 1.5%, which is minute 

compared to the contribution from Pt. This result is consistent with other works24,49 and 

therefore, we conclude that the spin Hall efficiency in the samples used in this work have 

negligible spin Hall efficiency. 

Figure 5-9 ST-FMR spectra of Sample 1 and Sample 2 which are Ti(5 nm)/Pt(5 nm)/Co(5 

nm)/Ti(5 nm) and Co(5 nm)/Ti(5 nm) respectively. (b) Lorentz fitting of the 

symmetric and antisymmetric contribution.    
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 With this, the spin-Hall efficiency for the Pt/Co bilayer can be determined using the 

line-shape method described by the Equation 3.8.8. The illustration in Figure 5-10 establishes 

the different stages of the experiment. For ease of comparison, all three ST-FMR spectra of 

bilayer Pt/Co were normalized to its minimum value. From the line-shape equation, the 

magnitude of S A  is proportional to the spin Hall efficiency, which implies that a larger 

mix minV V magnitude corresponds to a larger spin Hall efficiency.  

  

 Using the mix minV V value for the pristine Pt/Co as a benchmark in Figure 5-10a, the 

effects of strain on the spin Hall efficiency can be observed. At 𝜀in = 1.5%, mix minV V  

increases by 36% as shown Figure 5-10b suggesting that an enhancement in the spin Hall 

efficiency was brought about by the strain, which was previously reported.34,35,50 However, a 

more striking observation was made after the removal of the strain in Figure 5-10c, which 

shows that the strain-induced increment was retained. The corresponding spin Hall efficiency 

was calculated and is summarized in Figure 5-11 (a and b). 

 

 

Figure 5-10 Schematic of sample and the measured ST-FMR spectra at 12 GHz at different 

strained conditions. The ST-FMR spectra 𝑉𝑚𝑖𝑥 are normalized to their minimum 

value. (a) Pristine, (b) while 1.5% strain is applied and (c) after strain is removed 

with the sample flattened.   
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The 𝜃eff dependence of tensile strain in the parallel and orthogonal direction to the 

current is shown in Figure 5-11a. Here, 𝜃eff increases proportionally with tensile strain along 

the direction of current. When 𝜀in = 1.5% is applied, 𝜃eff is enhanced by 45% from 0.070 ±

0.003 to 0.101 ± 0.005. Interestingly, upon removing the tensile strain in this direction, 78% 

of the 𝜃eff enhancement is retained giving a value of 0.093 ± 0.007 even when the substrate is 

flattened and relaxed as shown in Figure 5-11b. However, not all tensile strain will result in an 

enhancement. For the tensile strain to enhance the 𝜃eff, the direction at which the strain is 

applied is crucial. Applying strain in the orthogonal direction did not affect the 𝜃eff which is 

consistent with previous work.34 Base on 𝜃eff = 𝑇 × 𝜃SH, where 𝜃SH is the spin Hall angle of 

Pt, the origin of the 𝜃eff enhancement can be categorized into either (i) an interfacial or (ii) bulk 

effect. To better comprehend the physics and distinguish between the two effects of strain on 

Figure 5-11 Spin-Hall efficiency as a function of (a) in-situ tensile strain 𝜀in and (b) after 

applying tensile strain 𝜀post for the Pt/Co bilayer. 

Figure 5-12 (a) Spin Hall efficiency dependence of electrical resistivity of Pt. (b) Spin Hall 

resistivity of Pt dependence of tensile strain. 
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the Pt/Co interface, spin transparency and XMCD were measured. FMR measurements were 

performed on Pt/Co bilayer thin film and the 𝜀post strain was applied before measurement. 

Plotting 𝜃eff as a function of 𝜌Pt, a linear relation is observed in Figure 5-12a. Both 𝜃eff and 𝜌Pt 

increase by about 40% when 𝜀in = 1.5% is applied. However, the increase in 𝜃eff is lower than 

previous work reporting that the increase in resistivity will result in a much greater increase in 

spin Hall angle.32 Varying pressure during film deposition affects the growth condition of the 

HM layer directly as compared to the use of mechanical strain. Hence, it is difficult to compare 

the two methods directly as their effects on the HM layer to change the resistivity are different. 

From Figure 5-12b, the spin Hall resistivity, 𝜌SH = 𝜃eff × 𝜌Pt, increases in a similar trend as 

𝜃eff when strain is applied.  
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5.5 Gilbert Damping and Spin Transparency Analysis  

 Figure 5-13a linewidth shows the dependence of linewidth on the resonance frequency 

and from the linear regression, two magnon scattering was assumed to be negligible.51 The 

decreasing gradient of the fitted line indicates a reduction in the Gilbert damping parameter as 

shown in the main text. Ideally, the Δ𝐻0 should be zero in a uniform bulk film however in the 

samples exposed to strain it gradually increases with the magnitude of strain applied as shown 

in Figure 5-13b. This suggest that there might be an increase in inhomogeneity as the film is 

exposed to more strain and therefore explaining the slight decrease in magnetization saturation.  

The effective Gilbert damping (𝛼eff) was calculated from the linewidth of the FMR 

measurement of the Pt/Co bilayer using Equation 3.8.7. The 𝛼eff of Pt/Co bilayer is mainly 

contributed by the intrinsic Gilbert damping (𝛼int) from Co and the damping introduced by 

spin pumping effect (𝛼SP) due to the adjacent Pt.52,53 A Pt thickness dependence of spin 

pumping induced damping was performed as shown in Figure 5-15a and their relation can be 

described by Equation 4.6.2.  

Using the obtained 𝛼SP, the two main Gilbert damping contributions are consolidated 

and compared in Figure 5-15b. The change in intrinsic damping from the Co is negligibly small 

as compared to the decrease in 𝛼SP. This outcome matches our XRD result that the Co lattice 

constant is not affected by 𝜀post. Pt on the other hand is greatly affected by the tensile strain 

and since 𝛼SP is heavily dependent on the interface between Pt and Co, any deterioration of the 

interface will translate to a decrease in 𝛼SP. The effective damping drops by 40% from 

(1.7 ± 0.1) × 10−3 to (0.99 ± 0.06) × 10−3 primarily attributed to the decrease in 𝛼SP. 

Figure 5-13 (a) Dependence of the linewidth on resonance frequency with varying 𝜀post. (b) 

𝛥𝐻0 dependence of 𝜀post. 
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 From Figure 5-14a, the 𝜀post dependence of the spin diffusion length and spin-mixing 

conductance of Pt/Co bilayer is shown. The spin diffusion length increases inversely with the 

spin-mixing conductance when strain is introduced. Based on the Elliott-Yafet (EY) 

mechanism, an increased Pt electrical resistivity should lead to shorter spin diffusion length, 

however the opposite is observed. This indicates a possible decrease in interfacial spin-orbit 

coupling (ISOC), which was reflected from the XMCD analysis later.54  

 The interfacial intrinsic spin transparency 𝑇int between a FM/HM is more often than 

not below unity due to two main contributing phenomena known as spin memory loss (SML) 

and spin backflow (SBF). SML is the interfacial spin-orbit scattering that results in a loss in 

spin transmission. For Pt/Co interface with in-plane magnetic anisotropy, the effects of SML 

on 𝑇int can be approximated using SML

int S1 0.23T K − .31,33,55 SBF on the other hand is attributed 

Figure 5-15 (a) Damping parameter due to spin pumping of Pt/Co bilayer with varying Pt 

thickness for samples after 𝜀post application. (b) 𝛼eff as a function of 𝜀post 

application. 

Figure 5-14 (a) 𝜆SD and 𝐺↑↓ and (b) spin transparency 𝑇int as a function of 𝜀post application. 
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to the finite spin-mixing conductance at the interface and can be analyzed using the drift-

diffusion model given by Equation 4.6.3.31,33,56,57 Figure 5-14b, shows effects of tensile strain 

on the 𝑇int
SML and 𝑇int

SBF along with the 𝑇int which can be obtained by taking the product of the 

two contributing factors. At 𝜀post = 1.5%, the 𝑇int decreases by 48% from 0.37 ± 0.06 to 

0.19 ± 0.03 with majority of the effect coming from the 𝑇int
SBF. The greater decline in 𝑇int

SBF as 

compared to 𝑇int
SML is hypothesized to be attributed by the change in interfacial spin-orbit 

interaction between Pt/Co interface. This decrease in 𝑇int suggests that the enhancement in 𝜃eff 

is not a result of an improvement of the interfacial quality.  

5.6 XAS/XMCD Measurement  

 To further verify that the 𝜃eff enhancement is not attributed by the interface between the 

Pt/Co bilayer, XAS/XMCD measurements were performed. The total electron yield intensities 

+  and −  around the 𝐿2 and 𝐿3 edges for Co (770-810 eV) were measured at the grazing 

incidence as shown in Figure 5-16. By applying the sum rules to the XMCD spectra, the orbital 

to spin magnetic moment ratio ( )L Sm m  can be obtained as follows, 
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(5.6.1) 

where 𝑝 is the integral of the dichroic signal of the 𝐿3 peak alone and 𝑞 is the integrated 

Figure 5-16 (a) Normalized XAS at the Co 𝐿2,3 absorption edge. (b) Corresponding 

normalized XMCD spectra with their integrated intensities. The vertical arrows 

indicate the values of p and q, derived from the integrals of the dichroic signals. 
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dichroism over both the 𝐿2 and 𝐿3 edges.32,58,59 The L Sm m  ratio of Co decreases by 22% 

from 0.394±0.03 to 0.304±0.02 when the strain was applied, implying a reduction in spin-orbit 

coupling.60,61 This suggests that the enhancement in 𝜃eff, revealed by our spin transparency 

measurement, is not caused by an enhanced ISOC while the bulk effect may prevail. The 

decreasing trend of Co L Sm m  ratio, upon the strain application seems to be in line with the 

inverse proportional relationship between 𝜆SD and ISOC.54 

To date, it has been reported that the intrinsic scattering mechanism dominates over the 

extrinsic in 4d and 5d transition metals such as Pd, Pt, Ta and W.4,14 In a non-alloyed metal 

such as Pt, the side jump scattering contribution can be assumed to be negligibly small as 

compared to the skew-scattering.62 Therefore, the only extrinsic contribution considered in the 

Pt/Co system is the skew-scattering. By assuming the total spin Hall conductivity of the system 

to be the sum of the intrinsic and extrinsic contribution, the spin Hall resistivity can be 

expressed by the following equation:  

 

 

int 2 ,SS

SH SH Pt SH   − = −  

 

(5.6.2) 

where int

SH  is the intrinsic spin Hall conductivity of Pt and SS

SH  is the spin Hall resistivity 

influenced by the skew-scattering mechanism.63,64 By plotting the 
SH  as a function of the 

2

Pt  in Figure 5-17a, int

SH  is found to be 51.79 0.05 10  ( )2 me   which is consistent with 

previous reports of a value of 51.6 10 ( )2 me  .65,66 Since there is little change to the 

intrinsic contribution of Pt, this implies that the source of the enhancement is contributed by 

extrinsic scattering. From the linear relation, SS

SH  is calculated to be 51.09 0.06 10 

( )2 me  . Additional skew-scattering as a result of the tensile strain makes up for 38% of the 

total spin Hall conductivity and this is larger than previous works reporting only 28% 

contribution by varying the deposition condition of Pt.62,65 Due to the nature of non-alloyed 

metals, the contribution from the intrinsic scattering in Pt dominates. However, the extrinsic 

contribution from the skew-scattering grows when tensile strain is introduced, resulting in 

enhanced 
eff . Apart from the 

eff  enhancement, another benefit of the use of tensile strain is 

the reduction in the switching current density 
0CJ  required for an SOT device. 

0CJ  can be 

estimated using Equation 4.6.1. Since 
0CJ  is proportional to the ratio between 𝛼eff and 𝜃eff, a 
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decrease in the ratio implies a lower 
0CJ , as shown in Figure 5-17b. At 

post 1.5% = , 
0CJ  

decreases by 65% making tensile strain a very viable and flexible method of achieving low-

power consumption SOT devices.  

 In summary, we have demonstrated the use of tensile strain to enhance 𝜃eff and showed 

that 78% of the enhancement can be retained even after removing the strain. The linear relation 

between the spin Hall efficiency and the resistivity of Pt hints that the enhancement is coming 

from the additional spin Hall effect coming from the bulk Pt layer instead of the Pt/Co interface. 

The results from spin transparency and XMCD measurements suggest that there were signs of 

deterioration in the Pt/Co interface quality and slight reduction in the spin-orbit coupling. This 

implies that it is unlikely that the interface contributed to the enhancement. Analyzing the 

relationship between resistivity and spin Hall efficiency relation, it was identified that the 

strain-mediated enhancement was due to additional extrinsic spin Hall effect, which occurred 

within the bulk Pt layer. With strain treatment, the spin Hall angle, 
SH eff intT = , of Pt could 

potentially be much greater than previously reported value of ~0.30 after accounting for the 

spin transparency at  𝜀post = 1.5%.67 Moreover, the 
0CJ  required is drastically reduced due to 

the decrease in the 
eff eff   ratio. Our findings will aid with the development of power efficient 

and flexible spintronics devices through mechanical strain engineering. Directional control of 

strain during application plays a critical role in the device functionality and one potential 

approach includes the use of micro-electromechanical system (MEMS) and origami architected 

microbots which can guide strains in a specific direction.  

  

Figure 5-17 (a) Spin-Hall resistivity as a function of the squared Pt resistivity. (b) 

Normalized switching current density as a function of 𝜀post application. 
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Chapter 6 Reversible Strain-Induced Spin-Orbit Torque  

Strain-induced spin-orbit torque is an enticing method to enhance the spin current 

generation in SOT devices, however, the ability to control and tune this enhancement remains 

elusive. In order to fully harness the potential of this enhancement technique, more needs to be 

done to understand and provide a means to control the enhancement. In this chapter, we propose 

the use of mechanical strain and mild annealing to achieve reversible modulation of spin-orbit 

torque and Gilbert damping parameter. Part of this chapter has been published in Applied 

Physics Letters.1 

 

6.1 Motivation  

 The ability to manipulate magnetization has helped the current-induced spin-orbit 

torque (SOT) gather a considerable amount of interest in recent decades.2-7 SOT is induced by 

a pure spin current that is generated as the result of spin-orbit interaction when a charge current 

passes through non-magnetic metal.7,8 In heavy-metal/ferromagnetic (HM/FM) 

heterostructures, the SOT is contributed by two established phenomena: the spin Hall effect in 

the HM and/or the Rashba–Edelstein effect at the HM/FM interface.9-12 The spin Hall 

efficiency 𝜃eff is commonly used to quantify the performance of this charge-to-spin conversion 

and it is ideal to have a large 𝜃eff for better energy-efficient memory. To date, most studies are 

concentrated around HM with strong spin-orbit coupling (SOC) such as Pt, β-Ta and β-W, 

topological insulators and even antiferromagnetic material.13-22  

 To further push the boundaries of the 𝜃eff, many efforts have been devoted to 

manipulating the extrinsic contribution of the spin Hall effect (SHE). Such works include 

alloying of the HM with lighter conductive metals, usage of insertion layers within the HM and 

the varying deposition condition of the HM and many others.23-33 The extrinsic SHE 

mechanism capitalizes on electron scattering caused by impurities within the HM and the two 

most prominent scattering processes are skew scattering and side-jump scattering.34,35 

Although the 𝜃eff can be easily enhanced through tuning the resistivity of the HM, its 

manipulation after the device fabrication is irreversible.26-28 Among them, the use of 

mechanical strain is a promising candidate for not only enhancing the 𝜃eff, but also for tunning 

it reversibly.36-38 Previous works have demonstrated SOT enhancement with the use of strain,42 
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however, the ability to revert the enhancement has yet to be demonstrated and research is 

required to further develop the use of mechanical strain into a feasible option for the 

manipulation of the SOT.  

In this work, we demonstrate the ability to manipulate the strain-mediated SOT 

enhancement reversibly in Pt/Co using a combination of mechanical strain and mild annealing. 

By annealing Pt/Co at mild temperature, the internal strain induced by mechanical tensile strain 

is alleviated and this has been confirmed using X-ray diffraction (XRD). When the internal 

strain is removed, the device behaves similarly to its pristine state making further manipulation 

of the device possible. The generated spin current was characterized using the spin-torque 

ferromagnetic resonance technique (ST-FMR) and the Gilbert damping parameter of Pt/Co was 

found to behave inversely with the manipulated SOT. Furthermore, using mechanical tensile 

strain, the resonance field of Pt/Co devices can be tuned allowing for microwave detection 

applications. These findings establish a unique technique to influence the strain-mediated SOT 

and have a considerable contribution to the development of flexible spintronics devices. 

 

6.2 Experimental Details 

The effects of tensile strain and mild annealing on the spin current generation of Pt/Co 

bilayers are characterized using the spin-torque ferromagnetic resonance (ST-FMR) 

measurement. The bilayer Pt(5 nm)/Co(5 nm) films used in this study were deposited using 

magnetron sputtering onto unstrained flexible Kapton at room temperature using an Ar pressure 

of 2 mTorr and a base pressure lower than 5 × 10-8 Torr. Ti(5 nm) seed and cap layer were used 

for film adhesion and oxidation prevention and from previous study, it was shown that Ti does 

not contribute to spin current generation.38 Within the bilayer, Pt takes up the role of the SOT 

generation via SHE due to its strong SOC. ST-FMR devices and coplanar waveguides (CPW) 

were patterned using optical lithography. Figure 6-1 illustrates the ST-FMR measurement setup 

and device. During the ST-FMR measurement, a microwave radiofrequency (RF) charge 

current (𝐽𝐶) is injected into the CPW and along the longitudinal direction of the microstrip 

device (10 μm × 50 μm). Simultaneously, an in-plane external magnetic field (𝐻ext) is applied 

at a 45° angle with respect to the longitudinal direction of the device. The RF current passing 

through the Pt layer generates an oscillating transverse spin current by SHE, which will then 

enter the adjacent Co layer. The magnetization of the Co layer experiences an in-plane and out-
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of-plane torque from the RF current.17,18 When the RF spin current frequency matches the 

precessional frequency of the magnetization, the FMR is established, and the oscillating 

torques will result in the oscillation of the device resistance due to anisotropic 

magnetoresistance in the Co layer. By using a bias tee, the mixing of the RF current and 

oscillating resistance is measured as a rectified DC voltage signal (𝑉mix). 

 The magnitude of the strain 𝜀 was approximated using 𝜀 = 𝑇/2𝑅, where T and R are 

the total thickness of the substrate (120 μm) and bilayer structure, and the curvature radius of 

the mold, respectively.39 All strains used in this work are mechanical tensile strain and the 

direction of the strain is along the longitudinal direction of the microstrip. Two methods of 

strain measurement were used. The first is the strain treatment, where the sample is strained at 

a specific 𝜀post for 1 hr and measured at its relaxed state, while the second is an in-situ strain 

measurement where the sample is strained at 𝜀in during measurement. 

Figure 6-1 Schematic illustration of Pt/Co bilayer device for the ST-FMR measurement. 

The green and navy-blue arrows represent the precessing magnetization in the 

Co layer and applied external field, respectively. An RF current was applied 

along the longitudinal direction (x-axis) of the device generating two orthogonal 

torques as it passes through the heavy metal. Photo of strained ST-FMR devices 

on flexible Kapton substrate and optical image of the device is as shown in the 

inset.  
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Step (N) 
Co roughness 

(nm) 

Pt roughness  

(nm) 
Description 

1 0.80 1.43 Pristine 

2 0.76 1.46 Annealed at 150°C for 1 hr 

3 0.81 1.42 𝜀post = 1.5% for 1 hr 

4 0.77 1.51 Relaxed and annealed at 150°C for 1 hr 

 

 The X-ray reflectivity (XRR) spectroscopy of Pt(5 nm)/Co(10 nm) bilayer was 

measured and the interfacial results are as shown in Table 6-1. Annealing and straining the film 

has negligible impact on the interfacial roughness of Pt/Co.40 This indicates that the interface 

spin-orbit scattering does not contribute to the enhancement spin-orbit torque but rather the 

extrinsic spin Hall effect from the change in Pt resistivity and this is consistent with previous 

finding.41  

Figure 6-2 (a) X-ray reflectivity profiles for Pt(5 nm)/Co(10 nm) films at different steps of 

the process: step ① is the pristine film, step ② is the pristine film annealed at 

150°C for 1 hr, step ③ is the tensile strain treatment of 𝜀post = 1.5% for 1 hr 

and step ④ is the annealing process at 150°C for 1 hr. (b) X-ray diffraction 

spectra of Pt(25 nm)/Co(25 nm) films demonstrating a right shift in Pt (111) 

peak shift when strained and back when treated with mild annealing. The Pt 

(111) peak location for steps ①, ②, ③ and ④ are 39.396, 39.397, 39.468 

and 39.396 respectively.  

Table 6-1 The interfacial roughness of Pt and Co layer within Pt(5 nm)/Co(10 nm) bilayer 

on Kapton substrate at different N steps measuring using X-ray reflectivity 

(XRR) spectroscopy. 
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6.3 Material Characterization  

X-ray reflectivity (XRR) spectroscopy was performed on Pt(5 nm)/Co(10 nm) at 

different steps of the characterization process to determine the effects of strain and mild 

annealing on the interfacial roughness between Pt and Co. The sample used throughout the 

different step processes is the same and the spectra are shown in Figure 6-2(a). The different 

steps of the process are: step ① is where the film is pristine and this is used as a reference, 

step ② is the pristine film after being vacuum annealed at 150°C for 1 hr, step ③ is the 

annealed film treated with a tensile strain of 𝜀post = 1.5% for 1 hr and step ④ is the strain-

treated film after annealing at 150°C for 1 hr. From the XRR measurements (see the 

Supplementary Material), no significant change in interfacial roughness was observed and this 

concurs with previous study that strain-mediated SOT enhancement is a bulk effect due to the 

extrinsic SHE.40,41 X-ray diffraction measurement was also performed on Pt(25 nm)/Co(25 nm) 

films for step ①, ②, ③, and ④. Similar to the XRR measurement, the XRD sample used for 

all four steps is the same. From Figure 6-2(b), the Pt(111) peak shifts right after the strain 

treatment indicating that internal strain persists within the film even after the strain has been 

removed. However, upon treating the film with mild annealing, the Pt(111) peak shifted back. 

This demonstrates the use of annealing as a means to relieve the residual internal strain-induced 

and suggests that the strain-mediated SOT enhancement can be reversed. Unlike the Pt (111) 

peak, the Co(002) peak remains stationary and this difference in response found in the Co and 

Pt layer is due to their different Poison’s ratio.42 This implies that the Co layer is unaffected by 

both the strain and mild annealing.  

Figure 6-3 (a) Measured ST-FMR spectra of Pt/Co bilayer while applying 𝜀in = 1.5% for 

frequencies between 8 GHz and 17 GHz using microwave power of 12 dBm. 

(b) In-situ strain dependence of 𝑉P-P measured at 12 GHz.  
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 Figure 6-3(a) shows the ST-FMR spectra for bilayer Pt/Co measured at a microwave 

power of 12 dBm with a frequency range of 8 to 17 GHz in steps of 1 GHz. The measured 𝑉mix 

is fitted using Equation 3.8.4. The symmetric component is proportional to the damping-like 

torque and the anti-symmetric component is the result of the sum of the Oersted field and the 

field-like torque.17,43 Here, the fitting equation 3.8.4 can be rewritten with a scaling factor 0V  

which can be expressed as   

( ) ( )mix 0 S ext A ext ,V V SF H AF H= +       (6.3.1) 

where  

( )
ext res

ext

R
0

0 Fγμ I co1
 ,

s

4 2
H H

V
H df d

dR

Hd 




=

= −


   (6.3.2) 

and   is the angle between the magnetization and the field and γ  is the gyromagnetic ratio. 

The peak-to-peak voltage 𝑉P-P of the ST-FMR spectra decreases with increasing 𝜀in as shown 

in Figure 6-3(b). From Equation 6.3.2, 𝑉0 is dependent on the Δ𝐻, 𝐼RF and ( )
ext res

ext H H
df dH

=
. 

Δ𝐻 is related to the magnetic damping of the sample and previous work41 had been shown Δ𝐻 

to remain relatively constant with increasing strain, even with the decrease in effective damping 

of Pt/Co bilayer. Next, 𝐼RF is the current density through the spin current generator, Pt. Since 

the resistivity of Pt changes with varying applied strain, the magnitude of the charge current 

Figure 6-4 Kittel fitting of Pt/Co bilayer when exposed to varying 𝜀in with a y-axis offset. 

The bold black points are measured at 12 GHz. Inset:  

dependence of strain at 12 GHz.  
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density changes as well resulting in a change in 𝑉P-P. Lastly ( )
ext res

ext H H
df dH

=
, this term is the 

tangent value of the Kittel fitting at 𝐻res. From Figure 6-4 inset, we observe that the change in 

( )
ext res

ext H H
df dH

=
 at 12 GHz shows little change with a slight increase of less than 10% as 

compared to the change in 𝑉P-P, suggesting that its contribution is minute. Therefore, after 

comparing the three potential contributing factors, the change in Pt resistivity is concluded to 

be the main contributing factor for the decrease in 𝑉P-P. When the tensile strain is employed 

along the longitudinal direction of the microstrip, the strip elongates and narrows along the 

direction of strain resulting in an enhancement in resistivity.  

 

Figure 6-5 Resistivity of single layer Pt (5 nm) microstrip measured at different steps of N 

with inset illustrating the individual steps: step ① is the pristine film, step ② 

is the pristine film annealed at 150°C for 1 hr, step ③ is the annealed film 

treated with a tensile strain of 𝜀post = 1.5% for 1 hr and step ④ is the strain-

treated film annealed at 150°C for 1 hr, steps ⑤, and ⑥ are repeated treatment 

procedures that are the same as steps ③ and ④ respectively. The change in 

resistivity of Co is negligibly small as compared to Pt when strained and 

annealed. 
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6.4 Reversible SOT Manipulation  

 To determine the change in Pt resistivity, a separate set of single layer Pt(5 nm) 

microstrips were fabricated and characterized determined using a semiconductor analyzer at 

different steps as shown in Figure 6-5. At step ①, the film is in its pristine state after 

fabrication. To set the device, the sample is annealed at 150°C for 1 hr in step ②. The 

resistivity slightly decreased as a result of the improvement in film quality from the mild 

annealing. Thereafter in step ③, a tensile strain of 𝜀post = 1.5% was applied for 1 hr. During 

the strain treatment, the resistivity increases as the microstrips are stretched along the 

longitudinal direction resulting in a narrower cross-sectional area. Relaxing the film after the 

treatment for measurement, the residual strain within the Pt retains the enhanced resistivity as 

shown in the plot. For step ④, the sample was annealed at 150°C for 1 hr before 

characterization and upon mild annealing, the resistivity of Pt decreases as the internal strain 

caused by the strain treatment is relieved.  Finally, step ⑤ and ⑥ are repeated steps that are 

the same as step ③ and ④ respectively that shows the repeatability of the process.  

The coefficient of strain sensitivity of resistance, or gauge factor describes the change in 

resistance of a material when exposed to strain. G.C. Kuczynski44 studied the effects of strain 

on the electrical resistance of metals and showed that the coefficient can be rearranged and 

expressed the strain coefficient of resistivity, which is given by 

1+2γ(1-2μ)
d

d



 
=      (6.4.3) 

where γ is the and Grüneisen's constant and μ is the Poisson’s ratio. From this expression, Co 

is expected to have a much smaller resistivity change when exposed to strain as compared to 

Pt due to smaller γ and μ values. To support this, we measured the resistivity of the Co layer 

as shown in Figure 6-5 and found that the Co resistivity change is negligibly small in contrast 

to Pt. This finding is coherent with the XRD result as the Co (002) peak remains unchanged 

and further justifies that the Pt resistivity change is responsible for the reversible SOT 

manipulation. 
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 Since the Pt layer thickness is much larger than its spin diffusion length, the field-like 

torque in bilayer Pt/Co can be assumed to be negligibly small as shown in previous work.17,38,45 

Using this approximation, the spin Hall efficiency for Pt/Co bilayer is calculated by using 

Equation 3.8.8. The 𝑀𝑆 of bilayer Pt/Co measured at 𝜀post =0% and 1.5% was obtained to be 

1220 ± 30 and 1130 ± 40 emu/cc3, which is within a range consistent with other work and 

therefore, magnetic proximity effect is assumed to be negligible in this study.46-49 To obtain the 

required 𝑀eff, the in-plane magnetization Kittel equation as shown in Equation 3.8.6  was used, 

where 𝛾 is the gyromagnetic ratio and 𝐻𝐾 is the total magnetic anisotropy field. Having similar 

behavior as the 𝜌Pt, the 𝜃eff at various measurement steps is as summarized in Figure 6-7(a). 

From the proportionality between both the 𝜌Pt and 𝜃eff, the strain mediated SOT enhancement 

is a result of the extrinsic SHE in the Pt layer.   

Predominantly, the Δ𝐻 of the ST-FMR spectra is broadened by extrinsic contribution 

such as the film inhomogeneous broadening term (Δ𝐻) and two magnon scattering. Two 

magnon scattering results in a nonlinear frequency dependence of the Δ𝐻, which is not 

observed in the measured samples.50 The effective Gilbert damping parameter (𝛼eff) was 

calculated from the Δ𝐻 dependences of the frequency expressed as in Equation 3.8.7 and the 

data is as shown in Figure 6-7(b). The two main 𝛼eff contributor of bilayer Pt/Co is the intrinsic 

Gilbert damping (𝛼int) from Co and the damping introduced by spin pumping effect (𝛼SP) due 

to the adjacent Pt.51,52 𝛼int remains unchanged as it is independent of the strain-induced 

Figure 6-6 (a) Spin Hall efficiency and  (b) Gilbert damping parameter with inset showing 

the normalized switching current density of bilayer Pt/Co measured at different 

steps of N: step ① is the pristine film, step ② is the pristine film annealed at 

150°C for 1 hr, step ③ is the annealed film treated with tensile strain of 𝜀post =

1.5% for 1 hr and step ④ is the strain treated film annealed at 150°C for 1 hr, 

step ⑤ and ⑥ are repeated steps similar to step ③ and ④. 
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magnetic anisotropy.53-55 The 𝛼SP, however, is highly dependent on the spin pumping effect at 

the interface between the Pt and Co layer. An enhancement in the extrinsic SHE will result in 

a greater spin pumping effect and hence larger 𝛼SP contribution. Therefore, 𝛼eff has an inverse 

trend as compared to the 𝜌Pt and 𝜃eff.  

 The effects of strain and mild annealing on the critical switching current density 𝐽C0 of 

an in-plane magnetization SOT device can be evaluated using Equation 4.6.1. From this 

equation, 𝐽C0 is proportional to the ratio eff eff   and a decrease in this ratio will denote a 

lower 𝐽C0.46,56 The inset in Figure 6-7(b) shows how the 𝐽C0 can be controlled using a 

combination of mechanical strain and mild annealing. This method allows the 𝐽C0 to alternate 

between ~90% and ~50% of the pristine 𝐽C0, allowing for an additional degree of freedom in 

inducing magnetization reversal of the SOT device.  

 

 

 

 

 

Figure 6-7 (a) Leftward shift of ST-FMR spectra due to tensile strain at varying 𝜀in. The 

spectra are stacked with vertical offset for ease of comparison. (b) In-situ strain 

dependence of 𝐻Res.  
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6.5 Tunable Microwave Detector 

Besides SOT manipulation, mechanical strain can also be used to tune the resonance 

frequency by shifting the FMR spectrum and from Figure 6-7(a), a left shift motion of the ST-

FMR spectra is observed as the in-situ tensile strain applied increases.57 The shift in 𝐻Res is 

attributed by the magnetoelastic anisotropy induced by the mechanical tensile strain. This 

additional anisotropy has an easy axis perpendicular to the uniaxial anisotropy generated by 

the external magnetic field which will result in a shift in the magnetic easy axis of Pt/Co 

bilayer.39 Figure 6-7(b) shows the 𝐻Res dependence of 𝜀in. The Pt/Co device has a tunable 𝐻Res 

with a magnitude of 123 6−   Oe per unit 𝜀in. Using this tuning capability, the detectable 𝐻Res 

can be adjusted based on the applied strain and then reversed by relaxing the device.  

 Figure 6-8(a) demonstrates how the Pt/Co device can switch between two states of 𝐻Res 

by applying strain and relaxing it. The first cycle begins with the device in the pristine state 

measured at the relaxed position. Subsequently, the even cycles refer to the in-situ strain device 

while the odd cycles are measured when the device is relaxed. With every cycle, a distinct shift 

in 𝐻Res is observed. This cycle of straining and relaxing is performed continuously for a 

repeatability test as shown in Figure 6-8(b). For consistency of the cycles, the straining and 

relaxing are performed using a linear actuator attached with a stepper motor. The 𝐻Res at both 

0% and 1% strain are highly stable for 104 cycles demonstrating the device robustness against 

mechanical strain.  
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 In summary, we investigated the use of mild annealing and mechanical strain for 

reversible manipulation of the SOT. In Pt/Co bilayer, XRD spectra show that the tensile strain 

induces a residual strain within the Pt layer that can be alleviated by treating the film with mild 

annealing. Using a combination of these two treatment methods, the spin Hall efficiency and 

Gilbert damping parameter become versatile and can be tuned with ease even after fabrication. 

Apart from SOT manipulation, strain can be used to tune the resonance field of Pt/Co bilayer 

and in the endurance test performed, the tunablility of the device remains highly stable even 

after 104 cycles. These results pave an alternative avenue for manipulating the SOT reversibly 

that can also be used as a tunable microwave detector.  

 

  

Figure 6-8 (a) 𝐻Res of Pt/Co bilayer as a function of the reversible tensile strain 𝜀in = 0% 

and 𝜀in = 1% performed using microwave frequency of 12 GHz. (b) 𝐻Res over 

10,000 cycles of bending and relaxing to demonstrate the robustness of the 

device. For consistency, an automated linear actuator was employed to exert the 

required strain onto the device.  
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Chapter 7 Conclusion and Future Works 

7.1 Summary of the Thesis  

Current-induced magnetization switching through SOT is one of the key constituents 

for SOT applications. These devices entice us with their promising high performance yet low 

power consumption attributes making them an ideal alternative to the next generation of 

memory and logic devices. However, in order to for this to be possible, the 
eff of the spin Hall 

generator has to be well studied and maximized. To date, there have been many techniques 

used to achieve high 
eff such as using multilayered spin Hall generator, metal oxides and 

varying deposition conditions of HM. Among the different methods used, a promising and 

widely adopted technique is by alloying a HM with a lighter and more conductive metal. In 

Chapter 4, the damping constant and spin Hall efficiency of PtxCu1-x alloys are investigated at 

elevated temperatures and the results demonstrated that these parameters can be modulated by 

tuning the alloy composition. Another finding is that PtxCu1-x alloys with greater Pt content 

tend to be less temperature sensitive and exhibit larger damping. The minimum eff eff/   ratio 

was fulfilled at Pt47Cu53 and since this ratio is directly proportional to the switching current 

density required, this would translate to this alloy composition having the optimal switching 

current density. At this composition, the temperature dependence of effective damping is also 

negligible due to the counteracting relationship between int  and SP . The spin transparency 

was also explored revealing that at this composition the spin transparency is at its highest at 

0.85 ± 0.09. Therefore, this demonstrates a technique to modulate the 
eff and enhance the 

thermal robustness for device operations at elevated temperatures. 

 Next, in Chapter 5, the strain-mediated SOT enhancement is explored in Pt/Co bilayer, 

and the findings demonstrate that tensile strain can enhance 
eff . Of which, 78% of the 

enhancement is retained even after the strain is removed. Spin transparency and XMCD 

measurements rule out the possibility of an improvement in the Pt/Co bilayer interface quality 

or interfacial spin-orbit interaction, thus leading us to hypothesize that the enhancement is a 

bulk effect in Pt. With the aid of strain treatment, the spin Hall angle, 
SH eff intT = , of Pt could 

potentially be much greater than the previously reported value of ~0.30 after accounting for the 

spin transparency at  
post 1.5% = .1 Furthermore, the ability to drastically reduce the switching 
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current density due to the decrease in the 
eff eff   ratio is especially appealing for the 

development of power-efficient and flexible spintronics devices.  

Building onto the idea of capitalizing the residual strain-mediated SOT enhancement, 

Chapter 6 investigates how this enhancement could be manipulated. From the findings, it has 

been demonstrated that by using a combination of mechanical strain and mild annealing, the 

strain-induced SOT can be controlled reversibly. During the manipulation, besides the spin 

Hall efficiency, the Gilbert damping and switching current density were also all altered 

accordingly. Apart from the SOT manipulation, the strain also induces a magnetoelectric 

anisotropy that shifts the magnetic easy axis of the FM, which allows the resonance field of 

Pt/Co bilayer to be tuned. In the endurance test performed, the tunability of the device remains 

highly stable even after 104 cycles. These results make strain an attractive candidate for not 

only SOT enhancement but also as a tunable microwave detector. 

 

7.2 Future Works 

The potential of the SOT device as an emerging non-volatile, power-efficient, high-

speed, and high endurance memory device relies heavily on the 
eff  of the spin current 

generator. Although there have been many ongoing research revolving about understanding 

and improving the performance of the spin current generator, there are still many unexplored 

techniques and materials that could potentially yield high 
eff . In this section, we will be 

discussing various ideas that build upon the fundamentals of our existing work to push the 

boundaries of the SOT device capabilities.  

 

7.2.1 Alloying Rare-Earth Metals  

Alloying is an attractive technique often used to elevate the 
eff of the HM and modulate 

it to the specific SOT application needs. Typically alloying is performed between an HM with 

an already high 
eff  and a conductive light metal to enhance the spin Hall conductivity of the 

material and such examples include PtxCu1-x,2-6 Au1-xPtx,7 Cu1-xWx,8 AuW,9 and AuxTa1-x
10. 

Though this technique has shown remarkable results for HM metals, its application on rare-
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earth metals remains unexplored. RE metals have often been often looked upon when searching 

for potential HM with large 
eff  due to their large SOC. Both theoretical and experimental 

works have been conducted to investigate and demonstrate their promising abilities however, 

most investigate are limited to its intrinsic spin Hall effect and not its extrinsic.11-15  In Chapter 

4, we explored the 
eff enhancement and the thermal robustness benefits of alloying. This work 

can be extended further for application on the RE elements to determine their optimal 

composition.  

Apart from alloying, a gradient transition from the FM to the HM can also be considered 

for improved spin transparency through interfacial alloying. There have been works 

demonstrating the enhancement and in Chapter 4, the spike in spin transparency at specific 

alloy composition is a result of this improvement.16  

 

7.2.2 Further Investigation of Spin-Orbit Torque Using Flexible Substrate  

Strain-mediated SOT enhancement is a relatively new technique of controlling the spin 

current generation. To date, the materials and the device structure studied on flexible substrates 

are convention materials that work well using the standard Si substrates.17-19 Chapter 5 and 6 

only scratched the surface of this new realm of study as only Pt/Co bilayer is studied. Other 

materials with high Poisson ratio such as Au and Pd are potential candidate to induce strain-

mediated SOT enhancement. Besides pure HM, alloyed materials are also of interest as 

mechanical strain may induce additional disordered-ness within material and thus enhancing 

the extrinsic spin Hall effect. In Chapter 5 and 6, Pt/Co bilayer experiences residual strain 

resulting in the SOT-enhancement to remain. Investigation on how Poisson ratio with the 

magnitude of residual strain can help develop a reversible strain-induced SOT device without 

having the need of mild annealing.  

Although there have been several works demonstrating the MTJ switching using STT, 

experimental SOT-driven magnetization switching on flexible substrate remains elusive and 

unexplored. With only a handful of experimental demonstration, this leaves plenty of room for 

SOT investigation on flexible substrate.  
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7.2.3 Ionic Liquid Gating on Multi-Insertion Layer Structure 

In Chapter 6, a combination of mechanical strain and mild annealing was used to 

reversibly manipulate the 
eff  of the HM. Another alterative technique that surfaced recently 

was the use of ionic liquid gating voltage to control the 
eff . Here, the ionic liquid acts as a 

gate that switches on and off with the application of a voltage bias and by doing so, the 

interfacial roughness between the HM and FM can be modified allowing for more significant 

spin current generation.20 However, in works by H. An et al., they only attempted to alter an 

ultrathin single Au layer.20 His work can be extrapolated onto spin Hall generators structures 

with multiple insertion layers. As demonstrated by L. Zhu et al., having multiple insertion 

layers in a HM can help induce considerable amount of interfacial scattering enhancing the 

extrinsic spin Hall effect.21,22 By applying an ionic liquid gate voltage to multiple insertion 

layers, the interfacial scattering can be drastically enhanced.  

Another characteristic of ionic liquid often overlooked is the ability to chemically etch 

metals even after device fabrication and during measurement. By controlling the intensity of 

the biased voltage and the duration of bias, thickness dependent measurement of HM or FM is 

made possible with only a single sample. This allows for more consistent measurement as the 

measured device is the same and improve the work efficiency by reducing time spent on 

fabricating multiple samples.  

 

Figure 8-1 Schematic of illustrating the interfacial scattering resulting in the enhancement   

of resistivity.  
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7.2.4 Spin Diode for Microwave Detection & Energy Harvesting  

In addition to its memory storage application, the MTJ can be used as spin diodes23-30 

and spin Hall nano-oscillators (SHNOs)31-35. Both devices are opposite counterparts of one 

another. The spin diode takes in high frequency alternating current (AC) and rectifies it to 

produce a DC current while the SHNO requires a DC current to emit a microwave frequency 

AC. The operating principles behind then spin diode relies on the coupling between the injected 

alternating microwave current and the alternating resistance due to the magnetization 

precession as explained in Chapter 3.8. As such, this makes the ST-FMR technique the perfect 

measurement tool to characterize the spin diode as it injects AC to detect for rectified DC all 

while the sample is at its ferromagnetic resonance state.  

The current research progression for spin diode remains relatively new and unexplored. 

Most works require some form of additional energy such as external magnetic field or DC bias 

on top of the AC microwave current in order to rectify voltage.23-27 This cripples the spin diode 

functionality as an energy harvesting device as it is no longer self-sustained. One way to work 

around this would be the use of MTJ with perpendicular magnetic anisotropy (PMA) as they 

are able to rectify microwaves even in the absence of external field. Furthermore, such MTJ 

can potentially harvest energy from more than one band. By tuning the magnetic properties of 

the free and reference layer, dual band microwave energy harvesting is made possible. One 

ideal application of this dual band microwave energy harvester can be used to harness the 

wasted and unused ambient microwave such as 2.4 GHz and 5.8 GHz WiFi signals. 
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