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Abstract 

 

In the rapidly evolving landscape of modern electronics, where the relentless pursuit of 

enhanced performance and miniaturization has driven technological advancements, Moore's 

law has served as a guiding principle. However, as this law approaches a state of saturation due 

to the constant miniaturization of electronic components, alternative pathways, particularly 

spintronics, are being explored. This dissertation focuses on spin-orbit torque (SOT) as a key 

mechanism within spintronics to sustain and extend Moore's law. 

The study investigates the SOT-induced magnetization reversal in ferromagnetic layers with 

both in-plane magnetic anisotropy (IMA) and perpendicular magnetic anisotropy (PMA). By 

characterizing SOT-induced effective fields in these heterostructures, the research 

demonstrates the capability to switch magnetization orientation. Taking a comprehensive 

approach, the investigation merges fundamental principles with practical applications, 

employing a heavy metal/ferromagnetic/heavy metal (HM/FM/HM) model for SOT devices. 

The thesis unfolds with an introductory background on spin-orbit coupling and its effects on 

magnetic heterostructures, followed by a detailed description of experimental techniques and 

the room temperature transport measurements setup. Subsequent chapters delve into the 

separation of spin-orbit torque components from thermoelectric effects, the detection of SOT-

induced field-free magnetization switching, exploration of multistate memory behavior, and 

the detection of in-plane magnetization switching using the odd symmetry planar Hall effect. 

The study introduces novel reading mechanisms, such as the anomalous Nernst effect (ANE) 

and odd planar Hall voltage (O-PHV), to deepen understanding and demonstrate the potential 

of SOT-induced magnetization switching in various devices. The research reveals multistate 

memory behavior with potential applications in neuromorphic computing. The thesis concludes 

by summarizing key findings, and paving the way for future investigations in the field of 

spintronics, with a specific emphasis on spin-orbit torque. 
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Outline of the Thesis 

In the constantly evolving landscape of modern electronics, where the pursuit of 

enhanced performance and miniaturization has been the central driving force, Moore’s law has 

served as a guiding principle. This empirical observation, suggesting that the quantity of 

transistors on an integrated circuit would roughly double every two year, has paved the way 

towards unparalleled computing capability [1]. While this observation held true for a 

significant part of the latter half of the 20th century, the relentless miniaturization of electronic 

components led this law to approach a state of saturation. To sustain the trajectory of Moore’s 

law alternate pathways are being explored, among which the field of spintronics has emerged 

as a promising candidate. In the conventional electronics, which is based on transport of electric 

charge, the intrinsic spin property of electron is merely explored. The novel approach of 

including spin degree of freedom alongside with charge transport led to the emergence of the 

field of spin-transport based electronic or spintronics[2].  

 The field of spintronics emerges with the effects like giant magnetoresistance (GMR) 

[3,4] and tunneling magnetoresistance (TMR)[5,6] where experiments involved ferromagnetic 

metal (FM)/ normal-metal (NM) and FM/oxide heterostructures. GMR, recognized with a 2007 

Nobel Prize, revolutionized magnetic read-head technology, and enhanced hard drive 

performance. Ever since the GMR and TMR discoveries, a significant amount of research has 

been done to understand the spin transport in magnetic material. Utilizing this knowledge, 

magnetic sensors and state-of-the art magnetic memory devices have already translated into 

the industrial products[7,8]. Among the conventional spintronics devices, magnetic random-

access memory (MRAM) embodies the most advanced technology[9]. MRAM devices rely on 

magnetic tunnel junctions (MTJs)[10], which consist of two FM layers separated by a thin 

insulating tunnel barrier, serving as the bit cell (see Fig. 1) [11,12]. In MTJs, there are two FM 

layers: a magnetically fixed layer and a free layer whose magnetization is relatively easy to 

reorient. Manipulating the orientation of free layer is equivalent to writing a bit. A current 

application through MTJ will read this magnetization reorientation as a change in MTJ 

resistance. First generation MRAM were based on current induced Oersted field as a writing 

mechanism. However, it faced challenges with the down-scaling and reducing power 

consumption to align with the advanced technology requirements[11]. Instead of field, the 

second generation MRAM devices use current to switch the magnetization. These MRAM 

utilizes spin transfer torque (STT) mechanism to write a bit[13,14]. However, achieving fast 
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switching demands a significant current flow through the barrier layer in MTJs, expediting 

barrier degradation. The solution to this problem comes with the spin-orbit torque (SOT) 

mechanism[15]. In SOT, a heavy metal (HM) produces spin polarized current due to its high 

spin orbit coupling (SOC) energy. The spin current then interacts with the adjacent FM free 

layer and can switch the magnetization orientation[16-18]. This separation of writing and 

reading paths in SOT-MRAMs solve the barrier degradation problem of STT-MRAM. 

 

Figure 1. Schematic of mechanisms used for writing operation of information in a MTJ bit. 

From left to right these are: current generated magnetic field, STT, SOT, and motion of domain 

walls (DW) (Figure taken from Ref. [12])  

In this dissertation, we examine the SOT mechanism, taking into account the magnetic 

orientation of Fm layer. Magnetization orientation depends on the magnetic anisotropy of the 

material which is a material parameter. The magnetic materials usually have an in-plane 

magnetic anisotropy (IMA) which favours the in-plane orientation of magnetization. 

Magnetization can be directed permanently towards out-of-plane direction under certain 

conditions. These conditions involve the perpendicular magnetic anisotropy (PMA) induced 

by interactions at film surface and interface with adjacent materials[19]. We characterized the 

SOT induced effective fields in both PMA and IMA based heterostructures. Moreover, our 

study also describes that the characterized SOT induced effective field can switch the 

magnetization orientation. 

 In our study, we adopted approaches that merge both fundamental principles and practical 

applications. Our investigation centers on HM/FM/HM model SOT devices. Employing 

transport measurement methodologies, we aim to deepen our understanding of magnetization 



Outline of the Thesis 

 
 

 

c 
 

switching under the influence of SOT excitation. We introduce novel reading mechanisms to 

examine SOT-induced magnetization switching in both PMA and IMA-based devices. Notably, 

IMA and PMA devices exhibit distinct advantages stemming from variations in material 

deposition parameters and memory bit density. This research endeavors to unveil the 

fundamental mechanisms underpinning SOT-induced magnetization reversal within these 

magnetic heterostructures. Furthermore, through the utilization of transport measurement 

techniques and field-dependent symmetries, we demonstrate the phenomenon of multistate 

memory behavior in SOT switching in PMA-based devices. Prior to our investigation, this 

behavior had solely been examined in terms of material engineering. We tried to explore this 

based on transport measurements. Due to the non-volatile nature of SOT-based multistate 

memory, multistate SOT switching behavior has potential for its utilization in neuromorphic 

computing applications. 

 

Outline of the thesis 

This thesis is organized in six chapters. Chapter 1 is dedicated to the introductory background 

which introduces spin-orbit coupling and its effects on magnetic heterostructures. Methods to 

convert charge into spin current (spin Hall effect, and Rashba effect), and magnetization 

dynamics in presence of spin orbit torques are also discussed in this part. Further, it also reviews 

the existing methodologies to characterize SOT and detect SOT induced magnetization 

switching. The remainder of this thesis is structured as follows: 

 

• Chapter 2: Experimental technique and room temperature transport measurements 

setup: 

In this chapter, we will describe the experimental techniques that are used to fabricate and 

characterize our magnetic heterostructure devices. Along with discussing the basic deposition 

and magnetic characterization techniques, we will discuss the details of our custom-built 

transport measurement system, utilizing which we performed all our transport experiments. 
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• Chapter 3: Separation of Spin-orbit torque from thermoelectric effects and detection 

of SOT induced field-free magnetization switching in Pt/Co/Pt stack with Ta-

underlayer utilizing thermoelectric effect 

SOT has two components, namely, antidamping-like (AD)-SOT and field-like (FL)-SOT. Here 

in this chapter, we discuss that Ta addition to the asymmetric stack (Pt/Co/Pt) gives rise to 

several compelling effects, viz., thermoelectric effects [particularly, anomalous Nernst effect 

(ANE)], and enhanced perpendicular magnetic anisotropy which was negligible in a Pt/Co/Pt 

stack. For this Ta/Pt/Co/Pt stack, the antidamping-SOT values are evaluated after carefully 

removing the contribution of the ANE and it is found to match the AD-SOT of the Pt/Co/Pt 

stack. We have observed current-induced field-free magnetization switching in Ta/Pt/Co/Pt 

stack with Co thickness gradient. Furthermore, we have utilized the thermoelectric effects to 

develop a technique to detect the field-free magnetization switching. This technique detects the 

second harmonic ANE signal as a reading mechanism. Using ANE symmetry with the applied 

current, the switching can be detected in a single current sweep which was corroborated to the 

conventional DC Hall method. 

 

• Chapter 4: Multistate memory behavior of SOT induced magnetization switching in 

presence of an external field 

In this chapter, we will explore the combined symmetry of SOT and DC field to stabilize 

multistate behavior. Further, we observe this behavior in Pt/Co/Pt stack which is one of the 

earliest model systems for PMA studies thereby expanding the potential applicability of our 

results. We verified that the integration of SOT with a static field yields multiple metastable 

saturation states, characterized by the magnitude and polarity of the static field. Furthermore, 

our finding suggests that this phenomenon is induced by both SOT and external field 

simultaneously. This effect enables the manipulation of energy barrier between states. At last, 

our measurements try to resolve the initialization problem of modern memristor devices 

through experimental demonstration of initialization-free multistate memory. 

 

• Chapter 5: Detection of in-plane magnetization switching using odd symmetry planar 

Hall effect 
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In this chapter, we will demonstrate that the odd planar Hall voltage (O-PHV) signal exhibits 

an odd symmetry with the application of an external magnetic field which motivates us to 

develop a reading mechanism for detecting magnetization switching of in-plane magnetized 

heterostructures. We verified our DC-based reading mechanism in the Pt/Co/NiFe/Pt stack 

where a thin Co layer is inserted to create dissimilar interfaces about the NiFe layer. 

Remarkably, the current-induced in-plane fields are found to be significantly large in 

Pt/Co/NiFe/Pt stack. Furthermore, we employed the O-PHV method to detect the current-

induced magnetization switching. The pure DC nature of the writing and reading mechanism 

of our proposed in-plane magnetization detection technique through O-PHV makes it the 

easiest one. Moreover, we show high repeatability and easy detection of our proposed method 

which will open avenues toward in-plane SOT switching based memory devices and sensors. 

In the final chapter (Chapter 6) of this thesis, we will summarize the key findings and insights 

gained throughout this research journey. Additionally, we will identify and discuss few open 

questions within the field, paving the way for future investigations and advancements in this 

domain of study. 
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Chapter 1 

 

Introduction to the Basic Concepts 

 

The main application of spintronics in magnetic storage technology comes from manipulating 

the magnetization of magnetic materials. However, before understanding the magnetization 

manipulation an understanding of magnetization orientation is must. In magnetic materials, 

magnetization has one preferential direction over other. This directional dependent property of 

magnetic materials is known as magnetic anisotropy.  

 

1.1 Magnetic anisotropy 

 In magnetic materials, magnetization has preferred directions, with respect to a crystal 

axis or shape of materials, where it can align easily (easy axis) and where magnetization is hard 

to align (hard axis). This directional dependent property of magnetic materials is known as 

magnetic anisotropy. The contribution of anisotropy adds as an energy term in total energy 

functional of a magnetic material. This anisotropy energy defines as the energy difference of 

easy and hard axis of a magnetic material. The orientation of the easy magnetic axis results 

from a combination of various intrinsic and extrinsic factors. These contributions collectively 

define effective magnetic anisotropy of a material.  For a ferromagnet, situated between two 

interfaces, a phenomenological model separating volume, surface/interface, and demagnetizing 

contribution of effective magnetic anisotropy (Keff) can be written as[1,2]: 

𝐾𝑒𝑓𝑓  =  
2𝐾𝑠

𝑡
 +  𝐾𝑉  − 2𝜋𝑀𝑠

2    (1.1) 

 

KS is surface/interfacial contribution and KV is volume contribution of effective anisotropy, t 

is magnetic layer thickness, and last term (−2𝜋𝑀𝑠
2) defines demagnetization energy or shape 

anisotropy.  

The volume contribution comes from magnetocrystalline anisotropy which an intrinsic 

property of magnetic material. As the name suggests, magnetization has an easy direction 
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depending on their crystal structure. Magnetocrystalline anisotropy results from the spin-orbit 

interaction (SOI) and magnetocrystalline anisotropy energy depends on angle between 

magnetization and crystal structure defining easy axis. SOI couples spin momentum to orbital 

angular momentum. Additionally, the Coulomb interaction between electron orbitals and the 

crystal field, which arises from the periodic potential of the crystal lattice, defines certain 

orientations as energetically preferred. 

Demagnetization or shape anisotropy contribution in the effective magnetic anisotropy is an 

outcome of minimization of magnetostatic energy. The magnetostatic energy is defined by: 

E𝑢 = −
1

2
𝜇0𝑴 ∙ 𝑯𝒅𝒆𝒎𝒂𝒈   (1.2) 

Here, M (=Ms𝑚̂) is magnetization of ferromagnetic material along 𝑚̂. Hdemag is the 

demagnetization or stray field originated by magnetization in the ferromagnetic material and is 

given by: 

𝑯𝒅𝒆𝒎𝒂𝒈 = −𝑁𝑴    (1.3) 

Here, N is called demagnetizing tensor. The demagnetization factors Ni (i=x,y,z) for principal 

axis i for the case of a thin-film is: Nx = Ny = 0, and Nz = 1 (considering x, y as in-plane axes, 

and z as out-of-plane axis to the thin film). Further, using Eq. (1.3), Eq. (1.2) can be modified 

as: 

E𝑢 = −
1

2
𝜇0𝑀𝑠

2𝑐𝑜𝑠2𝜃    (1.4) 

here 𝜃 being the angle between thin film normal and magnetization. Eq. (1.4) states that 

magnetization direction in thin film plane is energetically more favored than magnetization 

out-of-plane. Therefore, thin films tend to favor an in-plane alignment of magnetization. In 

general, thin films with higher FM thickness shows in-plane magnetic anisotropy (IMA). 

FM heterostructures with magnetization easy axis pointing along out-of-plane to the thin film 

have perpendicular magnetic anisotropy (PMA). In general, the FM thin films show IMA. 

However, it is evident from Eq. (1.1) that to make magnetization configuration out-of-film 

plane more favorable surface or interface contribution must be dominating. As the thickness of 

FM film decreased the significance of interfacial properties becomes increasingly pronounced 

(Fig. 1.1). This, consequently, amplify the surface anisotropy. This phenomenon, originally 

predicted by L. Néel in 1954 can be ascribed to alteration in symmetry at the interfaces. It was 
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earlier noted in Pt/Co/Pt [3] and Co/Pd [4] multilayer systems. The high SOI energy of heavy-

metals (Pt, Pd etc.) and FM/HM interface effects benefits these systems. Enhanced surface 

anisotropy of HM/FM system have several possible sources. For instance, magnetostriction 

effect introduced from strains which is resulting from a lattice mismatch between adjacent 

elements[5]. Additionally, electron hybridization at the interfaces can also results in PMA [6]. 

It is evident from preceding section that PMA requires a rigorous optimalization process. On 

the other hand, IMA based material stacks require lesser investment on the optimization 

process. However, high energy barrier at small device sizes makes PMA based material stack 

a prime candidate for high density memory application [7,8]. Hence, utilizing PMA based 

devices memory bit size can be reduce to nanometer range.  

 

Figure 1.1 FM thickness dependency of magnetic anisotropy in Pd/Co multilayer. This 

heterostructure shows a PMA behavior for Co thickness less than ~13 Å [Figure source: Ref. 

[4]] 

 

1.2 Manipulation of magnetization 

Due to their non-volatile nature ferromagnet based heterostructures are prime candidate for 

memory application. Magnetic random-access memory (MRAM) based on FM heterostructure 

required writing a bit in terms of controlling FM magnetization orientation. Ferromagnetic 

magnetization aligns in certain directions depending upon IMA or PMA. To modify the 
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magnetic orientation between easy directions there are two major approaches: Magnetization 

controlled by magnetic field, and by current (scheme shown in Fig. 1.2). 

 

Figure 1.2 Magnetization manipulation schemes.  

 

1.2.1 Magnetic field 

To control magnetization, one straight forward method is to employ a magnetic field. 

High enough magnetic results in saturation of magnetization along the magnetic field direction. 

Therefore, changing the direction magnetic field magnetization orientation can be changed in 

ferromagnetic materials. However, as the magnetic bit size reduces the magnetic field can 

interact with multiple bits. Additionally, reduced device size also requires higher magnetic field 

to control magnetization[9]. Hence, MRAM based on field-controlled writing mechanism 

suffers from scalability problem and are not energy efficient. 
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Figure 1.3 Schematic of mechanisms used for writing operation of information in a MTJ bit. 

From left to right these are: current generated magnetic field, STT, SOT, and motion of domain 

walls (DW) (Figure taken from Ref. [10]) 

 

1.2.2 Current-controlled magnetization 

In current-controlled mechanism, conduction current, carrying random spin 

orientations, converted into spin polarized current or spin current. This spin current interacts 

with the FM magnetization and applies torques on it. These torques can potentially switch the 

magnetization orientation of FM material. Current control of magnetization governs by two 

mechanisms (Shown in Fig 1.3): 

1) Spin-transfer torque (STT) mechanism 

2) Spin-orbit torque (SOT) mechanism 

 

1.2.2.1 Spin-transfer torque (STT) mechanism 

 Magnetic tunnel junctions (MTJs) are the building blocks of magnetic random access 

memory devices (MRAM)[11]. MTJ consists of two ferromagnetic layers separated by a thin 

barrier layer. Two magnetic layers are magnetically fixed and free, respectively. A memory bit 

is stored in terms of magnetization reorientation of free layer magnetization. In STT mechanism 

conduction electron drive the magnetization switching. It was theoretically predicted by 

Slonczewski et.al., in 1996 [12]. Current through MTJ polarize conduction current in the 
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direction of fix layer magnetization due to exchange interaction between conduction electrons 

and 3d electrons of fixed layer[13,14]. The polarised current or spin current then interact with 

free-layer magnetization. The transfer of angular momentum from spin current to free layer 

magnetization exert a torque on free layer magnetization and can eventually switch its 

magnetization and therefore, can store a bit. 

STT mechanism overcomes the scalability issue of field-controlled devices, since here, the 

local application of current is limited to each MTJ cell only. 

 

1.2.2.2 Spin-orbit torque (SOT) mechanism 

The main drawback of STT mechanism is, applying a high magnitude current through MTJ to 

switch the free layer magnetization. Current through MJT propagates through thin barrier layer 

which degrade the device performance over the time and deteriorate the MRAM lifetime. To 

overcome this problem, in recent years, SOT mechanism is used to switch 

magnetization[15,16]. Due to their high spin-orbit coupling (SOC) energy of heavy metals 

(HM) like Ta, Pt, W etc., HMs can covert conduction current to spin polarised current. 

Therefore, in ferromagnetic (FM)/ heavy-metal (HM) heterostructures, an in-plane current 

through the HM layer converted into spin current and can flip the magnetic orientation of 

adjacent FM layer[17]. High spin-orbit coupling (SOC) energy of HM layer assist the 

accumulation of polarised spin at FM/HM interface. Various SOC phenomena that coverts 

charge current to spin current in SOT mechanism are discussed in latter section. In contrast to 

the STT mechanism, the SOT mechanism separates the writing path and reading path which 

therefore, solve the low endurance problem of STT based devices. This thesis is focused around 

the SOT mechanism. 

 

1.3 Spin-orbit coupling and Charge to Spin conversion 

In SOT mechanism a charge current converted into spin current. This spin current applies SOTs 

on adjacent FM. Moreover, the spin currents are manifest of spin-orbit coupling (SOC) and 

inversion symmetry breaking. Therefore, before discussing SOTs in details an understanding 

of spin current generation is must and for that one has to understand the key role of SOC 
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interactions. Firstly, the SOC is briefly discussed followed by the mechanism that generates 

spin currents from charge current. 

 

1.3.1 Spin-orbit Coupling 

The origin of SOC is the relativistic interaction between electron spin moment with its orbital 

motion around the nucleus[18]. When an electron is in motion at relativistic velocities, an 

electric field appears as a magnetic field when observed from the electron's rest frame. It can 

be understood from the following relation: 

𝑩 =
1

𝑐2
(𝑬 × 𝒗)   (1.5) 

Here, c is the speed of light, B is the magnetic field produced by an electron moving with a 

relativistic velocity v in an electric field E. 

 

Figure 1.4 (a) motion of electron in around the nucleus in laboratory frame of reference. (b) 

relative motion of nucleus around electron in electron’s frame of reference. 

 

The SOC can be easily understood by the simplest model of hydrogen atom. Fig. 1.4 shows the 

illustration of an electron revolving about its nucleus. Both laboratory frame and electron’s 

frame has been illustrated in Fig 1.4 (a) and (b), respectively. An electron with velocity v 

revolves around nucleus while experiencing an electric field 𝐸 =
1

4𝜋𝜀0
(

𝑍𝑒

𝑟2
) 𝒓̂. Here, 𝒓 = 𝑟𝒓̂ are 
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the coordinate of electron orbit from nucleus. Therefore, according to Eq. (1.5), in the rest 

frame of electron a magnetic field is experienced by electron:  

 𝑩 =
1

𝑐2

1

4𝜋𝜀0
(

𝑍𝑒

𝑟2) (𝒓̂ × 𝒗) =  
𝜇0

4𝜋
(

𝑍𝑒𝑣

𝑟2 ) 𝒛̂   (1.6) 

The orbital angular momentum of electron is 𝑳 = 𝑚(𝒓 × 𝒗). Where, m is electronic mass. 

Using the expression of angular momentum Eq. (1.6) can be written as: 

𝑩 =
𝜇0

4𝜋 𝑚
(

𝑍𝑒𝑳

𝑟3 )   (1.7) 

Similarly, the spin magnetic moment associated with electron spin is defined by  

𝝁𝒔 = −𝑔𝑠
𝑒

2𝑚
𝑺   (1.8)  

 where gs=2.  

The energy of this interaction is defined as: 𝐸 = −𝝁𝒔 ∙ 𝑩. This interaction energy can be 

expressed in terms of spin (S) and orbital (L) angular moment using Eq. (1.7) and Eq. (1.8). 

𝐸 =
𝜇0

4𝜋

𝑒2

𝑚
(

𝑍

𝑟3) (𝑺 ∙ 𝑳)    (1.9)  

Eq. (1.9) suggest that the relativistic interaction energy is due to the spin and orbital momentum 

coupling. Therefore, the interaction between electron spin and a magnetic field generated by 

the orbital motion of electron around its nucleus is called ‘spin-orbit interaction’ or ‘spin-orbit 

coupling (SOC).’ 

Throughout this thesis work, SOC becomes apparent through various effects that have been 

explored or employed. Some well-known examples of SOC-related phenomena include 

magneto-crystalline anisotropy, spin-orbit torques, spin current generation, planar Hall effect, 

and the anomalous Hall effect. In this section the role of SOC in the generation of spin polarised 

current has been discussed. 

 

1.3.2 Charge current to spin current conversion 

When a charge current flows through non-magnetic heavy-metals (HM), due to SOC 

interaction, conduction electrons undergo scattering events depending upon their spin 

polarization. These spin-dependent scattering events results in a spin current where conduction 
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electrons have a specific polarization. The polarization direction of spin current orients 

transversely to the charge current. Two underlying mechanism that generates spin currents in 

HMs are: (a) Spin Hall effect (SHE), and (b) Rashba-Edelstein effect (REE). SHE is considered 

to be governing the scattering in the bulk of HM and therefore assigned as a bulk generated 

effect. However, REE is associated with the spin polarization at the HM interface and 

considered an interface effect. 

 

1.3.2.1 Spin Hall effect (SHE) 

The spin Hall effect (SHE) is a phenomenon observed in heavy-metals with strong SOC 

interactions[19-21]. This bulk originated effect converts a charge current into a spin current. 

SHE relies on SOC interaction and results from intrinsic as well as extrinsic mechanisms. The 

intrinsic mechanism is linked to the band structure and arises from the perturbation caused by 

spin-orbit coupling in electronic band structures. Whereas the extrinsic contributions are 

consequence of scattering from impurities, defects, surfaces, and interfaces. Further, extrinsic 

contributions are categorized into skew-scattering mechanism and side-jump mechanism. 

 

Figure 1.5 Skew scattering or Mott scattering mechanism illustrating the deflection of spin up 

electron due to magnetic field produced in electron’s rest frame. [Modified illustration from 

Ref [22]] 

 

Skew-scattering, also known as Mott effect, can be understood by analysing electron deflection 

in presence of electric field produced by impurity[22-24]. Due to SOC interaction, electric field 
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produced by impurities acts as a magnetic field in the rest frame of conduction electron. This 

magnetic field is similar to the Eq. (1.5). The magnetic field is decreases as distance between 

electron and nucleus increase. Therefore, the force (F) acting on spin (s) in this inhomogeneous 

magnetic field (𝐹 = ∇(𝒔 ∙ 𝑩)) deflects the spin up and down along different directions. If spin 

is parallel to the magnetic field, then the direction of deflection is towards increasing field, 

however, if the spin and field are anti-parallel the conduction electron deflects towards 

decreasing field direction. This is illustrated in Fig 1.5 for the case of up spin. Therefore, up, 

and down spin are scattered along different directions. 

Side-jump scattering is a quantum mechanical effect. The side jump effect emerges due to the 

anomalous velocity operator in spin-orbit coupled systems[25,26]. When impurity 

perturbations are introduced, scattering of free electron wave-packet (with wave vector k) gain 

a transverse component. It can be understood as a sideways spin dependent displacement of 

electron upon collusion with an impurity [Fig. 1.6]. 

 

Figure 1.6 Illustration of side-jump scattering mechanism [Fig. from Ref [27]] 

 

Hence, deflections of conduction electrons in high SOC materials shows a spin dependency. In 

other words, an in-plane charge current defects in HMs depending upon their spin orientation 

and accumulates of polarized spin takes place. The polarization of spin is transverse to charge 

current direction. This conversion of conduction electron flow to the polarised electron flow, 

i.e., spin current can be understood as: 

𝑗𝑠 =
ℏ

2𝑒
𝜃𝑆𝐻(𝜎 × 𝑗𝑒)  (1.10)  

Where js is the spin current generated by the transport of a charge current je and have spin 

polarization along 𝜎. Factor 𝜃𝑆𝐻 in Eq. (1.10) is known as spin Hall angle and describes the 

efficiency of charge to spin current conversion. The illustration of SHE generating a spin 

current mutually perpendicular to the current flow and spin polarization is depicted in Fig. 1.7. 
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Figure 1.7 FM/HM heterostructure illustrating the generation of spin current in HM due to 

SHE. 

 

1.3.2.2 Rashba-Edelstein effect (REE) 

Rashba-Edelstein effect (REE) is considered to accumulate the polarized spin of conduction 

electron at the material interface[28,29]. The inversion symmetry breaking at the FM/HM 

interface, due to different work functions or inhomogeneous crystal fields from interfaces, leads 

to an electric field. The direction of this interface generated electric field is perpendicular to 

the interface. When an in-plane current applied along the interface, in the rest frame of 

conduction electron this electric field acts as a magnetic field as discussed in Eq. (1.5). This 

effective field induces a non-equilibrium spin accumulation at FM/HM interface. The effective 

field (BREE) is given by: 

𝑩𝑹𝑬𝑬 =
1

𝑐2
(𝑬 × 𝒗)   (1.11)  

Here, interface generated electric field is 𝑬 = 𝐸𝒛̂, and v is the velocity vector of conduction 

electron. Therefore, effective magnetic field is perpendicular to the wavevector k of conduction 

electron and electric field direction 𝒛̂.  

The interface generated electric field and SOC interaction defines the REE Hamiltonian as: 

𝐻𝑅𝐸𝐸 = 𝛼𝑅𝐸𝐸(𝝈 × 𝒌) ∙ 𝒛̂   (1.12) 
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Here 𝛼𝑅𝐸𝐸 Rashba coupling constant which is a material dependent parameter. Further Eq. 

(1.12) describes the spin polarization, which is k-vector dependent, in FM/HM interface as 

illustrated in FIG 1.8. This spin accumulation at the FM/HM interface interacts (s-d exchange 

interaction) with FM magnetization and induce spin torque. 

 

Figure 1.8 Illustration of 2D electron gas fermi surface with Rashba coupling. [Figure from 

Ref [30]] 

 

In conclusion, in-plane current through HM/FM heterostructures induces non-equilibrium spin 

accumulation by means of SHE and REE. This accumulation of polarized spins apply spin-

orbit torques on the FM magnetization. As a possible outcome of these torque FM can switch 

its magnetic orientation. 

 

1.4 SOT switching dynamics 

The magnetization dynamics of magnetic materials is described by Landau-Lifshitz-Gilbert 

equation. An application of in-plane current through HM in FM/HM heterostructures exert 

spin-orbit torques (SOTs) on the FM magnetization. The SOT term in the LLG equation can be 

expressed as follows: 

𝜕𝑀

𝜕𝑡
= −𝛾𝑀 × 𝐻𝑒𝑓𝑓 +

𝛼

𝑀𝑠
𝑀 ×

𝜕𝑀

𝜕𝑡
+ 𝑎𝑀 × (𝑀 × 𝜎) + 𝑏𝑀 × 𝜎  (1.13)  

Where: 

• M is the magnetization of FM. 
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• γ is the gyromagnetic ratio, a fundamental constant. 

• H is the effective magnetic field, which includes contributions from external fields, 

exchange interactions, and anisotropy. 

• α is the Gilbert damping parameter, representing the energy dissipation term. 

• σ is the spin polarization direction. 

• a, and b are respective torque amplitudes. 

The first term in the LLG equation accounts for the precession of the magnetic moment around 

the effective magnetic field. The second term is a phenomenological damping term that 

describes the dissipation of energy due to the interaction between the magnetic moment and its 

environment. Additional two terms introduced to account for the influence of spin-orbit torques 

(SOTs) on the magnetization dynamics. These terms are anti-damping-like (AD-SOT) and 

field-like SOT (FL-SOT), respectively (Fig. 1.9). In experiments, the AD-SOT and FL-SOT 

are extracted in terms of their effective fields. 

AD-SOT is predominantly attributed to the SHE and expressed as[31]: 

 𝜏𝐴𝐷 ∝ 𝑀 × (𝑀 × 𝜎)    (1.13)  

Consequently, the interaction between spin polarization (σ) and FM magnetization occurs in a 

manner where a component of σ, which is perpendicular to M, applies a torque to M, aiming 

to rotate it towards 𝜎. This is known as dephasing of polarized spin. Overall, spin currents 

generated by SHE induces a torque on FM magnetization that aligns the magnetization vector 

along the direction of the current. Similar to the field induced torques (𝜏 ∝ 𝑀 × 𝑓𝑖𝑒𝑙𝑑), AD-

SOT can be written in terms an effective field induced by AD-SOT as:  

𝜏𝐴𝐷 ∝ 𝑀 × 𝐻𝐴𝐷    (1.14)  

Here, AD-SOT effective field is: 

𝐻𝐴𝐷 ∝ (𝑀 × 𝜎)    (1.15)  

The constant of proportionality determines the scale of AD-SOT and, within the SHE 

framework, is expressed as: 
𝜃𝑆𝐻ℏ

2𝑒𝑀𝑆𝑡𝐹𝑀
𝑗. Where charge current through HM is j, 𝜃𝑆𝐻 is spin-Hall 

angle, while the FM has thickness tFM and saturation magnetization MS. 

For a charge current applied same as previously, the FL-SOT is expressed as: 
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𝜏𝐹𝐿 ∝ (𝑀 × 𝜎)   (1.16) 

This torque term is a direct outcome of the spin accumulation at the interface between the FM 

and HM. Consequently, the FM magnetization precesses around the exchange field produced 

by spin accumulation σ. Given that the non-equilibrium spin accumulation is responsible for 

the FL-SOT, therefore, FL-SOT is considered as a manifestation of the REE[17,32]. Moreover, 

in experimental settings, the FL-SOT is determined in terms of its effective field, as expressed 

by: 

𝐻𝐹𝐿 ∝ 𝜎   (1.17) 

Where the direction of FL-SOT effective field is same as the direction of spin accumulation. 

In the upcoming sections of this thesis, it will become evident that in the Pt/Co/Pt system, the 

FL-SOT is negligible because of the symmetrical Co/Pt interface on both sides of the FM. 

Nevertheless, when the number of interfaces is increased, the influence of FL-SOT on 

magnetization dynamics becomes noticeable. 

 

Figure 1.9 AD-SOT and FL-SOT affecting the magnetization dynamics in LLG equation. 

 

In systems characterized by PMA and a structural composition of HM/FM, the reversal of 

magnetization is primarily driven by the AD-SOT. This conclusion is supported by the fact that 

experimental switching phase diagrams consistently align with explanations grounded in the 

AD-SOT term. Further, the field-like component is generally considered inconsequential in 
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metallic systems, largely as a result of the rapid dephasing of transverse spins, and it is 

generally disregarded. 

 

1.5 Magnetization reversal by SOT 

 

1.5.1 Macrospin 

 

Figure 1.10 Schematic of macrospin picture illustrating the effect of SOT on FM 

magnetization. 

 

In systems with PMA, deterministic bipolar switching is not achievable by SOTs alone. This 

limitation arises because the spin polarization (σ) is oriented perpendicular to the easy-axis 

direction (z), therefore, AD-SOT acting on FM magnetization (m), rotates m in the xy-plane. 

From this in-plane orientation achieving ±mz state is equally probable or equal energy is 

required to reach both up and down magnetization states. Once the SOT is deactivated from 

this condition it results in a probabilistic switching of magnetization. To enable deterministic 

SOT-induced switching, a symmetry-breaking mechanism is essential (Fig. 1.10). Typically, 

this is provided by applying an in-plane magnetic field parallel or anti-parallel to the direction 

of the current[31]. It is important to note that the in-plane magnetic field itself does not favor 

specific magnetic orientations but effectively disrupts the symmetry in the magnetization's 

response to SOTs. Consequently, the combined influence of the in-plane current (governing 
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spin polarization via the spin Hall effect) and the magnetic field aligned with the current 

direction determines the magnetization orientation. 

 

 

1.5.2 Domain dynamics 

 

Figure 1.11 Effect of SOT on domain dynamics. The SOT effective field induces switching 

only in the presence of a symmetry breaking field. 

 

In FM/HM heterostructures, Néel domain walls can stabilize, and SOT switching of 

magnetization occurs through domain wall dynamics. In FM/HM heterostructures, the presence 

of a strong spin-orbit coupling at the interface between the FM and HM layers leads to the 

emergence of the interfacial [33,34](DMI). DMI is an antisymmetric exchange interaction that 

favors non-collinear spin configurations. The interfacial DMI promotes different chiral 

structures including the formation of Néel domain walls in the FM layer. Néel domain walls 

are characterized by a 180-degree rotation of the magnetization direction across the domain 

wall, creating a non-collinear spin structure. The presence of Néel domain walls is energetically 

favorable due to the DMI. DMI stabilizes Néel domain walls by lowering their energy and 



  Introduction 

 
 

 

17 
 

pinning them to the interface between the FM and HM layers. This pinning effect prevents the 

uncontrolled motion of Néel domain walls, ensuring their stability. In magnetic heterostructures 

with PMA, SHE-induced AD-SOT can drive Néel domain walls (DWs) in a manner similar to 

an out-of-plane applied field, with the direction of DW motion depending on the DW 

chirality[35,36].  The combination of current-induced magnetization switching and DW motion 

in HM/FM heterostructures can be explained by a scenario involving both the SHE and DMI. 

When a charge current (Je) flows along the x-axis in the HM layer of a magnetic heterostructure, 

it generates a transverse spin current (Js) along the z-axis through the SHE. This spin current 

injects spins into the FM layer with their spin polarization direction (σ) parallel to the y-axis. 

In the presence of a Néel-type DW this spin current results in an effective field (Hz,eff) through 

the AD-SOT mechanism. In a homochiral DW, the Hz,eff acting on the in-plane component of 

DW magnetization give rise to different polarity of Hz,eff. This effective field favours the 

propagation of certain domain. Therefore, in the case of homochiral Néel DWs, Hz_eff can 

induce DW motion, but it does not lead to domain expansion due to the opposite signs of Hz_eff 

for up-down and down-up DWs (Fig. 1.11). However, by applying a strong enough in-plane 

bias field (Hx) to overcome the effective DMI field (HDMI), the DW moments in the Néel-type 

walls will realign parallel to Hx [36,37]. This reorientation of DW moments makes Hz_eff point 

in the same direction for both up-down and down-up walls, facilitating domain expansion or 

contraction depending on the polarities of Je and Hx (Fig. 1.11). Consequently, both current-

driven DW motion, magnetization switching, and out-of-plane field-driven switching processes 

involve significant roles played by the applied current Je and in-plane bias field Hx. 

 

1.5.3 Field-free magnetization switching 

As the name suggest, field-free magnetization switching by SOT refers to a process where the 

magnetization of a FM is switched without the application of an external magnetic field. An 

in-plane symmetry breaking field is generated to exclude the requirement of any external 

symmetry breaking field. Several methods enable field-free SOT switching in spintronic 

devices. One such approach involves the use of an antiferromagnetic layer placed adjacent to 

the magnetic layer[38]. The exchange coupling between these layers generates an effective 

magnetic field that assists the SOT switching process. Alternatively, magnetic layer with tilted 

anisotropy results in the creation of an effective magnetic field that favors field-free SOT 

switching[39]. Another method is to introduce broken lateral inversion symmetry in the 
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magnetic layer, which generates an effective magnetic field to assist in SOT switching[40]. 

These techniques leverage the internal properties and interactions of the materials and device 

structures, eliminating the need for an external magnetic field in the SOT switching process. 

 

1.5.4 Experimental realization 

Magnetization reversal experiments are generally conducted in a Hall bar device of FM/HM 

heterostructures. The Hall bar device is a common platform for such experiments because it 

allows for the generation and detection of spin currents and Hall voltages, making it well-suited 

for studying SOT-induced effects. The magnetization of the FM layer within the Hall bar device 

is set to an initial state, typically aligned in a specific direction. Further, A short-duration, high-

amplitude current pulse is applied to the device (schematic shown in Fig. 1.12), generating a 

spin current due to the SHE in the HM layer. This spin current exerts SOTs on the FM layer, 

which can eventually flip the magnetization orientation. Current pulses enable rapid switching 

of the magnetization, making SOT-based devices potentially faster and more energy-efficient 

compared to traditional methods that rely solely on external magnetic fields. This is particularly 

advantageous for applications in data storage and computing. However, the application of 

current pulses in SOT switching experiments can have safety considerations. A high-duration 

pulse of electrical current can potentially damage or even burst a device due to the heat 

generated during the pulse.  

 

Figure 1.12 Experimental method to perform SOT induce magnetization switching involve 

short duration current pulses followed by a reading mechanism. 
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In summary, current pulses are applied in SOT switching experiments to generate spin currents 

and efficiently manipulate the magnetization of FM/HM heterostructures. 

1.6 Reading the magnetization reorientation 

In SOT memory, the encoding of a memory bit revolves around the manipulation of different 

magnetic states within an FM/HM heterostructure. So far, we have understood that to write a 

bit, the application of SOT current pulses with appropriate polarities is a requirement. 

Nevertheless, for a comprehensive memory system, there is a need for a reading mechanism 

that can discern the magnetic orientation post each writing pulse. In Hall bar devices consisting 

of FM/HM heterostructures, the Hall voltage serves as the method for detecting magnetization 

reorientation. 

The Hall voltage have the following form[41]: 

𝑉𝐻 = (
𝑅𝐻𝐼

𝑡
) cos(𝛼) + (

𝜇0𝑅𝑠𝐼

𝑡
) 𝑀𝑐𝑜𝑠(𝜃) + (

𝑘𝐼

𝑡
) 𝑀2𝑠𝑖𝑛2(𝜃)𝑠𝑖𝑛2𝜑   (1.18)  

Here, these three terms are ordinary Hall effect (OHE), anomalous Hall effect (AHE), and 

planar hall effect (PHE) voltages, respectively. 

 

Figure 1.13 Coordinate geometry defining magnetization and magnetic field. [Figure taken 

from Ref [41]] 

 

The OHE is a well-understood phenomenon that occurs when a current flows through a 

conductor in the presence of an external magnetic field perpendicular to the current direction. 

It results in a transverse voltage (Hall voltage) being generated across the conductor. The OHE 

voltage is caused by the Lorentz force acting on charge carriers as they move through the 

magnetic field. 
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The AHE and PHE are additional contribution to the Hall voltage that are not explained solely 

by the OHE mechanism. It occurs in ferromagnetic materials and is often associated with the 

SOC coupling of charge carriers. This interaction leads to a complex contribution to the Hall 

voltage that is related to the magnetization of the material. AHE and PHE results in the 

accumulation of spins with opposite orientations at diametrically opposite boundaries, which 

leads to a net transverse voltage, known as an anomalous Hall voltage. Unlike the SHE, which 

occurs in non-magnetic materials, the AHE in FMs is a consequence of the unique exchange-

split band structure with a net spin polarization at the Fermi level, generating spin-polarized 

charge currents. The presence of external magnetic fields is not required for the AHE, and it 

arises from the interaction between conduction electrons and local potentials created by defects 

or impurities within the material. In contrast, the SHE is characterized by the accumulation of 

spins at lateral boundaries of a current-carrying conductor, generating a transverse spin current 

with spin polarization perpendicular to the plane defined by a charge and a spin current. The 

AHE is primarily characterized by the transverse voltage generated perpendicular to the charge 

current and the magnetization direction within FMs. Further, AHE and PHE are both Hall 

phenomena observed in magnetic materials but are distinguished by their characteristic voltage 

generation orientations. AHE is primarily associated with the transverse voltage generated 

perpendicular to the magnetization direction, resulting from the accumulation of spins with 

opposite orientations at opposite boundaries. In contrast, PHE is characterized by voltage 

generation within the plane of the material, parallel to the direction of charge and spin currents, 

and is sensitive to in-plane magnetization variations. Therefore, AHE and PHE differ not only 

in terms of their voltage orientation but also in the underlying magnetic configurations they are 

associated with, making them distinct manifestations of the Hall effect in magnetic materials. 

OHE contribution is negligible in metallic FM/HM heterostructures as compare to AHE and 

PHE contribution. Comparing each component of Eq. (1.18) with Fig. (1.13) that AHE voltage 

is proportional to z-component of magnetization and PHE is proportional to the multiplication 

of in-plane magnetization components. 

VAHE ∝ mz 

VPHE ∝ mx my 

In PMA-based heterostructures, where the energy-minimized states are predominantly 

corresponded to ±mz, the contribution of the PHE is nearly negligible, in addition to the 
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presence of the OHE. Consequently, the measured Hall voltage primarily comprises the AHE 

voltage contribution. As AHE is proportional to z-component of magnetization, this is 

particularly useful for reading the magnetization orientation in PMA-based material stacks, 

serving as an effective reading mechanism. 

In the case of in-plane magnetic material or heterostructures with in-plane magnetic anisotropy 

(IMA) the third term of Eq. (1.18) dominates. However, the magnetization reorientation cannot 

directly be probed by PHE due to its even dependency on magnetization. One of the objectives 

of this thesis to probe the SOT switching of magnetization in IMA based heterostructures. This 

thesis addresses the problem Hall voltage-based reading mechanism for IMA based devices 

give a method to probe the magnetization switching in them. 

In the case of in-plane magnetic materials or heterostructures exhibiting in-plane magnetic 

anisotropy (IMA), the third term in Eq. (1.18) dominates. However, the direct assessment of 

magnetization reorientation via the Planar Hall Effect (PHE) is hindered by its even 

dependence on magnetization. One of the objectives of this thesis is investigation of SOT 

magnetization switching in IMA-based heterostructures. Furthermore, the thesis addresses the 

challenge of developing a Hall voltage-based reading mechanism for IMA-based devices and 

presents an innovative methodology for probing magnetization switching within this context. 

 

1.7 Characterization of Spin-orbit torques 

To characterize SOT in FM/HM heterostructures, second harmonic Hall measurements are 

employed. In these magnetic heterostructures, Hall resistance is described by the following 

equation: 

𝑅𝑋𝑌 = ∆𝑅𝐴𝐻𝐸𝑐𝑜𝑠𝜃 + ∆𝑅𝑃𝐻𝐸𝑠𝑖𝑛2𝜃𝑠𝑖𝑛2𝜑   (1.19) 

Here, ∆𝑅𝐴𝐻𝐸 and ∆𝑅𝑃𝐻𝐸 represent the AHE and PHE resistances, respectively, and the 

magnetization is defined by coordinates (θ, φ).  A current along x-axis generates a transverse 

Hall signal that is described by Eq. (1.19). When a current flows along the x-axis, it induces 

SOT on the magnetization (m), attempting to alter its orientation from the initial position 

(𝜃0, 𝜑0). 

In other words, 𝜃 → 𝜃0 + ∆𝜃 ,    𝜑 → 𝜑0 + ∆𝜑 
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When a low-frequency AC current is applied to the FM/HM heterostructure, the magnetization 

(m) begins to oscillate at the same frequency as the applied current. The frequency is 

deliberately kept low to ensure that the current and magnetization oscillations remain in phase.  

If the applied current is: 𝐼𝑎𝑐 = 𝐼0 sinωt   (1.20)  

Then, the oscillation in the change of magnetization due to SOT takes the form: 

∆𝜃 → ∆𝜃𝑠𝑖𝑛ωt

∆𝜑 → ∆𝜑𝑠𝑖𝑛ωt
}     (1.21)  

This oscillation in magnetization due to SOT modifies Eq. (1.19) to introduce sin(ωt) terms, as 

a consequence of Eq. (1.21) within Eq. (1.19). 

Now, as the Hall voltage is given by: Vxy = Rxy Iac, the modified Eq. (1.19) and Eq. (1.20) result 

in the multiplication of sin(ωt) terms that can be converted into cos(2ωt). 

Consequently, the Hall voltage can be expressed in a more general form[42]: 

𝑉𝑋𝑌 = 𝑉0 + 𝑉𝜔𝑠𝑖𝑛𝜔𝑡 + 𝑉2𝜔𝑐𝑜𝑠2𝜔𝑡   (1.22) 

From Eq. (1.22), it becomes evident that the SOT-induced oscillation of magnetization by an 

AC current lead to a second harmonic signal. Therefore, it is intuitive that the characterization 

of SOT necessitates the use of second harmonic Hall measurements. 

 

1.7.1 Harmonic Hall method to characterize SOT 

In PMA based materials, low field harmonic Hall technique is widely used to probe both AD-

SOT and FL-SOT. In the experimental setup, an external magnetic field, along current direction 

(Hx) or transverse to it (Hy), is applied to the Hall bar. The response of the first (𝑽𝝎) and second 

harmonic (𝑽𝟐𝝎) Hall voltage to these applied conditions is measured. A standard lock-in 

amplifier proves to be the most efficient method for generating and detecting the AC signal. 

The systematic variation of Hx and Hy, provides a varying Hall voltage response. The analysis 

of Hall voltage by Eq. (1.23) provides longitudinal and transverse effective fields induced by 

AD-SOT (HAD) and FL-SOT (HFL), respectively[42]. 

𝑯𝑨𝑫,𝑭𝑳 = −𝟐
(𝑩𝑿,𝒀±𝟐𝝃𝑩𝒀,𝑿)

𝟏−𝟒𝝃𝟐     (1.23) 
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Where, 𝑩𝑿,𝒀 =
(

𝝏𝑽𝟐𝝎
𝝏𝑯𝒙(𝒚)

⁄ )

(
𝝏𝟐𝑽𝝎

𝝏𝑯𝒙(𝒚)
𝟐⁄ )

, and 𝝃 =
∆𝑹𝑷𝑯𝑬

∆𝑹𝑨𝑯𝑬
. 

 

1.7.2 Thermoelectric effects 

Low field harmonic method discussed above is amongst the easiest method to characterize the 

SOTs. However, this method does not discuss about thermoelectric effect. The quantification 

of thermoelectric effects become important in second harmonic Hall characterization due to 

their dependency on Joule heating. Joule heating is produced by charge current in the samples 

and has a quadratic dependency on injected current (Fig. 1.14).  

 

Figure 1.14 Heat gradient produced due to resistivity differences of different layers. 

i.e., current induced Joule heating generates a temperature gradient as: ∇𝑇 ∝ 𝐼2 

In the case applied ac current (IAC=Io sinωt) the heat gradient ∇𝑇 takes the following 

form[43,44]: 

∇𝑇 ∝ 𝐼𝐴𝐶
2 = (𝐼0𝑠𝑖𝑛𝜔𝑡)2 =

𝐼0
2

2
(1 − 𝑐𝑜𝑠2𝜔𝑡)   (1.24) 

Thermal gradients of this nature can lead to the occurrence of the anomalous Nernst effect 

(ANE). ANE is a thermal counterpart of anomalous Hall effect, driven by a heat gradient. This 

heat driven ANE signal have following second harmonic form[43]: 

𝑉2𝜔, 𝐴𝑁𝐸 ∝ (𝑚 × 𝛻𝑇)     (1.25) 

Here, the proportionality sign can be replaced by a substituted with a material-specific ANE 

coefficient. Notably, ANE has a magnetization dependency similar to AD-SOT effective field. 

Consequently, accurately quantifying ANE from AD-SOT becomes essential to prevent the 

overestimation of SOT fields. 
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After exploring the angular dependency of different SOT fields, the second harmonic Hall 

resistance can be written as[44]: 

𝑅𝑥𝑦
2𝜔 = [(−𝑅𝐴𝐻𝐸

𝐻𝐴𝐷

𝐻𝑒𝑥𝑡−𝐻𝑘
+ 𝑅∇𝑇) 𝑐𝑜𝑠𝜑 + 2𝑅𝑃𝐻𝐸(2𝑐𝑜𝑠3𝜑 − 𝑐𝑜𝑠𝜑)

𝐻𝐹𝐿+𝐻𝑂𝑒

𝐻𝑒𝑥𝑡
] (1.26)  

Equation (1.26) also serves as a means to measure the SOT effective field, in addition to 

detecting the thermoelectric effect. This approach necessitates either an angular sweep at a 

fixed field or a field sweep at a fixed angular value. 
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Chapter 2 

 

Experimental technique and room temperature transport 

measurements setup 

 

Within this chapter, a comprehensive exploration of diverse techniques and instruments 

employed in various experiments is provided. The procedures encompass several stages of 

sample preparation, including thin film deposition, device fabrication and sample 

characterization. All measurements on the devices were conducted utilizing a custom-built 

magneto-transport setup. The chapter further delves into a detailed description of the different 

components comprising this home-built system. 

 

2.1 Thin film deposition 

In this thesis, material deposition was accomplished through the utilization of the physical 

vapor deposition (PVD) method, specifically employing the magnetron sputtering technique. 

 

2.1.1 Magnetron sputtering deposition 

Thin film deposition is a vacuum-based technology used to put coatings of pure materials onto 

the surfaces of various objects. There are several methods known for this process. The coatings 

typically have a thickness ranging from angstroms to microns and can consist of either a single 

material or numerous materials arranged in layers. The object that needs to be coated with a 

layer is known as the substrate. Coating methods encompass physical vapor deposition (PVD), 

with one specific process known as sputtering [1]. The sputtering process, which is a high-

energy production method, is used to manufacture stoichiometric thin films without altering 

the composition of the original material or the target material. Sputtering is also efficient in 

generating impermeable, dense sheets. This technique is a highly effective method for applying 

many layers of film for magnetic films for spintronics applications [2-4]. Sputtering involves 
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using high-energy ions of an inert gas or their mixes, combined with reactive gases, to remove 

atoms off the surface of target materials through physical bombardment. Momentum transfer 

takes place between high-energy ions and the atoms of the target substance as a consequence 

of their collision [5,6]. The ions, referred to as incident ions, induce a sequence of collision 

cascades on the surface of the target. Sometimes, these consecutive collisions result in the ions 

traveling significant distances and dissipating their energy. If the kinetic energy of the ion upon 

reaching the surface of the target exceeds the binding energy between the atoms of the target 

material, the impacted atom separates from the target material. The term used to describe this 

phenomenon is sputtering. In this setup, the target is maintained as a cathode, which is at a 

significantly negative voltage, while the other part of the vacuum chamber is kept at ground 

potential. The free electrons in the chamber are propelled out from the cathode, colliding with, 

and displacing the electrons of neutral gas atoms (such as Ar), resulting in their acquisition of 

a positive charge. Subsequently, the cathode target attracts these ions with positive charges, 

leading to a bombardment that dislodges loosely linked atoms and molecules from the target, 

occasionally accompanied by additional free electrons. These liberated electrons, in turn, 

enhance the creation of plasma (Figure 2.1). The expelled atoms and molecules of the target 

material move away from the target until they come into contact with other particles or a 

surface, such as the substrate, where they then condense. The term used to refer to this method 

is sputtering. In magnetron sputtering, magnets are employed to enhance the efficiency and 

control of the sputtering process. By employing an arrangement of magnets positioned at the 

cathode, it is possible to create a magnetic field that confines the electrons to closed paths in 

close proximity to the target surface[6]. Consequently, this enables the maintenance of a high-

density plasma. The cathode target can receive power from either a DC or an RF power supply, 

referred to as DC and RF sputtering techniques, respectively. DC sputtering is commonly 

employed for metal deposition, utilizing a direct current power source to generate a glow 

discharge for sputtering. On the other hand, RF (radio frequency) sputtering is generally 

preferred for insulator thin films, utilizing an alternating current power source at radio 

frequencies to create a high-frequency plasma discharge, which is particularly effective for 

sputtering insulating materials. In this study we utilized magnetron sputtering to deposit Ta, Pt, 

Co, NiFe materials. 
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Figure 2.1 Schematic illustrating the operation of a magnetron sputtering system. 

 

The sputter deposition apparatus utilized for this thesis was sourced from Excel Instruments 

(India) and comprised a high vacuum spherical chamber measuring 12 inches in diameter. The 

system maintained a base vacuum level of 7.5×10-8 mbar or higher, and it included a load-lock 

chamber. The vacuum was sustained by an 800 L/s turbo molecular pump (from Pfeiffer 

vacuum) supported by a rotary pump. The spherical chamber was equipped with four 2-inch 

DC magnetron sputter guns grouped in a confocal manner. The targets were affixed to the guns. 

Shielding plates were used to prevent cross-contamination between the targets during the 

operation of the guns.   The guns were additionally outfitted with pneumatically actuated 

shutters, effectively preventing any cross-contamination. The sputtering gas utilized in the 

chamber was ultrahigh pure Ar gas with a purity of 99.999%. It was injected into the chamber 

by high vacuum leak valves. The samples were introduced into the primary chambers using a 

load lock system, which was also evacuated by an 80 L/s turbo molecular pump (TMP) to 

achieve a vacuum level of 2×10-7 mbar during a time span of 2 hours. The load lock component 

played a crucial role in maintaining a constant high vacuum in the main chamber at all times. 

This decreased the likelihood of oxidation occurring on sensitive metals such as Cobalt, 
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Platinum and NiFe, while also reducing the entry of additional impurities from the atmosphere 

into the main chamber. The sputter deposition was conducted under an argon pressure of 2×10-

3 mbar. The pressure mentioned was the most favourable for starting and maintaining an Ar 

plasma. Increased pressure typically led to the formation of porous films exhibiting elevated 

electrical resistance. 

 

2.2 Atomic force microscopy 

 

Figure 2.2: Key elements of an atomic force microscope (AFM) [Figure taken from Ref [14]] 

 

This section delves into the intricate capabilities of Atomic Force Microscopy (AFM), a 

versatile measurement tool for 3D surface analysis of thin film and nanostructures[7-9]. AFM 

excels in providing accurate, non-destructive measurements of diverse properties such as 

topography, roughness, and thickness with a very high resolution[10,11]. The cantilever in 

AFM extends horizontally from a fixed base. It acts as a flexible support for the AFM probe or 

tip. The core operational principle involves scanning this probe, equipped with a sharp tip made 

of silicon or silicon nitride, over a thin film sample surface in a raster pattern as shown in Fig. 

2.2 piezoelectric scanners use piezoelectric materials to precisely control the position of a 

scanning probe in three dimensions of the substrate. Controlled by a piezoelectric scanner, the 
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AFM tip's movement generates deflections in the AFM cantilever, tracked by a laser beam 

which is partially transmitted by a mirror to position-sensitive photodetector. A feedback loop 

in the context of computer typically refers to a system where the output of a process is fed back 

as input to the same process, influencing its future behaviour. This ensures a constant distance 

of 1nm between cantilever tip and sample yielding a detailed 3D topographic image. 

To calibrate the thickness, thin films were deposited on a Si/SiO2 wafer with a mask pattern, 

using specific sputtering parameters for a designated duration. AFM scan the whole sample 

surface by dividing it into many grids of small sizes. Van Der Waals interactions captures the 

attractive force between the atoms of the sample and the AFM tip [12,13]. At separations 

smaller than 1 Å the atoms in the cantilever and in the sample experience strong repulsive 

forces due to the overlap of electron clouds.  

AFM operates in different modes, including Contact Mode, Tapping Mode, and Non-Contact 

Mode, each offering unique advantages and challenges[15,16]. In Contact Mode, the AFM tip 

maintains constant contact with the sample surface. Due to the continuous contact between the 

tip and the sample, in-plane shear forces are present, which limits the use of contact mode for 

imaging soft samples, while they are easily destroyed as a result of the tip scraping over the 

sample surface. To prevent potential damage to the sample caused by lateral forces, tapping 

mode is used. By tapping the surface intermittently at a frequency significantly faster than the 

lateral scan, the lateral forces between the tip and the sample are minimized. Non-Contact 

Mode, characterized by minimal interaction, provides super high-resolution images, albeit with 

challenges in maintaining tip-sample distances. The height adjustments required to maintain a 

constant force as the tip scans across the sample are translated into a topographic map of the 

surface. The variations in the height of the tip above the surface provide information about the 

surface features, including the thickness and roughness of the sample. This thesis utilized 

Bruker's Dimension ICON AFM system for precise measurements of thin film thickness and 

roughness. 

 

2.3 Vibration sample magnetometry (VSM): 

Vibration Sample Magnetometry (VSM) is a versatile and widely used technique in the field 

of magnetism for characterizing the magnetic properties of materials[17-19]. This method 

involves mounting a sample on a small vibrating platform within a magnetic field, enabling 
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precise measurements of the sample's magnetic response. As the sample oscillates within the 

magnetic field, the changes in magnetic flux are detected, providing information about its 

magnetic susceptibility, hysteresis loop, and other relevant properties. VSM is particularly 

valuable for analysing ferromagnetic, antiferromagnetic, and paramagnetic materials, offering 

high sensitivity and accuracy in determining magnetic moments and coercivity. This non-

destructive and highly sensitive technique plays a crucial role in the magnetic characterization 

of various magnetic heterostructure[20]. In this thesis, MicroSense EZ9 vibrating sample 

magnetometer was used to characterize magnetic properties of heterostructures. 

 

Figure 2.3 VSM data showing magnetization vs. field (applied along z-direction) plots for 

PMA (a) Pt/Co/Pt stack, and (b) Ta/Pt/Co/Pt stack. (c) Processed VSM data after slope 

correction. 

 

The variation of the magnetization obtained through VSM with the externally applied magnetic 

field along z-direction is shown in Figure 2.3 (a) (for Pt/Co/Pt) and (b) (for Ta/Pt/Co/Pt). The 

constant slope in the saturation region is due to the diamagnetic contribution of substrate. 

Afterwards, we have subtracted the diamagnetic contribution of the substrate from the VSM 

data. The extracted M vs. H loops for our Pt/Co/Pt and Ta/Pt/Co/Pt stacks is shown in Figure 

2.3 (c). 

 

2.4 Device fabrication 

Following the thin film deposition and initial characterizations, the next step involved device 

fabrication to facilitate transport measurements. The fabrication process utilized the 

photolithography technique, specifically applied to create six-terminal Hall bar devices. Here, 

in this section photolithography technique is discussed in detail. 
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2.4.1 Photolithography 

 

Figure 2.4 Diagram illustrating lithography techniques, showcasing (a) the lift-off process on 

the left and (b) the etching technique on the right. 

 

Photolithography constitutes a fundamental method for imprinting patterns onto a wafer 

surface using a photosensitive polymer solution, or photoresist. The process involves essential 

stages for achieving the desired design, including the application of photoresist, exposure of 

the wafer to light, and subsequent removal of weakened photoresist regions with a developer 

solution[21,22]. To execute these steps systematically, the wafer undergoes thorough cleaning 

with an ultrasonicator and is then dried using a nitrogen gun. The photoresist is then spin-coated 

onto the wafer at high speed, followed by a softbake to eliminate residual solvents and enhance 

the adhesion of the photoresist layer to the substrate. This mitigates the risk of nitrogen bubble 

formation within the photoresist due to a high solvent content. Subsequently, a digital design 
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generated through AutoCAD or K-layout is employed to expose the pattern with ultraviolet 

(UV) light. Once the desired pattern is confirmed, the final step involves developing the 

photoresist, wherein weakened areas are selectively removed using an alkaline solution. 

Photolithography patterns are formed through two distinct methods: a) lift-off, where a thin 

film is deposited after pattern development and later lifted off using sonication in acetone, and 

b) etching, where pattern formation occurs after thin film deposition. In the etching process, 

the residual resist and film are removed by an Ar ion beam to form the devices. The schematic 

in Fig. 2.4 visually depicts these systematic steps in the photolithography process. 

 

2.5 Scanning Electron Microscope (SEM) 

The Scanning Electron Microscope (SEM) plays an indispensable role in scientific research 

due to its ability to produce high-resolution images at the nanoscale level. In this study, SEM 

is employed to capture high-resolution images of fabricated Hall bar devices, serving as a 

verification tool to ensure the integrity of current and voltage channels in the devices. 
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Figure 2.5: A schematic diagram of the scanning Electron Microscopy (SEM). (Image courtesy 

Iowa state university) 

 

The resolution of visible light optical microscopes is limited by the wavelength of light used. 

The smallest features that can be resolved are usually a few hundred nanometers, or about half 

the wavelength of light. In contrast, the SEM uses an electron beam rather than visible light to 

function. The energy of electrons that are accelerated in a SEM can vary from a few keV to 

several tens of keV. The de Broglie wavelength reduces as the accelerating voltage increases 

because the electron velocity increases. Comparing the SEM to visible light optical 

microscopes, this wavelength reduction allows the SEM to reach far better resolution[23]. 

The SEM works by scanning a sample under vacuum with an accelerated, highly focussed 

electron beam in order to increase the electrons mean free path and excite the electrons within 

the sample. An example of a typical instrument diagram is shown in Figure 2.5. The two 

primary emission types used in electron guns are thermionic and field emission. Lanthanum 

Hexaboride is utilized for field emission and tungsten is primarily used for thermionic 

emission. An anode near the electron gun's tip is biased between 0.5 and 50 kV to create an 

electric field that draws a narrow electron beam from the tip. The electron beam is accelerated 

and directed towards the specimen surface by use of condenser lenses, which eventually focus 

and converge it. The focused electron beam is moved across the specimen's surface in a raster 

pattern by scanning coils that are positioned above the specimen chamber. Electrons and atoms 

in the sample interact when a focused electron beam hits the specimen's surface. Various kinds 

of electrons are emitted as a result of the interaction between the electrons and the sample's 

atoms as shown in Figure 2.6. Microscopic surface images of a specimen are produced using a 

scanning electron microscope. This is carried out by using an optical column to scan a specimen 

with a high energy electron beam. After that, the electrons released by the beam interact with 

the specimen atomic structure to produce topographic images. The beam produces a variety of 

electrons including backscattered and secondary electrons. Backscattered electrons (BSE) 

provide information regarding the specimen's atomic number and composition. It happens 

when a sample is repeatedly deflected across small angles. Compared to secondary electrons, 

BSEs can penetrate deeper within the sample and are scattered from it with less energy loss. 

Secondary electron (SE) reflection plays a useful role in producing a sample topographic 

imaging. When electrons that are initially inside the material are ejected as a result of 

interaction with the electron beam, secondary electrons are produced. SE typically have energy 
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of less than 50 eV and are located within a few nanometers of the sample surface are able to 

escape. 

 

 

Figure 2.6: Main signals produced when the electron beam interacts with the sample.  

 

The surface topology is provided by low energy secondary electrons. The detector collects 

these electrons. Mostly used detector is Everhart-Thornley Detector to collect the secondary 

electrons that are emitted. Typically, it consists of a photomultiplier tube to turn the light into 

an electrical signal and a scintillator substance that releases light when hitted by secondary 

electrons. Pulses of light are produced when secondary electrons collide with the scintillator 

material. These light pulses are amplified by the photomultiplier tube, which turns them into 

an electrical signal proportional to the number of electrons gathered. The electronics of the 

SEM process the electrical signal that the photomultiplier tube produces. The final image of 

the specimen is built using these signals. These signals from different points on the sample 

surface are combined to produce a high-resolution image that depicts the surface topography 

and features. 

 

2.6 Wire Bonding 

This section describes the wire bonding which is a prevalent technology facilitating electrical 

connections between semiconductor chips and metal pads. Based on the energy source and 

force applied during bonding, wire bonding technology falls into two categories: 1) ball 

bonding, 2) ultrasonic wedge bonding. This thesis utilized specifically an ultrasonic wedge 
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bonder TPT HB02 from Technical product trade for precise bonding. Ultrasonic bonding 

utilizes the Aluminium wire for creating electrical contacts on Si or Si/SiO2 substrates. A 50 

µm Al wire fed through the bonding tool, and the wedge-shaped tip is pressed onto bonding 

pads. Ultrasonic vibration in wedge bonding enhances the wire deformation process, promoting 

better adhesion and creating robust metallurgical bonds between the wire and bonding pads. 

During the initial bonding step, the bonding tool descends to the programmed bond position, 

establishing contact with the silicon device. Bond forces adjustable from 15grams to 150grams, 

accompanied by ultrasonic waves, are then applied through the bonding tool throughout the 

bonding duration. This duration is adjustable from 15milliseconds to 2000milliseconds. The 

ultrasonic method exclusively allows the creation of wedge bonds, and this technique does not 

rely on heat for bond formation, making it a standard in semiconductor technology. Following 

the creation of the first bond between the wire and pad of substrate, the tool drives the wire to 

form a loop, concluding at the second bond pad. During this phase, the bond head once again 

brings the wire into contact with defined force and ultrasonically welds the second bond onto 

the surface. Subsequently, the bond head slightly ascends to cut the wire. This process is fully 

represented in the Fig 2.7. This method proves crucial in forming desired bonds on chip pads 

and wire loops between chips in semiconductor technology 

 

Fig: 2.7 Schematic of bonding system (Figure sourced from Ref [24]) 

 

2.6 Room temperature transport measurement setup 
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At the outset of this work, the laboratory lacked the facilities for conducting transport 

measurements. Consequently, a crucial goal of this thesis was to develop an electrical transport 

measurement setup capable of conducting all the AC and DC measurements discussed in 

Chapter 1. As a part of this thesis, establishment of a fully automated transport setup was done 

in the laboratory that can perform AHE, PHE, SOT characterization, and SOT-induced 

switching experiments. Thus, it was essential to combine efforts in assembling both hardware 

and software to create this setup, allowing for the measurement of samples using various AC 

and DC techniques. 

 

2.6.1 Instruments required 

 

Figure 2.8 A schematic diagram of room temperature transport setup. 

 

A schematic diagram of transport system is illustrated in Fig. 2.8. The illustration includes an 

electromagnet powered by a bipolar power supply, with a lithographically fabricated Hall bar 

device positioned between the pole pieces of the electromagnet. The orientation of the Hall bar 

sample can be adjusted by using different printed circuit boards (PCBs) designed within the 

laboratory, as elaborated later in this chapter. Wire bonding connects the current and voltage 

channels of the Hall bar to external circuitry. This external circuitry comprises AC or DC 
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current sources linked to the current channel and a DC voltmeter or lock-in amplifier connected 

to the voltage channels. Further, a stepper motor attached to the sample mount assembly 

permits the rotation of various sample orientations, allowing for measurements at various field 

angles. Automation and control of all these components are achieved through a PC connected 

to all these equipments. Consequently, the illustrated setup can measure the Hall voltage (AC 

or DC) by applying current (AC or DC) while sweeping either the magnetic field or field angle. 

A Gauss probe is positioned near the sample to provide real-time information on the applied 

field strength. The software component simultaneously plots the acquired data in real time, 

allowing for instant verification of the results. 

The subsequent section provides an in-depth exploration of the efforts invested in constructing 

the transport setup, implementing its automation, and validating the obtained results. 

 

2.6.2 Bipolar Electromagnet and Helmholtz coils 

The magneto-transport experiments conducted in this thesis necessitated a consistent magnetic 

field. This field was generated utilizing either an electromagnet or a pair of Helmholtz coils. 

Specifically, the electromagnet employed in this study was the water-cooled EMH 100 

electromagnet manufactured by Polytronic Corporation in India. The EMH 100 electromagnet 

was operated using the BCS-100 bipolar power supply, also from Polytronic Corporation. This 

power supply, with a capacity of 30 V and 15 A, could deliver both positive and negative 

currents to the electromagnet, thereby producing magnetic fields of corresponding polarities. 

The magnetic field strength at maximum current also depends on the separation between the 

pole pieces. With the device positioned between the pole pieces, a magnetic field of up to 1 

Tesla could be achieved. However, a minimal separation limits the reduction in sample space 

between the pole pieces. Therefore, the selection of the separation distance involves a trade-off 

between experimental convenience and attaining the maximum available magnetic field 

strength. Further, cooling for the electromagnet is supplied through a custom cooling system. 

A steady stream of tap water is directed from a water tank from a 14 W submersible pump to 

the inlet of copper tubes situated within the magnet, and the circulated water is then stored in 

the same water tank. To maintain a low water temperature, ice gel packs are employed.  

For the automation of the electromagnet, a National Instruments data acquisition device 

(NI-USB DAQ 6001) was employed. The NI-6001 DAQ was linked to the BCS-100 power 
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supply to regulate its output current, thereby controlling the magnetic field strength of the EMH 

100 electromagnet. The automated system grants the ability to adjust the magnetic field, 

allowing for either a fixed or sweeping configuration based on the experimental requirements. 

 A pair of Helmholtz coils, each comprising 300 turns, were constructed to generate a 

stable and remanence-free field. With an applied current of 3 A, the Helmholtz coils delivered 

a maximum field of about 150 Oe within the sample space. When required, these coils were 

affixed to the electromagnet frame to supply an orthogonal field to the electromagnet's field. 

The calibration of field uniformity and sample positioning in both the electromagnet and 

Helmholtz coils was conducted using a Gauss meter from Polytronic Corporation. 

 

2.6.3 Sample mount and breakout box 

 

Figure 2.9 (a) Eagle Cad generated gerber file image of 12-pin sample mount PCB design. (b) 

Pasted and bonded devices with different pads. (c) Actual sample mount PCB with a one-rupee 

coin for the size reference. 

 

In this section, different sample mount geometries and sample holders are discussed in detail. 

The corresponding printed circuit boards (PCBs) were developed using the Eagle CAD 

software. Measurement devices were lithographically fabricated on 5 mm × 5 mm Si/SiO2 

substrates, which were subsequently pasted onto a 12-pin sample mount PCB. The sample 

mount PCB features 12 copper bonding pads connected to male pin headers soldered in parallel 

on the PCB, as illustrated in Figure 2.9. This chip carrier provides a sample space of 12 mm × 
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8 mm. Figure 2.9 (a) display the output GERBER file image of the sample mount stage and 

Fig. 2.9 (b) and (c) shows actual sample mount PCB. Subsequently, this sample mount is 

attached to a second PCB stage offering three distinct orientation options. These orientations 

allow for the rotation of the device in a fixed magnetic field about different axes, as detailed 

later. Figure 2.10 illustrates the sample mounts on the three different orientation PCBs. The 

length of these PCB stages is designed to ensure that the external wiring connected to them 

does not occupy the space between the pole pieces of the magnet. Consequently, utilizing these 

PCBs minimizes the sample space between the pole pieces, enabling the attainment of a high 

magnetic field. Each PCB stage is equipped with 12-pin female headers connected at one end 

to facilitate the easy insertion of the sample mount PCB. The opposite end of this PCB stage 

features a 15-pin female VGA connector. The 12 pins of the sample mount PCB are then linked 

through the PCB stage to 12 of the 15 pins on the VGA connectors (can be seen in Fig 2.10 (a) 

and (b)). Subsequently, this entire PCB stage is connected to a breakout box using a male VGA 

counterpart, which is connected with 12 individual 25 AWG single-strand coaxial cables. The 

breakout box is equipped with 12 female Bayonet Neill–Concelman (BNC) connectors, 

facilitating easy connection to source and measurement instruments via BNC cables. 
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Figure 2.10 Sample mount stage PCB for (a) xz-rotation (gerber image of design) (b) yz-

rotaion, and (c) xy-rotation 

 

2.6.4 Rotational assembly 

The ability to rotate the sample in different planes (yz-plane, xz-plane, and xy-plane) or around 

different axes (x, y, and z, respectively) is crucial. The rotation about these distinct axes was 

facilitated by a stepper motor. Initially, the stepper motor was affixed to a self-customized, 

vertically adjustable dual rod system. A custom-made aluminum rod was then linked to the 

stepper motor using a coupler, with the sample stage PCB attached to the top of the rod. The 

rotation about the three different axes was achieved with the assistance of three unique sample 

stage PCBs as depicted in Figure 2.10. PCBs in Figures 2.10 (a) and (b) were utilized for in-

plane to out-of-plane field rotation, while the PCB in Figure 2.10 (c) demonstrates field rotation 

in-plane to the sample. To achieve the desired step size, the stepper motor was connected to the 

TB 6600 stepper motor driver. For automation of the rotation, the Arduino Uno R3 board was 

linked to the stepper driver, controlling the pulse and direction of the stepper motor. The 

Arduino IDE interface was utilized to upload the LIFA firmware script to the Arduino board, 

rendering it LabVIEW compatible. 

 

2.6.5 Source and measurement units 

After establishing the capabilities for both field and angular sweeps, the primary objective was 

to conduct transport measurements. To make the setup compatible with both AC and DC 

measurements, the setup incorporates Keithley 6221 current source (source both AC and DC), 

Keithley 2182A nanovoltmeter, Keithley 2450 source meter (for DC source and 

measurements), and eg&g 7265 lock-in amplifier (for AC measurements). The utilization of 

these instruments, coupled with the field sweep and angular sweep functionalities, enables the 

exploration of various effects in magnetic heterostructures such as a wide range of 

magnetoresistance effects, AHE and PHE voltages, SOT characterization, and SOT-induced 

switching. 
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 2.6.5.1 AC measurements 

For AC measurements Keithley 6221 is used as an AC source and eg&g 7265 was used for 

voltage measurements. Lock-in amplifiers can detect the voltage amplitudes at the applied AC 

frequency and their higher harmonics from a noisy background. The functionality of a lock-in 

amplifier begins with the combination of the input signal and an internally generated reference 

signal through a mixing process. This mixing process shifts the frequency content of the signal 

to a lower frequency. Subsequently, the mixed signal undergoes low-pass filtering to eliminate 

high-frequency noise, leaving behind the low-frequency components of interest. Crucially, the 

reference signal's phase can be adjusted to synchronize with the input signal's phase, enabling 

phase-sensitive detection. This synchronization enhances the amplifier's sensitivity to the 

signal. The final step involves demodulation to recover the amplitude of the signal at the 

reference frequency. For the accurate data acquisition, the AC source Keithley 6221 is 

connected with the lock-in by a homemade trigger link cable. This trigger cable converts trigger 

link of Keithley 6221to a BNC cable. 

Utilizing this setup which is equipped for harmonic voltage measurements, in this thesis, it was 

employed to detect AC AHE and PHE voltages through first harmonic measurements. 

Additionally, the system was utilized to characterize spin-orbit torques (SOTs) in magnetic 

heterostructures using second harmonic measurements. Every acquired data point is an average 

of at least 20 number of readings in each experiment. This number can be modified using a 

custom-built automated program. 

 

2.6.5.2 DC measurements  

In DC measurements, either the Keithley 6221 or the Keithley 2450 served as a current source, 

while the Keithley 2182A nanovoltmeter detected the measured signal. This configuration was 

used to detect DC AHE, PHE signals and SOT induced magnetization switching. Specifically, 

for SOT-induced switching, a current pulse was requisite. To fulfill this requirement, the 

Keithley 6221 (for pulse widths ranging from 15 µS to 12 mS) and the Keithley 2450 (for pulse 

widths of 3 mS and above) were employed. The 2450 source meter, primarily designed for 

current sourcing and voltage measurement, underwent programming to enable the application 

of current pulses. The pulse width, starting from 3 mS, was validated using a Tektronix TDS 

2002 oscilloscope. Subsequent measurements involved applying a small DC current, conducted 
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either through normal DC or delta measurements. In the case of delta measurements, designed 

to mitigate thermal drift signals, both 2-point and 3-point delta functionalities were achievable 

using the 2450 and 6221, respectively. Further, similar to AC measurements, a number of 

readings were averaged to improve the signal-to-noise ratio. All these operations can be 

controlled by an automated program. 

To verify the transport setup, conventional magnetometry results of VSM are compared to 

transport measurement results. Here, one such result for the Pt/Co/Pt stack is shown (Fig. 2.11). 

The magnetic field was swept out of sample plane (HZ) and measured the Hall voltage of 

Pt/Co/Pt Hall bar device. This stack has PMA and hence this should show a AHE signal. 

Obtained AHE signal then compared with the VSM results which shows a one to on 

correspondence of the obtained hysteresis by both AC and DC methods. The VSM results and 

AC AHE voltage results as a function of HZ are shown in Fig. 2.11.  

 

Figure 2.11 (a) M vs. Hz result for Pt/Co/Pt PMA stack obtain by VSM measurement (b) R vs 

HZ results measured from AHE transport measurement. 
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Chapter 3 

 

Separation of Spin-orbit torque from thermoelectric effects 

and detection of SOT induced field-free magnetization 

switching in Pt/Co/Pt stack with Ta-underlayer utilizing 

thermoelectric effect 

 

3.1 Introduction 

Recent years have witnessed a renewed interest in developing spin-based logic and 

memory devices capable of operating at high frequency with low energy consumption[1-4]. 

However, spin-transfer torque (STT) based magnetic random access memory devices 

experiences low endurance issues due to the flow of high current density through the tunnel 

barrier during writing operation[5,6]. In this regard, MRAM utilizing spin-orbit torque (SOT) 

mechanism for magnetization switching becomes of paramount importance owing to better 

endurance, faster access time and lower energy consumption in comparison to STT-MRAM. In 

SOT-MRAM, lateral current flowing through the heavy metal (HM) layer generates spin 

current due to the bulk spin-Hall effect (SHE)[3,7-9] or/and interfacial Rashba-Edelstein effect 

(REE)[10,11]. The spin current in-turn induces a torque in the adjacent ferromagnetic (FM) 

layer. Here, magnetization is subjected to antidamping-like (𝜏𝐴𝐷 ∝ 𝑚 × (𝑚 × 𝜎)) and field-

like (𝜏𝐴𝐷 ∝ 𝑚 × (𝑚 × 𝜎)) torques ((AD-SOT) and FL-SOT, respectively) produced by 

applied current in lateral direction of HM. The AD-SOT yields an effective field HAD
 (∝

(𝑚 × 𝜎)) while FL-SOT yield HFL (∝ 𝜎). Here, 𝜎 is spin polarization vector[3,12]. Moreover, 

for realizing high density SOT-MRAM, the robust perpendicular magnetic anisotropy (PMA) 

in the HM/FM heterostructures is desired to maintain a significant energy barrier prohibiting 

the thermal fluctuation. 

SHE induced AD-SOT is the dominating torque which can manipulate magnetization 

orientation in PMA based magnetic heterostructures[1,3,13]. In order to exploit the nature of 
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SHE and engineer the SOT in magnetic heterostructures, different stacks of HMs and FMs 

possessing PMA are used. Amongst them, HM/FM/HM stacks with PMA are of particular 

interest where the HM layers can be of dissimilar materials[14-17]. By carefully engineering 

the HM layer according to their spin-Hall angles (𝜃𝑆𝐻), SOTs and other magnetic properties in 

HM/FM/HM heterostructures become tuneable. For instance, Pt/Co/Ta enhances SOT 

efficiency[17] as both the HMs have opposite 𝜃𝑆𝐻, whereas, a symmetric thickness of Pt in the 

Pt/Co/Pt stack diminishes the SOT efficiency[15,16]. Remarkably, the Ta/Pt/Co/Ta stack 

enhances the SOT efficiency as well as the anisotropy field[14]. Thus, HM/FM/HM stack with 

PMA and varying spin current is considered as an ideal composite FM layer for investigating 

different SOT studies.  

It is usual to introduce a Ta underlayer for better adhesion and smoothness of the HM 

layer while studying the SOT effects in HM/FM heterostructures[18]. In the present study, we 

showed that due to the addition of a Ta underlayer to the perpendicularly magnetized Pt/Co/Pt 

asymmetric stack, various physical phenomena emerge which was otherwise negligible in 

Pt/Co/Pt stack. Here, Pt/Co/Pt asymmetric stack was considered as a model system for studying 

different SOT behaviour. We had characterized the SOTs in Ta/Pt/Co/Pt stacks in comparison 

to the Pt/Co/Pt asymmetric stack with Co layer in the form of a wedge, in both the stack. We 

had used low field AC harmonic Hall voltage technique[19,20] and magnetization angle-

resolved harmonic Hall technique[21,22] for estimating the SOT contribution in Pt/Co/Pt and 

Ta/Pt/Co/Pt stack, respectively. It was found that AD-SOT contribution in Ta/Pt/Co/Pt stack is 

similar to the value of AD-SOT for Pt/Co/Pt stack. However, inversion symmetry breaking at 

the interface of Co layer generates FL-SOT, which is negligible in both the stacks due to similar 

interfaces about Co layer. Moreover, in Ta/Pt/Co/Pt stack, significant thermoelectric effects 

persist in comparison to Pt/Co/Pt stack due to electrical resistivity mismatch between Ta 

underlayer and Pt/Co/Pt stack. As a result of the differing resistivity, the different current flows 

between the Pt/Co/Pt stack and the Ta underlayer, which causes different joule heating in these 

layers, causing the thermal gradient to appear in the whole stack. Further, we observed field-

free switching in Ta/Pt/Co/Pt stack using conventional DC Hall methodology. In addition, we 

had utilized the thermoelectric effects in Ta/Pt/Co/Pt as a reading mechanism for magnetization 

switching. We developed an AC Hall resistance reading technique using anomalous Nernst 

effect (ANE) to detect the field-free switching in Ta/Pt/Co/Pt apart from estimating the 

switching current values using our reading technique. 
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3.2 Experimental details 

 

Figure 3.1 (a) Scanning electron microscopy image of the six-terminal Hall bar devices 

with Hall measurement geometry. (b) Magnetization measurements by VSM as a function of 

out-of-plane applied field (Hz) and inset shows AHE resistance measurements vs. Hz. 

The thin film stacks of Pt(3)/Co(0.6)/Pt(6) (hereafter denoted as Pt stack) and 

Ta(3)/Pt(3)/Co(0.6)/Pt(6) (hereafter denoted as Ta stack) were deposited onto thermally 

oxidized Si/SiO2 substrate by DC-magnetron sputtering at room temperature after achieving a 

base pressure ~10-8 Torr at a working pressure of 3 mTorr. The thickness of the films indicated 

in the parenthesis are in nanometers.  Six terminal hall bar devices (Figure 3.1(a)) with a 

dimension of 135𝜇𝑚 ×  12𝜇𝑚 were patterned using standard photo-lithography and plasma 

etching process. In our Hall bar devices, current channels along and perpendicular to the Co 

thickness gradient direction, were fabricated. Notably, devices with current channel parallel to 

the wedge direction were considered to have insignificant thickness gradient along y-direction 

(Figure 3.1(a)) and considered as uniformly grown Co devices. In this work, Pt stack and Ta 

stack corresponds to the thin film stacks with Co layer in wedge form unless otherwise 

mentioned. Unpatterned films in both the stacks were utilized for the vibration sample 

magnetometry (VSM) measurements. Figure 3.1(b) shows the variation of the magnetization 

of the stacks vs. applied field along z-direction (Hz). The square shaped hysteresis loop as 

depicted in Figure 3.1(b) confirms the PMA behaviour in both the stacks which was further 

corroborated by performing anomalous Hall effect (AHE) resistance measurement as a function 

of Hz (inset of Figure 3.1(b)). The saturation magnetization (Ms) was found to be ~1057±8 

emu/cc for Pt stack and ~1135±8 emu/cc for Ta stack, respectively which is similar in 
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magnitude.  For the quantitative study of SOTs, AC measurement techniques utilizing lock-in 

amplifiers (EG&G 7265) with reference frequency of 577.13 Hz were used. Current induced 

magnetization switching was probed using the DC Hall measurement technique (utilizing 

Keithley 2450 source meter and Keithley 2182A nanovoltmeter) and 2nd harmonic AC Hall 

technique. All transport measurements were carried out at room temperature. 

 

3.3 Results and discussion 

 

3.3.1 Separation of AHE and PHE contributions 

 

Figure 3.2 (a) First harmonic Hall resistance (𝑅𝐻
𝜔) as a function of in-plane magnetic field 

applied at ~45° from current direction (For Pt/Co/Pt stack). (b) Separated AHE and PHE 

resistances as a function of in-plane field. 

 

 Anomalous and planar Hall (AHE and PHE) contributions are separated by 

symmetrization and anti-symmetrization of Hall resistance data with respect to the external 

magnetic field. 𝑅𝐻
𝜔 as a function of in-plane external magnetic field (applied along φH ~ 450) is 

shown in Fig.3.2(a) which has both AHE and PHE contributions. AHE have an odd symmetry 

with respect to the reversal of magnetization (𝑅𝐴𝐻𝐸 ∝ 𝑚𝑧) while PHE have an even symmetry 

with respect to the reversal of magnetization (𝑅𝑃𝐻𝐸 ∝ 𝑚𝑥𝑚𝑦). It is evident that the anti-

symmetrization and symmetrization of 𝑅𝐻
𝜔 data with respect to field axis can separate the AHE 
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and PHE contribution, respectively[16,23]. Hence 𝑅𝐻
𝜔(−𝐻𝑧 → +𝐻𝑧)+𝑅𝐻

𝜔(+𝐻𝑧 → −𝐻𝑧) 

provides AHE contribution while 𝑅𝐻
𝜔(−𝐻𝑧 → +𝐻𝑧)−𝑅𝐻

𝜔(+𝐻𝑧 → −𝐻𝑧) extract PHE 

contribution. Symmetrized and anti-symmetrized data is shown in Fig. 3.2(b). AHE to PHE 

ratio for Pt/Co/Pt stack is 0.02 and for Ta/Pt/Co/Pt stack is 0.002. 

 

3.3.2 Anisotropy field (Hk) calculations 

 

3.3.2.1 For Pt/Co/Pt sample 

First harmonic Hall voltage (𝑉𝐻
𝜔) data of Pt/Co/Pt device as a function of applied magnetic 

field along the current direction (Hx) is shown in Fig. 3.3(a). The 𝑉𝐻
𝜔(𝐻) = 𝑉𝐻

𝜔(0)√1 − (
𝐻

𝐻𝐾
)

2

 

fitting of this data in low field regime provides the value of anisotropy field[21] which is 

0.349±0.007 T. 

 

3.3.2.1 For Ta/Pt/Co/Pt sample: According to the previous method adopted for Pt/Co/Pt stack, 

Hk is the field value where the fitting curve cuts the x-axis. Ta insertion enhances the anisotropy 

significantly rendering the switching signal very large. Thus, the curve fitting, as described for 

previous case, does not provide the Hk value. For Ta/Pt/Co/Pt stack, we have calculated the 

anisotropy field using[22]: 

 

𝒔𝒊𝒏(𝟐𝜃) =
𝟐𝑯𝒆𝒙𝒕

𝑯𝒌
 𝒔𝒊𝒏(𝜃𝑯 − 𝜃)  (3.1) 

where, 𝜃𝑯 is angle between the external magnetic field (Hext) and z-axis. 𝜃 is magnetization 

angle. The method to find 𝜃 values from magnetic field rotation is discussed in the main text. 

The fitting of Eq. (3.1) is shown in Fig. 3.3(b). The obtained value of Hk is ~1.43±0.23T for 

Ta/Pt/Co/Pt stack in comparison to the Hk ~0.34T observed for Pt/Co/Pt stack. The 

enhancement in the Hk due to the insertion of the Ta under layer is a result of enhance spin-

orbit coupling at the intrfaces[14]. 
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Figure 3.3 (a) First harmonic Hall voltage data (𝑉𝐻
𝜔) as a function of field along x-direction 

(Hx) for Pt/Co/Pt stack, the fitted curve in low field regime is shown in red color. (b) 𝑠𝑖𝑛(2𝜃) 

vs. 𝑠𝑖𝑛(𝜃𝐻 − 𝜃) for Ta/Pt/Co/Pt stack at external magnetic field 4500 Oe. 

 

3.3.3 SOT measurement for the Pt stack 

For Pt stack, effective fields induced by AD-SOT (HAD) and FL-SOT (HFL) were 

extracted using low field harmonic Hall measurement method. The results of harmonic Hall 

voltage measurements with varying external magnetic field for Pt stack are shown in Figure 

3.4. Figure 3.4 (a) depicts the experimental geometry and coordinate system along with the 

material stack. Figure 3.4 (b) shows the representative plots for the in-phase first harmonic Hall 

voltage 𝑉𝐻
𝜔(left y-axis) and out-of-phase second harmonic voltage 𝑉𝐻

2𝜔(right y-axis) as a 

function of the external magnetic field applied in the direction of current (Hx). The variation of  

𝑉𝐻
𝜔 (left y-axis) and 𝑉𝐻

2𝜔 (right y-axis) as a function of the external magnetic field transverse 

to the current (Hy) is shown in Figure 3.4 (c). A small out-of-plane field was applied during the 

experiment to prevent the domain nucleation in the low field range. The effective fields HAD, 

and HFL generated by current-induced AD-SOT and FL-SOT are calculated using[19]: 

𝐻𝐴𝐷(𝐹𝐿) =
𝐵𝐴𝐷(𝐹𝐿)±2𝜉𝐵𝐹𝐿(𝐴𝐷)

1−4𝜉2
    (3.2) 

where 𝐵𝐴𝐷(𝐹𝐿) = −2 (
𝜕𝑉𝐻

2𝜔

𝜕𝐻𝑋(𝑌)
) (

𝜕2𝑉𝐻
𝜔

𝜕𝐻2
𝑋(𝑌)

)⁄  and 𝜉 = ∆𝑅𝑃𝐻𝐸 ∆𝑅𝐴𝐻𝐸⁄  is the ratio of planar Hall and 

anomalous Hall resistances. Here ± sign corresponds to up-and down-magnetization, 

respectively. Fitting of first and second harmonic Hall voltage (𝑉𝐻
𝜔and 𝑉𝐻

2𝜔, respectively) using 
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Eq. (3.2) determines the HAD(FL). The variation of the extracted HAD, and HFL values under 

different applied currents are depicted in Figure 3.4 (d). 

 

Figure 3.4 (a) Pt stack with directions of spin currents (JS) flowing from each HM layer and 

an effective spin current direction, along with the schematic diagram for the AC Hall 

measurement with its coordinate geometry. (b) First harmonic (𝑉𝐻
𝜔) and second harmonic 

(𝑉𝐻
2𝜔) voltage vs. magnetic field sweep in x-direction (Hx) under ~4 mA current. (c) 𝑉𝐻

𝜔 and 

𝑉𝐻
2𝜔 vs. magnetic field sweep in y-direction (Hy) under ~4 mA current. (d) HAD as a function of 

applied AC currents (inset: HFL vs. AC current). 

 

HAD values increases with the applied current at a rate of +1.6 ± 0.02 Oe/mA (−1.8 ± 0.08 

Oe/mA) for up-magnetization (down-magnetization) whereas HFL in Pt stack shows no 

particular trend and is always an order smaller than HAD (Figure 3.4(d)). The similar interfaces 

of Pt on both sides of the Co layer show the insignificant effect of Rashba-Edelstein effect 

(REE) and, as an outcome, FL-SOT is negligible compared to the AD-SOT[15]. The significant 
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HAD values suggest that, due to the Pt thickness asymmetry on both side of Co thin film, a net 

spin current flows from the thicker Pt in the Pt stack.  

 

3.3.4 Second harmonic signal comparison for Pt stack and Ta stack 

Next, we compared the second harmonic Hall resistance (𝑅𝐻
2𝜔) as a function of 

magnetic field, swept along the current direction (Hx) for both Pt and Ta stacks which is 

depicted in Figure 3.5. The 𝑅𝐻
2𝜔 vs. Hx curve for Pt stack (Figure 3.5(a)) differs distinctly from 

the  𝑅𝐻
2𝜔 vs. Hx plot of Ta stack (Figure 3.5(b)). The Pt stack curve shows a generic AD-SOT 

behaviour with asymmetric 𝑅𝐻
2𝜔 about the field axis (as, 𝐻𝐴𝐷 ∝  𝑚 × 𝑦)[21,24].  In case of Ta 

stack, the 𝑅𝐻
2𝜔 vs. Hx plot exhibits a significant hysteric nature in low field regime. This is 

attributed to the presence of thermoelectric effects[22]. The electrical current passing through 

the sample leads to Joule heating which in turn creates the temperature gradient (∇T) due to 

mismatch in the resistivity and thermal conductivity in the stack after introducing the Ta 

layer[25,26] (illustrated in Figure 3.5(b)). Notably, the temperature gradient in Ta stack can 

generate anomalous Nernst effect (ANE) along with longitudinal spin Seebeck effect 

(SSE)[26,27]. However, the contribution of the SSE is negligible since the Ta stack possesses 

significant PMA[27]. Thus, the hysteric nature is attributed to the presence of ANE in Ta stack. 

Notably, in spite of keeping Co thickness of 0.6 nm in both the Ta stack & Pt stack, in Ta stack 

considerable ANE emerges. Note that, for Pt stack, the Pt (3 nm) and Pt (6 nm) undergoes 

different growth conditions (initial Pt(3) was grown on Si/SiO2 wafer whereas Pt(6) was grown 

on Co layer) which may lead to the difference in the resistivities[15,28] of the Pt thin films (top 

& bottom) in comparison to the Co thin film. This could lead to the ANE in Pt stack as well. 

Moreover, while analysed closely, the inset of Figure 3.5(a) shows very faint hysteric signal. 

In order to comprehend the relative contribution of the ANE in Pt stack & Ta stack, we have 

measured the variation of the 𝑅𝐻
2𝜔 with the external field (Hz) swept along the z-axis of the 

sample[27]. Figure 3.5(c) exhibits the variation of the  𝑅𝐻
2𝜔vs. 𝐻𝑧  for both Pt stack & Ta stack. 

The occurrence of the feeble hysteresis for Pt stack in comparison to the Ta stack confirms that 

the ANE signal is dominant (negligible) in Ta stack (Pt stack). Notably, the voltage generated 

due to ANE is proportional to 𝑚 × 𝛻𝑇, (m being the magnetization of the thin film) which has 

similar magnetization dependency as HAD. In this regard, while estimating HAD through the 
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measurement of 𝑅𝐻
2𝜔, the contribution of the ANE needs to be separated else it would lead to 

the overestimation of the HAD values in Ta stack. 

 

FIGURE 3.5 (a) 𝑅𝐻
2𝜔 vs. Hx for Pt stack. Inset: zoom-in view of 𝑅𝐻

2𝜔 vs. Hx in lower field 

regime. (b) 𝑅𝐻
2𝜔 vs. Hx for Ta stack (Inset: thermal gradient due to resistivity mismatch, color 

gradients indicate the heat distribution in each layer. The darker portion represents the hot 

region, while the lighter portion represents the cold region in each layer in the picture, black 

arrows point from top to bottom layer, indicating heat flow direction. The thickness of the right 

arrow denotes the magnitude of the current flowing through these layers.), (c) 𝑅𝐻
2𝜔 vs. Hz 

comparison for Pt stack and Ta stack, measurements are performed at JAC~1 × 1010A/m2.  

 

3.3.5 SOT measurement for the Ta stack 

To extricate the AD-SOT generated effective field from the ANE contribution, we 

followed a low field second harmonic magnetization rotation technique recently developed by 

H Yang et al.[22] In this method, the 𝑅𝐻
𝜔 and 𝑅𝐻

2𝜔 were measured to quantify AD-SOT and 

ANE contribution by rotating the sample in xz-plane in presence of a constant magnetic fields 

(Hext)[21,22]. The angle 𝜃𝐻 defines the direction of magnetic field from the z-axis 

(experimental geometry shown in Figure 3.6(a)). The contribution of FL-SOT is negligible for 

Ta stack due to similar interfaces about Co layer (supplementary information). Considering 

trifling contribution from planar Hall effect (from section 3.3.1) and FL-SOT for Ta stack 

(discussed later), the magnetization angle (𝜃) dependent 𝑅𝐻
2𝜔 in presence of Hext can be 

expressed as[22]:  

𝑅𝐻
2𝜔 = (

∆𝑅𝐴𝐻𝐸

2

𝐻𝐴𝐷

𝐻𝑒𝑥𝑡+𝐻𝑘
+ 𝐼0𝛼∇𝑇) 𝑠𝑖𝑛𝜃.   (3.3) 
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where 𝛼 is the ANE coefficient and I0 is the applied AC current defined by 𝐼𝐴𝐶 = 𝐼0𝑠𝑖𝑛(𝜔𝑡). 

The magnetization angle 𝜃, was found using 𝜃 = 𝑐𝑜𝑠−1(𝑁𝑜𝑟𝑚. 𝑅𝐻
𝜔) where the normalized 𝑅𝐻

𝜔 

was obtained as a function of magnetic field angle (𝜃𝐻) (Figure 3.6(b)). Eq. (3.3) can further 

be modified as: 

𝑑𝑅𝐻
2𝜔

𝑑(𝑠𝑖𝑛𝜃)
=

∆𝑅𝐴𝐻𝐸

2

𝐻𝐴𝐷

𝐻𝑒𝑥𝑡+𝐻𝑘
+ 𝐼0𝛼∇𝑇    (3.4) 

 

FIGURE 3.6 (a) Illustration of the experimental geometry and spin current (JS) and 

polarization directions (σ) for each HM layer in Ta- stack. (b) Normalized 𝑅𝐻
𝜔 vs. 𝜃𝐻. (c) 

𝑅𝐻
2𝜔vs. 𝜃 at different external magnetic fields. (d) Contributions of SOT and ANE as a function 

of 1/(Hext+Hk). Measurements are performed at 𝐼𝐴𝐶= 4.4 mA. 

Thus, it is important to plot the variation of 𝑅𝐻
2𝜔 vs. 𝜃 which is depicted in Figure 3.6(c). 

According to the Equation (3.4) the slope of the variation of 𝑅𝐻
2𝜔 vs. 𝑠𝑖𝑛𝜃 would give rise to 

the quantification of the ANE voltage along with AD-SOT. Figure 3.6(d) shows the plot of  

𝑑𝑅𝐻
2𝜔

𝑑(𝑠𝑖𝑛𝜃)
 vs.

1

𝐻𝑒𝑥𝑡+𝐻𝑘
 . The slope of this graph leads to the estimation of the AD-SOT whereas the 

intercept predicts the ANE contributions in Ta stack. In our calculation we have used Hk ~1.4 
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T for Ta stack. From Figure 3.6(d) and using Eq. (3.4) we have obtained HAD ~7 Oe and 

VANE=0.32 𝜇𝑉.[21,22] 

FL-SOT is determined by using the angle resolved magnetization rotation technique when Hext 

is rotated in yz-plane[22]. The FL-SOT is induced in HM/FM heterostructures due to the 

interfacial Rashba-Edelstein effect (REE). For Ta/Pt/Co/Pt stack, the variation of 𝑉𝐻
2𝜔 vs. 𝜃𝑯 

does not show any significant trend in the resolution limit of our setup (Fig. 3.7). This indicates 

that the FL-SOT values are insignificant, similar to the Pt/Co/Pt case. The similar Pt interfaces 

about Co layer diminish the FL-SOT effect in both Pt/Co/Pt and Ta/Pt/Co/Pt stacks. 

 

Figure 3.7 Second harmonic Hall voltage 𝑉𝐻
2𝜔as a function of magnetic field angle (𝜃𝑯) in yz-

plane. 

 

Remarkably, HAD for Ta stack matches well with the value of HAD for Pt stack when 

measured with the same current density of ~ 3×1010A/m2. The intuitive picture leading to this 

similarity in the HAD values in both the samples is depicted in Figure 3.6(a). In Pt stack, AD-

SOT was generated because of thickness asymmetry in Pttop and Ptbottom (as shown in Figure 

3.6(a)). The effective spin current acting on the Co layer for Pt stack can be expressed as 

Js
Pt (top) − Js

Pt (bottom). Similarly, for Ta stack, the resultant spin current can be expressed as 

Js
Pt (top) − Js

Pt′
(bottom) + Js

Ta (bottom). Notably, the addition of Ta underlayer produces a 

spin current[29] that has similar spin polarization as Pttop since Pt and Ta has opposite 𝜃𝑆𝐻. One 

has to note that the Ptbottom layer in Pt stack is directly grown on Si/SiO2 substrate whereas in 

Ta stack (Pt′
bottom) it is grown on Ta. It is expected that the quality of the Ptbottom layer in Pt 
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stack is inferior to the Pt′
bottom layer in Ta stack. This in turn indicates that Js

Pt′
(bottom) −

Js
Ta (bottom)(for Ta stack) ≈ Js

Pt (bottom) (for Pt stack). This results in the comparable value 

of the effective spin current acting on the Co layer for both the stack leading to the similar 

value of HAD for both the Pt and Ta stack, respectively. Furthermore, the anisotropy fields also 

show a drastic enhancement from 0.34±0.007 T (for Pt stack) to 1.43±0.063 T (for Ta stack) 

after addition of Ta layer. This enhancement is a result of enhance spin-orbit coupling at the 

interfaces with the addition of Ta layer as reported in the literature[14]. Moreover, the SOT 

efficiency extracted in this work matches well with the SOT efficient for the similar stacks 

reported in the literature. The same is depicted in Table I. 

Stack(s) SOT efficiency Reference 

Our work ~23 Oe/(107 A.cm-2) This paper 

SiO2./Pt(2)/Co(0.6)/Pt(5) ~41 Oe/(107 A.cm-2) Ref. [16] 

SiO2/Pt(5)/Co(0.6)/Pt(2) ~20 Oe/(107 A.cm-2) 

GGG /Pt(2.5)/Co(1.1)/ Pt(5) ~25 Oe/(107 A.cm-2) Ref. [15] 

SiO2/Pt(3.5)/Co(1.1)/Pt(3.5) ~11 Oe/(107 A.cm-2) 

Pt(3)/Co(0.6)/Pt(1) ~20 Oe/(107 A.cm-2) Ref. [30] 

Pt(3)/Co(0.6)/Ru(0.6)/Pt(1) ~40 Oe/(107 A.cm-2) 

Pt(4)/Co(1)/MgO(2) ~75 Oe/(107 A.cm-2) Ref. [31] 

Pt(5)/Co(1.2)/MgO(5) ~20 Oe/(107 A.cm-2) Ref. [32] 

Pt(5)/Co(1.2)/Ho(2)/MgO(5) ~95 Oe/(107 A.cm-2) 

 

Table 3.1 Comparison of SOT efficiencies in our stack with the similar stacks reported 

in the literature. 

 

3.3.6 Magnetization switching in Ta-stack 

3.3.6.1 Current induced magnetization switching in Ta/Pt/Co/Pt stack 



  Spin-orbit torque from thermoelectric effects 

 
 

 

61 
 

 

Figure 3.8 DC Hall resistance as a function of applied current pulse in presence of in-plane 

applied magnetic field. (Top portion shows plots in presence of positive values of in-plane 

magnetic field (in Oe) and bottom portion in presence of negative values of in-plane magnetic 

field (in Oe)). 

To see magnetization switching we performed the current induced magnetization 

experiments in presence of the in-plane symmetry breaking magnetic fields. In this DC 

measurement technique, a varying current pulse for the duration of 1ms followed by a 60 sec 

wait time was applied through current channel. Subsequently, the transverse resistance RH was 

measured at 500µA read current in the Delta configuration employing Keithley 2450 source 

meter and 2182A nanovoltmeter. The experimental results with different in-plane field values 

are shown in Fig. 3.8. The hysteresis behaviour of RH vs. I plot confirms the significant value 

of AD-SOT in Ta/Pt/Co/Pt stack. 
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3.3.6.2 Field-free switching in Ta/Pt/Co/Pt stack 

Further, we had achieved the field-free magnetization switching by measuring RH as a 

function of DC current pulses. The typical field-free switching behaviour of the Ta stack is 

demonstrated in Figure 3.9(a). Notably, the field-free switching was achieved for the sample 

with Co deposited in the wedge form unlike the uniformly deposited Co sample. The 

measurement of RH
2ωfor Ta stack as function of out-of-plane applied field (Hz) resembles an 

AHE type of behaviour for our PMA base stack (shown in Figure 3.9(b)). This behaviour is 

consistent with the ANE signature reported in the literature[23,27]. Similar behaviour of AHE 

and ANE signifies that ANE can also be used as reading mechanism to probe different 

magnetization states. Conventionally for detecting the field-free magnetization switching in a 

PMA sample using DC current, the transverse DC resistance is measured with minute probe 

current after applying the varying current pulses which were swept from positive to negative 

magnitude and vice versa. In order to utilize ANE for detecting the magnetization orientation 

we have devised an AC 2nd harmonic technique. In our AC 2nd harmonic technique, a current 

pulse that changes the magnetization state due to AD-SOT is applied and the 2nd harmonic Hall 

signal instead of DC Hall resistance, is measured after the pulse. The writing and reading 

mechanisms are illustrated in Figure 3.9(c). At first, we have applied a 1ms current pulses with 

predefined magnitude to change the magnetization state utilizing AD-SOT and wait for 60 sec. 

The second harmonic Hall resistance (𝑅𝐻
2𝜔) using 4 mA AC current was measured 

subsequently. We have taken the average of 30 readings for better signal to noise ratio. 

The ANE signal in 2nd harmonic Hall measurement shows magnetization dependency as: 

𝑉2𝜔,𝐴𝑁𝐸 ∝ 𝑚 × ∇𝑇 

where, ∇𝑇 is the thermal gradient generated due to the Joule heating of the stack (∇𝑇 ∝ 𝐼2) and 

m is the magnetization vector of the stack. Since the 2nd harmonic Hall voltage is probed along 

y-direction so the above equation suggests that 𝑉2𝜔,𝐴𝑁𝐸 must have a following form: 

𝑉2𝜔,𝐴𝑁𝐸 ∝ (∇𝑥𝑇𝑚𝑧 + ∇𝑧𝑇𝑚𝑥) 

Here, ∇𝑥𝑇 𝑎𝑛𝑑 ∇𝑧𝑇 are the temperature gradient along x- and z-directions and mx and mz are x- 

and z-component of magnetization, respectively. The ∇𝑧𝑇 is generated because of the 

differences in thermal conductivity of substrate and stack materials. Due to the different width 

of current and voltage branches, heat conduction occurs differently at the centre of Hall bar and 
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towards the Hall branches, which generates ∇𝑥𝑇. For our high PMA based Ta stack the mz part 

dominates in above equation. The variation of ANE (𝑉2𝜔,𝐴𝑁𝐸) vs. Hz is asymmetric in nature 

as the ANE signal is odd with respect to the magnetization reversal. 

 

Figure 3.9(a) RH vs. I for Ta- stack with Co wedge and uniformly grown Ta stacks (inset: 

illustration of Co uniform and Co wedge in Ta stack). (b) 𝑅𝐻
2𝜔 (anomalous Hall resistance (RH) 

in the inset) vs. Hz for Ta stack. (c) Writing and reading scheme for the 2nd harmonic ANE based 

reading mechanism. (d) 𝑅𝐻
2𝜔 (left y-axis) and 𝑅𝐻 (right y-axis) vs. applied current pulses (inset: 

retracing of 𝑅𝑥𝑦
2𝜔 as a function of applied current pulses). 

 

Further, we have employed our AC 2nd harmonic method to detect the field-free 

switching in Ta stack which exhibit a significant ANE contribution as depicted in Figure 3.5 & 

3.9(b). Notably, the significant ANE behaviour is highly reproducible across different devices 

and stacks (discussed later). Figure 3.9(d) exhibits 𝑅𝑥𝑦
2𝜔 vs. the applied current pulses for Ta 

stack depicting field-free magnetization switching, employing our method. As expected, 𝑅𝑥𝑦
2𝜔 
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is symmetric about the current axis and the complete current sweep retraces its nature with two 

distinct crossover regions where the magnetization switching occurs (inset of Figure 3.9(d)). 

Using our method, we can restrict the application of the DC pulses until zero while starting 

from the positive (negative) value. The sensitivity of the proposed methodology was further 

confirmed by plotting 𝑅𝑥𝑦
2𝜔 vs. the applied current pulses together with the Hall resistance (RH) 

as a function of DC current as shown in Figure 3.9(d). The switching current estimated to be 

~43 mA by our method matched well to the conventional DC Hall measurement method. 

3.3.7 Repeatability of ANE nature in different Ta stacks 

 

Figure 3.10: Hysteric nature of 𝑅𝐻
2𝜔 vs. Hz for two different devices of Ta stack with Co 

thickness 0.6 nm in (a), and for a Ta stack device with Co thickness 0.85 nm in (b). 

 

Figure 3.10 (a) shows the variation of 𝑅𝐻
2𝜔 vs. Hz for two different devices of Ta-stack (namely 

Device 1 and Device 2, respectively) with Co thickness of 0.6 nm. Notably, the Device 1 belong 

to the same set of devices for which the results are presented in the previous sections. The 

Device 2 was fabricated at the later stage. It is evident form Figure 3.10 (a) that the hysteric 

nature (ANE signal) in both the devices remains identical indicating that the ANE signature 

reported in the manuscript is highly reproducible. The figure 3.10 (b) shows the variation of 

𝑅𝐻
2𝜔 vs. Hz for Ta stack with Co thickness of 0.85 nm which shows a similar hysteric nature as 

shown in Figure 3.10 (a) and Figure 3.9 (b) of main text. This leads to the fact that the contact 

resistivity of the interface between layers does not affect the joule heating and the signal of 

ANE. [This leads to the fact that thermal gradient generated ANE nature is reproducible in 
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Pt/Co/Pt stacks with Ta underlayer.] The coercivity difference of ~20 Oe in Figure 3.9 (a) and 

(b) is due to difference in FM layer thicknesses. 

 

3.4 Conclusion 

In summary, we have investigated the effect of addition of the Ta underlayer to the 

asymmetric Pt/Co/Pt stack leading to the enhanced perpendicular magnetic anisotropy and 

emergence of the ANE which was otherwise negligible in the asymmetric Pt/Co/Pt stack. The 

emergence of the ANE due to the addition of the underlayer in HM-FM heterostructure is 

important as the contribution of the ANE needs to be separated while measuring the AD-SOT 

values using low field harmonic Hall method else it would lead to the overestimation of the 

HAD values. It was found that FL-SOT torque remains insignificant in both the stacks whereas 

the AD-SOT exhibits similar magnitude. For estimating AD-SOT torque, we have adopted an 

angle resolved magnetization rotation technique Using this methodology, we could quantify 

the AD-SOT and ANE contributions, respectively. Moreover, we had developed a methodology 

of detecting field-free switching by utilizing the ANE behaviour present in our sample. In our 

methodology, the field-free switching as well as the estimation of the switching current can be 

achieved by sweeping the current from zero to positive (negative) value unlike the full current 

sweep from positive to negative current values for the DC method. Our result suggests that the 

addition of Ta to the model Pt/Co/Pt stack leads to the generation of considerable thermoelectric 

effect coupled with strong PMA which indicates the major role played by the choice of 

underlayer for future design of the SOT devices. 
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Chapter 4 

 

Multistate memory behavior of SOT induced 

magnetization switching in presence of an external field 

 

4.1 Introduction 

With its non-volatile nature, fast switching capabilities, and low power consumption, spin-orbit 

torque (SOT) emerges as a promising writing mechanism for spintronics memory devices[1,2]. 

In recent years, significant efforts are made towards the understanding and applications of SOT 

based multistate memory or memristor devices, suitable for neuromorphic computing and 

processing in-memory application[3-5]. Conventional Von Neumann memory architecture 

suffers from data shuttling problem between processor and memory, leading to increased 

energy consumption[6]. A solution to this problem is processing the data locally in memory 

akin to the operation of brain. Brain-like or neuromorphic computing replicates the operations 

of neuron and synapses in brain, where neurons transfer the information through synapses[3]. 

Here, each information is assigned a different weight. Therefore, to emulate the functioning of 

synaptic weight a multivalued, non-volatile memory is required. Significant efforts are made 

to the realization of multistate memory or memristor nature via material engineering in 

magnetic heterostructures[7-11]. However, a lack in fundamental experimental approach to 

achieve memristor behavior is still lacking. 

Here, we utilized combined symmetry of SOT and DC field to stabilize multistate in our 

stacked device. Further, we verified that the integration of SOT with a static field could yield 

multiple metastable saturation states, characterized by magnitudes and polarity of static field. 

Furthermore, our finding suggests that this phenomenon is induced by both SOT and field 

simultaneously. This effect enables the manipulation of energy barrier between states. At last, 

our measurements try to resolve the initialization problem of modern memristor devices 

through experimental demonstration of initialization-free multistate memory. 
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4.2 Effect of external field (HZ) on SOT 

In this section we explored the possibility of altering the spin Hall effect generated anti-

damping like torque by an application of external field. In a simple macrospin picture, spin 

Hall effect (SHE) in heavy metal (HM) layer is considered as the source of spin current which 

interacts with the magnetization (m) of adjacent ferromagnetic layer (Fig. 4.1a). Magnetization 

dynamics or the time evolution of magnetization in presence of SOTs can be understood by the 

Landu-Lifshitz-Gilbert (LLG) equation[12]: 

𝜕𝑚

𝜕𝑡
= −𝛾 𝑚 × 𝐻𝑒𝑓𝑓 + 𝛼 𝑚 ×

𝜕𝑚

𝜕𝑡
+ 𝛾 𝐻𝐴𝐷 𝑚 × (𝑚 × 𝜎)   (4.1) 

Here, 𝛾 is gyromagnetic ratio, 𝜎 (|| y) is spin current polarization and HAD been anti-damping 

effective field produced by SHE. FM magnetization m (mx, my, mz) can be denoted by (𝜃, 𝜑) 

coordinates (schematic of system is in Fig. 4.1a). To achieve a deterministic switching an in-

plane symmetry breaking field (Hx) along the current direction (|| x) is applied. Additionally, 

we incorporated an out-of-plane external field (Hz) to explore its effect on the current generated 

HAD field. The effective field Heff in Eq. (1), other than Hx and Hz, has an anisotropy field 

contribution (Hk). Therefore, the Heff is written as: 

𝐻𝑒𝑓𝑓 = (𝐻𝑥, 0, 𝐻𝑘
 𝑐𝑜𝑠𝜃 + 𝐻𝑧)      (4.2)a 

The magnetization in spherical polar coordinates is defined by 

𝑚 = (𝑠𝑖𝑛𝜃 𝑐𝑜𝑠𝜑, 𝑠𝑖𝑛𝜃 𝑠𝑖𝑛𝜑, 𝑐𝑜𝑠𝜃)      (4.2)b 

The polarization of spin is current is: 

𝜎 = (0, 1, 0)     (4.2)c 

An illustration of above-mentioned system is shown in Fig. 4.1. For the stationary state solution 

of Eq. (4.1), 
𝜕𝑚

𝜕𝑡
= 0 

⇒ − 𝑚 × 𝐻𝑒𝑓𝑓 +  𝐻𝐴𝐷 𝑚 × (𝑚 × 𝜎) = 0   (4.3) 

Using Eq. (4.2) in Eq. (4.3) and equate each component of 𝑥̂, 𝑦̂, 𝑧̂ to zero. 

𝑠𝑖𝑛𝜃 𝑠𝑖𝑛𝜑(−𝐻𝑧 + 𝐻𝐴𝐷𝑠𝑖𝑛𝜃 𝑐𝑜𝑠𝜑 − 𝐻𝐾𝑐𝑜𝑠𝜃) = 0    (4.4) 



    Multistate memory behavior 

 
 

 

71 
 

−𝐻𝐴𝐷𝑐𝑜𝑠2𝜃 + 𝑠𝑖𝑛𝜃 𝑐𝑜𝑠𝜑(𝐻𝑧 − 𝐻𝐴𝐷𝑠𝑖𝑛𝜃 𝑐𝑜𝑠𝜑) + 𝐻𝐾 𝑐𝑜𝑠𝜃 𝑠𝑖𝑛𝜃 𝑐𝑜𝑠𝜑 − 𝐻𝑥 𝑐𝑜𝑠𝜃 = 0     

(4.5) 

𝑠𝑖𝑛𝜃 𝑠𝑖𝑛𝜑(𝐻𝐴𝐷 𝑐𝑜𝑠𝜃 + 𝐻𝑘) = 0      (4.6) 

During SOT switching my~0, hence, 𝜑 = 0, 

Further, 𝜑 = 0 makes Eq. (4.4) & (4.6) self-evident and Eq. (4.5) became: 

−𝐻𝐴𝐷𝑐𝑜𝑠2𝜃 + 𝑠𝑖𝑛𝜃 (𝐻𝑧 − 𝐻𝐴𝐷𝑠𝑖𝑛𝜃) + 𝐻𝐾 𝑐𝑜𝑠𝜃 𝑠𝑖𝑛𝜃 − 𝐻𝑥 𝑐𝑜𝑠𝜃 = 0  

From here HAD is determined as: 

ℎ𝐴𝐷 = ℎ𝑧 𝑠𝑖𝑛𝜃 + 𝑐𝑜𝑠𝜃(𝑐𝑜𝑠𝜃 − ℎ𝑥)      (4.7) 

Here, hAD, hz, and hx are HAD, Hz, and Hx fields, respectively which are scaled by Hk. 

i.e., ℎ𝐴𝐷 = 𝐻𝐴𝐷/𝐻𝑘, ℎ𝑧 = 𝐻𝑧/𝐻𝑘, and ℎ𝑥 = 𝐻𝑥/𝐻𝑘 

To find the values of 𝑠𝑖𝑛𝜃 and 𝑐𝑜𝑠𝜃 we find the local minima/maxima of Eq. (4.7) 

Which gives 

4𝑠𝑖𝑛2𝜃 + 4 ℎ𝑥  𝑠𝑖𝑛3𝜃 + (ℎ𝑥
2 + ℎ𝑧

2 − 4) 𝑠𝑖𝑛2𝜃 + 2 ℎ𝑥 𝑠𝑖𝑛𝜃 + (1 − ℎ𝑧
2) = 0 (4.8) 
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Figure 4.1 (a) FM/HM model system with coordinate geometry. In-plane current through HM 

and external fields along x- and z- directions (Hx and HZ, respectively) are applied. (b) Root of 

Eq. (4.8) as a function of hz (=Hz/Hk). Here, various line plots represent the sinθ vs. hz plot for 

a fix value of hx (=Hx/Hk) (numeric values of hx are written to the right side of plot). Inset: 

normalized sinθ vs. hz plot for different values of hx. (c) HAD value from Eq. (4.10) as a function 

of HX in presence of different HZ values. (d) Results of micromagnetic simulation showing the 

trend of change in magnetization z-component (mZ) during the action of HZ and a 4 nS current 

pulse. 

 

 We obtained the graphical solution of Eq. (4.8) in the form of 𝑠𝑖𝑛𝜃. Further, we plotted only 

those roots where 𝜃 → 90°for a fix hx and varying hz (shown in Fig. 4.2(a)). Now, if we plot 

these roots as a function of hz at various values of hx (as shown in Fig. 4.2(a)), the point 

corresponding to hz=0 coincide with 
1

4
(ℎ𝑥 + √ℎ𝑥

2 + 8) which is the solution for 𝑠𝑖𝑛𝜃, if we 

consider hz=0 in Eq. (4.7). Until the ℎ𝑥, ℎ𝑧 = 0.5 limit these plots follow similar trends. It is 
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noteworthy that the ℎ𝑥, ℎ𝑧 < 0.5 condition hold for PMA material from the experimental point 

of view[12]. This is shown in Fig. 4.2(a). It is evident form the graph that the fitted solution of 

graph must be added to the hz=0 solution of 𝑠𝑖𝑛𝜃 which is 
1

4
(ℎ𝑥 + √ℎ𝑥

2 + 8). We fit this 

equation with a polynomial of degree n, however to a good approximation we can neglect 

second and higher order terms (as hx, hz<<1 since Hk>>Hx, Hz). Incorporating the obtained 

value of 𝑠𝑖𝑛𝜃 and 𝑐𝑜𝑠𝜃 in Eq. (4.7) with hx, hz<<1 approximation yields the solution  

ℎ𝐴𝐷 =
(ℎ𝑧−ℎ𝑥)

√2
+

1

2
       (4.9) 

Eq. (4.9) is the solution for anti-damping like torque effective field when an additional field Hz 

is applied. Further, for hz=0, Eq. (4.9) reduces to its previous form as calculated in Ref [12,13].  

Therefore, from the steady state solution of Eq. (4.1) the SHE induced field can be derived as: 

𝐻𝐴𝐷 =
1

√2
(𝐻𝑧 − 𝐻𝑥) +

𝐻𝑘,𝑒𝑓𝑓

2
    (4.10) 

The graphical representation of Eq. (4.10) is shown in Fig. 4.1(c) where HAD been plotted 

against Hx for different values of Hz. In Fig. 4.1(c) field values were scaled by Hk,eff. Here, the 

value of Hk,eff is taken as a real value of 1.4 T from our previous work[14] (chapter 3). 

Remarkably, the HZ=0 case replicates the previous results where Hz was not taken into account. 

However, a non-zero Hz value shows change in HAD. These results suggest that the application 

of Hz can modify the effect of SHE induced field and hence the switching state of 

magnetization. To verify this, we perform micromagnetic simulations on 100 × 100 × 0.6 nm3 

sample with Pt/Co/Pt material stack parameters. Magnetization state was recorded during 

simultaneous effect of a 4 nS current pulse and an application of Hz field. Here, the recorded 

values are attributed to the magnetization state that results from sufficiently long current pulse, 

where no further changes in magnetization dynamics occur during this pulse. We observe a 

reduction in magnetization states (Fig. 4.1(d)) with increasing magnitude of HZ. This is a direct 

outcome of Eq. (4.10) which suggest that application of out-of-plane field during current pulse 

can modify the current induced effective field and hence can possibly stabilize different 

intermediate state. 

 

4.3 Multi-state memory behavior in HM/FM/HM stack 



    Multistate memory behavior 

 
 

 

74 
 

 

4.3.1 Sample alignment 

Graphical solution of Eq. (4.10) suggest that a small value of out-of-plane field (Hz) is 

sufficient to alter the values of anti-damping spin-orbit torque (AD-SOT). Therefore, before 

performing any SOT-induced magnetization switching experiment in presence of Hx and Hz, a 

near perfect alignment of sample with Hx is inevitable. During the necessary application of in-

plane field along current direction (Hx), a small misalignment of applied (Hext) will result as an 

out-of-plane component of field (Hext,z) which will add/subtract with the externally applied Hz. 

Consequently, the additional Hext,z generated as a misaligned component of Hext would 

misinterpret the effect of externally applied Hz on SOT-induced magnetization switching. A 

near perfect alignment of sample with the external field in the device plane field is achieved 

with the help of transport measurements. The misalignment angle (θ) defines the direction 

(outward/inward) direction of Hext,z component arising from Hext (Fig. 4.2(a)). Further, initial 

different direction of Hext,z component arose from Hext (θ>0 or θ<0) will lead to different 

polarity of VH vs. Hext plot (Fig. 4.2 (b) and (c)). Furthermore, between these two hysteresis 

polarities θ=0 or a near perfect alignment can be situated. 
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Figure 4.2 (a) Misalignment (θ) between applied field (Hext) and current direction producing 

in-plane and out of plane component of Hext. Polarity of hysteresis depending on the component 

of Hext produced by (b) θ > 0◦, and (c) θ < 0◦. 

 

4.3.2 Multistate SOT switching 

 

Figure 4.3 SOT switching in presence of (a) negative and (b) positive Hz fields showing 

memristor behavior. (c) Trend of reduction of saturation state in SOT switching in presence of 

different Hz magnitude and polarity. 

For the experimental verification, in the work reported here, Si/SiO2/Ta(3 nm)/Pt(3 nm)/Co(0.6 

nm)/Pt(6 nm) stack consisting perpendicular magnetic anisotropy (PMA) is used. The reason 

for selecting Pt/Co/Pt system for this study is twofold: Pt/Co/Pt exhibit a strong PMA which is 

a necessary requirement for the highly dense state-of-the-art memory devices. Additionally, 

Pt/Co/Pt is one of the earliest model systems for PMA studies thereby expanding the potential 

applicability of the current results. The anti-damping-like torque (AD-SOT) component of 

SOT, which is the responsible contribution for the SOT switching, is obtained through 

harmonic Hall measurements in our previous work[14]. Here, SOT induced magnetization 

switching experiments were conducted with a 100 μS current pulse (Ipulse) applied along x-

direction. For SOT switching a necessary assistance of magnetic field is required to compensate 

the effective field of Dzyaloshinskii-Moriya interaction (DMI). Therefore, a symmetry 

breaking field was applied along the current direction (HX). Notably, while performing SOT 

switching experiments, the introduction of an additional field in a direction perpendicular to 

the sample plane (Hz) leads to the emergence of an analogue switching behavior (Shown in 

Fig. 4.3 (a) and (b)). Here, in Fig. 4.3(a) and (b), Hx~900 Oe and Hz are of positive and negative 

polarities, respectively. Note that the magnitude of Hz is always less than coercive field of the 

stack. After each pulses the magnetization states are measured using conventional AHE reading 
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mechanism. AHE signal (VH) is proportional to the weighted average of z-component of 

magnetization (mz) in the sample. Further, the application of a small +Hz, less than the 

coercivity field (Hc), fixes the +mz states whereas -mz saturation show an analogue reduction. 

Similarly, for -Hz (|Hz| < |Hc|) the +mz saturation shows a shrink while -mz saturation state 

remains constant. Furthermore, the changes in saturation states are more prominent with 

increasing magnitude of HZ. The overall trend of state reduction with HZ is shown in Fig. 4.3(c). 

These results show a similar trend as obtained by micromagnetic simulation which verifies that 

the saturation state reduction is an outcome of HAD reduction. Our results shows that the 

manifestation of multistate or memristor-like behavior that does not require any additional 

material engineering could find extensive application in the field of neuromorphic computation 

and other spintronics logic devices. 

 

4.4 Stabilization of domain states and presence of Néel domain walls 

Although the macrospin formulation shows a good agreement with the experimental results, 

however, magnetization reversal in our Pt/Co/Pt stack occur through the nucleation of reversed 

domain and their propagation throughout the sample. 

 

4.4.1 Presence of domain states 
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Figure 4.4 Switching field (Hc), scaled by value of Hc when field is out of plane to the sample 

(Hc(0)) and plotted as a function of angle of external field from z-axis (θ) (refer to Fig. 4.2 (a)). 

To prove that the domain state prevails in the Pt/Co/Pt stack during SOT switching in 

presence of Hz we first try to analyze the magnetization reversal process in the stack. The two 

possible reversal mechanisms are: (a) coherent rotation of magnetization described by Stoner-

Wohlfarth model[15], and (b) magnetization reversal by domain nucleation and its propagation 

described by Kondorsky model [16]. To verify that domain nucleation and propagation as the 

reversal mechanism we measured switching field Hc as a function of polar angle θ. Obtained 

value Hc(θ)/Hc(0
◦) are well fitted by 1/cosθ function (Fig. 4.4), similar to the previous 

reports[17,18]. The Hc(θ) = Hc(0
◦)/cosθ verifies the Kondorsky model and hence the reversal 

mechanism as domain nucleation and propagation. Therefore, Kondorsky model confirms the 

presence of domain states in our Pt/Co/Pt system. Furthermore, with symmetry breaking field 

Néel domain state stabilizes in Pt/Co/Pt, we have discussed this in the succeeding section. 

 

4.4.2 Presence of Néel domain walls 

 We verified that the magnetization switching is govern by domain dynamics by fitting 

the angle dependent coercive field (Hc) values by Kondorsky model. Therefore, the reduced 

saturated values of +mz (-mz) for -Hz (+Hz) are the attributes of intermediate domain states. 

 

Figure 4.5. (a), Out of plane effective SOT field (Hz,eff) acting on chiral and achiral DW. SOT 

induces chiral Néel wall motion (top). Contraction/expansion of DW by SOT, inducing 

magnetization switching depending on Hx polarity (bottom). (b) SOT loop shift as a 

consequence of ±Hz. Here, a symmetry breaking field Hx~-1300 Oe was also applied. (c) Linear 

trend of SOT induced hysteresis loop shift as a function of Hz. Linear plots with different slops 

attributes to the different polarity of Hx. 
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In domain wall (DW) assisted switching, the deterministic switching is achieved by breaking 

the chiral symmetry of Néel DW through the application of a symmetry breaking field along 

current direction (Hx)[17,19,20]. By applying Hx, the in-plane projection of magnetization in 

DW tries to align along the in-plane field direction. Further, to fully align the DW moments 

along Hx a minimum field of Dzyaloshinskii–Moriya interaction (DMI) must be compensated 

(i.e., Hx>HDMI)[19]. The DMI sets a chirality in DW (Fig 4.5 (a)) and Hx>HDMI overcomes this 

chirality and fix DW magnetization along current direction. On these achiral DW, AD-SOT 

acts as an effective field along z-direction (Hz,eff), defined by 𝐻𝑧,𝑒𝑓𝑓 ∝ (𝑚 × 𝜎)~𝑚𝑥 × 𝜎. Here, 

𝑚𝑥 is the x-component of DW moment (m) and 𝜎 is the spin polarization direction (|| y). 

Therefore, AD-SOT leads to an asymmetric motion of the achiral Néel DW and eventually 

leads to the deterministic magnetization reversal[19,21] (Fig. 4.5(a)). Charge current applied 

in plane to the magnetic heterostructure generates Hz,eff whose magnitude and direction depends 

on magnitude of current and DW profile[19,22]: 

𝐻𝑧,𝑒𝑓𝑓 = 𝜒𝐴𝐷𝑐𝑜𝑠𝜑𝐷𝑊 𝐽𝑒     (4.11) 

Where 𝜒𝐴𝐷 is AD-SOT efficiency and 𝜑𝐷𝑊 corresponds to the angle between current direction 

and DW magnetization. Further, 𝜒𝐴𝐷is defined as: 

𝜒𝐴𝐷 =
𝜋

2
(

ℏ𝜃𝑆𝐻

2𝑒𝜇0𝑀𝑆𝑡
)     (4.12) 

Here, 𝜃𝑆𝐻 is spin Hall angle, MS corresponds to saturation magnetization and t is the thickness 

of ferromagnetic layer. 

Utilizing this, SOT efficiency can be determined. For that, an in-plane field (HX) is applied to 

fix the mx in DW followed by the measurement of hysteric behavior of AHE signal with respect 

to the out-of-plane field (Hz). Further, depending on the magnitude of applied current, 

magnitude of Hz,eff varies. This magnitude is measured as an offset of hysteresis centroid along 

Hz axis. Furthermore, the measured Hz,eff follows a linear trend with the applied current. 

Moreover, this explanation of SOT also suggests that if a current induced switching hysteresis 

is recorded in presence of a constant Hz, then the current induced switching hysteresis would 

also shift along the current axis. This is in accordance with Eq. (4.11), which implies that the 

additional applied field HZ would act as an offset along current axis as well. In this case, applied 

HZ should be equivalent to the Hz,eff  produced by shifted current value. Therefore, the shift in 
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deterministic switching scheme in presence of Hz is an outcome of the chirality broken Néel 

DW present in the system.  

Our experimental results show a shift in current assisted switching loop in presence of a 

constant HZ field. In Fig. 4.5 (b) the shift of loop is opposite for different polarity of the HZ 

(Hz=+22 Oe, and -20 Oe) at a fixed value of symmetry breaking field HX~-1300 Oe. This loop 

shift in SOT current axis shows a linear trend with respect to HZ field. Additionally, the polarity 

of slope within this linear trend is determined by the polarity of applied HX field. Fig. 4.5 (c) 

shows linear trends of shifted current values with Hz field and polarity of this linear nature is 

opposite for Hx~ +1300 Oe, and -1300 Oe. In presence of chirality broken Néel DW, results in 

Fig. 4.5(c) are an outcome of Eq. (4.11). Therefore, these results validate the presence of Néel 

DW in our stack.  

 As the SOT switching process is a thermally activated process, meaning, current pulse in 

presence of Hx field nucleates reversed domain and their propagation is facilitated through 

thermally assisted DW depinning. Application of a DC field +HZ (+ sign defines the direction 

of HZ along +z direction) adds or subtract with the SOT effective field Hz,eff  depending upon 

the current polarity. For +IPulse, Hz,eff is along +z and hence net effective field of SOT and 

applied DC sums up and favours +mz saturation state. However, as the polarity of current pulse 

reversed (-IPulse) the resultant field of SOT and applied DC field reduces. The resultant 

(reduced) field along -z direction does not favor a complete saturation along -mz (i.e., mz<-1) 

and hence a domain state is stabilized. The reduction of -mz in this case depends on the 

magnitude of Hz. Conversely, +mz state saturation is reduced in case of -Hz. While the 

macrospin model predicts the diminishing of the SOT field, the practical scenario, where 

domain dynamics plays a more significant role, results in the emergence of multiple 

intermediate saturation states as a consequence of the reduced SOT field. 

 

4.5 Energy barrier reduction with states 

 Further, to confirm that the multistate phenomena is an outcome of both SOT current and out 

of plane field we obtain the energy landscape of SOT switching by using Arrhenius fitting. We 

measured SOT induced switching hysteresis at each Hz by applying current with different pulse 

widths and considering that saturation states for each HZ are separated by an energy barrier Eb. 
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Obtained critical switching currents (IC) at different pulse width (𝜏𝑝) are then fitted 

using[23,24]: 

𝐼𝐶 = 𝐼𝐶0
[1 −

𝑘𝐵𝑇

𝐸𝑏
 𝑙𝑛 (

𝜏𝑝

𝜏0
)]    (4.13) 

Here,  𝐼𝐶 0
 is critical current value at temperature T=0 K, 𝜏0 is the attempt switching time, 

considered 1 nS. For a fix value of Hz=7 Oe the fitting of Eq. (4.13) is shown in the inset of 

Fig. 4.6(a). 

Obtained energy barrier values from the fitting of Eq. (4.13) with respect to different HZ are 

plotted in Fig. 4.6 (a). The empirical form of energy barrier in presence of magnetic field HZ 

and current J is[25,26]:  

𝐸𝑏(𝐽, 𝐻) = 𝐸𝑏(0) − 𝑎(𝐻 − 𝜀𝐽) + 𝑎𝜇𝐽 − 𝑐𝐽2   (4.14)  

Here, Eb (0) is the barrier depth -aH is the contribution of Zeeman energy, 𝜀𝐽 is the field-like 

contribution of SOT, which directly modifies H by 𝐻 − 𝜀𝐽. The quadratic term in J is the 

contribution of AD-SOT term. Since we have experimentally verified that the current values 

produce SOT effective field with a SOT efficiency factor (Eq. (4.11)), hence similar to the 

inclusion of the field like term J in last term can be transform to 𝐽 −
1

𝜒𝐴𝐷
𝐻𝑧. Therefore, above 

equation can be rewritten as: 

𝐸𝑏(𝐽, 𝐻) = 𝐸𝑏(0) − 𝑎(𝐻 − 𝜀𝐽) + 𝑎𝜇𝐽 − 𝑐(𝐽 −
1

𝜒𝑆𝑂𝑇
𝐻𝑧)2   (4.15) 
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Figure 4.6 (a), Energy barrier (red points) obtained from the Arrhenius fitting Eq. (4.13) at 

different Hz field values (Inset: Representative case for the fitting of Eq. (4.13) when Hz= 7 

Oe). Energy barrier modification with respect to the HZ field is well fitted by Eq. (4.15) (black 

line). (b) Comparison of energy barrier (red circle) reduction and reduction of saturation states 

(black square) as a function of HZ. 

Obtained data is well fitted using above equation justifies that the energy barrier modification 

with applied field is an outcome of both field and SOT current.  

On comparing the normalized data of the energy barrier and the reduced saturation state, we 

found striking similarities in their trends. This finding implies that saturation states, after 

applying Hz, also follows a quadratic trend, similar to energy barrier. Moreover, it is worth 

noting that reduction of energy barrier with magnetic states could offer a potential solution for 

modifying the energy barrier to a level where thermal switching becomes feasible. In more 

straightforward terms, these findings could pave an alternate way for stochastic switching 

devices. These devices could be realized by simply manipulating the barrier with an applied 

field, eliminating the need for extensive material growth optimization. Furthermore, the energy 

barrier is reduced by ~18% from HZ=0 Oe to 23 Oe, until this point, we observed 9 different 

states. Hence the retention time reduced minimally after a large number of states. 

4.6 Initialization free multistate behaviour 
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Figure 4.7 (a) Multistate SOT switching procedure in presence of initialization step. (b) in 

absence of initialization step (c) multistate data (red points) after initialization step (black 

points) (d) multistate data even in the absence of any initialization step. 

 Analogue memristor nature have application in neuromorphic computing. The field of 

neuromorphic computing is focused with a goal of brain like functionalities in devices which 

could make the processing in memory function true. To replicate brain like computing in an 

electronic devices two main functions of brain are considered: neurons and synapses. Synapse 

connects neurons in brain by a connection strength called synaptic weight. To replicate this 

behaviour connection strengths must be non-volatile in nature and should be a multi-valued 

non-binary. For the realization of these functions magnetic memristor devices are prime 

candidates. However, in most of the multistate devices, before reaching to desired value of 

multi-valued synaptic weight an initial state must be attain[3,7,8,10,11]. This additional 

initialization step stretches the writing duration and consume additional power. We observe a 

solution to this issue in our proposed method. Here, a combination of HZ and current pulse are 

responsible for the reduction in saturation states and hence multistate behaviour. Moreover, the 

simulation results from Fig. 4.1 (d) suggests that the state reduction is a manifestation of SOT 
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and Hz and it does not require any of initialization step. Here, we compare the results for 

multistate with an initialization step and without it. Fig. 4.7(a) and Fig. 4.7(b) shows the writing 

mechanism for multistate memory with and without an initialization step. In both the cases a 

+60 mA pulse in presence of different -Hz field is applied as a writing sequence. Additionally, 

in the case where initialization step is included (Fig. 4.7(a))) a current pulse of -60 mA was 

applied after each writing pulse (+60 mA) to reach to an initial state. After each current pulse, 

AHE voltage reads the magnetic state in the device (both in Fig. 4.7(a) and (b)). In Fig. 4.3(a) 

the results corresponding to the – 60 mA pulse shows a fix state irrespective of various -Hz 

values. Therefore, the application of the initialization pulse, regardless of whether it was 

applied in the presence of HZ or not, has no impact on the constancy of the state corresponding 

to -60 mA. Here, Fig. 4.7(c) shows the multistate behaviour with an initialization step. The 

measurement results in Fig. 4.7(c) are obtained in presence of an applied -Hz in initialization 

step. However, in absence of -Hz the results do not change as the initial state is fix irrespective 

of -HZ value. Fig. 4.7(d) shows the results without any initialization pulse. Here, from our 

results it is evident that the multistate values are same with and without initialization step. 

Further, we have verified that the observed multistate values are at similar levels for with-

initialization and initialization free process. 

 

4.6.1 Comparison of with-initialization and initialization free states 

Figure 4.7 discusses the states with and without the initialization step. To compare the 

consistency of the multistate in both cases, Hall voltage (VH) is plotted against HZ field values 

in Figure 4.8(a). Here, we compare states corresponding to the sequence of pulses under 

different HZ fields for the initialization case (red circles) and the initialization-free case (black 

solid squares). The overlap of the data points for with and without the initialization step 

confirms that the states corresponding to distinct HZ values remain the same in both scenarios. 
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Figure 4.8 (a) Conventional multistate behavior with (red circle) and without (black solid 

square) initialization step. +60 mA SOT current pulse with different HZ field stabilizing 

different states. Initialization step corresponds to the -60 mA pulse (b) Insufficient current pulse 

for SOT switching (+1 mA) and varying HZ showing no change in state or VH. 

 

4.6.2 Exploring the sole effect of Hz on multistate behavior 

To demonstrate that the multistate behavior is an outcome of SOT and Hz collectively 

or HZ alone cannot induce this effect we applied different Hz fields and small current pulses of 

1mA. Note that, 1 mA pulse is insufficient to induce the SOT switching. Therefore, if the 

multistate behavior persists with small current pulses and different Hz fields then this would be 

because of Hz alone. However, Hz field alone did not show any multistate behavior and state 

remain idle at one state. Here, Hz values were less than the coercive field. The results are shown 

in Fig 4.8 (a) and Fig 4.8 (b), where the Fig 4.8 (a) is conventional multistate behavior when 

SOT, due to sufficient switching currents (60 mA), and Hz applied simultaneously. In 

comparison to Fig 4.8 (a), Fig 4.8 (b) remains in an idle initial state for various values of Hz 

while SOT current is only 1 mA. These results confirms that HZ field alone cannot achieve a 

multistate behavior and the combine effect of SOT and Hz is necessary to achieve this effect. 

 

4.6.3 Retention of states after switching off the field Hz 

The Hz field-induced multistate/memristor behavior has its potential applications in 

neuromorphic computing as synaptic weight. Magnetic devices with a memristor behavior are 
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of great potential due to their non-volatility. To verify the stability of multi-states we read the 

states after switching off the magnetic field Hz. In these experiments, initially, a ‘State 1’ with 

Hz=0 Oe is achieved (attained by Hz = 0 Oe and I = +60 mA). This state has highest magnitude 

among all multi-states as can be seen in Fig 4.3. Transition from ‘State 1’ to a different state 

required an application of 60 mA pulse in presence of a field Hz ≠ 0 Oe. Once this new state is 

reached, to confirm its stability, Hz field is switched off and the Hall voltage is read: (a) 

immediately after switching of the field (b) after a definite time. The results are shown in bar 

graph presented in Fig. 4.9. Here, y-axis is Hall voltage and hence y-axis differentiate multiple 

states and at x-axis current pulse, Hz field and time interval conditions are mentioned. For a 

better understanding table below also describes the condition for each bar line. 

 

Fig. 4.9 Retention of different states after switching off the HZ field. States are read after 

various time intervals. 

 

S.No. Write current Read current Hz field Time condition 

1. 60 mA 1 mA 0 Oe --- 

2. 60 mA 1 mA 200 mA --- 
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3. - 1 mA 0 Oe Read 

immediately 

after Hz=0 Oe 

4. - 1 mA 0 Oe Read after 5 

min. 

5. - 1 mA 0 Oe Read after 50 

min. 

6. 60 mA 1 mA 0 Oe - 

7. 60 mA 1 mA 300 mA - 

8. - 1 mA 0 Oe Read 

immediately 

after Hz=0 Oe 

9. - 1 mA 0 Oe Read after 5 

min. 

10. 60 mA 1 mA 0 Oe - 

11. 60 mA 1 mA 400 mA - 

12. - 1 mA 0 Oe Read 

immediately 

after Hz=0 Oe 

13. - 1 mA 0 Oe Read after 15 

min. 

14. 60 mA 1 mA 0 Oe - 

15. 60 mA 1 mA 500 mA - 

16. - 1 mA 0 Oe Read 

immediately 

after Hz=0 Oe 

17. - 1 mA 0 Oe Read after 5 

min. 

Table 4.1 Explained x-axis of Fig. 4.9. 

 

These results suggest that after achieving a state by the combine effect of Hz and SOT when Hz 

is turned off, magnetization retains this state for a long duration. Therefore, a continuous 
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applied field (Hz) is not required to sustain a magnetic state making this Hz field-induced 

multistate behavior an energy-efficient approach 

 

 

4.6.4 Multistate behavior on sample other than Pt/Co/Pt 

Pt/Co/Pt was one of the earliest observed PMA stacks and has been considered as a 

model stack for various spintronics studies. The objective of selecting Pt/Co/Pt for present 

study was aimed to extend the applicability of our proposed method for a wide range of PMA 

materials. Further, for the proof of concept that multistate results can be obtained in any PMA 

based stack, experiments were performed with Ta(3)/W(0.85)/Pt(3)/Co(0.6)/AlOx(1.3) stack. 

The thicknesses in nm for each layer are written in parentheses. W/Pt/Co/AlOx is a PMA based 

stack. We perform SOT-induced switching in presence of Hz field, in search of multistate 

behavior. After the application of Hz during SOT switching induces multistate behavior (Fig 

4.10 (a)). Notably, we observed a trend in the reduction of saturation states in the 

W/Pt/Co/AlOx stack, resembling the trend we observed for the Pt/Co/Pt stack in main text. In 

Fig 4.10(b) the reduction trend is shown in presence of various Hz fields (x-axis) and SOT 

current pulses (~45 mA). Note that, after aligning the W/Pt/Co/AlOx devices with in-plane 

field (using the method discussed in section 4.3.1), Fig 4.10(a) and (b) obtained in presence of 

a symmetry breaking field Hx= 900 Oe. The universal trend of saturated state reduction 

confirms the general applicability of proposed method. 

 

Figure 4.10 (a) SOT switching hysteresis after the application of various HZ fields. For each 

Hz field value Hall voltage (y-axis) of Hall bar device is recorded after an application of 5 mS 
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current pulses (x-axis). (b) Trend of the reduction of saturation (i.e., Hall voltage at saturation, 

here it is read after the application of 5mS current pulse of +45 mA) as a function of Hz. 

 

 

4.7 Conclusion 

In summary, we utilized the combined symmetry of Spin-Orbit Torque (SOT) and a DC field 

to stabilize multiple states in our stacked device. We confirmed that integrating SOT with a 

static field can result in multiple intermediate saturation states, distinguished by the magnitudes 

and polarity of the static field. Our findings indicate that this phenomenon is induced by both 

SOT and the field concurrently, allowing for the manipulation of the energy barrier between 

states. Ultimately, our measurements address the initialization challenge in contemporary 

memristor devices by experimentally demonstrating initialization-free multistate memory. 
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Chapter 5 

 

Detection of in-plane magnetization switching using odd 

symmetry planar Hall effect 

 

5.1 Introduction 

Search for efficient means to process and store information coupled with negligible 

dissipation has been a perpetual effort in modern-day electronics. One such goal is to develop 

magnetoresistive random-access memory (MRAM) operating at high frequency with low 

energy consumption[1-3]. It was proposed that spin-transfer torque (STT) based MRAM could 

be an alternative to the presently used field-driven MRAM[4-6]. However, low endurance due 

to the flow of high current density through the tunnel barrier during the writing operation limits 

the applicability of STT-MRAM devices[4,7]. In this regard, spin-orbit-torque (SOT) MRAM 

draws immense attention due to better endurance, faster access time, and lower energy 

consumption than STT-MRAM[4,7]. In SOT-MRAM, the lateral current through the heavy 

metal (HM) layer generates spin current due to the bulk spin-Hall effect or/and interfacial 

Rashba-Edelstein effect, which induces a torque in the adjacent ferromagnetic (FM) layer 

leading to the magnetization reversal in the FM layer in HM/FM heterostructures[8-10].  

Generally, two orthogonal components, namely, antidamping-like (AD) and field-like (FL) 

SOT, are realized in the HM/FM heterostructures[11,12].  

Depending on the relative orientation of the magnetic easy axis (EA) and spin 

polarization (𝜎) direction, one can envisage three different SOT switching schemes such as 

type-X (in-plane EA ⊥ 𝜎), type-Y (in-plane EA ∥ 𝜎) and type-Z (out-of-plane EA ⊥ 𝜎)[13-17]. 

It has been shown that for achieving fast switching in type-Y (type–X & type-Z) material, 

current pulse with a higher (lower) magnitude is required, thus restricting the device’s 

applicability based on type-Y geometry[16,17]. Notably, type-X and type-Z devices show 

similar magnetization dynamics since, in both cases, EA ⊥ 𝜎. Perpendicular magnetic 

anisotropy [PMA] (in-plane magnetic) based material stacks show type-Z (type- X) switching. 

Notably, an external magnetic field or equivalent is required to break the symmetry to achieve 
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deterministic switching in both type-Z & type- X devices [13,14,16]. Moreover, deterministic 

switching in type –X device can be achieved by introducing a slight tilt angle between the 

current channel and the magnetic easy axis of the in-plane FM layer[16,17]. However, the thin-

film deposition and post-processing to achieve an optimized growth of PMA-based 

heterostructures require rigorous calibration compared to in-plane magnetized stacks. Thus, 

type-X devices are ideal candidates for durable, faster, and energy-efficient data storage devices 

and magnetic sensors that can be deposited under easy growth conditions. 

Regardless of these benefits, type-X switching is only detectable with limited methods. 

Presently, two methodologies, namely differential planar Hall Effect technique (we refer this 

method as 'old PHE')[14,15] and AC 2nd Harmonic technique (we would coin it as ‘AC 

technique’)[13] are utilized for detecting type-X switching. In "old PHE", planar Hall signals 

differing at alternating field values (along DC current direction) define in-plane magnetization 

direction. For the AC technique, the application of DC is replaced by the sinusoidal AC, and 

the magnetization state is determined by measuring the 2nd harmonic response of the planar 

Hall voltage. Both these methods have certain limitations such in ‘old PHE’, an external 

alternating magnetic field is required, whereas in ‘AC technique’, the second harmonic signals 

are significantly weak, rendering it to be challenging to detect for low-resistance devices. Thus, 

universally applicable and straightforward detection of type-X magnetization reversal is still 

lacking, unlike type-Z switching, which employs the measurement of the DC-based anomalous 

Hall effect (AHE) in presence of an external DC magnetic field[18,19]. In this regard, we 

propose a more straightforward methodology of detecting type-X switching by measuring a 

modified PHE signal based on DC measurements in presence of an external DC magnetic field. 

We have shown our proposed measurement scheme for the in-plane magnetized Pt/Co/NiFe/Pt 

stack.  In this stack, the lateral current passing through it can switch the in-plane magnetization 

of the stack. We have demonstrated better sensitivity for our proposed scheme than the AC 

technique. Further, we characterized the SOT-induced effective fields generated by AD-SOT 

and FL-SOT in our investigated device. Notably, we have engineered this stack by introducing 

a very thin layer of Co to induce considerable FL-SOT, which would otherwise be absent in 

stacks where FM has similar HM interfaces[20,21]. 
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5.2 Theoretical Background 

AHE (𝑉𝐴𝐻𝐸 ∝ 𝑚𝑧) and PHE (𝑉𝑃𝐻𝐸 ∝ 𝑚𝑥 ∙ 𝑚𝑦) signals are the measures of out-of-plane 

and in-plane magnetization components, respectively. Note that the magnetization switching 

of the perpendicularly magnetized stack is easy to detect via AHE (𝑉𝐴𝐻𝐸 ∝ 𝑚𝑧) signal. In 

contrast, the even symmetry of magnetization in PHE (𝑉𝑃𝐻𝐸 ∝ 𝑚𝑥 ∙ 𝑚𝑦) makes it difficult to 

perceive for the in-plane magnetized sample. In this regard, our effort is directed to modify the 

existing PHE measurement protocol based on the DC and external DC magnetic field so that 

the resultant quantity based on PHE becomes proportional to the in-plane magnetization.  

Generally, for an in-plane magnetized film, the Hall signal has both anomalous and planar Hall 

contributions, which can be expressed as 

𝑉𝐻 = 𝑉𝐴𝐻𝐸 + 𝑉𝑃𝐻𝐸 = 𝐼∆𝑅𝐴𝐻𝐸𝑚𝑧 + 𝐼∆𝑅𝑃𝐻𝐸𝑚𝑥𝑚𝑦  (5.1) 

Here, ∆𝑅𝐴𝐻𝐸 and ∆𝑅𝑃𝐻𝐸 are AHE and PHE resistances, respectively, and I here is the applied 

current. 

A field sweep along current direction (Hx) shows an insignificant contribution from the mz 

component for an in-plane magnetized sample. Thus, the AHE contribution became redundant 

in Eq. 5.1. Thus, Eq. (5.1) can further be modified as  

𝑉𝐻 ≈ 𝑉𝑃𝐻𝐸 =  𝐼∆𝑅𝑃𝐻𝐸 𝑐𝑜𝑠𝜑 𝑠𝑖𝑛𝜑    (5.2) 

Here, 𝜑 is the azimuthal magnetization angle (illustrated in Fig. 5.1a). The angle 𝜑 depends on 

the resultant magnetic field which generally combines both the external and current-induced 

field. When a lateral current is passed through the sample (along 𝑥̂), current-induced AD-SOT 

and FL-SOT with effective fields of HAD (∝ 𝜎 × 𝑚) and HFL (∝ 𝜎), respectively (here, 𝜎 is 

along 𝑦̂ and 𝒎 is along 𝑥̂) is generated. Here, HAD is along 𝑧̂ and contributes to the AHE, 

whereas HFL lies along 𝑦̂ and modifies the PHE. Nonetheless, current also generates an Oersted 

field (HOe) along 𝑦̂, which contributes to the PHE (illustrated in Fig. 5.1a) as well[22-24]. Thus, 

the resultant current-induced field takes the following form: 𝐻𝐼 = 𝐻𝐹𝐿 + 𝐻𝑂𝑒. 

The Taylor series expansion of 𝜑(𝐻𝑒𝑥𝑡,  𝐻𝐼) about I = 0 gives rise to: 

𝜑(𝐻𝑒𝑥𝑡,  𝐻𝐼) = 𝜑(𝐻𝑒𝑥𝑡,  𝐻𝐼)|𝐼=0 +
𝑑𝜑(𝐻𝑒𝑥𝑡,  𝐻𝐼)

𝑑𝐼
(𝐼) + 𝑜(𝐼2) 
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𝜑(𝐻𝑒𝑥𝑡,  𝐻𝐼) ≈ 𝜑(𝐻𝑒𝑥𝑡,  𝐻𝐼 = 0) +
𝜕𝜑

𝜕𝐻𝐼

𝜕𝐻𝐼

𝜕𝐼
(𝐼) = 𝜑0 + ∆ 𝜑 

∆ 𝜑 =
𝜕𝜑

𝜕𝐻𝐼

𝜕𝐻𝐼

𝜕𝐼
𝐼  & 𝜑0 = 𝜑(𝐻𝑒𝑥𝑡,  ℎ𝐼 = 0)  (5.3) 

Here, 𝜑0 is the direction of magnetization before applying the current.  

After applying an in-plane current, Eq. (5.2) can be modified as: 

𝑉𝐻 ≈ 𝑉𝑃𝐻𝐸 =  𝐼∆𝑅𝑃𝐻𝐸 cos⁡(𝜑0 + ∆ 𝜑)𝑠𝑖𝑛(𝜑0 + ∆ 𝜑) 

We have further assumed that the external field required to saturate the magnetization along 

the in-plane direction is greater than the current-induced field (∆ 𝜑 ≪ 𝜑0). This assumption 

holds for all the reading currents used in our magnetization detection scheme. Further, the 

assumption ∆ 𝜑 ≪ 𝜑0 implies that sin(∆ 𝜑) ≈ ∆ 𝜑, and cos(∆ 𝜑) ≈1. Hence: 

𝑉𝐻 =  𝐼∆𝑅𝑃𝐻𝐸 [
𝑠𝑖𝑛2𝜑0

2
+ ∆ 𝜑 𝑐𝑜𝑠2𝜑0 −

𝑠𝑖𝑛2𝜑0

2
(∆ 𝜑)2]  (5.4) 

Notably, depending on the polarity of the applied DC for the measurement of PHE, the angle⁡𝜑 

takes the form of 𝜑 = 𝜑0 + ∆ 𝜑⁡for⁡(+𝐼)⁡and 𝜑 = 𝜑0 − ∆ 𝜑⁡for⁡(−𝐼), respectively. For our 

magnetization switching detection scheme, we would measure ∆𝑉𝐻 = 𝑉𝐻(+𝐼) + 𝑉𝐻(−𝐼) 

which takes the following form by applying Eq. (5.3) and (5.4): 

∆𝑉𝐻 = 𝑉𝐻(+𝐼) + 𝑉𝐻(−𝐼) = 2𝐼2∆𝑅𝑃𝐻𝐸𝑐𝑜𝑠2𝜑0
𝜕𝜑

𝜕𝐻𝐼

𝜕𝐻𝐼

𝜕𝐼
  (5.5) 

Further, one can approximate 𝐻𝐼 ∝ 𝐼 ⇒
𝜕𝐻𝐼

𝜕𝐼
= 𝑘(𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡)) to Eq. (5.5). Moreover, we can 

estimate 𝜑 =
𝐻𝐼

𝐻𝑒𝑥𝑡
 for 𝐻𝑒𝑥𝑡 ∥ 𝑥̂. (With⁡𝐻𝑒𝑥𝑡, 𝐼 ∥ 𝑥̂⁡,⁡one can expect 𝐻𝐹𝐿 + 𝐻𝑜𝑒⁡is⁡⁡along⁡𝑦̂ and 

tan𝜑 ≈ 𝜑 =
𝐻𝐼

𝐻𝑒𝑥𝑡
)   

With the conditions mentioned earlier, Eq. (5.5) can be reduced to  

∆𝑉𝐻 ∝
1

𝐻𝑒𝑥
   (5.6) 

Similarly,  

𝑉𝐻(+𝐼) − 𝑉𝐻(−𝐼) ∝
1

𝐻𝑒𝑥
2   (5.7) 
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Eq. (5.6) and (5.7) qualitatively describe that the ∆𝑉𝐻 have asymmetric nature about the 

external field, which in turn induces the change in magnetization for the device with in-plane 

magnetic anisotropy. Afterward, ∆𝑉𝐻 is coined as odd planar Hall voltage (O-PHV). In contrast, 

𝑉𝐻(+𝐼) − 𝑉𝐻(−𝐼) is symmetric. Thus, the estimation of the O-PHV in a sample that exhibits 

type–X switching would lead to the quantification of the magnetization switching similar to 

the measurement of AHE for the PMA sample. 

 

5.3 Experimental Details 

 

Figure 5.1 (a) Pt/Co/NiFe/Pt stack with the experimental geometries and SOT directions. (b) 

Planar Hall voltage (VH) vs. 𝜙𝐻 in presence of 300 Oe (inset: VH vs. Hx). (c) VH vs. Hz. (d) VH 

vs. 𝜙𝐻  from 0◦ to 360◦ (trace and retrace) in the presence of 5 Oe (black) and 22 Oe fields (red). 
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To demonstrate the applicability of the O-PHV as a method of detecting the in-plane 

magnetization switching for the type-X device, a thin film stack of 

Ta(3)/Pt(3)/Co(0.6)/NiFe(10)/Pt(6) (from hereon we would refer it as NiFe stack) films were 

deposited onto thermally oxidized Si/SiO2 substrate by dc-magnetron sputtering. The thickness 

of the films indicated in the parenthesis is nanometers.  The deposition was carried out at room 

temperature with a base vacuum better than 1×10-7 Torr and an Ar gas pressure of 3 mTorr. A 

thin Co layer is added to enhance the FL torque, as discussed later. Subsequently, thin films 

were patterned into six terminal Hall bar devices with lateral dimensions of 135 × 12 𝜇m2 using 

photo-lithography and plasma etching. A device illustration with measurement geometry is 

depicted in Fig 5.1a. The current was applied through the current channel along 𝑥̂, and 

voltage/resistance was probed along transverse Hall channels. Transport measurements were 

carried out at room temperature. All DC measurements were carried out using a Keithley 2450 

source meter and Keithley 2182A nanovoltmeter. AC harmonic measurements were conducted 

using a lock-in amplifier (EG&G 7265) at a reference frequency of 577.13 Hz. 

 

5.4 Results and Discussion 

 

5.4.1 Magnetic properties of heterostructure 

In-plane magnetic anisotropy present in our stack was confirmed through PHE and 

AHE experiments (Fig. 5.1b and Fig 5.1c). Figure 5.1(b) depicts planar Hall voltage (𝑉𝐻) ∝

⁡𝑠𝑖𝑛2𝜙𝐻⁡ dependency for the investigated stack when the sample is rotated in-plane in presence 

of 300 Oe magnetic field rendering dominating in-plane magnetization component (𝑉𝐻 ∝ 𝑚𝑥 ∙

𝑚𝑦 ∝ 𝑠𝑖𝑛2𝜙𝐻) in our sample. In-plane anisotropy of the sample is further confirmed through 

the measurement of the variation of 𝑉𝐻 as a function of the in-plane field swept along x-

direction (Hx) (inset of Fig. 5.1b). The out-of-plane variation of the (𝑉𝐻
out) with the varying 

magnetic field along z-direction is shown in Figure 5.1(c) which illustrate that the hard axis 

with anisotropy field ~6590 Oe lies perpendicular to the sample plane. To confirm the in-plane 

easy direction of magnetization in our stack lies along 𝑥̂, we have performed the following 

experiments after saturating the sample magnetization along 𝑥̂ (by applying 1 kOe external 

field). The variation of the planar Hall voltage of the NiFe stack was measured by rotating the 
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sample in-plane in presence of two constant DC magnetic fields, 5 Oe & 22 Oe, as shown in 

Figure 5.1(d). The angular variation of PHE at ~22 Oe depicts a usual sin2𝜙𝐻 dependency, 

whereas, at 5 Oe, it exhibits a sharp transition at 𝜙𝐻 = 90°(when m is along 𝑦̂). This confirms 

the presence of an in-plane magnetic hard axis along 𝑦̂. Notably, the presence of in-plane easy 

direction along 𝑥̂ would further be corroborated in the following section.  

5.4.2 Odd symmetry planar Hall signal 

  Fig. 5.2a shows VH for the NiFe stack as a function of Hx by applying ±5 mA DC. 

Further, O-PHV and 𝑉𝐻(+5⁡𝑚𝐴) − 𝑉𝐻(−5⁡𝑚𝐴)  is estimated from the Figure 5.2(a), which 

shows asymmetric and symmetric nature respectively with the field sweep along Hx (Fig. 5.2b). 

This validates the qualitative analysis carried out in the preceding section. Furthermore, the 

hysteric nature of O-PHV in Fig. 5.2b separates +mx and -mx states. To simplify this method, 

instead of adding the complete PHE curves for +I and -I (as in Fig 5.2c), we measured 

𝑉𝐻(+𝐼) + 𝑉𝐻(−𝐼) at each value of the magnetic field sweep step (Fig, 5.2d). We observed a 

hysteric nature separating two saturation states of mx making it a useful detection scheme for 

an in-plane magnetized sample. 

 

Figure 5.2 (a) PHE voltage vs. Hx at ±5 mA currents. (b) 𝑉𝐻(+5⁡𝑚𝐴) − 𝑉𝐻(−5⁡𝑚𝐴), and (c) 

𝑉𝐻(+5⁡𝑚𝐴) + 𝑉𝐻(−5⁡𝑚𝐴) vs. Hx. (d) O-PHV (∆𝑉𝐻) measured at magnetic field sweep step. 

 

5.4.3 SOT characterization in NiFe-stack 

Based on our calculation and subsequent measurement of O-PHV, one would assume 

the presence of considerable HFL in the NiFe stack. In order to quantitatively evaluate the 
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contribution of HAD and HFL, we have measured the 2nd harmonic contribution of the Hall 

voltage while sweeping the applied magnetic field along 𝑥̂ (Figure 5.3). The experimentally 

obtained variation of 𝑅𝑥𝑦
2𝜔⁡𝑣𝑠. 𝐻𝑥 was subsequently fitted using the following 

equation[12,13,22,25].  

𝑅𝑥𝑦
2𝜔 = [(−𝑅𝐴𝐻𝐸

𝐻𝐴𝐷

𝐻𝑒𝑥𝑡−𝐻𝑘
+ 𝑅𝛻𝑇) 𝑐𝑜𝑠𝜑 + 2𝑅𝑃𝐻𝐸(2𝑐𝑜𝑠

3𝜑 − 𝑐𝑜𝑠𝜑)
𝐻𝐹𝐿+𝐻𝑂𝑒

𝐻𝑒𝑥𝑡
]            (5.8) 

Here, anomalous and planar Hall resistances are RAHE = 109 mΩ and RPHE = 19 mΩ, 

respectively. The 𝑅𝛻𝑇 is a signal generated by the anomalous Nernst effect (ANE). ANE is 

induced by a temperature gradient 𝛻𝑇, produced by Joule heating. We have repeated this 

measurement for different magnitude of the AC through the NiFe stack, and the obtained values 

of HAD and HI (= HFL + HOe) are plotted for different current amplitudes (Fig. 5.3a).  

 

Figure 5.3 (a) 𝑅𝑥𝑦
2𝜔 vs. Hx for different applied AC (solid circles) current and the fitted curve 

(corresponding lines) using Eq. 5.8. (b) HAD, HI, and HOe contributions as a function of applied 

AC. 

 

The rate of change of HAD and HI with the applied AC is found to be 0.31 Oe/mA and 0.38 

Oe/mA, respectively. The ANE signal, as compared to the coefficients of effective field terms, 

is insignificant[13] in our case (𝑅𝛻𝑇~5.9 µΩ/mA). Further, the Oersted field contribution (HOe) 

is disentangled from HI in Fig. 5.3b. The HOe field originates due to the lateral current flowing 

through both Pt layers, calculated using[23] 𝑓𝐻𝑀
𝜇0𝐼

2𝑤
. (Here, 𝑓𝐻𝑀⁡is the fraction of current (I) 

flowing through the HM layers, 𝜇0 is vacuum permeability, and w is Hall bar width.). It is 

found that at a given current value, HI contribution exceeds HAD. Generally, the HAD field is 
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generated through bulk HM whereas the HFL originated due to the inversion symmetry breaking 

at the interface. It is noteworthy that to achieve considerable HFL in the NiFe stack, which is 

otherwise absent in an FM layer with symmetric interface[20], we have engineered the NiFe 

stack by introducing a thin Co layer between Pt and NiFe interface. This leads to the dissimilar 

interfaces about the NiFe layer resulting in a higher value of HFL (hence, HI). 

 

5.4.4. Comparison of reading mechanisms 

Next, we evaluated the NiFe stack’s switching behavior in presence of an externally applied 

field using the ‘AC technique’ (Fig.5.4 (a))[13]. In this technique, an alternating current is 

applied during external magnetic field sweep after each field step, and second harmonic Hall 

signal (𝑉𝐻
2𝜔) is detected. The 𝑉𝐻

2𝜔 as a function the in-plane field differentiates the two 

polarities of in-plane magnetization reversal (Fig. 5.4 (a)). It is found that the O-PHV based 

reading mechanism (Fig. 5.4 (b)) shows an enhanced signal as compared to the AC technique 

at same current value. Quantitatively, the ratio of DC Hall signal amplitude to the second 

harmonic Hall signal amplitude shows [
(∆𝑉𝐻)𝑎𝑚𝑝

(𝑉2𝜔)𝑎𝑚𝑝
=

4.8⁡𝜇𝑉

0.8⁡𝜇𝑉
] ~ 6 times enhanced O-PHV signal 

at 1 mA read current. Therefore, the mx states in our proposed reading mechanism are easier to 

detect than the AC technique. We have estimated the coercivity of the stack using both methods 

(inset of Fig 5.4), and it is found to be ~12 Oe consistent for both methods. This further 

validates our proposed magnetization switching detection scheme using O-PHV. 

 

Fig. 5.4 (a) 𝑉𝐻
2𝜔 vs. Hx. (b) O-PHV vs.  Hx (at 1 mA applied currents). 
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5.4.5. Magnetization switching detection 

 

Figure 5.5 (a) Measurement scheme for the O-PHV method. (b) O-PHV (read by ±1 mA) as 

function of DC pulses (Iwrite) in the presence of different Hz fields (-30, 0, and, +20 Oe). (c) O-

PHV (read currents ±1 mA) after consecutive ±35 mA pulses in presence of 20 Oe Hz. 

 

Further, we have employed the O-PHV to detect the current-induced magnetization switching 

in the NiFe stack. We have applied 1 ms writing current pulses along 𝑥̂ for the current-induced 

switching, and the magnetization orientation is subsequently detected by our proposed method 

(scheme illustrated in Fig 5.5 (a)). Here the magnetization state was detected using ±1 mA 

probe current. We have averaged 20 readings to obtain the final data corresponding to a 

particular writing current pulse for a better signal-to-noise ratio. In presence of a symmetry-

breaking field Hz, we observed a hysteric behavior (Fig. 5.5 (b)), which corresponds to current-

assisted magnetization switching. We observed similar hysteresis behavior for the negative and 
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positive polarity of Hz, corroborating similar results in the literature[13]. Our stack’s in-plane 

switching current was found to be ~24 mA. Without the application of Hz, we did not observe 

the current-induced magnetization switching (Fig. 5.5 (b)). It is found that a minimum of 7 Oe 

symmetry breaking field is required for current-induced switching in our stack. It is found in 

previous reports that a small tilt of magnetization from the current channel (in XY-plane) can 

induce a field-free switching[13,16,17]. However, the absence of switching behavior without 

applying any symmetry-breaking field suggests no tilt of magnetization from the x-direction. 

Therefore, as discussed earlier, our devices are truly type-X supporting measurements of 

angular variation of PHE in Fig. 5.1d.  To check the reproducibility of the current-induced 

switching using our method, we measured the O-PHV voltage for 200 current cycles of +35 

mA and -35 mA pulses. After applying a current pulse (+35 mA), the O-PHV signal was 

measured in presence of 𝐻𝑧 =⁡+20⁡Oe using ±1 mA probe current. The exact process was 

repeated for the -35 mA current pulse. The occurrence of bipolar states up to 200 current pulse 

cycles verify the high reproducibility of our proposed method.  

 

5.4.6 Magnetization reversal energy barrier 

Additionally, we calculated the energy barrier (or thermal stability) between two 

magnetization saturation states. For high retentivity of a memory device, the industry standard 

for thermal stability lies ~40-60 kbT[26]. We performed current pulse-dependent magnetization 

switching experiments to calculate the barrier energy between magnetization states in NiFe 

stack. 

For current induced magnetization switching the nucleation of reverse domain is essential. The 

reversed domain nucleate and propagate in the sample and eventually switch the magnetization 

orientation. This nucleation can occur due to current induced Oersted field, current induced 

SOTs, or both. To calculate the magnetization reversal energy barrier from our experimental 

data we performed current induced magnetization switching experiment at various current 

pulse widths (4, 10, 20, 30, 50, 100 and, 200 mS). The extracted switching current values are 

fitted with (Fig. 5.6): 

𝐼𝐶 = 𝐼𝐶0 [1 −
𝑘𝑇

𝐸𝑏
⁡𝑙𝑛 (

𝜏𝑝

𝜏0
)]    (5.9) 
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Here, IC is the experimentally measured critical switching current value at current pulse width 

𝜏𝑝, while 𝐼𝐶0 is intrinsic critical current value (at T=0 K), 𝜏0 is the inverse of characteristic 

attempt frequency and is considered 1 nS[27], and Eb is the energy barrier between two 

magnetization states. The average energy barrier value for our experiments is ~54 kbT. The 

barrier energy extracted from our experiments is of the order of industrial standard to meet the 

retention time of ~10 year (Eb ~ 40-60 kbT)[26]. At the same time our obtained Eb value matches 

well with the Eb value obtained from other SOT switching experiments[28,29].  

Therefore, the calculated barrier energy (Eb) was found to be~ 54 kbT which matches well with 

other SOT switching experiments as well as the industrial standard[28,29]. 

 

Figure 5.6. Ic vs. 𝑙𝑛 (
𝜏𝑝

𝜏0
) for + mx to -mx and -mx to +mx (data points are fitted with Eq. (5.9)). 

 

Additionally, we calculated the energy barrier (or thermal stability) between two 

magnetization saturation states. For high retentivity of a memory device, the industry standard 

for thermal stability lies ~40-60 kbT[26]. We performed current pulse-dependent magnetization 

switching experiments to calculate the barrier energy between magnetization states in NiFe 

stack . The calculated barrier energy (Eb) was found to be~ 54 kbT which matches well with 

other SOT switching experiments as well as the industrial standard[28,29]. 
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5.5 Conclusion 

In summary, we showed that the odd planar Hall signal (O-PHV) exhibits an odd 

symmetry with the application of an external magnetic field. This motivates us to develop a 

reading mechanism for detecting magnetization switching of in-plane magnetized type-X 

devices by simply employing the DC technique in line with the widely utilized AHE technique 

for the type-Z device. We verified our reading mechanism in the Pt/Co/NiFe/Pt stack. We have 

engineered this stack by inserting a thin layer of Co to create dissimilar interfaces about NiFe 

layer. This results generation of considerable FL-SOT apart from the expected AD-SOT. 

Moreover, the resultant of FL-SOT and Oersted field exceeds the AD-SOT’s magnitude. It was 

shown that the O-PHV has higher signal amplitude than the ‘AC technique’. Further, we have 

detected the current-induced magnetization switching in the Pt/Co/NiFe/Pt stack in presence 

of a symmetry-breaking DC magnetic field. The near-perfect reproducibility of O-PHV in 

detecting the current-induced magnetization switching in the Pt/Co/NiFe/Pt stack further 

confirms its applicability in elucidating the in-plane magnetization switching in type-X devices 

which may lead to its relevance in detecting future SOT-switching-based memory devices and 

sensors. 
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Chapter 6 

 

Conclusions and Outlook 

 

Finally in this chapter a comprehensive conclusion to the work carried out in thesis is provided. 

In Chapter 1, introductory background which introduces spin-orbit coupling and its effects on 

magnetic heterostructures was discussed. Methods to convert charge into spin current (spin 

Hall effect, and Rashba effect), and magnetization dynamics in presence of spin orbit torques 

were also discussed in this part. Further, it also reviews the existing methodologies to 

characterize SOT and detect SOT induced magnetization switching. 

In Chapter 2, we discussed the experimental techniques that are used to fabricate and 

characterize our magnetic heterostructure devices. Along with discussing the basic deposition 

and magnetic characterization techniques, we discussed the details of our custom-built 

transport measurement system, utilizing which we performed all our transport experiments. 

In Chapter 3, we discussed that Ta addition to the asymmetric stack (Pt/Co/Pt) gives rise to 

several compelling effects, viz., thermoelectric effects [particularly, anomalous Nernst effect 

(ANE)], and enhanced perpendicular magnetic anisotropy which was negligible in a Pt/Co/Pt 

stack. For this Ta/Pt/Co/Pt stack, the antidamping-SOT values are evaluated after carefully 

removing the contribution of the ANE and it is found to match the AD-SOT of the Pt/Co/Pt 

stack. We have observed current-induced field-free magnetization switching in Ta/Pt/Co/Pt 

stack with Co thickness gradient. Furthermore, we have utilized the thermoelectric effects to 

develop a technique to detect the field-free magnetization switching. This technique detects the 

second harmonic ANE signal as a reading mechanism. Using ANE symmetry with the applied 

current, the switching can be detected in a single current sweep which was corroborated to the 

conventional DC Hall method. 

In chapter 4, we explored the combined symmetry of SOT and DC field to stabilize multistate 

behavior. Further, we observed this behavior in Pt/Co/Pt stack which is one of the earliest model 

systems for PMA studies thereby expanding the potential applicability of our results. We 
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verified that the integration of SOT with a static field yields multiple metastable saturation 

states, characterized by the magnitude and polarity of the static field. Furthermore, our finding 

suggests that this phenomenon is induced by both SOT and external field simultaneously. This 

effect enables the manipulation of energy barrier between states. At last, we tried to resolve the 

initialization problem of modern memristor devices through experimental demonstration of 

initialization-free multistate memory. 

In chapter 6, we demonstrated that the odd planar Hall voltage (O-PHV) signal exhibits an odd 

symmetry with the application of an external magnetic field which motivates us to develop a 

reading mechanism for detecting magnetization switching of in-plane magnetized 

heterostructures. We verified our DC-based reading mechanism in the Pt/Co/NiFe/Pt stack 

where a thin Co layer is inserted to create dissimilar interfaces about the NiFe layer. 

Remarkably, the current-induced in-plane fields are found to be significantly large in 

Pt/Co/NiFe/Pt stack. Furthermore, we employed the O-PHV method to detect the current-

induced magnetization switching. The pure DC nature of the writing and reading mechanism 

of our proposed in-plane magnetization detection technique through O-PHV makes it the 

easiest one. Moreover, we show high repeatability and easy detection of our proposed method 

which will open avenues toward in-plane SOT switching based memory devices and sensors. 

Beyond this thesis work, this work can be extended to multiple direction. 

It would be great to observe the visualization of intermediate states in second harmonic SOT 

switching signal which was discussed in chapter 3. Other than this, SOT switching loop shift 

method in presence of HZ can be used to detect SOT efficiency and this method could be better 

than widely used field induced loop shift method. The reason being, conventional method does 

not discuss the hysteresis shrink due to joule heating, however in SOT switching loop shift this 

is inherently there. Further, multistate behavior with current induced switching minor loops can 

provide multi-level-multistate behavior where a 2D memory architecture can be saved in a 

single device. Furthermore, using the in-plane switching detection method the SOT switching 

in NiFe can be explored. It recently found that NiFe have a self-torque which is considered to 

be induced from surface layer. 

 

 

 



  Conclusions and Outlook 

 
 

 

111 
 

 


