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Summary 

Synthetic antiferromagnet (SAF) is a unique class of magnetic structure engineered to exhibit 

antiferromagnetic (AFM) coupling between adjacent magnetic layers through non-magnetic 

spacer. In the case of a metallic spacer, the interaction between the two FM layers happens through 

the spin-polarized conduction electrons present in the NM spacer layer. The interlayer exchange 

coupling (IEC) here is of an oscillatory decaying nature, which can be described through the 

Ruderman–Kittel–Kasuya–Yosida (RKKY) interaction. These systems show properties such as 

high thermal stability, low susceptibility to external magnetic fields, easy characterization through 

conventional techniques used for FMs, etc., which make them suitable for applications in magnetic 

sensors, magnetic tunnel junctions (MTJ), and other spintronic devices. Apart from this, there are 

other aspects for which SAFs are in focus nowadays for spintronic research. One such aspect is it 

can host chiral magnetic textures like skyrmions. While driving in a track of a single ferromagnetic 

layer, these skyrmions move towards the edge of the track due to topological Magnus force, known 

as the skyrmion Hall effect (SkHE). This problem can be addressed by driving the skyrmions in a 

track of SAF where the opposite topological Magnus force experienced by the skyrmions of both 

the FM layers will be cancelled and the skyrmions will move in a straight-line path along the 

direction of the current flow thereby minimising the skyrmion Hall effect. Another aspect of SAF 

is that it can be a good material system to host magnon-magnon coupling among the AFM-coupled 

FM layers through antiferromagnetic interlayer exchange interaction. Magnons in spintronics hold 

the unique advantage of low energy consumption, non-volatility, high-speed operation, etc. Taking 

advantage of the coupling phenomena in these SAF systems, we have broadly explored the two 

aspects of it in our work. One aspect is, that we have studied the magnetization reversal, domain 

structures, and skyrmions in perpendicular magnetic anisotropic (PMA) SAF system. The other 

one is, that we have studied the spin dynamics in such SAF systems with in-plane magnetization 
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easy axis. Further, we have explored the possibility of having magnon-magnon coupling in this in-

plane magnetized SAF system.  

The results are summarized into five sections depending on the spacer layer used as well as the 

purpose of studying the particular system with variation of IEC through the spacer layer. We have 

prepared SAF samples with PMA by considering Ru as a spacer layer between the two Co layers. 

Samples with lower Co thickness i.e. 0.8 nm shows a larger antiferromagnetic coupling plateau 

than the samples with Co thickness 1.0 nm. Further, by changing the spacer layer to Ir with the Co 

being 0.8 nm, we have observed three different types of magnetization reversal. With Ir 1.0 nm, 

the coupling becomes FM whereas, with Ir 1.5 nm, the coupling becomes AFM. By changing the 

Ir thickness to 2.0 nm, it shows a canted magnetization reversal. The domain images are smaller 

in AFM-coupled samples as compared to the FM-coupled samples. Further, the presence of chiral 

spin textures in the samples with Ir thickness 2.0 nm has been confirmed by the topological Hall 

effect (THE) measurement and Nucleation of skyrmions has been observed by performing MFM 

measurements on these samples. Further, we have considered the sample structure as 

Si/SiO2/Ta(3)/Pt(2.5)/[Pt(1)/Co(tCo)]3/Ir(1.3)/[Co(tCo)/Pt(1)]2/Pt(2.5). The Simultaneous 

contribution of dipolar coupling and RKKY interaction in Pt/Co multilayer with Ir spacer gives 

rise to the nucleation of isolated and high-density skyrmions in these systems. The skyrmion size 

and density increase with the increase in Co thickness in the multilayers. We have also stabilized 

in-plane SAF with CoFeB as FM and Ir as the spacer layer and explored the possibility of magnon-

magnon coupling in this system. However, we could not observe any avoided crossing area 

between the acoustic and optical mode of magnons extracted from the FMR data which indicates 

the absence of magnon-magnon coupling in our system.  
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Chapter 1 

Introduction: 

In the modern era of information technology, magnetic storage has been a cornerstone of data 

storage underpinning a myriad of applications ranging from personal computing to cloud 

infrastructure. The relentless pursuit of higher storage densities, faster access times, and lower 

energy consumption has driven relentless innovation in magnetic storage technology. Central 

to this pursuit is the quest for materials and structures capable of harnessing the fundamental 

properties of magnetism to store and manipulate information efficiently [1]. 

Magnetic storage devices, such as hard disk drives (HDDs) and magnetic random-access 

memories (MRAMs), rely on the manipulation of magnetic domains within thin film structures 

to encode binary information [2,3]. Traditionally, these devices have been based on 

ferromagnetic materials, where the magnetization of individual domains can be switched by 

applying an external magnetic field. While ferromagnetic materials have served as the 

workhorse of magnetic storage technology for decades, they face inherent limitations in terms 

of stability, scalability, and energy efficiency as the demand for higher storage densities 

continues to escalate. In this context, synthetic antiferromagnets (SAFs) have emerged as a 

compelling candidate, offering unprecedented control over magnetic properties and promising 

breakthroughs in the realm of spintronics. SAFs represent a paradigm shift in magnetic storage 

technology, offering a novel approach to overcome the limitations of conventional 

ferromagnetic materials. 

1.1 Synthetic antiferromagnets: 

SAFs are composed of two ferromagnetic layers coupled antiferromagnetically through non-

magnetic spacer layers via interlayer exchange coupling (IEC) [4,5]. The schematics of in-

plane and out-of-plane magnetized SAF have been shown in Figure 1.1 (a) and (b), 
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respectively. The interaction between the magnetic moments of the FM layers occurs through 

the exchange of spin-polarized electrons across the spacer. The nature of the coupling can be 

either FM or antiferromagnetic (AFM), depending on the specific materials used and the 

thickness of the NM layer. FM coupling implies parallel alignment of magnetic moments in 

the adjacent layers, while AFM coupling implies an antiparallel alignment. This particular 

configuration, where the spins of the two FM layers are aligned in an antiparallel manner, is 

known as synthetic antiferromagnet (SAF). SAF is a unique class of magnetic structure 

engineered to exhibit AFM coupling between adjacent magnetic layers. The IEC here is of 

oscillatory decaying nature which can be described through the Ruderman–Kittel–Kasuya–

Yosida (RKKY) interaction theory [6–8]. Unlike natural antiferromagnets, which occur in 

certain materials spontaneously, SAFs are artificially created through thin-film deposition 

techniques. This unique arrangement endows SAFs with a host of advantageous properties, 

including enhanced thermal stability, reduced susceptibility to external perturbations, and 

tunable magnetic switching behaviour. Moreover, the interlayer exchange coupling in SAFs 

enables precise control over the magnetic state of individual layers, paving the way for 

advanced functionalities and novel device architectures. By leveraging the unique properties 

of SAFs, researchers aim to develop magnetic storage devices with unprecedented 

performance, reliability, and energy efficiency. For instance, SAF-based MRAMs hold the 

promise of non-volatile memory with fast write/read speeds, low power consumption, and 

robust operation [9,10]. Furthermore, the tunability of SAF allows for the exploration of novel 

storage concepts such as racetrack memory, where magnetic information is propagated along 

nanowires using spin currents. In addition to their relevance in magnetic storage technology, 

SAFs play a crucial role in advancing the broader field of spintronics. The ability to manipulate 

spin degrees of freedom in SAFs opens up new avenues for spin-based logic, computing, and 
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communication, offering potential solutions to the challenges posed by conventional 

semiconductor-based technologies.  

 

Figure 1.1: Schematics of the synthetic antiferromagnetic (SAF) structure with (a) in-plane 

and (b) out-of-plane configuration. 

Magnetic tunnel junctions (MTJs) play a pivotal role for enhancing the data storage capacity. 

SAFs are the key part of these MTJ devices for better data retaining and thermal stability due 

to the absence of stray field [11–13]. Apart from this, there are lot more aspects for which SAFs 

are in focus now-a-days for spintronic research. One such aspect is that it can host chiral 

magnetic textures viz. skyrmions which are basically topologically protected, vortex like chiral 

spin textures  [14]. Skyrmions possess advantage of high stability, require low threshold current 

density and it’s nano scale size making it way better for data storage technology  [15,16]. It is 

also less susceptible to the system's pinning. Skyrmions are therefore thought to be highly 

attractive options for improving the density of next-generation data storage. Similar to domain 

wall, skyrmion racetrack memory can also be implemented  [17–20]. In addition to storage, 

skyrmions can be potential candidate in achieving neuromorphic computing, logic devices, and 

transistor-like devices [21–25]. However, while driven in a track of single ferromagnetic layer, 

instead of moving in a straight line in the applied current direction, it moves towards the edge 

of the track due to topological Magnus force which is known as the skyrmion Hall effect 

(SkHE)  [26,27]. This may lead to the loss of information which is undesired. This problem 

can be addressed by driving the skyrmion in a track of SAF. Here two skyrmions with opposite 
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topological number will be nucleated in both the FM layers below and above the spacer layer 

which are antiferromagnetically coupled. So, without being affected by the Magnus force, the 

skyrmions move in a straight-line path along the direction of current flow which can minimize 

the skyrmion Hall effect  [28].  

Another aspect of SAF is that it can be a good material system to host magnon-magnon 

coupling among the AFM coupled FM layers through antiferromagnetic interlayer exchange 

interaction between them. Magnons in spintronics hold the unique advantage of low energy 

consumption, non-volatility, high speed operation etc  [29,30]. Taking advantage of the 

coupling phenomena in these systems, we have broadly explored the two aspects of SAF in our 

work. On the one hand we have studied the magnetization reversal, domain structures and 

skyrmions in perpendicular magnetic anisotropic (PMA) SAF system. On the other hand we 

have studied the spin dynamics in such SAF system with in-plane magnetic anisotropy. Further, 

we have explored the possibility of having magnon-magnon coupling in this in-plane 

magnetized SAF system. 

In light of these considerations, this Ph.D. thesis has been organised into eight chapters. The 

first chapter discusses few basic concepts required to understand the thesis work. All the 

experimental techniques used for the research work have been discussed in the second chapter. 

In the third chapter the study about the stabilization of synthetic antiferromagnetic structure in 

Pt/Co PMA system with Ru spacer has been shown. By varying the Ru thickness between two 

Co layers, the variation of coupling strength has been studied. A larger antiferromagnetic 

coupling plateau has been observed in the series with less Co thickness. The fourth chapter 

shows the magnetization reversal and domain structures in perpendicularly magnetized Pt/Co 

system with Ir as a spacer layer. Here, by changing the Ir spacer thickness as well as number 

of stackings of Pt/Co below and above the spacer, three types of magnetization reversal such 

as ferromagnetic, antiferromagnetic and canted state of magnetization have been observed. The 
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fifth chapter discusses the observation of topological Hall effect (THE) signal and skyrmions 

in Pt/Co/Ir/Co/Pt system with canted magnetization reversal. The presence of chiral spin 

textures in these samples has been confirmed by the THE measurement and nucleation of 

skyrmions has been observed further by measuring the samples via magnetic force microscopy 

(MFM). In the sixth chapter, the simultaneous effect of RKKY and dipolar interaction in Pt/Co 

multilayer system with Ir as spacer layer has been studied. The Ir spacer thickness is optimized 

to provide the RKKY interaction between the Co layers. The nucleation of isolated and high 

density skyrmions have been observed in these systems. The skyrmion size and density are 

found to increase with the increase in Co thickness in the multilayers. In the seventh chapter, 

the Spin dynamics in an in-plane magnetized CoFeB/Ir/CoFeB system with FM and AFM 

coupling has been studied via ferromagnetic resonance spectroscopy. The possible presence of 

magnon-magnon coupling in these systems has been explored. However, no avoided crossing 

area in the FMR data has been observed which indicates the absence of magnon-magnon 

coupling in our system. In the last chapter, we have concluded our thesis work with possible 

future prospects in this area of research. 

1.2 Spin-orbit interaction: 

The spin-orbit interaction is a fundamental quantum mechanical phenomenon that arises from 

the coupling between the spin of an elementary particle, such as an electron, and its orbital 

motion around a central potential, typically in the presence of an electromagnetic field. This 

interaction plays a crucial role in various physical phenomena across different fields of science, 

including condensed matter physics, atomic physics, and quantum computing. In the context 

of condensed matter physics, the spin-orbit interaction profoundly influences the electronic 

properties of materials, leading to phenomena such as spin-orbit coupling (SOC), spin Hall 

effect, etc. The spin-orbit coupling arises from the relativistic correction to the electron's kinetic 

energy due to its motion in the electric field generated by the atomic nuclei. This plays a crucial 
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role in determining the magnetic properties of thin films, such as spin relaxation, modifying 

the anisotropy of the system, especially in achieving perpendicular magnetic anisotropy 

(PMA), etc. PMA refers to the preference of magnetic moments to align perpendicular to the 

plane of the film [31] rather than in the plane. This property is essential for various 

technological applications, including magnetic recording and spintronic devices, as it allows 

for high-density data storage and efficient manipulation of magnetic states. In thin film 

systems, especially those composed of heavy metal layers (e.g., Pt, Ta, W), the strong SOI 

induces an effective magnetic field that interacts with the magnetic moments of adjacent layers. 

This interaction can lead to the stabilization of perpendicular magnetization orientations, 

thereby promoting PMA in thin films. The expression for the SOI energy can be written as [32], 

 
〈𝐻𝑠𝑜〉 =  

𝑍4𝑒2ℏ2〈𝑺. 𝑳〉

4𝜖0𝑎0
3𝑛3𝑙 (𝑙 +

1
2) (𝑙 + 1)

 
……. (1.1) 

Where, n and l are the principal and orbital quantum number of electrons. Z is the atomic 

number of the element. S is the spin angular momentum and L is the orbital angular momentum. 

As the SO coupling energy is proportional to the Z4, the heavy metal with higher atomic number 

can have high SO coupling. The least energy state is favourable when S and L are parallel, 

while energy is maximum when S is perpendicular to L. 

1.3 Magnetic anisotropy: 

Anisotropy refers to the property of a material exhibiting different physical characteristics or 

properties when measured along different axes. In other words, anisotropy indicates a 

directional dependence of the properties of a material. Magnetic materials can exhibit different 

magnetic properties along different directions. For instance, ferromagnetic materials may have 

preferred directions of magnetization alignment, known as easy axes, due to factors like shape, 

crystal structure, or external influences. This property plays a crucial role in determining the 
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stability and behavior of magnetic domains, as well as the response of the material to external 

magnetic fields. This magnetic anisotropy is crucial for various applications in magnetic 

recording, spintronics, and magnetic sensors. Based on the origin and underlying physical 

mechanism, magnetic anisotropy can be further classified into few sub categories i.e., (i) 

magnetocrystalline anisotropy or crystal anisotropy, (ii) shape anisotropy, (iii) 

magnetoelastic/stress anisotropy, (iv) surface/interface anisotropy. 

1.3.1 Magnetocrystalline anisotropy:  

Magnetocrystalline anisotropy is a type of magnetic anisotropy that arises from the dependence 

of a material's magnetic energy on the orientation of its magnetic moments with respect to the 

crystallographic axes of its underlying lattice structure. In other words, magnetocrystalline 

anisotropy describes the directional dependence of a material's magnetization due to its crystal 

structure and symmetry. The origin of magnetocrystalline anisotropy can be attributed to 

several factors such as, spin-orbit coupling, crystal structure, exchange interaction, etc. Due to 

the coupling between the spin and the orbital motion of the electron, in an attempt to reorient 

the spin of an electron by applying an external magnetic field, the orbit of that electron also 

tries to be reoriented. However, as the orbit is strongly coupled to the lattice, this twisting of 

the spin axis is resisted. Hence, in a way, it can be stated that the anisotropy energy is the energy 

required to rotate the spins away from easy axis. Typically, the exchange energy is greater than 

the magnetocrystalline anisotropy (MCE) energy strength. However, because exchange energy 

tries to align the moments parallelly or anti-parallelly regardless of their directions, the 

direction of magnetization i.e., m=M / |M|, is completely dependent on anisotropy energy. In 

spherical polar co-ordinate, m can be represented with the direction cosines i  as, m=( 1, 2, 

3), where, α1= sin cos, α2= sin sin, α3= cos fulfilling the normalization condition 𝛼1
2 +

𝛼2
2 + 𝛼3

2 = 1. Here,  and  are the angles which the direction of magnetization makes with 
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the z-axis and the azimuthal angle, respectively. The magnetocrystalline anisotropy energy per 

unit volume can be expressed as,  

𝐸𝑀𝐶𝐴 = 𝐸0 + 𝑖𝑐𝑖𝑖 + 𝑖𝑗𝑐𝑖𝑗𝑖𝑗 + 𝑖𝑗𝑘𝑐𝑖𝑗𝑘𝑖𝑗𝑘 

+𝑖𝑗𝑘𝑙𝑐𝑖𝑗𝑘𝑙𝑖𝑗𝑘𝑙 +  (
5) 

 

……. (1.2) 

Here, c is the coefficient of anisotropy. The higher order terms  (
5) being very small, are 

neglected. Hence, in further calculations, considering the energies of oppositely magnetized 

states having equal amplitude i.e., 𝐸(𝑖) = 𝐸(−𝑖), there by cancelling the odd terms, the 

equation (1.2) can be written as [33,34],  

 𝐸𝑀𝐶𝐴 = 𝐸0 + 𝑖𝑗𝑐𝑖𝑗𝑖𝑗 + 𝑖𝑗𝑘𝑙𝑐𝑖𝑗𝑘𝑙𝑖𝑗𝑘𝑙 ……. (1.3) 

Depending on the alignment of easy axis in different directions in a magnetic material, the 

magneto crystalline anisotropy can be further divided into various types such as, uniaxial 

anisotropy, cubic anisotropy, hexagonal anisotropy, etc.  

Uniaxial anisotropy arises when a material exhibits a single preferred direction of 

magnetization alignment. Here, the easy axis of the system aligns itself in a particular direction 

with an interval of 1800. Cubic anisotropy arises when a material exhibits two easy axes of 

magnetization mutually perpendicular to each other over 1800 interval due to the cubic 

symmetry of its crystal structure. In cubic materials, there are usually three orthogonal 

crystallographic axes, and the energy associated with magnetization alignment may vary 

depending on the alignment along these axes. 

1.3.2 Shape anisotropy:  

Shape anisotropy, also known as magnetostatic or demagnetization anisotropy, arises from the 

geometric shape of a magnetic material. It is a type of magnetic anisotropy that occurs in 

materials with non-uniform shapes or geometries. Shape anisotropy influences the magnetic 
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behaviour of a material by favouring a particular direction of magnetization alignment, 

typically along the longest axis or axis of symmetry of the shape. The origin of shape anisotropy 

can be understood through the minimization of the magnetostatic energy of the material i.e., 

aligning the magnetic moments in a direction that minimizes the demagnetization energy 

associated with the material's geometry. When a magnetic material is magnetized, it creates a 

magnetic field around it. In non-uniformly shaped materials, the distribution of this magnetic 

field is affected by the shape of the material, resulting in varying energy states for different 

orientations of magnetization. The stray field energy or the demagnetization energy of a 

magnetic material can be written as [33], 

 
𝐸𝑑𝑒𝑚𝑎𝑔 =

1

2
∫ 𝜇0𝑴. 𝑯𝑑𝑒𝑚𝑎𝑔𝑑𝑉 

……. (1.4) 

For an ellipsoid, the demagnetizing field (𝑯𝑑𝑒𝑚𝑎𝑔) is expressed as 𝑯𝑑𝑒𝑚𝑎𝑔 = 𝑁. 𝑴. Here, N, 

the demagnetizing factor, is a diagonal tensor with trace (N) = 1 and represented as, 

 

𝑁 = (

𝑁𝑥 0 0
0 𝑁𝑦 0

0 0 𝑁𝑧

) 

……. (1.5) 

With this, the equation (1.4) becomes, 

 
𝐸𝑑𝑒𝑚𝑎𝑔 =

1

2
𝑉𝜇0(𝑁𝑥𝑚𝑥

2 + 𝑁𝑦𝑚𝑦
2 + 𝑁𝑧𝑚𝑧

2) 
……. (1.6) 

Along the equatorial axis of an ellipsoid, Nx=Ny. So,  

 
𝐸𝑑𝑒𝑚𝑎𝑔 =

1

2
𝑉𝜇0𝑀𝑠

2(𝑁𝑥𝑠𝑖𝑛2𝜃 + 𝑁𝑧𝑐𝑜𝑠2𝜃) =
1

2
𝑉𝜇0𝑀𝑠

2𝑐𝑜𝑠2𝜃(𝑁𝑧 − 𝑁𝑥)  
……. (1.7) 

The least stray field energy occurs when 𝜃 = 90°, suggesting that the stray field energy is in 

favor of the magnetization being orientated in the plane of the sample. In order to further limit 

the stray field, a specimen is separated into distinct spontaneous magnetization known as 

domains.  
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1.3.3 Magnetoelastic or stress anisotropy:  

Magnetoelastic anisotropy, also known as stress-induced anisotropy or stress anisotropy, refers 

to the dependence of a material's magnetic properties on mechanical strain or stress. It arises 

from the coupling between the magnetic moments and the lattice strain or stress in the material, 

leading to changes in the energy landscape for magnetization alignment. The origin of 

magnetoelastic anisotropy can be understood through the interaction between the magnetic 

moments and the crystal lattice structure of the material. When a magnetic material is subjected 

to mechanical strain or stress, it affects the spacing between atoms and alters the symmetry of 

the crystal lattice. This, in turn, modifies the exchange interactions between neighbouring 

magnetic moments and their alignment. In this context, an important phenomenon known as 

magnetostriction [34,35], plays a pivotal role in explaining the origin of magnetoelastic 

anisotropy. Magnetostriction is a phenomenon observed in certain magnetic materials whereby 

the material undergoes a change in shape or dimensions in response to an applied magnetic 

field. When a magnetic material is subjected to an external magnetic field, the alignment of the 

magnetic moments within the material changes. This reorientation of magnetic moments leads 

to the deformation or strain of the material, resulting in a change in its dimensions.  

1.3.4 Surface anisotropy:  

Surface anisotropy refers to the phenomenon where the magnetic properties of a material are 

influenced by the characteristics of its surface. It arises due to the asymmetry or broken 

symmetry at the material's surface, leading to preferential orientations of magnetic moments 

near the surface. Surface anisotropy plays a significant role in determining the magnetic 

behaviour of thin films, nanoparticles, and nanostructures, where the surface-to-volume ratio 

is high and surface effects dominate the overall magnetic properties. In the case of ultrathin 

magnetic films, the effective anisotropy can be expressed as [33,36], 
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𝐾𝑒𝑓𝑓 = 𝐾𝑉 +

2𝐾𝑆

𝑡
 

……. (1.8) 

Where, 𝐾𝑆  is the contribution of surface anisotropy and 𝐾𝑉 is the contribution volume 

anisotropy and t is the thickness of the ferromagnetic layer. The factor 2 is due to the two 

interfaces of the film breaking the inversion symmetry. The equation (1.8) can further be 

written in the form of equation of a straight line, 

 𝐾𝑒𝑓𝑓. 𝑡 = 𝐾𝑉. 𝑡 + 2𝐾𝑆 ……. (1.9) 

Where the slope and intercept of plot between 𝐾𝑒𝑓𝑓. 𝑡 and 𝑡 determines the 𝐾𝑉 and 𝐾𝑆, 

respectively. At higher thickness, the volume contribution to the anisotropy dominates the 

surface contribution thus favouring an in-plane magnetization in the system. Conversely, at a 

lower thickness, the surface contribution dominates the volume contribution and the system 

becomes out-of-plane magnetized. At a critical thickness (tc) of the FM layer when the surface 

 

Figure 1.2: Plot of 𝐾𝑒𝑓𝑓 . 𝑡 vs 𝑡 (thickness of Co layer) for Co/Pt multilayer sample. (a), (b) 

and (c) indicates magnetization reversal for the out-of-plane anisotropic, at spin reorientation 

transition (SRT) and in-plane anisotropic samples. The intercept gives the surface 

contribution and the slope gives the volume contribution. The concept of this modified figure 

is taken with permission from the Broeder et. al., JMMM 93, 562-570 (1991)  [37]. 

Copyright 1991, Elsevier. 
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and volume contribution are almost equal, spin reorientation transition (SRT) happens. The 

transition from in-plane to out-of-plane magnetization for Co/Pd multilayer by varying the Co 

thickness has been shown in Figure 1.2. Next, we discuss about the various types of interactions 

which may be present in a magnetic system thereby manipulating the magnetic properties. 

1.4 Magnetic interactions: 

Magnetic interactions refer to the forces and energies involved in the interaction between 

magnetic moments or magnetic materials. These interactions play a fundamental role in 

determining the magnetic properties and behaviour of materials, influencing phenomena such 

as magnetization, magnetic ordering, and domain formation. Many of these interactions, which 

largely affects the magnetic properties of a system, are discussed below. 

1.4.1 Exchange interactions: 

The exchange interaction is a fundamental quantum mechanical phenomenon that describes the 

coupling between the magnetic moments (spins) of electrons in a material. It is responsible for 

the alignment of spins and plays a crucial role in determining the magnetic properties of 

materials. The exchange interaction energy depends on the relative orientation of the spins of 

the interacting electrons. When the spins are parallel, the exchange interaction energy is lower 

than when the spins are antiparallel. Considering the nearest neighbour atomic spins Si and Sj, 

the exchange energy for the system is written as [32,33], 

 𝐸𝑒𝑥𝑐ℎ = −𝑖𝑗𝐽𝑖𝑗𝑺𝒊. 𝑺𝒋 ……. (1.10) 

Here, 𝐽𝑖𝑗 is the exchange coupling constant. In ferromagnetic materials, where neighbouring 

spins are aligned parallel to each other, the exchange interaction leads to a net magnetic 

moment and the formation of magnetic domains. In this case, 𝐽𝑖𝑗>0. In antiferromagnetic 

materials, 𝐽𝑖𝑗<0 where, neighbouring spins are aligned antiparallel. The exchange interaction 

results in cancellation of magnetic moments, leading to zero net magnetization. The direct 
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exchange mechanism depends on the overlap of electron wave functions between neighbouring 

atoms or ions. Hence, the magnetic ordering of all the materials cannot be explained using this. 

There are some other types of exchange interactions which are discussed below. 

1.4.1.1 Double exchange: 

Double exchange is a mechanism that describes the interaction between itinerant electrons and 

localized magnetic moments in certain materials, particularly in transition metal oxides [32]. 

This mechanism was first proposed to explain the unusual magnetic properties observed in 

materials like manganites. Itinerant electrons can move between neighboring sites in the crystal 

lattice. This movement is facilitated by the overlap of electron wavefunctions between adjacent 

sites. During the process, it aligns its spin with the local magnetic moment at the destination 

site. This alignment lowers the energy associated with the hopping process, as a consequence, 

the neighbouring magnetic moments tend to align parallel to each other. 

1.4.1.2 Superexchange interaction: 

Superexchange interaction is a mechanism of indirect exchange coupling between magnetic 

moments mediated by intervening non-magnetic atoms or ions [33,34]. This can explain the 

magnetic interactions in insulating materials where direct exchange interactions between 

neighboring spins are forbidden due to the presence of non-magnetic ions in between. This 

interactions often lead to antiferromagnetic ordering in materials, where neighboring spins 

align antiparallel to each other.  

1.4.2 Dzyaloshinskii-Moriya interaction:  

The Dzyaloshinskii-Moriya interaction (DMI) was first proposed independently by T. 

Dzyaloshinskii in 1958 and T. Moriya in 1960 [38,39]. It is a type of antisymmetric exchange 

interaction that arises in systems lacking inversion symmetry. It The DMI plays a crucial role 

in stabilizing chiral magnetic structures and can lead to various exotic magnetic phenomena, 
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such as skyrmions and chiral domain walls. The Dzyaloshinskii-Moriya interaction can be 

described mathematically by the following Hamiltonian term [40], 

 𝐻𝐷𝑀𝐼 = −𝑖𝑗𝑫𝒊𝒋. (𝑺𝒊 𝑺𝒋) ……. (1.11) 

Where, 𝑫𝒊𝒋 is the Dzyaloshinskii-Moriya vector that characterizes the strength and direction of 

the interaction between spins 𝑺𝒊 and 𝑺𝒋. The schematic of the DM interaction in an HM/FM 

system have been shown in Figure 1.3. The DMI term introduces an additional interaction 

energy that depends on the cross product of neighbouring spins, leading to a coupling between 

spin directions and the Dzyaloshinskii-Moriya vector. Unlike the conventional exchange 

interaction, which favours parallel or antiparallel alignment of spins, the DMI prefers a non-

collinear arrangement of spins perpendicular to the vector 𝑫𝒊𝒋.  

 

Figure 1.3: Representation of the iDMI vector (Dij) at the heavy metal-ferromagnet interface. 

1.4.3 RKKY interaction:  

The Ruderman-Kittel-Kasuya-Yosida (RKKY) interaction describes the indirect exchange 

coupling between magnetic impurities in a non-magnetic host material. It arises from the 

interaction between the localized magnetic moments of the impurities mediated by the 

conduction electrons in the host material [6–8]. When a ferromagnetic impurity is present in 

bulk non-magnetic metals, the nearby sea of conduction electrons becomes spin polarized. 

Rather than being equal in the region of the impurity, the densities of all the spin down and  
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Figure 1.4: Oscillatory decaying variation of RKKY interaction with respect to the distance 

(r) between two ferromagnetic spins. 

spin up electrons become slightly different. The resulting spin polarization attenuates as 1/r3, 

with r being the distance from the impurity, and oscillates with a wave vector of 2𝑘𝐹. Here, 𝑘𝐹 

is the Fermi wave vector. An indirect coupling between the spins of the two impurities results 

from the presence of a second magnetic impurity located at some distance from the first. The 

coupling between them can be either ferromagnetic or antiferromagnetic based on their 

distance from one another. The Hamiltonian describing the interaction between the impurity 

spins Si and Sj can be written as,  

 𝐻𝑅𝐾𝐾𝑌 = 𝑱𝒊𝒋 𝑺𝒊 . 𝑺𝒋 ……. (1.12) 

Where, Jij is the RKKY exchange coupling constant between the impurity spins separated by a 

distance r. Further, this RKKY exchange coupling constant (Jij) can be expressed as [41],  

 
𝐽𝑅𝐾𝐾𝑌 =  

𝑚∗𝑘𝐹
4

ℏ2
 𝐹(2𝑘𝐹𝑟) 

……. (1.13) 

Where, 𝑚∗ is the effective mass and, 

 
𝐹(𝑥) =

𝑥 𝑐𝑜𝑠 𝑥 − 𝑠𝑖𝑛 𝑥

𝑥4
 

……. (1.14) 

This shows the oscillatory decaying nature of RKKY interaction between two magnetic 

impurities [42]. The schematic of this oscillatory decaying behaviour has been depicted in 

Figure 1.4. This oscillatory behaviour gives rise to long-range interactions between the 
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impurity spins and can lead to interesting magnetic phenomena in layered magnetic thin films. 

As discussed earlier, this RKKY interaction plays a crucial role in explaining the 

antiferromagnetic alignment between two ferromagnetic layers separated by a spacer layer, 

known as synthetic antiferromagnets. 

1.4.4 Dipolar interaction:  

Dipolar interaction in magnetism refers to the magnetic interaction between magnetic moments 

due to their inherent magnetic fields. It arises from the electrostatic interaction between 

magnetic dipoles and is a fundamental aspect of magnetic materials. Dipolar interactions can 

have significant effects on the magnetic properties of materials, influencing phenomena such 

as domain formation, magnetic ordering, etc. The dipolar interaction energy between two 

magnetic moments depends on the specific geometry of the system. For a pair of magnetic 

moments separated by a distance r, the dipolar interaction energy Edip can be described by the 

following formula [32,33]: 

 
𝐸𝑑𝑖𝑝 =

µ0

4

𝑚1. 𝑚2 − 3(𝑚1. 𝑟)(𝑚2. 𝑟)

𝑟3
 

……. (1.15) 

m1 and m2 are the magnetic moments of the two dipoles. The dipolar interaction is long-range 

and decreases with distance as 1/r3, which means it can have significant effects even at 

relatively large distances compared to the atomic scale. The significance of dipolar interaction 

lies in its role in determining the magnetic properties and behaviour of materials, including the 

formation of magnetic domains, the stability of magnetic structures, and the behaviour of 

magnetic nanoparticles. Understanding and controlling dipolar interactions is essential for 

various applications in magnetism, including data storage, magnetic recording, and magnetic 

materials engineering.  
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1.4.5 Zeeman interaction:  

The Zeeman interaction is a fundamental interaction in quantum mechanics and solid-state 

physics that describes the interaction between a magnetic field and the magnetic moment 

associated with a quantum mechanical system, such as an electron's spin or the magnetic 

moment of an atomic nucleus. It is named after the Dutch physicist Pieter Zeeman, who 

observed the splitting of spectral lines in the presence of a magnetic field. For a magnetic dipole 

with moment µ, present in an external magnetic field B, the Zeeman interaction energy can be 

written as [34],  

 𝐸𝑍𝑒𝑒𝑚𝑎𝑛 = −µ. 𝐵 ……. (1.16) 

The interaction leads to the splitting of energy levels in the presence of a magnetic field. This 

splitting occurs because the energy levels depend on the orientation of the electron's spin 

relative to the magnetic field direction. The energy of the system gets minimized due to the 

applied magnetic field which always tries to align the moments along its direction. 

1.5 Magnetization reversal: 

Magnetization reversal refers to the process by which the direction of magnetization in a 

magnetic material, changes from one orientation to another. This process is fundamental in 

various magnetic devices and materials, including magnetic memories, sensors, and recording 

media. The reversal process hinges on the initial arrangement of magnetization within the 

sample, often referred to as its hysteresis [32–34]. This occurs because the magnetization of 

ferromagnetic materials does not change linearly with variations in the applied field, leading 

to the characteristic hysteresis loop. Hysteresis, representing a non-linear, non-equilibrium, and 

intricate first-order phase transition, arises from this phenomenon, where, upon the application 

of a sufficiently strong external magnetic field, all spins within the system align themselves in 

the direction of the applied field. This state is known as the saturation magnetization (Ms). In 
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this state, the magnetization of the system reaches its maximum value and the applied field in 

this condition is termed as the saturation field (Hs). From this saturated state, when the applied 

field is reduced to zero, the system retains a residual magnetization, referred to as the remanent 

state (MR). The coercive field (𝐻c) denotes the reverse magnetic field required to diminish the 

system's magnetization back to zero. Figure 1.5 displays the locations of MR, MS, HC and HS for 

a typical hysteresis loop during the magnetization reversal. Magnetization reversal can occur 

through different mechanisms, depending on the material and the applied external conditions. 

There are two primary mechanisms through which magnetization reversal can occur: domain 

wall motion and coherent rotation.  

 

Figure 1.5: A typical magnetic hysteresis loop indicating the points MR, MS, HC  and HS  in the 

magnetization reversal process. 

1.5.1 Domain wall motion: 

In a magnetic material, the magnetic moments (spins) of atoms or ions tend to align in regions 

called magnetic domains. Each domain has a uniform magnetization direction. When an 

external magnetic field is applied, it can influence the orientation of these domains. 

Magnetization reversal via domain wall motion involves the movement of the boundaries 

(domain walls) between adjacent domains. There are different types of domain walls, such as 

Bloch walls and Néel walls, depending on the magnetization texture of the material. Domain 
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wall motion can occur through various mechanisms, such as pinning and depinning of domain 

walls, nucleation and propagation of new domains, and annihilation of existing 

domains [43,44]. Figure 1.6 (a) depicts the process of magnetization reversal via domain wall 

motion. The movement of domain walls can lead to a global change in the magnetization 

direction of the material. Further, we will discuss about the domains and domain walls 

elaborately. 

 

Figure 1.6: Schematic illustration of the magnetization reversal via (a) domain wall motion 

and (b) coherent rotation. 

1.5.2 Coherent rotation: 

Coherent rotation involves the simultaneous rotation of all magnetic moments in the material. 

This mechanism is predominant in single-domain nanoparticles or thin films with strong shape 

anisotropy. When an external magnetic field is applied, it exerts a torque on the magnetic 

moments, causing them to rotate collectively. When the magnetization M of a single domain is 

away from the easy axis, coherent rotation occurs [43,44]. Figure 1.6 (b) depicts the process of 

magnetization reversal via domain wall motion.  The sample's magnetic moment rotates against 

the force associated with particular anisotropies, such as shape, stress, crystal anisotropy, or a 

combination of these. Coherent rotation is characterized by a smooth, continuous change in 

magnetization without the formation or movement of domain walls. It is often observed in 
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systems with high magnetic anisotropy energy, where the magnetization prefers to align along 

a specific direction determined by the material's crystal structure or shape. 

1.6 Domains and domain walls: 

In magnetic material, a domain is an area where all of the magnetic moments are parallel to 

one another. This concept was first introduced by Pierre Weiss in 1907 [45]. A magnetic 

material with finite exchange and anisotropy energy should ideally exist in a single domain 

state with all of the spins aligned in one direction. However, the stray field energy increases 

significantly in such situations. A single domain state is split up into several domains in order 

to lower this energy, and each domain's spontaneous magnetization can be directed in any 

direction. A domain wall (DW), or wall with a finite width, divides two domains with distinct 

magnetization orientations. Magnetic moments constantly rotate within the DW, shifting their 

orientation from one easy direction to another. A substantial exchange energy comes from the 

antiparallel alignment of magnetization of two adjacent domains. This is because the exchange 

energy favours the parallel orientation of spins. To reduce the exchange energy, it tries to create 

a broad DW in which the neighbouring spin moments rotate at a relatively tiny angle. However, 

because many spins are aligned along a direction away from easy axis, crystalline anisotropy 

does not favour such a small rotation. Consequently, anisotropy energy attempts to minimize 

wall width. A finite width of the DW ultimately results from the balancing of these two 

energies [46]. With this process, a finite amount of energy is acquired by the spin moment 

known as DW formation energy (DW). A continuum model approach is considered to calculate 

the width and energy of the DW [34]. The energy associated with the formation of a domain 

wall (DW) in a magnetic material can be calculated by considering the interplay between 

exchange energy and anisotropy energy. The rate at which the direction of the magnetization 
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change with respect to the position is denoted as 
𝑑

𝑑𝑥
 and using this, the exchange energy of the 

system is written as [34], 

 
𝐸𝑒𝑥𝑐ℎ = −2𝐴𝑐𝑜𝑠

𝑑

𝑑𝑥
 

……. (1.17) 

Considering n number of atoms per unit cell with the lattice parameter a, the exchange stiffness 

constant A is denoted as 𝐴 =
𝑛𝐽𝑆2

𝑎
. As  is very small, so the higher order terms in the expansion 

of 𝑐𝑜𝑠
𝑑

𝑑𝑥
  in equation 1.17 can be neglected. Thus,  

 
𝐸𝑒𝑥𝑐ℎ = −2𝐴 + 𝐴 (

𝑑

𝑑𝑥
)

2

 
……. (1.18) 

The 1st and 2nd term in the above expression represents a constant term and the exchange energy, 

respectively. Further, by considering  as the angle between the direction of magnetization and 

the direction of easy axis, the anisotropy energy is written as, 

 𝐸𝑎𝑛𝑖 = 𝑔() ……. (1.19) 

Further, by differentiating the energy terms with respect to , the torque associated with the 

two energies can be calculated. In principle, for a finite DW width, both the torque should 

balance each other giving rise to zero net torque. With all these above considerations, at 

equilibrium, we get, 

 
2𝐴

𝜕2

𝜕𝑥2
+

𝜕𝑔(𝜑)

𝜕𝜑
= 0 

……. (1.20) 

From the above equation, by multiplying with 
𝜕𝜑

𝜕𝑥
 and integrating over x, we get,  

 
𝐴 (

𝜕𝜑

𝜕𝑥
)

2

= 𝑔(𝜑) 
……. (1.21) 

The DW formation energy, 𝜎𝐷𝑊 can be evaluated as,  
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𝜎𝐷𝑊 = 𝜎𝑒𝑥𝑐ℎ + 𝜎𝑘 = ∫ [𝐴 (

𝜕𝜑

𝜕𝑥
)

2

+ 𝑔(𝜑)]
∞

−∞

𝑑𝑥 
……. (1.22) 

 
 𝜎𝐷𝑊 = ∫ 2𝑔(𝜑)

∞

−∞

𝑑𝑥 
……. (1.23) 

For 𝑔(𝜑) = 𝐾𝑈𝑠𝑖𝑛2,  

 
𝐷𝑊 = 2√𝐴𝐾𝑈 ∫ 𝑆𝑖𝑛 𝑑



0

= 4√𝐴𝐾𝑈 
……. (1.24) 

Here, A and KU represent the exchange and uniaxial anisotropy constants, respectively. Further, 

by evaluating the value of  
𝑑

𝑑𝑥
 at the center of the wall, the DW width can be written as, 

 

𝐷𝑊 = √
𝐴

𝐾𝑈
 

……. (1.25) 

In fact, the balance between the DW formation energy and the stary field energy gives rise to 

the formation of multiple domains at the ground state. The flux closure as a result of the 

minimization of stary field energy is depicted in Figure 1.7 [47].  

 

Figure 1.7: (a) Single domain state having maximum stray field, (b) two domain state with 

reduced stray field, (c) multi domain state with zero stray field. This happens due to the flux 

closure property of magnetic domains. 
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In a magnetic material, usually, two types of DW are encountered i.e., Neel wall [48] and Bloch 

wall [46]. It depends on the rotation of magnetization inside the DW. The orientation of spins 

in the region separating the two domains have been shown in Figure 1.8.  

 

Figure 1.8: Schematic representation of (a) Neel wall and (b) Bloch wall. The red arrows 

show the direction of magnetization.  

The magnetization for the Neel wall rotates in a plane perpendicular to the DW plane, whereas 

for the Bloch wall, it rotates in a plane parallel to the DW plane. Usually, Neel walls form in 

materials with in-plane magnetic anisotropy, where the magnetic moments prefer to align 

parallel or antiparallel to the plane of the material. The energy associated with maintaining the 

magnetization in the plane is minimized in this case. On the contrary, Bloch walls form in 

materials with perpendicular magnetic anisotropy, where the magnetic moments prefer to align 

perpendicular to the plane of the material. Therefore, it becomes easy for the moments to be 

aligned in perpendicular direction, thereby minimizing the energy. However, in presence of 

iDMI in a PMA system, the interaction of DMI, anisotropy, and exchange energy determines 

the lowest energy domain wall configuration. The DW formation energy with the introduction 

of a homochiral Neel wall induced by DMI in this case is modified as [34,49],  

 𝐷𝑊 = 4√𝐴𝐾𝑈𝐷 ……. (1.26) 
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Here, D id the iDMI constant. The chirality of the DW is decided by the sign of the iDMI 

vector. Understanding these concepts are very crucial in understanding the field of skyrmions 

which are going to be discussed in the next section. 

1.7 Skyrmions: 

Skyrmions are fascinating magnetic structures that have gained significant attention in the field 

of condensed matter physics and materials science. They were first proposed by Tony Skyrme 

in the context of particle physics in 1961 [50]. Further, they were experimentally observed in 

condensed matter systems, particularly in magnetic materials. The history of magnetic 

skyrmions can be traced back to the theoretical work of Bogdanov and Yablonskii in 1989 [51], 

who predicted the existence of a new type of magnetic structure in chiral magnets. This 

prediction laid the foundation for the subsequent experimental discovery of skyrmions in 

various magnetic materials, such as thin films, multilayers, and bulk crystals. It was first 

discovered experimentally in a B20 type bulk MnSi material in 2009 [52]. These are basically 

topologically stable spin textures that can form in certain magnetic materials. They are 

characterized by a swirling arrangement of magnetic moments, creating a localized vortex-like 

structure. The formation of magnetic skyrmions is often facilitated by the presence of chiral 

interactions in the material, such as the Dzyaloshinskii-Moriya interaction (DMI) [38,39], 

which arises from the lack of inversion symmetry at the atomic level. This chiral interaction 

gives rise to a preference for certain spin configurations, leading to the stabilization of 

skyrmions. 

Depending on the orientation of spins from the skyrmion core to the periphery, these spin 

textures are categorised into two types, i.e., Neel skyrmion and Bloch skyrmion [53,54]. In 

Néel skyrmions, the spins rotate in the plane parallel to the skyrmion core. This means that by 

moving from the center of the skyrmion core to its periphery, the direction of the spins rotates 
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around the core. These are typically stabilized in materials with strong perpendicular magnetic 

anisotropy (PMA) and interfacial Dzyaloshinskii-Moriya interaction (DMI) arising from the 

interface of FM/HM layers. 

The PMA favours the spins to align perpendicular to the material plane, while the DMI 

introduces chirality, leading to the formation of Néel-like spin configurations. In Bloch 

skyrmions, the spins rotate in the plane perpendicular to the skyrmion core. Moving from the 

centre of the skyrmion core to its periphery, the spins undergo a rotational motion in a plane 

perpendicular to the core. These skyrmions are usually stabilized in non-centrosymmetric bulk 

material with bulk DMI.  Schematics of both types of skyrmions are shown in Figure 1.9 (a) 

and (b). Both type of skyrmion can be mapped onto a sphere via stereographic projection which 

is shown in Figure (c) and (d). 

 

Figure 1.9: Representation of the spin configuration of a (a) Neel skyrmion, (b) Bloch 

skyrmion. The image is taken with permission from I. Kezsmarki et. al., Nat. mat. 14,1116–

1122 (2015) [55]. Copyright 2015, Springer Nature Limited. (c) and (d) represent the 

stereographic projection of Neel and Bloch skyrmion, respectively, on to a sphere. This 

figure is taken with permission from C. Pfleiderer et. al., Nat. Phys 7, 673–674 (2011) [56]. 

Copyright 2011, Springer Nature Limited. 
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1.7.1 Properties of Skyrmions: 

While discussing about skyrmions, every time we come across a term “topological protection” 

or “topological stability” of these quasi particles (skyrmions). Skyrmions are characterized by 

a nontrivial topological charge, often denoted as Q or N, which quantifies the degree of spin 

rotation within the skyrmion texture or the number of times the spin configuration wraps the 

surface of a sphere. Considering the space varying function m (x, y) as the local orientation of 

magnetization, the skyrmion number can be expressed mathematically as [57,58], 

 
𝑄𝑠𝑘 =

1

4
∬ 𝑚. (

𝜕𝑚

𝜕𝑥
×

𝜕𝑚

𝜕𝑦
) 𝑑𝑥𝑑𝑦 

……. (1.27) 

The skyrmion number or the topological number is an integer value and reflects the winding 

of spins around the skyrmion core. This topological protection ensures the stability of 

skyrmions against certain perturbations. Skyrmions also exhibit chirality, meaning that the spin 

configuration within the skyrmion texture is non-collinear and possesses a preferred rotational 

sense. The chirality of skyrmions arises from the Dzyaloshinskii-Moriya interaction (DMI), 

which introduces asymmetric exchange interactions favouring specific spin configurations. 

Due to their nontrivial topological charge and chirality, skyrmions are topologically stable. This 

stability implies that small perturbations or defects in the material do not easily destroy the 

skyrmion texture. As discussed earlier, skyrmions can be differentiated two types i.e., Neel and 

Bloch, by the change of direction of spins from their core towards the periphery. However, for 

both of these skyrmion types, this rotation can happen in both right- and left-handed directions 

which results the magnetization structure to point clockwise or anticlockwise manner for both 

type of skyrmions. Hence, the structure of the skyrmions can be characterized based on three 

factors such as, topological charge or skyrmion number, their helicity and their vorticity. By 

parametric equation, a point in the x-y plane can be written as, x=rcos and y=rsin. It defines 

the position of individual magnetization in 2D. Further, in order to represent the spin texture of 
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skyrmions in 3D considering its relative orientation from core to the periphery, we need to 

express the magnetization in spherical polar coordinate as, 

 𝒎 (, ) = (𝑠𝑖𝑛𝑐𝑜𝑠, 𝑠𝑖𝑛𝑠𝑖𝑛, 𝑐𝑜𝑠) ……. (1.28) 

For simplicity, considering  to be constant w.r.t. r, equation 1.28 can be written as [54,58,59],  

𝑄𝑠𝑘 =
1

4
∫ ∫

𝑑𝜃

𝑑𝑟

2𝜋

𝜑=0

𝑠𝑖𝑛𝜃
𝑑

𝑑

∞

𝑟=0

=
1

4
[−𝑐𝑜𝑠𝜃(𝑟)]𝑟=0

𝑟=∞[()]=0
2 = 𝑃. 𝑉 

……. (1.29) 

Here, P and V represents the polarity and vorticity of skyrmions. Further, by considering the 

helicity degree of freedom, it can be written as, 

  = 𝑉 +  ……. (1.30) 

Here,  represents the helicity. In other words, it indicates the tilting of magnetization w.r.t. the 

radial axis. We can now obtain several forms of skyrmions with varied chirality depending on 

P and .  

 

Figure 1.10: Representation of magnetic skyrmions having topological charge (Qsk) =1, 

vorticity (V) = 1 and helicity () = 0, /2,  and 3/2. These skyrmion images are simulated 

by using the Spirit software [61]. 

The Néel skyrmions are defined by the radial axis along which the magnetization spins 

cycloidally i.e., for  = 0 or  the skyrmions are Neel skyrmions with right and left-handed 

chirality, respectively. Likewise, right and left-handed Bloch skyrmions are associated with = 

/2 or 3/2, respectively, which favours helicoidal configurations. The vorticity, V can be +1 
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or -1 for skyrmion or anti-skyrmion, respectively  [40,60]. Depending on these parameters, 

various types of skyrmions have been shown in Figure 1.10. The direction of the skyrmion core 

is corelated with the sign of the skyrmion number Qsk. For ex, for Qsk=+1, the product of V and 

Qsk becomes +1 for skyrmions. This indicates the skyrmion core points in up direction. 

1.7.2 Stabilization, nucleation and detection of skyrmions: 

In magnetic systems, skyrmions can be stabilized by a variety of mechanisms, many of which 

contribute simultaneously. The leading interactions which impact the stabilization of these 

chiral spin textures are exchange interaction, anisotropy  [62,63], Dzyaloshinskii-Moriya 

interaction (DMI) [58], frustrated exchange interaction  [64], dipolar interaction  [65], four-

spin exchange interactions  [66], etc. In ferromagnetic materials, the Heisenberg exchange 

interaction prefers the parallel alignment of spins and DMI makes the spin texures aligned in a 

non-collinear manner.  The competition between these two interactions leads to the formation 

of skyrmions in the systems. In another example of magnetic thin films with out-of-plane 

anisotropy, skyrmions may be formed due to the dipolar interactions  [65]. The dipolar 

interaction tries to align the spins in the plane. Periodic stripes are produced when the 

magnetization rotates in a plane perpendicular to the thin film as a result of the balance among 

this dipolar and other interactions like exchange, DMI, etc. Further, by applying a perpendicular 

magnetic field, these stripes may turn into magnetic skyrmions.  

Having a good control of these interactions experimentally, one can nucleate skyrmions in a 

magnetic material, which is a crucial step for their practical applications, especially in data 

storage and spintronics. There are several methods to nucleate skyrmions, and these methods 

often involve manipulating the material's magnetic properties. Some of the methods for the 

nucleation of skyrmions are such as appropriate material engineering  [67,68], applying 

external magnetic field  [69,70], applying spin polarized current  [71–73], localized defects, 
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ultrafast laser pulses  [74,75] etc. The choice of nucleation method depends on the specific 

requirements of the application and the properties of the magnetic material being used. 

Researchers continue to explore and develop novel techniques to enhance the control and 

efficiency of skyrmion nucleation for various technological applications.  

The smooth detection of these chiral spin structure for prospective applications in various fields 

is an important aspect of this investigation. Numerous techniques have been devised by 

researchers to identify the presence and properties of skyrmions in magnetic materials. A few 

of them can be mentioned here such as topological Hall effect measurements, Lorentz 

transmission electron microscopy (LTEM) [71,76], scanning tunnelling microscopy 

(STM) [77], X-ray photoemission electron microscopy (XPEEM) [75], magnetic force 

microscopy (MFM) [69], magneto-optic Kerr effect (MOKE) microscopy [28,78], etc. Most of 

the imaging techniques mentioned here are used for the direct observation of these spin 

textures. However, indirect measurements such as topological Hall effect (THE) is also very 

crucial in this regard to confirm the presence as well as chirality of these quasi particles. This 

phenomenon is observed in magnetic materials hosting topologically nontrivial spin textures, 

such as skyrmions. It arises due to the Berry curvature associated with the spin textures and 

can lead to a transverse deflection of charge carriers, resulting in a Hall voltage perpendicular 

to the applied electric current. 

M. Raju et. al. have shown the nucleation of high density skyrmions in a multilayer of 

Ir/Fe/Co/Pt  [79]. S. Woo et. al. have demonstrated the observation of skyrmions at room 

temperature in multilayer systems of Pt/Co/Ta and Pt/CoFeB/MgO  [80]. They have also 

studied the current driven dynamics in these systems. C. Moreau-Luchaire et. al. have shown 

the stabilization of isolated skyrmions in a Pt/Co/Ir multilayer system with additive interfacial 

chiral interaction  [81]. Figure 1.11 shows the skyrmion images observed via MFM in the work 

by M. Raju et. al. mentioned above. The plot in the middle shows the observation of topological 
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Hall effect in this system due to the presence of skyrmions in it. There are many other reports 

where the nucleation, detection as well as propagation of these spin textures have been widely 

investigated. A few of these works can be found in these review papers  [15,60,68,82–85]. 

 

Figure 1.11: Skyrmions observed in the system of Ir/Fe/Co/Pt multilayers at 5K. The plot (a) 

in the middle shows the topological Hall effect (THE) signal arising due to the presence of 

skyrmions. This image is adapted with permission from the paper M. Rjau et. al., Nat. 

Commun. 10, 696 (2019)  [79]. Copyright 2019, Springer Nature Limited. 

1.7.3 Emergent dynamics of skyrmions: 

Moving the skyrmions in a particular direction is the most important as well as very crucial 

part in this field of research for application purposes. This is referred to as the dynamics of 

skyrmions which focuses on the study of their movement, interaction and response to the 

applied external force. Utilizing different physical principles and mechanisms, there are several 

methods to move a skyrmion along a track such as, current induced motion  [73,86,87], 
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magnetic field gradient  [88,89], spin-orbit torques (SOT)  [90,91], temperature 

gradient  [92,93], etc. Zhang et. al., have experimentally demonstrated the manipulation of 

skyrmions by using field gradient, where the spatially varying magnetic field displaces the 

skyrmions after being nucleated by the field pulse  [88]. Recently, in another work by Casiraghi 

et. al., the movement of skyrmions has also been seen by the stray field arising from the MFM 

tip  [89]. However, in the case of field-induced motion, the use of this method is limited due to 

the requirement of a significant field gradient in order to obtain high mobility of skyrmions.  

 

Figure 1.12: Illustration of the efficient electrical manipulation of magnetic skyrmions via 

spin orbit torque (SOT) as a result of the spin Hall effect in the heavy metal layer. This figure 

is adapted from W. Jiang et. al., Physics Reports, 704, 1-49 (2017)  [68]. Copyright 2017, 

Elsevier. 

The mobility of the skyrmions under the application of a spin-polarized current is also an 

efficient method to manipulate the magnetization dynamics of these quasi particles for 

spintronic application. There are two possible scenarios in this regard. One is the spin-transfer 

torque (STT) induced skyrmion motion, where a spin polarized current passes through the 

skyrmions and reorients the magnetic moments of these spin textures. Another is spin-orbit 

torque (SOT) induced motion, where a spin accumulation caused by an electric current in the 

presence of spin-orbit interaction exerts a torque τ on the skyrmion texture. The strong spin-

orbit coupling (SOC) inherent in heavy metals (HMs) plays a pivotal role in facilitating the 

formation of Néel-type skyrmions within interfacial asymmetric systems. This same robust 
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SOC also leads to the spin-dependent scattering of incident conduction electrons, causing a 

notable spin imbalance perpendicular to the direction of motion. This phenomenon, often 

referred to as the electronic spin Hall effect (SHE), specifically involves the preferential 

scattering of spin-up and spin-down electrons. In the context of an HM/ferromagnet (FM) 

bilayer, the build-up of spins at the interface subsequently transfers their spin angular 

momentum to the nearby ultra-thin FM layer (shown in Figure 1.12). This transfer is pivotal, 

giving rise to current-induced spin-orbit torques (SOTs) that encompass both a field-like torque 

and an anti-damping-like torque. This distinct spin torques, in turn, yield an effective means of 

electrical manipulation of the skyrmions. This torque term can be written as [60], 

 
 =


𝑒

ℏ

2𝑒𝑑𝑀𝑠
 𝑆𝐻𝐸𝑗[(𝒎 × 𝒔) × 𝒎] 

……. (1.31) 

Where, 
𝑒
 is the gyromagnetic ratio of an electron, d is the thickness of the ferromagnetic layer, 

Ms is the saturation magnetization. The term   𝑆𝐻𝐸𝑗 represents the spin current with  𝑆𝐻𝐸  

being the spin Hall angle. Further, by solving this equation for a FM system having skyrmions, 

it can be attributed that the applied current moves the skyrmion along the direction of the 

current. Thus, skyrmions can be driven efficiently by the spin-polarized current. In addition to 

the motion along the current direction, skyrmions also experience a transverse motion 

perpendicular to the direction of the applied current or magnetic field and move to the edge of 

the track. This effect is a result of the “Magnus force” acting on the skyrmions, which arises 

due to the topological properties of these nontrivial spin texture. As a consequence of this, 

either they move parallel to the track due to repulsive interaction at the edge or they annihilate. 

This motion, away from the direction of applied current, is well known as skyrmion Hall effect 

(SkHE) and is governed by the Thiele's equation  [94,95], 

 𝐺 × 𝑣 −  4𝜋𝐷. 𝑣 + 4𝜋 . 𝑗 = 0 ……. (1.32) 
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Here, G is the gyrocoupling vector i.e., G=(0, 0, -4πQ), v consists of the x and y components 

of the velocity of the skyrmion,  is the Gilbert damping coefficient,  denotes the efficiency 

of the torque due to spin Hall effect, j is the electrical current density. The symbol D is a tensor 

quantity known as dissipative force tensor  [68]. By solving the equation 1.32, the velocities 

along the x and y directions are found to be  [27,96],  

 
𝑣𝑥 =

−𝐷

𝑄2 + 2𝐷2
𝐵0𝑗𝑥, 𝑣𝑦 =

𝑄

𝑄2 + 2𝐷2
𝐵0𝑗𝑥 

……. (1.33) 

The constant B0 can be evaluated from the spin configuration of skyrmion. Then, the ratio of 

𝑣𝑦 and 𝑣𝑥 becomes, 

 𝑣𝑦

𝑣𝑥
= −

𝑄

𝐷
 𝑎𝑛𝑑, 𝑠𝑘 = tan−1

𝑣𝑦

𝑣𝑥
 

……. (1.34) 

where, 𝑠𝑘 is the skyrmion Hall angle defined as the angle of deflection of the skyrmion motion 

away from the applied current direction. The transverse motion of skyrmion away from the 

applied current direction, has been depicted in Figure 1.13 (a).   

 

Figure 1.13: (a) Illustration of skyrmion Hall effect during the motion of skyrmion by the 

application of electrical current, (b) reduction of skyrmion Hall effect by using an SAF track. 

This image is adapted with permission from T. Dohi et. al., Nat. Commun. 10, 5153(2019). 

Copyright 2019, Springer Nature Limited. 
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For practical application purpose, it is ideal to have a zero skyrmion Hall angle. However, in a 

FM thin film hosting skyrmions, always there exists a finite 𝑠𝑘 which is not desired for 

application. In order to overcome this drawback, a system of SAF has been 

proposed  [14,28,71]. Here, two skyrmions with opposite skyrmion number get nucleated in 

the two FM layers below and above the spacer layer. With the application of current for the 

motion of these quasi particles, both of them try to move in opposite transverse direction. 

However, due to the antiferromagnetic coupling, both the skyrmions don’t get decoupled and 

move in a straight-line path along the applied current direction thus, minimizing the SkHE (see 

Figure 1.13 (b)). There is another system of synthetic ferrimagnets which also helps in reducing 

the SkHE in the system  [80]. 

1.8 Magnetization dynamics: 

The study of how a material's magnetization varies over time in response to external stimuli is 

referred to as magnetization dynamics. The Landau-Lifshitz-Gilbert (LLG) equation is a 

fundamental equation in the study of magnetization dynamics.  

 

Figure 1.14: Precession of magnetization around the effective magnetic field (a) in the 

absence and (b) presence of damping in the system, respectively. 
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It describes the time evolution of the magnetization vector in a magnetic material under the 

influence of an external magnetic field and damping effects. Primarily the torque equation was 

developed by Landau and Lifshitz  [97] and later the damping term was introduced by 

Gilbert  [98].  The revolution of an electron around the atomic nucleus leads to the generation 

of magnetic moment which can be expressed as, 𝒎 = −𝛾𝒍, where, 𝛾 =
𝑔𝜇𝐵

ℏ
  and l is the angular 

momentum of electron. g and B represent the Lande g factor and Bohr magnetron, respectively. 

The rate of change of angular momentum i.e., the torque () can be written as  [99], 

 
 =

𝑑𝒍

𝑑𝑡
= −

1



𝑑𝒎

𝑑𝑡
 

……. (1.35) 

Also, in presence of an applied magnetic field, the magnetic moment experiences a torque to 

get aligned along the applied field direction. Hence, 

  = 𝑚 × 𝐻𝑒𝑥𝑡 ……. (1.36) 

Comparing equation 1.35 and 1.36, we can write, 

 𝑑𝒎

𝑑𝑡
= − (𝑚 × 𝐻𝑒𝑥𝑡) 

……. (1.37) 

In real scenario, apart from the applied magnetic field acting on the magnetic moment, several 

other contributions are there combinedly known as the effective magnetic field (𝐻𝑒𝑓𝑓). These 

are the contributions arising due to exchange, anisotropy and demagnetization energy. So, the 

effective field can be written as,  

 𝐻𝑒𝑓𝑓 = 𝐻𝑒𝑥𝑡 + 𝐻𝑒𝑥𝑐ℎ + 𝐻𝑎𝑛𝑖𝑠 + 𝐻𝑑𝑒𝑚𝑎𝑔 ……. (1.38) 

Further, considering the magnetization M which is the magnetic moments per unit volume, the 

equation 1.38 can be written as  

 𝑑𝑴

𝑑𝑡
= − (𝑀 × 𝐻𝑒𝑓𝑓) 

……. (1.39) 
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Equation 1.39 signifies the precessional motion of the magnetization w.r.t. the effective 

magnetic field making an angle  as shown in Figure 1.14 (a). The precession does not, 

however, go on forever in the case of an actual system. Rather, it gradually gets damped out 

and lines up with the direction of the effective field (shown in Figure 1.14 (b)). Equation 1.39 

was thus modified by the addition of a damping term (2nd term in equation 1.40 below) by 

Landau-Liftshitz (LL), and the resultant equation having both the field like torque and damping 

like torque is expressed as  [99], 

 𝑑𝑴

𝑑𝑡
= − (𝑴 × 𝑯𝑒𝑓𝑓) −

𝜆

𝑀𝑠
2

[𝑴 × (𝑴 × 𝑯𝑒𝑓𝑓)] 
……. (1.40) 

Here,  represents the phenomenological damping term. Further, a dimensionless parameter 

𝛼 =
𝜆

𝛾𝑀𝑠
, was introduced by Gilbert which accounts for the damping in the system. This is also 

known as Gilbert damping parameter. Hence the equation 1.40 is modified further as, 

 

 𝑑𝑴

𝑑𝑡
= − (𝑴 × 𝑯𝑒𝑓𝑓) +

𝛼

𝑀𝑠
[𝑴 ×

𝑑𝑴

𝑑𝑡
] 

……. (1.41) 

The equation 1.41 is well known as the Landau-Liftshitz-Gilbert (LLG) equation. This 

describes the dynamics of magnetization including the effects of an external magnetic field, 

damping, and the interaction between the magnetization vector and its time derivative. Two 

Important properties of the magnetization shown in Figure 1.14, should be noted here i.e., (i) 

the length of the |𝑴| is constant and (ii) the direction of the magnetization precession is always 

anti-clockwise  [100].  

1.9 Spin waves and magnons: 

A spin wave is considered as a collective excitation of spins in a magnetic material. In simple 

terms, it is a wave-like disturbance in the orientation of magnetic moments (spins) within the 
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material  [101,102]. When one spin deviates from its equilibrium position, it can influence the 

orientations of neighbouring spins through exchange or dipolar interactions. This collective 

motion of spins propagates through the material as a spin wave, first introduced by Felix Bloch 

in 1930  [103]. A schematic of the spin waves is shown in Figure 1.15. Many factors such as, 

magnetic field, temperature, electromagnetic waves, spin polarized current etc., can act as 

external perturbation which has the potential to create spin waves by inducing a disturbance in 

the ferromagnetic spins. In terms of physical properties and behaviour, there are many 

similarities between spin waves and lattice waves. For instance, the oscillations of the atoms 

happen with respect to their equilibrium positions in a lattice wave and these oscillations occur 

through elastic forces. Similarly, in case of spin waves, the precession of spins happen around 

the equilibrium magnetization, which interact through exchange forces. Spin waves play a 

crucial role in understanding and manipulating magnetism in materials. They are important in 

this field of spintronics, where the control and manipulation of spin waves are used for 

information processing and storage. Additionally, spin waves contribute to phenomena such as 

magnetic resonance, magnon-mediated spin transport, magnon-magnon coupling, etc. 

 

Figure 1.15: Representation of spin waves due to the collective excitation of precessing spins 

with a certain amplitude and wavelength. The figure is taken with permission from S. K. 

Kim et. al., J. Phys. D: Appl. Phys. 43, 264004 (2010)  [104]. Copyright 2010, IOP 

publishing. 
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Further, the energy associated with these wave-like excitation can be quantized into discrete 

units called quanta. The quantum of these spin waves is known as magnons  [102]. Each 

magnon represents a quantized excitation of the spin wave with a specific energy and 

momentum. The dispersion relation of magnons describes how their energy and momentum 

depend on the wave vector (k) of the spin wave. Considering the nearest neighbour interaction, 

the exchange energy between two consecutive spins with a phase difference  can be written 

as  [105], 

 𝐸 = −2𝐽𝑆2𝑐𝑜𝑠𝜃 ……. (1.42) 

The difference in energy between this excited (having phase difference  between two spins) 

state and the ground state ( =0) becomes, 

 
∆𝐸 = 4𝐽𝑆2𝑠𝑖𝑛2

𝜃

2
 

……. (1. 43) 

From this, using 𝜔 = ∆𝐸/ℏ and 𝜃 = 2𝑎/𝜆  the dispersion relation can be deduced as,  

 
𝜔 =

4𝐽𝑆2

ℏ
𝑠𝑖𝑛2

𝑎𝑞

2
 

……. (1.44) 

Where, 𝜔 is the frequency of oscillation, a is the lattice constant and q is the wave vector. In 

the long wavelength limit  [105],  

 𝜔  𝑞2 ……. (1.45) 

This is known as the magnon dispersion relation. Unlike the dispersion relation of lattice waves 

where, 𝜔 linearly varies with q, the magnon dispersion relation indicates that the group and 

phase velocities of spin waves are not equal.
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Chapter 2 

Experimental techniques 

In this chapter, an extensive overview of all the experimental techniques has been discussed 

which are employed for the structural as well as magnetic characterization of the samples. All 

the samples having thin films of these metals such as Ta, Pt, Co, CoFeB, Ru, and Ir, have been 

prepared by DC magnetron sputtering on rigid Si or Si/SiO2 substrate. Structural 

characterizations of these multilayer samples have been conducted by X-ray reflectivity (XRR) 

measurement using X-ray diffractometer (XRD) and cross-sectional transmission electron 

microscopy (TEM) imaging. For magnetic characterization, we have performed our 

experiments on magneto-optic Kerr effect (MOKE) microscopy, Superconducting Quantum 

Interference Device vibrating sample magnetometer (SQUID-VSM), and magnetic force 

microscopy (MFM). Further, the resistivity vs magnetic field (R-H) measurement has been 

performed for the topological Hall effect (THE) study by physical property measurement 

system (PPMS). Magnetization dynamics of the in-plane magnetized synthetic 

antiferromagnets (SAF) have been studied using ferromagnetic resonance (FMR) spectroscopy.  

2.1 Thin film deposition techniques: 

A thin film is a layer of material that has a thickness on the order of nanometers (nm) to 

micrometers (μm). These films are deposited onto a substrate, which can be a solid surface or 

another material. The term "thin" is relative, and the thickness of a thin film is typically much 

smaller compared to the dimensions of the substrate. Thin films have a wide range of 

applications across various fields, including electronics, optics, coatings, sensors, and 

photovoltaics. The properties of thin films can be tailored based on the choice of materials, 

deposition techniques, and film thickness. Common materials used in thin films include metals, 

semiconductors, insulators, and organic compounds. The deposition of thin films can be 
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achieved through various techniques which can broadly be classified into two categories i.e., 

Physical Vapour Deposition (PVD) [106] and Chemical Vapour Deposition (CVD)  [107]. 

These techniques allow for precise control over the thickness, composition, and structure of 

the thin films. In PVD, a vapour of solid material is created initially, and then it gets deposited 

on a substrate. In contrast, vapour from a solid substance undergoes a chemical reaction close 

to a heated substrate in CVD, thereafter it is deposited on the substrate. Another advantage of 

PVD over CVD is that the thin film can be deposited at a low working temperature. In this 

thesis work, we have deposited the samples using PVD based method i.e., sputtering. The 

technique is described in detail below. 

2.1.1 Sputtering:  

Having several advantages such as high purity, uniformity, good adhesion, compatibility with 

multiple substrates as well as for depositing a variety of materials, control over film properties, 

etc, sputtering has been proven to be a versatile and cost-effective technique for thin film 

deposition. It involves the removal of atoms or molecules from a target material through the 

impact of high-energy ions. The process takes place in a vacuum chamber, where a low-

pressure inert gas, commonly argon, is introduced [108,109]. This gas serves as the working 

medium for the sputtering process. An electric field is applied to the gas, leading to the creation 

of a plasma within the vacuum chamber. This electric field can be generated by applying a 

direct current (DC) or radio frequency (RF) power source. The high-energy electric field 

ionizes the Ar, creating a plasma composed of positively charged ions i.e., Ar+ and electrons. 

The positively charged Ar ions are accelerated toward the negatively biased target material and 

collide with the target material's surface. This collision imparts sufficient energy to dislodge 

atoms or molecules from the target. These sputtered atoms enter the gaseous phase and move 

freely within the vacuum chamber. The deposition of these sputtered atoms happens onto a 

substrate, which is typically placed in the line of sight of the target. The substrate can be rotated 



Chapter 2: Experimental techniques 

 

41  
 

to ensure uniform deposition of the target material. As the sputtered atoms settle onto the 

substrate, they form a thin film layer. The film's properties, such as thickness, composition, and 

structure, can be controlled by adjusting process parameters like sputtering time, power, and 

pressure. The deposited thin film inherits the properties of the target material. By selecting 

different target materials and adjusting process parameters, researchers can tailor the 

characteristics of the thin film for specific applications. Further, to attain a high deposition rate 

keeping a low Ar flow, magnetron sputtering is used. A permanent magnet or electromagnet is 

positioned below the target to create a magnetic field that traps electrons near the target [109–

111]. The deposition rate is raised by the localization of electrons, which also contributes to 

the production of Ar+ ions near the target. Figure 2.1 shows the schematics of the sputtering 

process. Depending on the type of materials to be sputtered according to their electrical 

conductivity, the sputtering process can be of two types, i.e., (i) direct current (DC) sputtering, 

(ii) radio frequency (RF) sputtering. 

 

Figure 2.1: Schematic showing the thin film deposition inside a vacuum chamber by 

sputtering process. A few major components of a sputtering deposition system have also been 

shown. 
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DC sputtering: For the deposition of conductive materials, such as pure metals, metallic 

alloys, conductive oxides, nitrides, etc., DC sputtering is effective, easy to control and a low 

cost option  [112]. In this process, a DC electrical current is applied to the target material to be 

sputtered. The negative bias due to the DC current is distributed evenly throughout the target 

because of its conducting nature. When the Ar atoms strike the target substance, Ar+ ions are 

produced due to their bombardment with the electrons. Because of the momentum transfer from 

the argon ions, the target atoms are expelled. These sputtered atoms further go to the substrate 

and deposit as a thin coating.  

 

Figure 2.2: Multi deposition system manufactured by MANTIS Deposition Ltd., UK 

available in our lab at SPS, NISER. 

RF sputtering: In the case of insulating target materials, the applied negative potential is not 

dispersed uniformly throughout the target surface thereby leading to the accumulation of Ar+ 

ions on the surface. These accumulated positive charges cease the sputtering process and 

prevent any additional Ar+ ion bombardment of the target. However, using an RF power supply 
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provides an alternating electric potential to the target material  [113]. On the positive cycle, the 

electrons are attracted to the target material and neutralize the accumulated Ar+ ion from the 

surface. On the negative cycle, Ar+ ion bombardment continues hence the sputtering process. 

This whole process occurs at a radio frequency of 13.6 MHz which is used internationally for 

RF power supply.  The deposition rate in the case of RF sputtering is typically modest since 

the deposition only occurs during the half cycle of the voltage [114]. On the other hand, this 

method offers more control over the deposition process, enabling the uniform deposition of 

thin layers. 

The samples shown in this thesis work have been deposited by the QPrep multi-deposition 

system manufactured by Mantis deposition Ltd. UK. The base pressure of this ultra-high 

vacuum (UHV) system can go up to ~5×10-10 mbar. This system consists of two vacuum 

chambers namely the main chamber and the load lock separated by a pneumatic gate valve. 

The substrate is mounted in the load lock without breaking the vacuum of the main chamber 

and further transferred to the main chamber after the vacuum in both chambers becomes of 

similar order. Two turbo molecular pumps (TMP) are connected in the main chamber and one 

in the load lock to evacuate the system. All the TMPs are accompanied by backing pumps. 

Combined full-range gauges are mounted in both chambers to measure the pressure. These full-

range gauges are a combination of Pirani and cold cathode gauges. There are nine sources in 

total in the multi-deposition unit; the thermal evaporator is the central source, while the 

remaining eight sources are evenly spaced and situated at the cylindrical chamber's lower 

circular base. In the circular base, all eight of these equally spaced sources form a 45° angle 

with one another. Below is a list of all the sources:  

i. Five unbalanced magnetron sputtering sources (DC and RF) 

ii. E-beam evaporator with four pockets 
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iii. Two thermal evaporation source 

iv. One nanoparticle generator source (Nano gen) 

v. A Mat-60 unit producing the atomic oxygen from its molecules. 

A cooling facility with a chiller is provided for all the sources and also for the TMPs to avoid 

overheating. The normal of the substrate table located at the center of the upper part of the 

chamber makes an angle of 300 with all the eight sources at the base. The substrate can be 

heated up to 8000C with the help of a halogen lamp mounted on the substrate table. The rate of 

the deposition and the thickness of the films are measured by a quartz crystal microbalance 

(QCM) mounted near the substrate table. A picture of the multi-deposition unit have been 

shown in Figure 2.2 present in our lab. 

2.2 Structural characterization techniques: 

2.2.1 X-ray diffraction and reflectivity: 

X-ray diffraction (XRD): 

X-ray diffraction (XRD) is a powerful and non-destructive analytical technique used to 

determine the crystallographic structure of a material  [115]. It relies on the principle of X-ray 

interference, where X-rays are scattered by the atoms in a crystal, resulting in constructive and 

destructive interference patterns  [116,117]. Since the X-ray wavelength (~0.15 nm) is 

comparable to the atomic spacing in crystals, it can provide a lot of useful information such as 

crystallinity, lattice parameters, grain size, film thickness, roughness, dislocation density, 

residual stress/strain, etc. Figure 2.3 (a) depicts the schematic diagram that explains the 

principle of XRD. The incident X-ray is elastically scattered by the periodic arrangement of 

atoms inside a crystalline material. The X-rays reflected from the samples are measured in the 

detector with the variation of angle of incidence () over a wide range.  For the constructive 
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interference of the reflected X-rays, Bragg’s condition  [118] i.e., 2dsin = m, needs to be 

satisfied. Here, m represents the order of interference, d denotes the distance between 

consecutive atomic planes and  is the incident beam's wavelength. For a particular system, the 

wavelength  becomes constant. Then the reflected beam’s intensities are measured as a 

function of the angle (2) between reflected and incident beams. All the samples in this thesis 

work have been measured by an automated X-ray diffractometer (SmartLab) manufactured by 

Rigaku Corporation  [119], Japan, with Cu Kα radiation having an average wavelength ~ 

0.15nm. The photo of the XRD machine available at NISER, has been shown in Figure 2.3 (b).  

 

Figure 2.3: (a) Schematic representation of X-ray diffraction from crystallographic planes 

with interplanar spacing d, (b) multipurpose SmartLab X-ray diffractometer by Rigaku 

available at SPS, NISER. The inset shows the image of incident optics, receiving optics and 

the sample stage mounted inside the diffractometer. 

X-ray reflectivity (XRR): 

X-ray reflectivity (XRR) is an analytical technique used to investigate the structure and 

properties of thin films and multi-layered structures at surfaces and interfaces [116,120,121]. 

It is particularly valuable for studying the layer thickness, density, and roughness of thin films 

with few Angstrom precession [117]. According to Fresnel's reflection, when an X-ray strikes 

the interface between two media with differing refractive indices, some of the radiation is 
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transmitted into the second media and some of it is reflected back to the first media. As the X-

ray beam falls on the sample surface through air, the refractive index of the sample can be 

written as,  

 𝑛̃ = 1 − 𝛿 + 𝑖𝛽 ……. (2.1) 

Here,  =
2

2
𝑟𝑒𝜌𝑒, and    =



4
. The notations, 𝑟𝑒 , 𝜌𝑒  and  represent the radius, density, and 

absorption length of the electron, respectively.  represents the wavelength of incident X-ray. 

Since 𝜌𝑒 is dependent on the material's density, 𝛿 provides information regarding the density 

of thin films. 𝛿 and 𝛽 signify the scattering mechanism and absorption of X-rays, respectively. 

A typical XRR plot has been shown in the Figure 2.4 (a).  

To comprehend how the graph provides information about the thickness, density, and roughness 

of multi-layered films, we begin with the Snell-Descartes law, i.e., 𝑛 𝑐𝑜𝑠 𝜃i = 𝑛̃ 𝑐𝑜𝑠 𝜃t . Here, 

i and t are the incident and transmitted angles, respectively (see Figure 2.4 (b)). For specular 

reflection, i and t are equal. ‘𝑛 ’ is the refractive index of air. In actual measurement where 

 

Figure 2.4: (a) A typical XRR spectrum of a thin film sample. The reflected beam’s intensity 

has been plotted as a function of 2, (b) schematic representation of the incident (ki), 

reflected (kr) and transmitted (kt) wave vectors in specular reflection geometry. 
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hard X-rays are used, 𝛽 becomes very small and thus can be neglected. So after neglecting 𝛽 

from equation 2.1, the Snell-Descartes law becomes,  

 𝑐𝑜𝑠 𝜃𝑖 = (1 - 𝛿) 𝑐𝑜𝑠 𝜃𝑡 ……. (2.2) 

   

All of the X-rays are reflected when they strike the sample surface at very small angles making 

𝜃𝑡 to be zero. Thus, for total external reflection, 𝜃𝑖 becomes equal to the critical angle 𝜃c. Thus, 

equation 2.2 can be written as 𝑐𝑜𝑠 𝜃c = 1 -  . Here, 𝜃c being very small, the Taylor series 

expansion gives 𝜃c2=2 𝛿. As 𝛿 is related to the density of each layer, so 𝜃c gives information 

about the density of the thin film layers. The detector receives the highest number of X-rays 

reflected from the surface because of total external reflection. However, when the critical angle 

becomes less than the incident angle, the intensity of the X-ray reaching the detector, gets 

reduced (see Figure 2.4 (a)). So, for 𝜃𝑖 > 𝜃c, the Fresnel’s reflection coefficient is written as,  

 
𝑟 =

𝑛𝑠𝑖𝑛𝑖 − 𝑛͂𝑠𝑖𝑛𝑡

𝑛𝑠𝑖𝑛𝑖 + 𝑛͂𝑠𝑖𝑛𝑡
 

……. (2.3) 

For an ideal flat surface, considering the 𝜃𝑖 to be small and using Snell-Descartes law, the 

equation 2.3 becomes,  

 

𝑟 =
𝑖 − √𝑖

2 − 𝑐
2

𝑖 + √𝑖
2 − 𝑐

2

 

 

……. (2.4) 

Hence, the intensity (I) of the XRR curve is written as,  

 

𝐼 = 𝑅() = 𝑟𝑟∗ = ||
𝑖 − √𝑖

2 − 𝑐
2

𝑖 + √𝑖
2 − 𝑐

2

||

2

 

 

……. (2.5) 

Depending on the value of 𝑖, three cases are discussed below, 
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(i) For 𝑖 < θc, I = R(θ) =1; the detector receives the maximum X-ray intensity 

(ii) For 𝑖  = θc, I gets reduced significantly, as shown in Figure 2.4 (a). 

(iii) For θ >> θc, I get reduced as 
1


4 

When θ > θc, X-rays pass through the sample surface and are reflected off of both upper and 

lower surfaces of the thin film. As a result, both constructive and destructive interference 

appear, leading to periodic interference patterns in the reflectivity curve known as Kiessig 

fringes (as seen in Figure 2.4 (a)). Using Bragg’s law, the thickness of single layer thin film 

can be determined as 𝑡 =


2
. Here, the difference between two successive maxima or minima 

in the XRR fringes is represented by ∆𝜃. A thin film's surface is not always smooth in a real 

scenario. The off-specular reflection caused by the roughness of the layers reduces the intensity 

of the XRR curve and the oscillation's amplitude (see Figure 2.4(a)). Therefore, a new 

component is added to Fresnel's reflection coefficient to add roughness to the reflection 

coefficient and the modified form is written as [121], 

 
𝑟𝑟 = 𝑟𝑓𝑒−

𝑞22

2  
……. (2.6) 

where, 𝑞 =
4


𝑠𝑖𝑛  and σ is the surface roughness. In the case of a multilayer thin film, it is 

necessary to determine the reflection and transmission that arise from individual interfaces. 

Therefore, to overcome this problem, a recursive formalism is introduced by Parrat which is 

used in most of the commercially available X-ray reflectivity simulator. The thickness, 

roughness, and density of the thin film are thus determined by fitting the experimental data 

using those simulators. In this thesis work, the XRR measurements have been performed by 

using a Smartlab diffractometer manufactured by Rigaku Corporation Ltd., Japan, [119] and 

the analysis have been done by fitting the XRR data using Genx software [122–124]. 
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2.2.2 Transmission electron microscopy (TEM): 

Transmission electron microscopy (TEM) is a powerful imaging technique used to visualize 

the internal structure of materials with extremely high resolution. It relies on the transmission 

of electrons through a thin specimen to create an image [125,126]. TEM provides information 

about the atomic arrangement, crystal structure, defects, and morphology of materials at the 

nanoscale [127].  

 

Figure 2.5: (a) Picture of the JEOL JEM-F200 TEM available at CIS, NISER, (b) Schematics 

of various major components of a TEM. This schematic is taken with permission from [B. J. 

Inkson, Materials Characterization Using Nondestructive Evaluation (NDE) Methods 17–

43 [128]]. Copyright 2016, Elsevier. 

Unlike the light source in optical microscopy, here a beam of electrons is generated by an 

electron gun to characterize the desired specimen. When electrons are accelerated by a strong 

electromagnetic field, their wavelength can be much shorter than visible light which increases 

the resolution of a TEM by several orders of magnitude. We have performed structural 

characterization of our samples with the help of a JEOL JEM-F200 TEM available at the Center 
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for Interdisciplinary Sciences (CIS), NISER (shown in Figure 2.5 (a)). The schematic of the 

ray diagram of TEM has been shown in Figure 2.5 (b).  

The principles of measurement in TEM is described as follows: An electron beam is produced 

by a cathode, which consists of a V-shaped tungsten filament. Further, the electron beam is 

directed toward the sample using condenser lenses which are an arrangement of 

electromagnetic coils. Samples for TEM must be extremely thin (typically less than 100 

nanometers) to allow electrons to pass through. Specimens are prepared by cutting, grinding, 

and thinning using techniques such as ion milling or focused ion beam (FIB) milling. The thin 

specimen is placed on a grid and inserted into the TEM column. The electron beam passes 

through the specimen, interacting with the atoms in the material. Further, the electrons that pass 

through the specimen interact with a fluorescent screen or detector on the opposite side and the 

intensity of the transmitted electrons is converted into an image. The transmitted electrons 

create a magnified image of the specimen's internal structure. By controlling the electron 

beam's focus and direction, different regions of the specimen can be imaged. TEM can be 

combined with various analytical techniques, such as selected area electron diffraction (SAED) 

for crystallographic analysis, energy-dispersive X-ray spectroscopy (EDS) for elemental 

analysis, etc. 

Cross-sectional TEM sample preparation: 

Cross-sectional transmission electron microscopy (TEM) sample preparation involves the 

careful preparation of thin specimens for imaging in TEM, particularly to examine materials' 

internal structures in a cross-sectional view [129]. There are several steps involved in the 

preparation of cross-sectional TEM samples. Two small pieces of thin film samples were 

attached with film sides facing each other by using epoxy glue. Further, a 2.3 mm strip is cut 

from the attachment using a diamond wire saw which is fitted into a brass tube having an inner 
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diameter of 2.3 mm and an outer diameter of 3 mm. Then, a circular disc of width 

approximately 300 µm is cut from the brass tube containing the sample. The disc is then thinned 

from 300 µm to 100 µm by using a disc grinder on successive emery paper of 40 µm, 15 µm 

and 5 µm, respectively. On this 100 µm thick disc, a dimple-like structure is made at the center 

using a dimple grinder which creates a thickness gradient from the center of the disc to the 

periphery. Then the dimpled surface of the disc is further polished using alumina suspension 

on the same dimple grinder. Through this process, the thickness of the disc at periphery remains 

100 µm and at the center becomes approximately 20 µm.  

 

Figure 2.6: Schematic representation of various process to prepare a cross-sectional TEM 

sample for observing the microstructures in TEM. 

This disc is further taken into precession ion polishing system (PIPS) for Ar ion milling. The 

milling is performed with an ion beam of required energy and an optimized milling angle from 

both below and above the disc by two ion guns in the dual modulation mode. In our case, we 

have kept the ion beam energy as 5keV and the milling angle is kept at 40. These techniques 

remove material from the sample's surface, resulting in precise and controlled thinning. All 
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these process make the specimen suitable for TEM imaging where the sample becomes 

transparent to the electron beam near to the center of the disc [130]. The schematic 

representation of the whole process is shown in Figure 2.6. 

2.3 Magnetic Characterization: 

2.3.1 Magneto-optic Kerr effect (MOKE) magnetometry and microscopy: 

Magneto-optic Kerr effect (MOKE) microscopy is a very useful imaging technique used to 

study magnetic properties and magnetic domain structures in materials. It is based on the 

magneto-optic Kerr effect, which describes the change in polarization of light reflected from a 

magnetic material in response to an applied magnetic field [131–135]. MOKE microscopy 

provides valuable insights into magnetic domain dynamics, magnetization reversal processes, 

and magnetic anisotropy in a wide range of materials such as thin films, multilayers and 

nanoparticle ensembles. A linearly polarized light can be thought of as the superposition of two 

circularly polarized light i.e., left circularly polarized light (LCP) and right circularly polarized 

light (RCP) with amplitudes EL=ER=E/2. Hence, the electric field of the LCP light causes the 

electrons in a sample containing free electrons to move in a left circular motion, while the 

electric field of the RCP light causes the electrons to move in a right circular motion. This 

motion of electron around positive charge forms a rotating electric dipole and an attractive 

force (F ∝ -r, where r is the radius of electron motion) is felt by the electron towards the 

positive center to have charge neutrality. By considering equilibrium condition of all forces 

that act on the electron, the radius of rotating electron can be written as [136,137], 

 

𝑟𝑅,𝐿 =

𝑒𝐸
2𝑚

 2 − 0
2  

……. (2.7) 

Here, the subscript R and L in the 𝑟𝑅,𝐿 represents the right and left circular motion of electron. 

e, m and E represents the charge of the electron, mass of the electron and electric field 
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associated with the incident polarized light, respectively.  is the angular frequency and 0 

(√
𝑘

𝑚
 ) is constant of the material. Therefore, the displacement vector (D) is written as 𝑫 = 𝜖𝑬 

= (𝜖0𝑬 + 𝑷), here the polarization density is denoted as 𝑷 that depends on the noumber of dipole 

moments N per unit volume. 𝜖, 𝜖0 being the permittivity of the medium and free space, 

respectively, the dielectric constant 𝜖r (=𝜖/ 𝜖0) is written as [136,137], 

 

ϵ𝑟 = (1 +

𝑁𝑒2

2𝑚𝜖0

2 − 0
2 ) 

 

……. (2.8) 

Which leads to the same refractive index (𝑛𝐿,𝑅) for the left and right circular polarized light. 

With the application of a magnetic field to the material, the electron’s motion is pushed towards 

or away (depending on whether the motion is left or right circular) from the circle’s center due 

to the Lorentz force. Thus, the modified radius of left circular and right circular motion 

becomes. 

 

𝑟𝑅,𝐿 =

𝑒𝐸
2𝑚

 2 − 0 
2 ∓

𝐵𝑒
𝑚

 

 

   ……. (2.9) 

Here, the dipole moment differs due to the difference in radii for the left and right circular 

motion resulting different dielectric constants. Due to this the velocities of the left and right 

circularly polarized light becomes different. This phenomenon shows resemblance to the 

birefringence of circularly polarized light wherein the oppositely polarised light (LCP and 

RCP) experiences a phase difference of  that is proportional to the difference of refractive 

index 𝑛L and 𝑛R. Thus, the Lorentz force arising from an applied magnetic field, induces a Kerr 

rotation (k ) which is a result of the rotation of plane of polarization of the reflected light. In 

case of FM, B=𝜇0𝑴 which implies the Kerr rotation (k) represents the magnetization of the 

sample. If the amplitudes of the reflected LCP and RCP waves are different, the light reflected 
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from a magnetic medium may also have some ellipticity (𝜖𝐾) in addition to rotation. As a result, 

the dielectric constant and the magnetic medium's refractive index become complex 

parameters. Thus, the dielectric tensor theory, 𝑫 = 𝝐𝑬 (where 𝝐 is an antisymmetric tensor), 

which is derived from Maxwell's equation of electromagnetic wave propagation in a magnetic 

medium, serves as the basic macroscopic explanation of magneto-optic effects. It can also be 

written as [132,133,136], 

 𝑫 = 𝝐(𝑬 + 𝑖𝑄𝒎𝑬) ……. (2.10) 

Where, Q is a material dependent parameter that represents the strength of the Kerr effect. It is 

proportional to the saturation magnetization of the sample. The off-diagonal components of the 

dielectric tensor, which rely on the sample's magnetization, are the primary cause of MOKE. It 

can be represented as, 

 

𝝐′ = 𝝐 (

1 𝑖𝑄𝑣𝑚𝑧 −𝑖𝑄𝑣𝑚𝑦

−𝑖𝑄𝑣𝑚𝑧 1 𝑖𝑄𝑣𝑚𝑥

𝑖𝑄𝑣𝑚𝑦 −𝑖𝑄𝑣𝑚𝑥 1
) 

 

……. (2.11) 

where, 𝑄𝑣 represents the Voigt constant and (mx, my, mz) = 𝑚 represents the normalized 

magnetization vector. Second term of equation 2.10 is quite similar to the Lorentz force. Thus, 

as shown in Figure 2.7 (a), we can obtain the Kerr amplitude (K) by projecting Lorentz 

movement (𝒗𝑳𝑶𝑹) in a plane perpendicular to the propagation direction of the reflected light.   

With small angle approximation, the Kerr rotation (k ) is represented as 𝑘 =
𝐾

𝑁
 , where K is 

the Kerr amplitude and N is the normal amplitude of the reflected and incident polarized light, 

respectively. Thus, the Kerr rotation becomes opposite for the domains with opposite 

spontaneous magnetization. One domain will show black contrast if the analyzer entirely 

blocks the reflected light from that domain, while the oppositely magnetized domain will show 

white contrast. This method allows for the acquisition of domain contrast in the image plane. 

The difference in the intensities from the dark and bright domains is represented as, 𝑆 = 4𝛽𝐾𝑁,  
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with 𝛽 being the angle between the analyser and N (shown in Figure 2.7 (b)). Three types of 

MOKE geometries are feasible depending on the plane of incidence of the light and the 

orientation of the magnetization of a sample. All the three configurations have been shown in 

Figure 2.8. When the sample’s magnetization is parallel to the sample surface and plane of 

incidence of polarized light, this configuration is termed is longitudinal MOKE or L-MOKE. 

Similar configuration with magnetization being perpendicular to the plane of incidence is 

known as transverse MOKE or T-MOKE. Further, when the sample’s magnetization is parallel 

to incident plane of the polarised light and perpendicular to the sample surface, is known as the 

polar MOKE or P-MOKE.  

 

Figure 2.7: (a) Schematic representation of interaction of polarized light with a magnetized 

sample in longitudional configuration. The Lorentz motion (vLOR) of the electrons arising 

from the interaction of the magnetization of the sample and the electric field of the incident 

light gives rise to the Kerr amplitude (K), (b) shows the orientation of the analyser and 

polarizer with respect to the Kerr amplitude (K) and the normally reflected amplitude (N). 

The schematics are taken with permission from the book Handbook of Magnetism and 

Advanced Magnetic Materials, (Copyright 2007, John Wiley & Sons, Ltd.) [136]. 



Chapter 2: Experimental techniques 

 

56  
 

 

Figure 2.8: Different configurations of the MOKE geometry, (a) L-MOKE, (b) T-MOKE, (c) 

P-MOKE depending on the direction of the magnetization and the plane of incidence. 

The principle of visualizing domain images via Kerr microscopy is explained here with 

reference to the schematics shown in Figure 2.9 (b). When a linearly polarized light is reflected 

from a sample surface having domains with opposite spontaneous magnetization, the beam 1 

and 2 (as shown in Figure 2.9 (b)) experience equal rotation with opposite direction due to the 

Kerr effect and gets transformed to elliptically polarized light.  

 

Figure 2.9: (a) MOKE based microscopy available in our lab at NISER, (b) Schematic 

representation of the MOKE-based microscopy equipment used to produce the domain 

image. 

By using a quarter wave plate before the analyser, this ellipticity obtained by the reflected light 

is compensated. Further, by adjusting the analyser in a particular orientation, one type of 

reflected beam is allowed to the image plane that creates a bright contrast and another type of 

reflected beam is blocked there by creating a dark contrast. Hence, in this manner, Kerr 
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microscopy can be used to visualize the domain states of the magnetic sample. The reflected 

photons are further converted to electrons by a charge-coupled device (CCD), creating a digital 

image of the domains. 

The magnetization reversal and domain images of our samples have been studied by the Kerr 

microscopy manufactured by Evico Magnetics Ltd., Germany. The actual image of the Kerr 

microscopy available at LNMM, NISER, has been shown in Figure 2.9 (a). It is equipped with 

eight LED sources which allows to change the sensitivity of the measurement with right 

combination of LEDs [138]. With an oil immersion objective, a maximum resolution of about 

300 nm can be attained. Electromagnetic coils are used to apply a maximum field of 0.9 T in 

out-of-plane mode, while a maximum field of 1.3 T can be applied in in-plane mode. To prevent 

the additional heating problem, all of the electromagnetic coils are supplied with proper cooling 

facility. With a step of 1°, the in-plane sample stage can be rotated from 0 to 360°. Simultaneous 

observation of magnetic hysteresis loop and domain images are achieved by using the Kerr lab 

software interfaced with the microscope system. 

2.3.2 Superconducting quantum interference device (SQUID) magnetometry: 

A Superconducting Quantum Interference Device (SQUID) Vibrating Sample Magnetometer 

(VSM) is a highly sensitive instrument used to measure very weak magnetic moments (~ 10-8 

emu) of a material [139,140]. It operates based on the principles of superconductivity and 

quantum interference, similar to other SQUID-based magnetometers, but with the additional 

capability of measuring the magnetic response of a vibrating sample. The magnetometer uses 

a SQUID to achieve this high sensitivity, allowing for extremely accurate magnetic flux 

measurement. Here, the SQUID is composed of two Josephson junctions that are parallel to 

one other and have a thin insulator separating the two superconductors. Supercurrents (𝐼𝑠) are 

produced when cooper pairs tunnel through the insulating layer from one superconductor to 
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another. The phase coherence of all cooper pairs within a superconductor allows for the 

representation of each superconductor in terms of a single wave function. Hence the two 

superconductors having different phases are represented by two different wave functions. The 

solution via the Schrödinger equation for these two superconductors gives the expression of 

supercurrent flowing through the junction, 𝐼𝑠 = 𝐼0sin (
2

− 
1

), with 𝐼0 being the critical 

current and (
2

− 
1
) being the phase difference. As the magnetic field can change the phase 

of a quantum state, the total phase shift is written as,  

 𝐵 + 2(𝐼) = 2𝑛 ……. (2.12) 

Therefore, a change in the magnetic field that is directly related to the flux quantization is the 

primary cause of the great sensitivity of SQUID. The principle of operation of this SQUID 

magnetometer is described as follows. The sample is initially placed inside a detecting coil 

composed of superconducting wires, also referred to as second-order gradiometer coils. The 

single-turn upper and lower coils are wound in a clockwise direction. On the other hand, the 

middle coil is wound counter-clockwise and has two turns. Two superconducting magnets are 

positioned around these coils to create a consistent magnetic field in the sample area. 

Additionally, the detecting coils are connected to a SQUID that is shielded from outside 

magnetic fields and maintained well below Tc through liquid helium. By moving the sample 

vertically up and down, a flux is produced that is detected by the detecting coil and used to 

measure magnetic properties. The applied magnetic field's effect is neutralized and the 

magnetic flux resulting solely from the movement of the sample is isolated by the pick-up coil's 

opposing four turns. Because of the induced flux, a persistent current is consequently produced 

in the coils. Further, the induced flux is sent to the RF SQUID, which converts it into a voltage 

signal. The magnetic moment of the sample is then determined by fitting the voltage versus 

sample position curve with an appropriate model. The output signal versus sample position 

graph is shown in Figure 2.10 (a). We have performed our measurements by using an MPMS3-
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SQUID-VSM manufactured by Quantum Design, USA (see Figure 2.10 (b)) [141]. This has 

the capability of producing maximum magnetic field 7T with temperature ranging from 1.8 

to 400 K. 

 

Figure 2.10: (a) A schematic of the detection coil. The plot indicates the voltage vs sample 

position during the centering process, (b) MPMS3 SQUID-VSM available in our lab at 

LNMM, NISER. 

2.3.3 Magnetic force microscopy (MFM): 

One of the most sophisticated techniques for examining surface magnetic characteristics with 

good resolution and minimal sample preparation is magnetic force microscopy 

(MFM) [142,143]. A sharp magnetized tip is employed in MFM to scan a magnetic sample. 

The magnetic interactions between the tip and sample are detected and utilized to rebuild 

the magnetic structure of the sample surface. Using the magnetic forces operating between the 

magnetized sample surface and the magnetized tip, MFM can be considered as a 

promising technique for mapping the magnetic field distributions on a tiny scale. Depending 

on the distance between the tip and sample surface (D), different types of interactions are 

possible. These include Van der Walls force (D ~1 nm), electric and magnetic force (D 
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~0.05-1 µm), and quantum mechanical force (D <1 nm). In order to optimize the impact of 

stray field interaction between the tip and sample, the MFM scan is conducted at a set lift 

height. A laser spot is set to be reflected from the top surface of the cantilever due to the change 

in interaction force between the magnetic tip and sample surface if magnetic textures are 

present in the sample. This change in force due to magnetostatic interaction and hence the 

deflection of laser spot is detected by a photo detector. Also, the resonant frequency of the 

cantilever shows a shift (f) due to the interaction which is proportional to the force gradient. 

Amplitude, phase, and frequency modulation are the three approaches that are used to detect 

the f. Among these, phase modulations are commonly used because of their improved signal-

to-noise ratio and decreased artefact effect. The MFM scan results a dark or bright area in the 

image produced by the detector corresponding to the attractive or repulsive force (see Figure 

2.11)  [144]. The resonance curve will move to a higher frequency and exhibit an increase in 

phase shift, or bright contrast, in response to a repulsive magnetic force gradient. On the other 

hand, a shifts to a lower frequency shows a decrease in phase shift there by providing dark 

contrast which is the outcome of an attractive magnetic force gradient [145].  

 

Figure 2.11: Schematic showing the principle of MFM measurement.  

In this thesis work, presence of skyrmions have been observed via magnetic force microscopy 

(MFM) measurements using Attodry 2100 AFM/MFM system manufactured by Attocube, 

Germany. This has the capability of producing maximum magnetic field 9T with temperature 
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ranging from 2 to 300 K. All the measurements have been performed at room temperature using 

commercially bought MFM tips. 

2.3.4 Magneto transport measurement: 

In order to understand a sample’s electrical properties such as conductivity, resistivity, carrier 

concentration etc., electric transport and magneto transport measurements are performed. 

Magneto transport measurement refers to the electric properties of a system measured in 

presence of magnetic field. These measurements have been performed by a physical properties 

measurement system (PPMS) (shown in figure 2.12 (a)), manufactured by Quantum design, 

USA. By performing AC transport (ACT) measurements, the longitudinal resistivity (
𝑥𝑥

) and 

transverse resistivity (
𝑥𝑦

) are determined. Two contacts are made on the two opposite sides of 

the sample surface through which the AC current is applied uniformly to the sample. The 

voltage drop across the sample arising due to the applied current is measured using a four probe 

geometry as shown in the Figure 2.12 (b). The expression for 
𝑥𝑥

 and 
𝑥𝑦

 can be written as 


𝑥𝑥

=
𝑉𝑥𝑥

𝐼


𝑤.𝑡

𝐿
 and 

𝑥𝑦
=

𝑉𝑥𝑦

𝐼
𝑡, where, Vxx and Vxy are voltage drops in the longitudinal and 

transverse directions, respectively [146]. The symbols I, L, w and t, are the applied current, the 

distance between two electrodes, width of the sample and the thickness of the thin film, 

respectively. Typically, van der Pauw geometry is employed to measure the transverse Hall 

resistivity of the sample [147,148]. To identify the pure Hall signal in this instance, the voltage 

adjustments must be perpendicular to the direction of current flow and opposite to one another 

around the perimeter. It is quite challenging to align voltage probes with such precession, 

because misalignment of the probes can introduce a magnetoresistance signal into the Hall 

resistivity. To solve the issue, a five-probe strategy is employed along with an extra voltage 

probe (See Figure 2.12 (c)) [149]. In this manner, a potentiometer placed between the two 
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probes neutralizes the excess voltage prior to the measurements at zero magnetic field. The 

magnetoresistance signal in the Hall measurements is much reduced using this technique. 

 

Figure 2.12: Physical property measurement system (PPMS) available at NISER, (b) 

longitudinal transport measurement in four probe geometry, (c) transverse transport 

measurement in five probe geometry. 

Both AC and DC mode transport measurements can be performed in this PPMS which has the 

capability of applying magnetic field in the range 9T and temperature in the range of 1.8-

350K. However, all our measurements have been performed in the AC transport (ACT) mode 

which provides a better signal filtering process. Also, it reduces the DC offset, noise, and 

instrumental drift in the measurement. During the measurement, an AC current of 500 µA with 

17 Hz frequency was applied to the sample. Wire bonder is used to make the contacts between 

the sample and the sample holder. 

2.3.5 Ferromagnetic resonance (FMR) spectroscopy: 

"Ferromagnetic resonance (FMR)" refers to the resonance phenomenon with the spin wave in 

ferromagnetic materials [99]. To investigate the dynamics of magnetization in a magnetic 

system, FMR is usually employed. The magnetic thin film is subjected to a magnetic field 

(H) in order to determine resonance where each ferromagnet's (FM) spin begins to precess at 

the Larmor frequency. The precession frequency  is proportional to the applied magnetic field 

H. This technique is useful in determining various properties of FM material such as, magnetic 
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anisotropy, Gilbert damping, gyromagnetic ratio, etc. The operational principle of the FMR is 

described as follows. High-frequency electromagnetic waves (RF signals in the GHz range) are 

transmitted in FMR using a coplanar waveguide (CPW) at one end and this transmitted signal 

is received at the other end [150]. The signal that is incident and that is transmitted will be 

equal in the absence of any microwave power loss. However, joints, materials, and other factors 

always result in some dielectric losses which is well calibrated in the FMR set up.  

 

Figure 2.13: (a) Schematic representation of Zeeman splitting under applied magnetic field. 

(b) Typical plot of FMR derivative and its Lorentzian fitting is shown as a function of 

magnetic field. 

If an FM material is kept on the top of the CPW line, there will be a finite loss in the microwave 

signal based on the microwave absorption capacity of the FM. Further by applying a DC 

magnetic field, the spins try to align themselves along the direction of the applied magnetic 

field (H) following a precessional motion. This frequency of precession or Larmor frequency 

() happens in the GHz range and depends on the magnetic field. During the FMR 

measurement, between the two parameters i.e., frequency and magnetic field, one parameter is 

kept constant and other parameter is allowed to vary in a certain range. In the case when the 

magnetic field varies in a wide range by keeping the frequency constant, resonance occurs at 

the matching point of microwave frequency and precession frequency. At this resonance, a 

sudden decrease in the transmitted spectra happens due to the abrupt rise in the absorption of 

microwave power by the sample.  
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Zeeman splitting provides a macroscopic understanding of this FMR mechanism. The Zeeman 

energy levels split into two levels with energy 
1

2
𝑔µ𝐵𝐻𝑟𝑒𝑠 when a magnetic field is introduced 

and leads to an energy gap of 𝑔µ𝐵𝐻𝑟𝑒𝑠. Here, g is the Lande g factor, Hres is the magnetic field 

at which resonance occurs and µ𝐵 is Bohr magnetron. Applying an electromagnetic radiation 

of specific frequency (radio frequency field hrf) causes the FM material to absorb energy h 

and enter an excited state. The microwave's energy at resonance is equal to the separation of 

the Zeeman energy level. Hence, we get ℎ = 𝑔µ𝐵𝐻𝑟𝑒𝑠. The splitting of Zeeman levels is 

shown in Figure 2.13 (a). The value of Hres and H (FWHM) can be extracted from the 

transmitted spectrum shown in Figure 2.13 (b), by using the following Lorentzian 

function [151], 

𝑑𝑃

𝑑𝐻
= 𝐴

4𝐻(𝐻 − 𝐻𝑟𝑒𝑠)

[4(𝐻 − 𝐻𝑟𝑒𝑠)2 + (𝐻)2]
− 𝑆

(𝐻)2 − 4(𝐻 − 𝐻𝑟𝑒𝑠)2

[4(𝐻 − 𝐻𝑟𝑒𝑠)2 + (𝐻)2]
+ 𝑜𝑓𝑓𝑠𝑒𝑡 

……. (2.13) 

Here, A and S are anti-symmetric and symmetric coefficients, respectively. Several magnetic 

properties, including the gyromagnetic ratio, anisotropy, and Gilbert damping constant, can be 

calculated by analysing these extracted values. FMR spectra are obtained for a range of 

microwave frequency values in order to determine the damping constant. The values of H and 

Hres are obtained for every FMR spectra. To get the value of gyromagnetic ratio (), the  vs 

Hres plot is fitted using the Kittel equation,  

 𝜔 = 𝛾𝜇0√(𝐻𝑒𝑥𝑡 + 𝐻𝑘)(𝐻𝑒𝑥𝑡 + 𝐻𝑘 + 𝑀𝑠) ……. (2.14) 

This  value is used further to get the damping value of the FM layer by fitting the following 

linear equation,  

 
∆𝐻 = ∆𝐻0 +

4𝜋𝛼𝑓

𝛾
 

……. (2.15) 
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The slope here gives the damping value . In this thesis work, we have used a lock-in based 

FMR set up to perform the FMR measurements. The picture of the set up available in our lab 

is shown is Figure 2.14. The different components of this set up are, 

i) Coplanar waveguide (CPW): through which the RF signal is sent 

ii) Electromagnets: the DC magnetic field is produced using this 

iii) RF signal generator: the radio frequency (RF) signal is generated through this 

iv) Helmholtz coil: It modulates the generated signal. 

v) Diode Detector: The transmitted signal is detected by the detector. 

vi) Lock-in-Amp: for better signal to noise ratio and to lock the detecting signal. 

 

Figure 2.14: (a) Schematic of the FMR set-up based on the CPW, (b) Picture of the FMR set-

up available in our lab at LNMM, NISER. 

As mentioned earlier, the set-up can be operated in two different modes. One is the constant 

frequency mode where the DC magnetic field is swept at a constant frequency. The other is 

constant field mode where the rf frequency is swept by keeping the field value fixed. In our set 

up the magnetic field value varies in the range 5 KOe and the RF frequency can be varied 

from 2 to 17 GHz.
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Chapter 3 

Stabilization of synthetic antiferromagnetic structure in Pt/Co PMA system with Ru 

spacer: 

The quest for efficient and stable magnetic structures is a fundamental pursuit in the field of 

spintronics, which can be used for data storage, sensing, and computing technologies. In recent 

times, artificially engineered layered magnetic structures have drawn considerable attention 

due to their potential in various spintronic applications. Synthetic antiferromagnetic (SAF) 

structures, composed of two or more ferromagnetic layers separated by non-magnetic (NM) 

spacer layer having antiparallel alignment of magnetization among the consecutive FM layers, 

have garnered considerable attention due to their potential for high thermal stability and 

reduced susceptibility to external magnetic perturbations  [152,153]. The FM layers are 

coupled by RKKY type interlayer exchange coupling (IEC)  [154–157]. This coupling is of 

oscillatory nature and decays with the NM layer thickness  [158–160]. Therefore, in a 

FM/NM/FM system, global FM or AFM behaviour is seen depending on the thickness of the 

spacer. Appropriate choice of FM layer as well as NM spacer material is the key part of these 

SAFs for desired application purpose. Ru, Ir, Rh etc., are some of the widely used spacer 

materials for SAF providing strong AFM coupling between the FM layers as well as easy 

manipulation of antiferromagnetic order by varying the spacer layer thickness  [161]. Along 

with achieving the AFM coupling among the FM layers, it is also crucial to have stable 

perpendicular magnetic anisotropy (PMA) in the FM layers. PMA results in higher thermal 

stability compared to in-plane magnetization  [162–165]. This stability is crucial for 

maintaining the desired magnetic state at elevated temperatures. This can lead to a reliable 

device operation over a wider temperature range avoiding disturbances due to thermal 

fluctuations  [166,167]. By utilizing SAFs with PMA in magnetic tunnel junctions (MTJs) or 

spin valves, one can achieve increased data storage capacity and faster read/write 
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operations  [163,168–171]. Further, as discussed in the introduction section, SAFs also possess 

its promise towards achieving reduced skyrmion Hall effect (SkHE) for skyrmionic 

applications  [172–174]. In this regard, first we wanted to achieve a stable SAF phase in our 

system which can be optimized for further application purpose. Previously it is reported that, 

Ru spacers with less thickness promote stronger coupling between the adjacent FM layers, 

leading to a more pronounced antiferromagnetic alignment  [167,175–178]. On the other hand, 

increasing the thickness of the Ru spacer reduces the coupling strength, allowing for the 

manipulation of magnetic states and domain configurations within the SAF structure. In this 

context, we have considered a system of Pt/Co with Ru as spacer layer between two FM Co 

layers. Here, we have tuned the Co thickness for achieving PMA as well as the Ru thickness in 

a wide range for having strong AFM coupling among the Co layers.  

3.1 Sample details: 

The samples have been prepared on a Si substrate with 100nm thick SiO2 layer. The sample 

structure is Si/SiO2/Ta(3)/Pt(3.5)/Co(tCo)/Ru(tRu)/Co(tCo)/Pt(3.5). Numbers in the parenthesis 

indicate the thicknesses in nm. Two series of samples have been prepared by considering Co 

thickness as 0.8 nm and 1.0 nm which are named as series 1 and series 2, respectively. In both 

the series, tRu is varied from 0.4 nm to 1.4 nm with a difference of 0.1 nm. A schematic of the 

sample structures have been shown in Figure 3.1. All the samples of series 1 and series 2 have 

been named as S1-tRu and S2- tRu, respectively, where, tRu represents the thickness of the Ru 

spacer layer for that particular sample. A seed layer of Ta is grown on the substrate which 

favours the growth of the Pt layer to have PMA in the Co layer. Pt is employed as a capping 

layer in all samples to protect the Co layer from oxidation. All the samples have been prepared 

in a high-vacuum multi-deposition chamber manufactured by Mantis Deposition Ltd., UK. The 

base pressure of the chamber was < 1×10-7 mbar. The deposition pressure was ~ 2.9×10-3 mbar 

for Ta layer and ~ 1.5×10-3 for Pt, Co and Ru layers. The substrate table was rotated at 15 rpm 
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during sample preparation. The rates of deposition were 0.1 Å/s, 0.13 Å/s, 0.3 Å/s and 0.1 Å/s 

for Co, Ta, Pt and Ru, respectively. 

 

Figure 3.1: Schematics of the sample structure with Ru spacer for Series 1 and Series 2. 

3.2 Structural characterization: 

We have performed cross-sectional transmission electron microscopy (TEM) imaging of the 

sample Si/SiO2/Ta(3)/Pt(3.5)/Co(0.8)/Ru(1.2)/Co(0.8)/Pt(3.5) (shown in Figure 3.2) in a high-

resolution TEM (HRTEM) (JEOL F200, operating at 200 kV and equipped with a GATAN 

oneview CMOS camera) for the structural characterization of these ultrathin layers. From TEM 

image, the thicknesses of the layers Ta, Pt, Co/Ru/Co, Pt are found to be 2.8, 3.5, 2.8, 3.5 nm, 

respectively, which matches with the calibrated thicknesses from sputtering by quartz crystal 

microbalance (QCM). 

 

Figure 3.2: Cross-sectional TEM image of sample Si/SiO2/Ta(3)/Pt(3.5) 

/Co(0.8)/Ru(1.2)/Co(0.8)/Pt(3.5) from Series 1. 
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3.3 Magnetic characterization: 

The magnetic hysteresis loops of all the samples have been measured at room temperature by 

SQUID-VSM (Superconducting Quantum Interference Device-Vibrating sample 

magnetometer) manufactured by Quantum Design, USA. Figure 3.3 shows the hysteresis loops 

for the samples of both the series with Ru thickness as 0.6nm, 1.0nm and 1.4nm, respectively. 

 

Figure 3.3: Magnetization reversal of the samples (a) S1-0.6, (b) S1-1.0 and (c) S1-1.4 from 

Series 1 and of the samples (d) S2-0.6, (e) S2-1.0 and (f) S2-1.4 from the Series 2. The 

schematic arrows shown in the plot (b) and (e) indicates the possible configuration of 

magnetic moments of the FM layers below and above the Ru spacer layer. 

From the hysteresis loop it is evident that the samples with tRu=0.6nm, show a usual 

ferromagnetic (FM) hysteresis loop with single-step reversal happening at a negative magnetic 

field. This indicates the coupling between the two Co layers to be ferromagnetic. However, for 

samples with tRu=1.0nm, a two-step hysteresis loop is observed with reversal starting from the 

positive side. This step-like reversal which can be considered as a signature of the AFM 
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coupling between the FM layers, can be explained as follows with reference to the hysteresis 

loop in Figure 3.3 (b). At an applied magnetic field leading to positive saturation, the Zeeman 

energy becomes dominant and the magnetic moments of both the FM layers align in the 

direction of applied field. While reducing the magnetic field from positive saturation, due to 

strong interlayer exchange coupling (IEC), the moments in each layer start rotating in opposite 

directions with a deviation from the perpendicular easy axis. The steep-like or slope-type 

behaviour in the hysteresis loop here is indicative of the relatively canted state of magnetization 

of both layers at this point. By reducing the field even more, the magnetizations in both layers 

go through a nucleation propagation event, become antiparallel, and align with the easy axis of 

magnetic anisotropy that is perpendicular to the film plane. This minimizes the energy of both 

anisotropy and AFM-IEC at the expense of Zeeman contribution. Here, the remanence becomes 

near to zero which accounts for the direction of magnetic moments in both the FM layers below 

and above the Ru spacer to be oppositely aligned to each other thereby reducing the overall 

moment. By further reducing the magnetic field, the magnetic moment of both the Co layers 

align in the direction of applied field leading to the negative saturation. Here, the coupling 

between both layers is lost. Further, at tRu=1.4nm, the hysteresis loop again shows a FM type 

magnetization reversal which may be due to the appearance of FM coupling again at this 

thickness regime of Ru spacer. This behaviour accounts for the oscillatory behaviour of the 

RKKY interaction with the variation of spacer layer thickness. The strength of the exchange 

coupling for the AF coupled samples can be quantified with the exchange constant 𝐽𝑒𝑥 =

𝐻𝑒𝑥𝑀𝑠𝑡  [171], where 𝐻𝑒𝑥 is the is the exchange coupling field at which the AFM coupling 

between the FM layers vanishes and the magnetization directions in both the layers try to 

become parallel with the applied field. 𝑀𝑠 is the saturation magnetization and t is the thickness 

of FM layer. 𝐻𝑒𝑥 can be calculated from the hysteresis loop of the AFM coupled samples 

measured by SQUID-VSM as shown in Figure 3 (b) and (e)  [179]. However, the calculation 
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of 𝐻𝑒𝑥 for the FM-coupled samples is not trivial since the magnetizations of the layers are 

already parallel coupled. In the case of parallel coupled layers, the determination of 𝐻𝑒𝑥 can be 

done using dynamic techniques like ferromagnetic resonance  [180]. Since we have not 

calculated the coupling strength for the FM coupled samples,  the values have not been plotted 

in the Jex vs tRu plot in Figure 3.4 (a) and (b) and only the values pertaining to the AFM coupled 

samples have been shown. All the calculated values of Hex, Ms and Jex for the AFM coupled 

samples of both the series 1 and 2 have been mentioned in table 3.1. 

Table 3.1: calculated values of Hex, Ms and Jex for the AFM coupled samples of both the 

series 1 and 2. 

Sample 

name 

Hex 

(mT) 

Ms 

(×106A/m) 

Jex 

(×10-

4J/m2) 

Coupling 

type 

Sample 

name 

Hex 

(mT) 

Ms 

(×106A/m) 

Jex 

(×10-

4J/m2) 

Coupling 

type 

S1-0.4 - - - FM S2-0.4 - - - FM 

S1-0.5 - - - FM S2-0.5 - - - FM 

S1-0.6 - - - FM S2-0.6 - - - FM 

S1-0.7 130 1.535 1.59 AFM S2-0.7 - - - FM 

S1-0.8 375 1.388 4.16 AFM S2-0.8 - - - FM 

S1-0.9 460 1.417 5.21 AFM S2-0.9 124 1.466 1.81 AFM 

S1-1.0 478 1.498 5.72 AFM S2-1.0 148 1.675 2.47 AFM 

S1-1.1 234 1.621 3.03 AFM S2-1.1 81 1.743 1.41 AFM 

S1-1.2 69 1.669 0.92 AFM S2-1.2 - - - FM 

S1-1.3 - - - FM S2-1.3 - - - FM 

S1-1.4 - - - FM S2-1.4 - - - FM 

The samples with 0.8nm (Series 1) Co thickness show stronger AFM coupling strength as 

compared to the samples with 1.0nm Co thickness (Series 2). This can be attributed to the 

higher anisotropy for the samples with lower Co thickness (Series 1) as compared to the 

samples of Series 2. Also, Series 1 shows a wide range of AFM coupling with the variation of 

Ru thickness ranging from 0.7-1.2nm. Whereas, Series 2 shows AFM coupling in a 

comparatively smaller range of Ru spacer variation ranging from 0.9-1.1nm. 
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Figure 3.4: Plot of the interlayer exchange coupling energy with the variation of Ru spacer 

thickness ranging from 0.4nm to 1.4nm for (a) Series 1 and (b) Series 2. 

In Summary, we have Prepared SAF samples with PMA by considering Ru as a spacer layer 

between the two Co layers. Samples with lower Co thickness i.e. 0.8 nm show a larger 

antiferromagnetic coupling plateau than the samples with Co thickness 1.0 nm. Studying the 

domain behaviour in these SAF samples would be interesting. However, due to limitation of 

applying a maximum perpendicular magnetic field of 0.9 T in our magneto-optic Kerr effect 

(MOKE) microscopy, which is lower than the saturation magnetic field of our SAF samples, 

we could not explore the behaviour of magnetic domains in these samples via Kerr microscopy. 

Further, we have considered the Co thickness as 0.8 nm in our following work due to the wide 

range of AFM coupling with the variation of the spacer layer as well as due to the stronger 

coupling. However, due to a few limitations in the measurement, we have considered Ir as a 

spacer layer in all the next chapters.
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Chapter 4 

Magnetization reversal and domain structures in perpendicularly magnetized Pt/Co 

system with Ir as a spacer layer: 

In the previous chapter (i.e., chapter 3) we have discussed about the SAF structure comprising 

of Pt/Co perpendicular magnetic anisotropic (PMA) system with Ru as the non-magnetic 

spacer layer between the two ferromagnetic (FM) layers i.e., Co. However, Ir can also be a 

good candidate for non-magnetic (NM) spacer layer in the SAF with its advantage of having 

strong antiferromagnetic interlayer exchange coupling (AFM-IEC) as well as provide better 

tunability for hosting skyrmions in the FM layer by manipulating the Dzyaloshinskii–Moriya 

interaction (DMI) in the system  [154,155,157,181,182]. Gabor et. al., have shown a strong 

AFM-IEC in a Pt/Co PMA system with Ir spacer  [179]. Yakushiji et. al., have observed large 

coupling in a similar Pt/Co system with Ir spacer along with a high magnetoresistance ratio in 

the magnetic tunnel junction (MTJ) stack consisting of this PMA-SAF  [183]. Further, Dohi et. 

al., have studied the current induced motion of skyrmions in a SAF system of Co/CoFeB 

multilayers with Ir spacer  [173]. There are several other works where Ir has been a promising 

material to be used as a spacer layer in the SAF for various applications  [184–186]. In this 

context, we have fabricated SAF samples by taking Co as FM layer and Ir as NM spacer layer. 

Through this work, we aim to study the magnetization reversal as well as domain structures in 

these SAF multilayer systems. From the previous work, we have considered the Co thickness 

to be 0.8nm to have PMA as well as to have a wide range of AFM coupling with the variation 

of spacer layer. By varying the Ir thickness between the two Co layers as 1.0nm, 1.5nm and 

2.0nm, we have observed three different types of spin configuration during the magnetization 

reversal such as, FM coupling, AFM coupling and canted magnetic configuration, 

respectively  [130]. 
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4.1 Sample details: 

Nine samples have been prepared on rigid Si (100) substrates with sample structure 

Si/Ta(3)/[Pt(3.5)/Co(0.8)]m/Ir(tIr)/[Co(0.8)/Pt(3.5)]n along with a reference sample (R1) of 

Si/Ta(3)/[Pt(3.5)/Co(0.8)]2/ Ta(3). All the thicknesses shown in the parentheses are in nm. In 

the sample structure, the number of stacking of [Pt/Co] layers below and above the Ir spacer, 

i.e., (m, n), are (2, 1) and (1, 1), respectively, for tIr = 1.0, 1.5, and 2.0 nm. We name these six 

samples as S-2-1.0-1, S-2-1.5-1, S-2-2.0-1, S-1-1.0-1, S-1-1.5-1 and S-1-2.0-1. Another two 

samples with tIr = 1.5 nm and (m, n) as (1, 2) and (2, 2) are named S-1-1.5-2 and S-2-1.5-2, 

respectively. The sample names and their structures are listed in Table 4.1. A schematic of the 

sample structure is shown in Figure 4.1 (a). A seed layer of Ta is grown on the substrate. It 

favours the growth of the Pt layer to provide PMA in the Co layer. In all the samples (except 

reference one), Pt is used as a capping layer to prevent oxidation of the Co layer. 

Table 4.1: Sample names and corresponding layer structures. 

Sample Structure (m, n) 

R1 Si/Ta(3)/[Pt(3.5)/Co(0.8)]2/Ta(3)  

S-2-1.0-1 Si/SiO2/Ta(3)/[Pt(3.5)/Co(0.8)]2/Ir(1.0)/[Co(0.8)/Pt(3.5)] 2, 1 

S-2-1.5-1 Si/SiO2/Ta(3)/[Pt(3.5)/Co(0.8)]2/Ir(1.5)/[Co(0.8)/Pt(3.5)] 2, 1 

S-2-2.0-1 Si/SiO2/Ta(3)/[Pt(3.5)/Co(0.8)]2/Ir(2.0)/[Co(0.8)/Pt(3.5)] 2, 1 

S-1-1.0-1 Si/SiO2/Ta(3)/[Pt(3.5)/Co(0.8)]/Ir(1.0)/[Co(0.8)/Pt(3.5)] 1, 1 

S-1-1.5-1 Si/SiO2/Ta(3)/[Pt(3.5)/Co(0.8)]/Ir(1.5)/[Co(0.8)/Pt(3.5)] 1, 1 

S-1-2.0-1 Si/SiO2/Ta(3)/[Pt(3.5)/Co(0.8)]/Ir(2.0)/[Co(0.8)/Pt(3.5)] 1, 1 

S-1-1.5-2 Si/SiO2/Ta(3)/[Pt(3.5)/Co(0.8)]/Ir(1.5)/[Co(0.8)/Pt(3.5)]2 1, 2 

S-2-1.5-2 Si/SiO2/Ta(3)/[Pt(3.5)/Co(0.8)]2/Ir(1.5)/[Co(0.8)/Pt(3.5)]2 2, 2 

 

All the samples have been prepared in a high-vacuum multi-deposition chamber manufactured 

by Mantis Deposition Ltd., UK. The base pressure of the chamber was < 1×10-7 mbar. The 

deposition pressure was ~1.5×10-3 mbar for Ta and Pt layers. Furthermore, for Co and Ir, the 
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deposition pressures were ~5×10-3 mbar and ~2.1×10-3 mbar, respectively. During sample 

preparation, the substrate table was rotated at 15 rpm to minimize the growth-induced 

anisotropy and also to have uniform growth of the films. The rates of deposition were 0.1 Å/s, 

0.13 Å/s, 0.3 Å/s and 0.1 Å/s for Ir, Ta, Pt and Co, respectively.  

4.2 Structural characterization: 

For the structural characterization of these ultrathin layers, we have performed cross-sectional 

TEM imaging in a high-resolution transmission electron microscope (HRTEM) (JEOL F200, 

operating at 200 kV and equipped with a GATAN oneview CMOS camera) in the STEM mode. 

Figure 4.1 (b) shows the high-resolution STEM images of sample S-2-1.5-1. The growth of 

individual layers is clearly visible (indicated in the image with respective layer names).  

 

Figure 4.1: (a) Schematic of the sample structure. (b) Cross-sectional STEM image of sample 

S-2-1.5-1. 

4.3 Magnetic characterization: 

For quantifying the IEC energy and anisotropy energy, etc., we have performed the hysteresis 

measurements of all the samples at room temperature using a SQUID-VSM (Superconducting 

Quantum Interference Device-Vibrating sample magnetometer) manufactured by Quantum 

Design, USA. 
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Hysteresis loop of the reference sample R1 measured by SQUID-VSM in the presence of an 

out-of-plane applied magnetic field is shown in Figure 4.2 (a). This shows a sharp reversal 

indicating PMA in the sample. Samples S-2-1.0-1 and S-1-1.0-1, with tIr = 1.0 nm, show FM 

coupling indicating that this thickness of Ir is not in the AFM coupling regime. M-H loops 

corresponding to these samples have been shown in Figure 4.2 (b) and (c).  

 

Figure 4.2: Hysteresis loop measured by SQUID-VSM for samples (a) R1, (b) S-2-1.0-1, (c) 

S-1-1.0-1. The magnetic field was applied perpendicular to the film plane. 

Magnetic hysteresis loops of samples S-2-1.5-1 and S-1-1.5-1 are shown in Figure 4.3 (a) and 

(b), respectively, measured by SQUID-VSM. The steps in the hysteresis loops indicate AFM 

coupling between the FM layers below and above the Ir spacer layer.  

 

Figure 4.3: Hysteresis loop measured by SQUID-VSM for samples (a) S-2-1.5-1 and (b) S-

1-1.5-1. The magnetic field was applied perpendicular to the film plane. 
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Figure 4.3 (a) shows that the magnetization reversal is accompanied by three steps in the 

hysteresis loop. Here, the two Co layers below the Ir spacer layer behave such that they are 

coupled ferromagnetically and reverse simultaneously during the magnetic field sweep. 

However, the Co layer above the Ir layer reverses separately  [187]. The magnetization reversal 

may be explained in the following manner. In the first reversal the top FM layer switches first 

and becomes AFM coupled to the bottom FM layers. In the second reversal, both the top and 

bottom FM units switch oppositely because of strong AFM coupling. Finally, under sufficiently 

negative external field (Zeeman energy), the top layer switches along the negative field 

direction, and hence saturation is achieved. For sample S-1-1.5-1, there are only two reversals, 

indicating that in the first reversal, both layers become AFM coupled, and in the second 

reversal, the coupling is lost and both FM layers become negatively saturated. Furthermore, we 

observe in Figure 4.3 (a) that there is a substantial remanent magnetization in the sample 

indicating that S-2-1.5-1 is an uncompensated SAF, but in Figure 4.3 (b), the remanence is 

almost close to zero, which indicates that S-1-1.5-1 is a compensated SAF. The other two 

samples, S-1-1.5-2 and S- 2-1.5-2, also show the AFM coupling between the FM layers. The 

IEC energy of these AFM coupled FM layers can be calculated by using the expression 𝐽𝑒𝑥 =

𝐻𝑒𝑥𝑀𝑠𝑡, where Hex is the exchange coupling field (shown in Figure 4.3 (a)) at which the 

coupling between the FM layer vanishes and the magnetization directions in both the layers 

become parallel  [179,183]. Ms is the saturation magnetization and t is the thickness of the FM 

layers  [178]. Hex can be calculated from the hysteresis loop measured by SQUID-VSM as 

indicated in Figure 4.3 (a). The IEC energy (Jex) of AFM coupled samples S-2-1.5-1, S-1-1.5-

1, S-1-1.5-2 and S-2-1.5- 2 is found to be 2.9610-4, 1.6410-4, 2.7410-4 and 4.5610-4 J/m2, 

respectively. Here, it shows an increase in the coupling strength with the increase in the number 

of Co/Pt layers indicating that it needs more energy to break the coupling for more Co/Pt layers 

below and above the spacer. The other two samples, S- 2-2.0-1 and S-1-2.0-1, with tIr = 2.0 
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nm, show a bow-tie shape hysteresis loop (shown in Figure 5.2 of chapter 5) with no steps. 

This indicates that the AFM coupling is reduced at this Ir thickness. 

Table 4.2: Anisotropy energy calculation for all the samples from the SQUID data. 

 

Sample 

name 

Saturation 

Magnetization(Ms) in A/m 

Anisotropy field 

(Hk) in mT 

Anisotropy energy 

(Keff) in J/m3 

S-2-1.0-1 1.75×106 969 8.47×105 

S-2-1.5-1 1.75×106 1100 9.62×105 

S-2-2.0-1 1.78×106 837 7.44×105 

S-1-1.0-1 1.74×106 781 6.79×105 

S-1-1.5-1 1.59×106 1138 9.04×105 

S-1-2.0-1 1.76×106 631 5.55×105 

S-1-1.5-2 1.64×106 1183 9.70×105 

S-2-1.5-2 1.78×106 1302 1.15×106 

The effective anisotropy energy values for all the samples have been evaluated by measuring 

the hysteresis loops along both in-plane and out-of-plane directions of the samples in the 

SQUID magnetometer. In this context, we have used the relation 𝐾𝑒𝑓𝑓 = 𝐻𝑘𝑀𝑠/2, where Hk is 

the anisotropy field (in-plane saturation field) and Ms is the saturation magnetization. The 

corresponding values along with the anisotropy energy have been mentioned in Table 4.2.  

 

Figure 4.4: Effective anisotropy energy density calculated for the samples with Ir spacer. 

We found an enhancement in the anisotropy energy of the samples with AFM coupling 

compared to the samples with FM coupling. The comparison of anisotropy energies of these 

samples are shown in Figure 4.4, where the points inside the ellipse show the effective 

anisotropy energy values for the SAF samples. The anisotropy energy of the samples are higher 
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than the IEC energy (Jex=t) resulting in a smaller intermediate angle between the magnetic 

moments of the two layers  [167,187]. 

Simultaneous observations of magnetic domain images and qualitative hysteresis loop in polar 

mode have been performed for all the samples with the help of a magneto-optic Kerr effect 

(MOKE)-based microscope manufactured by Evico magnetics GmbH, Germany. Hysteresis 

loops with sharp reversal (similar to that obtained via SQUID-VSM measurement) have been 

observed for the samples S-2-1.0-1 and S-1-1.0-1 with Ir thickness 1.0nm. The images captured 

by the MOKE microscopy show big bubble domains during the magnetization reversal (Shown 

in Figure 4.5). 

 

Figure 4.5: Hysteresis loops and domain images of the FM-coupled samples S-2-1.0-1 and 

S-1-1.0-1, measured via MOKE microscopy. 

However, for the AFM coupled samples, the behaviour of the domains changes. Figure 4.6 

shows the hysteresis loops and the corresponding domain images measured by MOKE 

microscopy in polar mode for the AFM coupled samples S-2-1.5-1, S-1-1.5-1, S-1-1.5-2 and 

S-2-1.5-2. From left to right, the hysteresis loops represent the samples S-2-1.5-1, S-1-1.5-1, 

S-1-1.5-2 and S-2-1.5-2, respectively, and below each loop the domain images are shown and 

the respective field points are mentioned in the hysteresis loop. 
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Figure 4.6: Hysteresis loops and domain images of the SAF samples S-2-1.5-1, S-1-1.5-1, S-

1-1.5-2 and S-2-1.5-2 measured via MOKE microscopy. 

For sample S-2-1.5-1, the hysteresis has three steps as shown in Figure 4.6 (a). Here, the 

magnetization reversal is achieved by both domain nucleation and domain wall (DW) 

propagation (Figure 4.6 (a1)–(a4)). Here, we have defined the magnetization directions for the 

Pt/Co layers above and below the Ir spacer layer by a red arrow () and blue arrow (), 

respectively. In the first reversal ( −  ), no domain has been observed and only a change 

in the contrast of domain image is there. This type of domain behavior may be explained as the 
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spin flop transition, which can be inferred from the slanted reversal of the hysteresis loop at 

the first reversal  [188,189]. However, in the second reversal ( −  ), bubble domains have 

been observed because of the sharp transition (Figure 4.6 (a2)). In the third reversal ( −  

), the domains become remarkably small, which may be due to the lowering of AFM coupling 

between the layers (Figure 4.6 (a3))  [190]. In sample S-1-1.5-1, only two step reversal (see 

Figure 4.6 (b)) has been achieved via a large nucleation of small bubble domains (Figure 4.6 

(b2)– (b3)). 

In sample S-1-1.5-2, a three-step hysteresis loop is observed, which is shown in Figure 4.6 (c). 

Here, two different types of domains are observed at two different reversals, i.e., distorted 

bubble domain with a higher number of nucleations and symmetric bubble domain as shown 

in Figure 4.6 (c2) and (c3), respectively. Here, the bubble domains are quite similar to sample 

S-2-1.5-1 because of their comparable IEC strength. Sample S-2-1.5-2 exhibits a multi-step 

magnetization reversal where the reversal process is accompanied via first no domains and 

afterwards bigger domains. Finally, the reversal is completed via smaller bubble domains with 

more nucleations. 

 

Figure 4.7: Hysteresis loops and domain images of the SAF samples S-2-2.0-1 and S-1-2.0-

1, measured via MOKE microscopy. 
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Samples S-2-2.0-1 and S-1-2.0-1 show a bow-tie shaped hysteresis loop measured by magneto-

optic Kerr effect microscopy shown in Fig. 6a and c. At the reversal, very small ripple kinds of 

domains are observed, indicated in Fig. 6b–d and f–h. The hysteresis loops for samples S-2-

2.0-1 and S-1-2.0-1 shown in Figure 4.7 have been measured using a 5X objective. However, 

due to very small domain size, the domain images are captured using a 50X objective (as shown 

in Figure 4.7). 

In Summary, SAF samples with PMA have been prepared and their magnetic properties have 

been studied extensively. The variation of Ir spacer layer thickness leads to different types of 

coupling among the FM layers with different spin configurations, i.e., FM and AFM couplings. 

Comparison of IEC energy and anisotropy energy suggests the relatively smaller angle between 

the spins of FM layers below and above the spacer layer in SAF samples. The size of the 

domains in the AFM coupled samples are found to be smaller than the FM coupled samples. 

At certain thickness of Ir spacer layer i.e., tIr=2.0nm, a canted magnetization reversal has been 

observed which needs to be explored further for the presence of chiral spin textures in this. 

Also, the multilayer stack needs to be optimized further to have AFM coupled skyrmions in 

that.
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Chapter 5 

Observation of Topological Hall Effect and Skyrmions in Pt/Co/Ir/Co/Pt System: 

In the previous chapter (chapter 4), we have studied the magnetization reversal and domain 

structures in a perpendicularly magnetized Pt/Co system by varying the Ir thickness as well as 

the number of Co layers  [130]. There we have varied the Ir spacer layer thickness as 1.0, 1.5 

and 2.0 nm between two Co layers of 0.8 nm thickness. We found that for Ir 1.0 nm the 

interlayer exchange coupling (IEC) is ferromagnetic (FM) and for Ir 1.5 nm, the IEC is 

antiferromagnetic (AFM) i.e., synthetic antiferromagnets (SAF)  [153,161]. In both of these 

multilayers with Ir thickness of 1.0nm and 1.5nm, we have observed bubble domains during 

the magnetization reversal which can be attributed to the higher anisotropy in the system. 

However, for the multilayer with Ir thickness of 2.0 nm, the hysteresis loop showed a slanted 

type of reversal which indicates that the magnetizations of different Co layers are in a relatively 

canted state during the reversal. This led us to explore these systems for a possible presence of 

chiral spin textures like skyrmions in it. Skyrmions  [191–195] are highly promising 

topological structures that have garnered significant attention due to potential applications in 

spintronic devices such as magnetic data storage technologies and logic devices  [196–198]. . 

These quasiparticles are stabilized by competing interactions/energies within the material such 

as exchange interaction, anisotropy  [81,199], Dzyaloshinskii-Moriya interaction (DMI)  [200], 

frustrated exchange interaction  [201], dipolar interaction  [202] etc. We have discussed the 

properties and advantages of these magnetic structures for application purpose  [17,18,203–

206] in the introduction part of these thesis. However, creating a good platform for the 

deterministic nucleation as well as detecting the presence of these quasi-particles in the system 

through the simplest techniques available is still a crucial part of this field. Previously, 

skyrmions have been observed in metallic thin films consisting of a single FM layer with 

thickness near spin reorientation transition (SRT)  [207], in a multilayer system with significant 
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repetition of the FM and NM layers  [71,173,208,209] etc. Raju et. al., have observed high-

density skyrmions by taking multilayers of Ir/Fe/Co/Pt system by enhancing the DMI at both 

the interface of Ir/Fe and Pt/Co  [79]. Similarly, Chen et. al., have observed the presence of 

skyrmions in Pd/Co multilayers with Ru spacer  [71]. In the later work, the competition 

between DMI, dipolar interaction as well as RKKY interaction leads to the formation of these 

chiral spin textures. Further, skyrmion lattices can be stabilized by various types 

of other interactions and symmetries, such as multi-spin interactions  [210], magnetic 

frustration  [211,212], and bond-dependent exchange anisotropy  [213–215]. However, there 

are no such reports where skyrmions have been observed just by varying the NM spacer 

layer thickness between two FM layers having a thickness in perfect PMA regime i.e. 

far away from the SRT regime. Therefore, in this work, we focus on these two samples (S-2-

2.0-1 and S-1-1.0-1) from the work in the previous chapter with an Ir thickness of 2.0nm.  Our 

goal is to comprehensively explore the formation and stability of skyrmionic structures, as well 

as its influence on Topological Hall effect (THE) signals, paying particular attention to how 

change in the Ruderman-Kittel-Kasuya-Yosida (RKKY)  [158,159] interaction due to varying 

Ir spacer layer thickness impact these phenomena. To gain deeper insights into the magnetic 

structure, we utilize magnetic force microscopy for imaging of these chiral spin textures. 

Further THE experiments are performed to confirm the observed magnetic microstructure to 

be chiral in nature. 

5.1 Sample details: 

The two multilayer samples studied in this chapter are the samples S-2-2.0-1 and S-1-2.0-1 

from our previous chapter with structure Si/Ta(3)/[Pt(3.5)/Co(0.8)]2/Ir(2.0)/Co(0.8)/Pt(3.5) and 

Si/Ta(3)/Pt(3.5)/Co(0.8)/Ir(2.0)/Co(0.8)/Pt(3.5), respectively. Here onwards in this chapter, the 

two samples are renamed as Ir-2-1 and Ir-1-1, respectively. The schematic of the sample 
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structure has been shown in Figure 5.1 (a). The details of the growth of these samples have 

been explained in the “sample details” section of the previous chapter. 

 

Figure 5.1: (a) Schematic of sample structure where n is 1 and 2 for samples Ir-1-1 and Ir-2-

1, respectively, (b) XRR fitting of the sample Ir-1-1 performed by GenX. 

5.2 Structural characterization: 

The structural characterization of one of the samples of this series has been performed via 

cross-sectional transmission electron microscopy (TEM) measurement. This has been 

discussed in the previous chapter. Further, to understand the detailed structural property of the 

multilayer stack presented in this chapter, we have performed XRR for sample Ir-1-1. The 

fitting of the XRR data for the Ir-1-1 sample is shown in Figure 5.1 (b). The thicknesses of the 

layers are found to be 3.31, 3.73, 0.83, 2.05, 0.79, 3.08 nm for Ta, Pt, Co, Ir, Co, Pt layers, 

Table 5.1: Thickness and roughness of respective layers of the sample Ir-1-1 extracted from 

XRR fitting by GenX. The error bars are also given for every layer. 

Layers Thickness (nm) Error Roughness (nm) Error 

Si - - 0.01 - 

SiO2 0.76 -0.05, 0.08 0.29 - 

Ta 3.31 -0.02, 0.02 0.29 -0.02, 0.01 

Pt 3.73 -0.02, 0.03 0.49 -0.02, 0.03 

Co 0.83 -0.04, 0.01 0.53 -0.01, 0.01 

Ir 2.05 -0.04, 0.01 0.31 -0.01, 0.01 

Co 0.79 -0.01, 0.03 0.59 -0.04, 0.01 

Pt 3.08 -0.02, 0.01 0.36 -0.01, 0.01 
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respectively. Also, the roughness of the layers are found to be 0.29, 0.49, 0.53, 0.31, 0.59, 0.36 

nm, respectively. The error bars for each layer are mentioned in the Table 5.1. 

5.3 Magnetic characterization: 

The magnetization reversal of the samples Ir-1-1 and Ir-2-1 have been shown in Figure 5.2 (a) 

and (b), respectively. It is observed that the magnetic hysteresis loops showed an out-of-plane 

easy axis with slanted magnetization reversal. The small remanence at zero magnetic field for 

Ir-1-1. is due to the balance of up and down domains with one layer of Co below and above the 

Ir spacer. However, for Ir-2-1, as there are two Co layers below the Ir and one Co layer above 

the Ir, a finite remanence is observed at zero field in this sample due to the imbalance of up- 

and down-domains  [216]. It should be noted that the other samples of this series having Ir 

thickness 1.0 nm showed a sharp reversal in the out-of-plane applied magnetic field which 

indicates the FM coupling between the two Co layers. Whereas, by changing the Ir thickness 

to 1.5 nm, the coupling became AFM leading to SAF structure. Further, bubble domains have 

been observed in these samples having Ir thickness 1.0 nm as well as 1.5 nm  [130]. However, 

the samples Ir-1-1 and Ir-2-1 show small ripple domains during the magnetization reversal as 

shown in the Figure 4.7 of chapter 4. Due to the limitations (resolution) of our Kerr microscopy, 

we could not properly investigate these observed very small ripple domains. However, the loop 

 

Figure 5.2: Out-of-plane magnetic hysteresis loops of sample (a) Ir-1-1 and (b) Ir-2-1 

measured by SQUID-VSM. 
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shape, as well as the domain structures, indicated the possible presence of chiral spin textures 

like skyrmions in it. 

In order to observe if there is existence of any skyrmionic states, one needs to perform high 

resolution magnetic imaging. There are several methods to detect the presence and 

characteristics of skyrmions in magnetic materials. A few can be pronounced here such as, 

magnetic force microscopy (MFM)[21], magneto-optic Kerr effect (MOKE) 

microscopy  [173,208], scanning tunnelling microscopy (STM)  [77], X-ray photoemission 

electron microscopy (XPEEM)  [75], Hall Effect Measurements, Lorentz transmission electron 

microscopy (LTEM)  [71,76] etc. In this work, we have performed the magnetic force 

microscopy (MFM) measurement on both the samples Ir-1-1 and Ir-2-1 to detect the presence 

of skyrmions. The MFM images shown in Figure 5.3 (a) and (e) are taken at the demagnetized 

state (i.e., without applying any external magnetic field to the sample) for samples Ir-1-1 and 

Ir-2-1, respectively. In this condition, we have observed a labyrinth kind of domains or spin 

spirals which may be the outcome of the dominance of DMI, which favours the non-collinear 

spin textures, over the exchange favouring the collinear spin textures at this state  [79,207,217]. 

By minimizing the total energy which includes exchange, DMI, anisotropy etc., one can get 

the spin spiral states in a system at a demagnetized state. The total energy of the system can be 

written as shown in equation 5.1, 

 𝐸𝑡𝑜𝑡 = 𝐸𝑒𝑥 + 𝐸𝐷𝑀𝐼 + 𝐸𝑎𝑛𝑖 + 𝐸𝑍𝑒 + 𝐸𝑅𝐾𝐾𝑌 ……. (5.1) 

Where Eexch is the exchange energy, EDMI is the DMI energy, Eanis the anisotropy energy, EZeem 

is the Zeeman energy and ERKKY is the RKKY interaction energy. The Zeeman energy tends to 

align the magnetic moments along the field direction. It leads to the nucleation of skyrmions. 

Hence, further applying external magnetic fields in both samples, these labyrinth domains 

gradually break into smaller parts and form chiral spin textures like skyrmions. Here, isolated 

skyrmions rather than a skyrmion lattice phase have been observed in our samples. Skyrmion 
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lattices usually appear in bulk materials, where the bulk Dzyaloshinskii–Moriya interaction 

(DMI) stabilises the topological structures  [194,218–220]. In a thin film system, metastable 

isolated skyrmions have been observed for 0 < κ < 1 and skyrmion lattice phase for κ ≥ 1. 

Here, 𝜅 = 𝜋𝐷 4√𝐴𝐾𝑒𝑓𝑓⁄   is the temperature-dependent stability parameter where D, A and Keff 

are DMI, exchange coupling, and magnetic anisotropy, respectively  [217,221]. The 

observation of isolated skyrmions in our system may be due to 0 < κ < 1. By further applying 

a higher magnetic field, the skyrmions get annihilated and a uniform saturated magnetic state 

is formed. It is found that the size of the skyrmions in Ir-2-1 is smaller as compared to the size 

of skyrmions in Ir-1-1. The reason may be attributed to the comparatively smaller anisotropy 

energy of sample Ir-2-1 which favours the smaller size of skyrmions  [71]. The values of Keff 

are found to be 5.55 × 105 and 7.44 × 105 J/m3 for samples Ir-1-1 and Ir-2-1, respectively 

(mentioned in Table 4.2 of chapter 4)  [130]. 

 

Figure 5.3: (a)-(d) are the MFM images of the sample Ir-1-1 at different external applied 

field of 0 mT, 10 mT, 12 mT and 14 mT, respectively. (e)-(h) are the MFM images of the 

sample Ir-2-1 at applied field 0 mT, 10 mT, 15 mT and 20 mT, respectively. The scale bar of 

1 µm is shown (a) and (e). 
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Further to confirm the chirality of these observed spin textures, we have performed the 

magneto-transport measurements on a small rectangular piece of the sample Ir-1- 1 in the Van 

der Pauw geometry as shown in Figure 5.4 (a). The THE, characterized by the generation of a 

transverse charge current perpendicular to an applied magnetic field, has been the subject of 

extensive investigation due to its deep connection to the underlying magnetic texture’s 

topological properties and becomes even more important when coupled with the existence of 

skyrmions. The conduction electrons’ interactions with the chiral spin textures like skyrmions 

result in an emergent magnetic field, which is what causes the THE  [76,221]. There are various 

reports in which topological Hall resistivity (𝜌𝑇𝐻𝐸) have been reported in different systems and 

a selected set of results are shown in Table 5.2. The observed 𝜌𝑇𝐻𝐸  value in our case is 

comparable to the literature values. 

 

Figure 5.4: (a) Schematic of the measurement geometry for magneto transport measurement 

of the sample Ir-1-1 in the Van der Pauw geometry. (b) Saturation part of the resistivity 

measurement data (blue circles). The red line is the linear fit to this data. 

To calculate the 𝜌𝑇𝐻𝐸  in our system, three effects have been considered that contribute to the 

total Hall resistivity of the sample. The ordinary Hall effect (OHE) has linear contributions in 

accordance with the magnetic field. The anomalous Hall effect (AHE) which usually arises in 

an FM due to the Berry curvature in momentum space, scales linearly with the perpendicular  
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component of magnetization. Then the THE related to the Berry phase in real space, occurs due 

to the presence of topologically nontrivial or chiral spin textures like skyrmions in the system. 

 

Electrons when moving in such chiral spin textures, experience an extra fictitious magnetic 

field, get deflected perpendicular to the current direction giving rise to the THE  [79,222–224]. 

Hence, the total Hall resistivity of the sample can be written as equation 5.2, 

 𝜌𝑥𝑦 = 𝑅0𝐻 + 𝑅𝑠𝑀 + 𝜌𝑇𝐻𝐸  ……. (5.2) 

R0H is the contribution from OHE. RsM is the contribution from AHE. The subscript xy 

indicates the resistivity of the sample has been measured by applying the current in the x 

direction and measuring the voltage in the y direction. R0 is the ordinary Hall coefficient, Rs is 

the AHE coefficient, and M is the out-of-plane magnetization of the sample. Therefore, the 

THE can be obtained by subtracting the other two contributions i.e., OHE and AHE 

contributions from the total Hall resistivity of the sample. In Figure 5.5 (a), the curve with blue 

circles depicts the Hall resistivity (AHE and THE) for our sample Ir-2 after subtracting the 

contribution from OHE by correcting the slope of the linear part of the total Hall resistivity 

(ρxy). The OHE contribution is very small in our case which is shown in Figure 5.4 (b). Further,  

Table 5.2: Comparison of the value of 𝜌𝑇𝐻𝐸  with a few existing literature. 

System  𝜌𝑇𝐻𝐸  in nΩ.m Authors 

[Pt(1.5)/Co(tCo)/W (1.5)]7  1.3  Mourkas et al.[46] 

T a(4)/[Pt(3)/Co(t)/T a(3)]6  1.7  He et al.[40] 

[Ir(1)/F e(0.5)/Co(0.5)/Pt(1)]20  0.15  Raju et al.[26] 

Single crystal MnSi  0.04  Schulz et al.[47] 

Epitaxial thin film of FeGe  0.05  Kanazawa et al. [48] 

Pt(3.5)/Co(0.8)/Ir(2.0)/Co(0.8)/Pt(3.5)  0.13  This work 
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Figure 5.5: Topological Hall effect (THE) measurement of the sample Ir-1-1. (a) Total 

resistivity of the sample after removing the ordinary Hall effect component (blue circles) and 

the AHE fitting to the total Hall resistivity (red line), (b) 𝜌𝑇𝐻𝐸  extracted from the resistivity 

vs magnetic field measurement data after subtracting the OHE and AHE part. 

the contribution from AHE is scaled with the 𝜌𝑥𝑦
𝐴𝐻𝐸+𝑇𝐻𝐸 by evaluating the AHE coefficient (Rs) 

which is plotted as the red line curve in Figure 5.5 (a). The calculation can be summarized in 

the following  [217,225,226]. Equation 5.2 describes the total resistivity as a sum of three 

components. After subtracting the contribution from OHE, equation 5.2 becomes, 

 𝜌𝑥𝑦 = 𝑅𝑠𝑀 + 𝜌𝑇𝐻𝐸  ……. (5.3) 

At an applied magnetic field beyond the magnetic saturation, all the magnetic moment points 

in the direction of applied field and no topologically non-trivial spin textures are present in the 

system. Hence, 𝜌𝑇𝐻𝐸  becomes zero and equation 5.3 becomes, 

 𝜌𝑥𝑦
𝑆𝑎𝑡 = 𝑅𝑠𝑀𝑠 ……. (5.4) 

where Ms is the saturation magnetization. Next, by putting the value of Rs from equation 5.4 

i.e., 𝜌𝑥𝑦
𝑠𝑎𝑡 𝑀𝑆⁄  in equation 5.3 we extract the 𝜌𝑇𝐻𝐸  as equation 5.5. 

 𝜌𝑇𝐻𝐸 = 𝜌𝑥𝑦 − 𝑅𝑠𝑀 ……. (5.5) 
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After subtracting the red line curve from the blue circle curve shown in Figure 5.5 (a), we have 

found a hump kind of feature in both the field sweeps from +ve saturated state to -ve one as 

well as from -ve saturated state to +ve one, represented in the Figure 5.5 (b) which is regarded 

as the contribution from THE. This shows the presence of chiral spin textures i.e. skyrmions in 

our system. The magnitude of THE in our sample is found to be 0.135 Nano Ohm-m. 

In summary, we have observed a canted state of magnetization reversal and presence of 

skyrmions in a Pt/Co PMA system with Ir spacer layer by varying only the Ir spacer layer 

thickness between the two Co layers. The MFM images show labyrinth kind of domains at the 

demagnetized state and the presence of skyrmions is observed after applying external magnetic 

field to the samples. Further, we have observed a THE signal which indicates that the observed 

structures via MFM are of chiral spin textures. In this work we show that via the proper tuning 

of various energy along with inter-layer interactions (both dipolar and RKKY) it is possible to 

stabilize the skyrmions in the ferromagnet (e.g. Co) even when the thickness of the ferromagnet 

is well below the SRT regime. This paves the path to engineer such multilayer structure by 

varying the spacer layer thickness to have the presence of chiral spin textures such as skyrmions 

in the system. 
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Chapter 6 

Effect of RKKY and dipolar interaction on the nucleation of high-density skyrmions in 

Pt/Co multilayer system with Ir as spacer layer: 

The emergence of magnetic skyrmions as topologically protected spin textures has sparked 

significant interest in the field of condensed matter physics and spintronics due to their unique 

properties and potential applications in future magnetic storage and computing 

devices  [204,227–230]. These nanoscale spin configurations, characterized by a swirling 

arrangement of magnetic moments, exhibit topological stability and non-trivial spin textures, 

making them promising candidates for information storage and manipulation at ultrahigh 

densities and low energy consumption  [86,203,205,206]. In recent years, considerable efforts 

have been devoted to the investigation of skyrmion nucleation and manipulation in various 

magnetic systems, including thin films, multilayers, and heterostructures  [199,207,221,231–

233]. Characterising the spin configuration of these skyrmions is one of the primary 

objective to comprehend the underlying competing interactions that stabilise them as well as 

for optimizing device performance and designing novel skyrmion-based technologies. 

Previously, observation of skyrmions has been extensively studied in thin film multilayer 

systems with the repetitions of HM/FM layers  [81,216,234,235], by considering the FM 

thickness near to spin reorientation transition (SRT)  [236,237], with enhanced DMI by taking 

different heavy metal (HM) at both interfaces of FM layer  [238], etc. Among the various thin 

film systems hosting chiral spin textures like skyrmions, HM1/FM/HM2 magnetic multilayers 

have garnered significant interest due to the generation of non-cancelling interfacial DMI 

produced by breaking the inversion symmetry. Also, it provides the flexibility to tune the 

magnetic properties largely by changing the thickness of each layer. He et. al., have shown the 

evolution of skyrmions in a Pt/Co/Ta multilayer system with Co thickness near to SRT  [231]. 
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Lin et. al., have shown the observation of these chiral spin textures in a Pt/Co/W multilayer 

system with enhanced Dzyaloshinskii-Moriya interaction (DMI)  [232]. Recently, Cheng et. 

al., have demonstrated the observation of bubble-like Neel skyrmions in a Pt/Co/Cu multilayer 

system by tuning the Co thickness as well as the number of periods of these multilayers  [233]. 

However, there are very few reports which demonstrate the nucleation of these skyrmionic 

features by considering the FM thickness much below the SRT (in the PMA regime), with less 

repetition of number of period of these multilayers and simultaneously introducing the 

Ruderman–Kittel–Kasuya–Yosida (RKKY) interaction between the FM layers. 

In the previous chapter (chapter 5), we have explored the stabilization of skyrmionic states with 

the variation of Ir spacer layer thickness between the two Co layers. In this chapter, we have 

considered a particular thickness of Ir spacer to have strong antiferromagnetic (AFM) coupling 

between the Co layers adjacent to the spacer. However, we have increased the number of 

repetitions of Pt/Co layers below and above the Ir spacer layer to simultaneously have the effect 

of dipolar interaction for the stabilization of skyrmions in our systems. By carefully balancing 

the contributions from DMI energy, RKKY interaction energy, dipolar energy, and magnetic 

anisotropy energy, we have achieved the nucleation of high-density skyrmions in these 

multilayer systems. The observation of skyrmions in these systems have been confirmed 

through the detection of topological Hall effect (THE) signals and magnetic force microscopy 

(MFM) imaging. 

6.1 Sample details: 

Two samples have extensively been studied in this work with structure 

Si/SiO2/Ta(3)/Pt(2.5)/[Pt(1)/Co(tCo)]3/Ir(1.3)/[Co(tCo)/Pt(1)]2/Pt(2.5) by varying tCo as 0.8 and 

1.0 nm and named as S1 and S2, respectively. Another two samples have also been prepared as 

control samples to demonstrate the existence of perpendicular magnetic anisotropy (PMA) in 
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the Pt/Co system and AFM coupling between the Co layers via Ir spacer. The sample names 

with structures have been mentioned in Table 6.1 below.  

Table 6.1: Sample names with their structures. All the thicknesses shown in the parentheses 

are in nm. 

Sample name Structure 

R1-FM Si/SiO2/Ta(3)/Pt(3.5)/Co(0.8)/Ir(1.3)/Pt(3.5) 

R2-SAF Si/SiO2/Ta(3)/Pt(3.5)/Co(0.8)/Ir(1.3)/Co(0.8)/Pt(3.5) 

S1 Si/SiO2/Ta(3)/Pt(2.5)/[Pt(1)/Co(0.8)]3/Ir(1.3)/[Co(0.8)/Pt(1)]2/Pt(2.5) 

S2 Si/SiO2/Ta(3)/Pt(2.5)/[Pt(1)/Co(1.0)]3/Ir(1.3)/[Co(1.0)/Pt(1)]2/Pt(2.5) 

 

All the samples have been prepared in a high-vacuum multi-deposition chamber manufactured 

by Mantis Deposition Ltd., UK. The base pressure of the chamber was ~ 7.5×10-8 mbar. The 

deposition pressure was  ~1.7×10-3mbar for Ta and ~1.5×10-3mbar for Pt, Co and Ir layers. 

During sample preparation, the substrate table was rotated at 15 rpm to minimize the growth-

induced anisotropy and also to have uniform growth of the films. The rates of deposition were 

0.1 Å/s, 0.13 Å/s, 0.3 Å/s and 0.1 Å/s for Ir, Ta, Pt and Co, respectively. 

6.2 Structural characterization: 

The schematics of the sample structure for the sample S1 and S2 have been shown in Figure 

6.1 (a). For the structural characterization of our samples, we have performed cross-sectional 

TEM imaging on the sample S1 (shown in Figure 6.1 (b)) in a high-resolution transmission 

electron microscope (HR-TEM) (JEOL F200, operating at 200 kV and equipped with a GATAN 

oneview CMOS camera). From the TEM image, the growth of these ultrathin layers are clearly 

visible. All the respective layers with their names have been indicated in the image itself. 
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Figure 6.1: (a) Schematic of the sample structure for sample S1 and S2, (b) Cross-sectional 

TEM imaging for the sample S1. 

6.3 Magnetic characterization: 

The magnetization reversal of the samples have been measured at room temperature using a 

SQUID-VSM (Superconducting Quantum Interference Device-Vibrating sample 

magnetometer) manufactured by Quantum Design, USA. Figure 6.2 (a) shows the hysteresis 

loop of the reference sample R1-FM. Here the single Co layer with thickness 0.8nm deposited 

on the Pt heavy metal (HM) layer, shows strong PMA in the sample. The Ta layer has been 

used as a seed layer on the substrate which also favours the growth of Pt to have PMA in the 

Co layer. We have used the same thickness of Co i.e., 0.8nm considered from our previous 

study. However, for sample S2, the thickness of Co has been considered as 1.0nm to investigate 

the effect of reduction in the effective anisotropy on the evolution of skyrmionics spin textures 

in our sample. Further, before preparing the multilayer samples, we have optimized Ir spacer 

layer thickness to have strong AFM coupling between the Co layers. Figure 6.2 (b) shows the 

step-like behaviour in the hysteresis loop of the sample R2-SAF which indicates the AFM 

coupling between the FM layers forming a SAF structure for an Ir spacer thickness (tIr) of 

1.3nm. 
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Figure 6.2: Magnetization reversal at room temperature for the sample (a) R1-FM and (b) 

R2-SAF. The measurement has been performed in the presence of an out-of-plane applied 

magnetic field. 

Further, samples S1 and S2 have been measured in SQUID-VSM in the presence of an out-of-

plane applied magnetic field as shown in Figure 6.3 (a) and (b). Both the samples showed the 

easy axis along the out-of-plane direction along with a slanted type of magnetization reversal 

with almost zero remanence. This may be due to the decrease in PMA of these sample with the 

introduction of RKKY coupling layer (i.e., Ir) between the Co layers.  

 

Figure 6.3: Out-of-plane hysteresis loop for the sample (a) S1 and (b) S2, measured by 

SQUID-VSM. 

This indicates a favourable condition for the plausible presence of skyrmions in our multilayer 

samples. Although the tIr is kept at 1.3nm to have AFM coupling among the Co layers below 

and above the spacer layer, no intermediate step has been observed in the hysteresis loop for 
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both samples which indicates that the dipolar coupling due to the repetition of Pt/Co layers 

below and above the Ir spacer may be dominant over the RKKY interaction.  

To get further insight into the change in anisotropy of the multilayer samples S1 and S2 as 

compared to the reference SAF sample, we have calculated the effective anisotropy energies 

(Keff) of the samples R2-SAF, S1 and S2 by measuring the hard axis hysteresis loop in presence 

of an in-plane magnetic field. This is depicted in the below figure i.e., Figure 6.4 where the 

green arrow in each hysteresis plot indicates the anisotropy field (HK) of the samples. The 

values of Keff  is calculated by using the relation 𝐾𝑒𝑓𝑓 = 𝐻𝐾 𝑀𝑆 2⁄ , with MS being the saturation 

magnetization . The calculated values of HK, MS and Keff for these three samples R2-SAF, S1 

and S2 have been mentioned in the Table 6.2 below.  

 

Figure 6.4: Hard axis hysteresis loop measured in presence of an in-plane magnetic field for 

the samples (a) R2-SAF, (b) S1 and (c) S2. The red line in each plot starting from the y-axis 

and parallel to the x-axis, indicates the saturation magnetization (MS) of the samples. 

It should be noted that the anisotropy energy is higher in the reference SAF sample (R2-SAF) 

as compared to the samples S1 and S2 having repetition of Pt/Co layers. This is due to the 

dominance of dipolar interaction over the PMA in the system. However, there is also a 

reduction in the Keff value of S2 than S1. Although the sample structure as well as the number 
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of repetition of Pt/Co layers in both the sample are same, the reduction in the Keff value is due 

to the higher thickness of Co layer in S2 as compared to S1.  

Table 6.2: Calculated values of HK, MS and Keff for the samples R2-SAF, S1 and S2 

Sample Ms (in A/m) Hk (in mT) Keff (in J/m3) 

R2-SAF 1.56×106 1240 9.67×105 

S1 1.56×106 744 5.81×105 

S2 1.56×106 495 3.86×105 

 

In order to elucidate the existence of skyrmionic states in both the samples, we have further 

performed magnetic force microscopy (MFM) measurement with an attodry 2100 MFM 

system manufactured by Attocube, Germany. Figure 6.5 shows the gradual evolution of 

skyrmionics states from the demagnetized state with respect to the increase in magnetic field 

values. The appearance of labyrinth domains at the demagnetized state shown in Figure 6.5 (a), 

is a consequence of the balance among various competiting energies present in our system such 

as, dipolar interaction, DM interaction, RKKY interaction, etc. Here, it should be noted that, 

the dominance of dipolar energy in our sample comes from the repetition of Pt/Co layers below 

and above the Ir spacer layer. The contribution from DMI energy comes from the Pt/Co 

interface as well as Co/Ir interface. Due to the less number of repetition of Pt/Co layers, the 

dipolar energy may not be sufficient to dominate over the exchange and anisotropy energy of 

the system to make a spin spiral state. However, due to the simultaneous effect of dipolar and 

RKKY interaction energy, labyrinth type of domains are formed in the demagnetized state.  By 

applying out-of-plane magnetic field to the sample, these highly densed labyrinth type domains 

form into less densed stripes (shown in Figure 6.5 (b)-(d)). Here, the Zeeman energy tries to 

make the spins align in the direction of applied magnetic field from the spin spiral state and 
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forms the stripe phase. When the magnetic field is increased further, these magnetic stripes 

gradually breaks into isolated skyrmion like magnetic domains as shown in Figure 6.5 (e)-(g) 

and forms a disordered skyrmion state. By further increasing the magnetic field towards the 

saturation, the magnetic contrast of these isolated skyrmions gradually fades away and go to a 

single domain state by showing uniform contrast through out the image. Similar type of 

behavior of labyrinth type domain formation at demagnetized state and gradual beaking into 

skyrmionic phases with the application of magnetic field, has been observed for the sample S2 

via MFM imaging which has been shown in the Figure 6.6. In both the samples S1 and S2, the 

skyrmions have been observed to be stable in a wide range of magnetic field after their 

nucleation at different field values. 

 

Figure 6.5: MFM images of the sample S1 at different out-of-plane applied magnetic field. 

The field values have been mentioned in the inset of each image. 
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Figure 6.6: MFM images of the sample S2 at different out-of-plane applied magnetic field. 

The field values have been mentioned in the inset of each image. 

In order to confirm the observed spin textures to be chiral in nature, magnetotransport 

measurements have been performed on both sample S1 and S2 via a physical property 

measurement system (PPMS) manufactured by Quantum Design, USA. Small rectangular 

pieces of both the samples have been measured in the Van der Pauw geometry keeping two 

voltage probes exactly perpendicular to the two current probes. However, we have adapted a 

five-probe measurement with an extra voltage probe to avoid the contribution of the 

magnetoresistance signal to the total Hall resistivity of our sample. This has been discussed 

extensively in the sub-section 2.3.3 of Chapter 2 of this thesis. The measurement is performed 

by applying a constant current to the sample in the presence of a sweeping perpendicular 

magnetic field which results in a transverse Hall voltage proportional to the magnetic field and 

the charge carrier density. This gives the total resistivity of the sample which consists of these 

components i.e., ordinary Hall effect (OHE) and anomalous Hall effect (AHE)  [239]. In the 

presence of chiral spin textures like skyrmions in the sample, an emergent magnetic field is 
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produced due to the interaction of the conduction electrons with the skyrmions, which yields 

the additional contribution i.e., topological Hall effect (THE)  [229,240–242]. Hence, the total 

Hall resistivity of the system in the presence of chiral spin textures can be written 

as  [76,79,217,243,244], 

 𝜌𝑥𝑦 = 𝑅0𝐻 + 𝑅𝑠𝑀 + 𝜌𝑇𝐻𝐸  …….(6.1) 

R0H is the contribution from OHE. RsM is the contribution from AHE. The subscript xy 

indicates the resistivity of the sample has been measured by applying the current in the x 

direction and measuring the voltage in the y direction. R0 is the ordinary Hall coefficient, Rs is 

the AHE coefficient, and M is the out-of-plane magnetization of the sample. By subtracting the 

contribution of OHE and AHE from the total Hall resistivity, the topological Hall resistivity of 

the sample is calculated. This has also been explained in detail in the previous chapter (i.e., 

Chapter 5) explaining the importance of getting THE signal with connection to the presence of 

skyrmions in our system. During the measurement, a current value of 0.5 mA is applied and 

the corresponding voltage is measured. The curve with blue circles in Figure 6.7 (a) and (b) 

depicts the Hall resistivity (AHE and THE (𝜌𝑥𝑦
𝐴𝐻𝐸+𝑇𝐻𝐸)) for our samples S1 and S2, 

respectively. The contribution from OHE, which is very small in our case, has been subtracted 

by correcting the slope of the linear part of the total Hall resistivity (ρxy). Further, the 

contribution from AHE is scaled with the 𝜌𝑥𝑦
𝐴𝐻𝐸+𝑇𝐻𝐸 by evaluating the AHE coefficient (Rs) 

which is plotted as the red line curve (𝜌𝑥𝑦
𝐴𝐻𝐸) in Figure 6.7 (a) and (b). Thus, by subtracting the 

𝜌𝑥𝑦
𝐴𝐻𝐸  from 𝜌𝑥𝑦

𝐴𝐻𝐸+𝑇𝐻𝐸, we get a hump like behaviour in both the field sweeps i.e., from +ve to 

-ve and from -ve to +ve, which is the contribution from THE in our samples. The topological 

Hall resistivity has been shown in the Figure 6.7 (c) and (d) for sample S1 and S2, respectively. 
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Figure 6.7: Scaling of the contribution from AHE and THE (blue circle) with the AHE (red 

line) for (a) S1 and (b) S2. (c) and (d) represents the subtracted topological Hall resistivity 

for the sample S1 and S2, respectively. 

The values of the topological Hall resistivity for samples S1 and S2 are found to be 0.062 and 

0.068 Nano Ohm-m, respectively which is comparable to the previously reported literature 

values. The comparatively higher values of the THE in sample S2 as compared to S1 is due to 

the higher density of skyrmions observed in S2 . By counting the number of skyrmions present 

in an area of 5µm  5µm area as shown in Figure 6.5 and Figure 6.6, the densities of skyrmions 

are found to be 3.6×1012 Skyrmions/m2 and 5.2×1012 Skyrmions/m2 for S1 and S2, respectively. 

Further, the shape of the skyrmions found in our sample are circular in nature. Therefore, we 

calculate the size of these skyrmions by measuring the diameters from the MFM images. Figure 

6.8 (a) and (b) shows the measured diameter of various skyrmions observed in the MFM images 

for sample S1 and S2, respectively. From the lognormal fitting, the average skyrmion dimeter 

for samples S1 and S2 are found to be 135 and 154 nm, respectively. The increase in average 
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size of the skyrmions in S2 is due to the reduction in the anisotropy of S2 as compared to 

S1  [71]. 

 

Figure 6.8: The average skyrmion size analysis for the skyrmions observed in the sample (a) 

S1 and (b) S2. The red line in the both the plots depicts the lognormal fitting to the measured 

data to calculate the average skyrmion size. 

In summary, we have prepared multilayer samples having repetition of Pt/Co layers with Ir as 

a spacer layer of particular thickness to have antiferromagnetic RKKY interaction between the 

ferromagnetic layers below and above the Ir spacer. The simultaneous effect of dipolar and 

RKKY interaction leads to a slanted type of magnetization reversal giving rise to the nucleation 

of high density skyrmions observed via MFM imaging. Further, the finite THE signal from our 

samples confirm observed spin textures to be chiral in nature. Further, we found that the higher 

topological Hall resistance in the sample leads to the higher skyrmion density whereas, the 

decrease in the anisotropy makes the skyrmion size comparatively larger. Our study reveals a 

very robust method of necluating high density skyrmions with the simultaneous effect of 

dipolar and RKKY interaction in the system. These systems can further be explored for the 

deterministic current induced nucleation as well as propagation of skyrmions which can be 

useful for future spintronic application. 
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Chapter 7 

Spin dynamics in an in-plane magnetized CoFeB/Ir/CoFeB system with FM and AFM 

coupling: 

The coupling between two ferromagnetic (FM) layers via a nonmagnetic spacer layer holds 

significant importance in spintronic applications, enabling the development of advanced spin-

based devices with improved stability, functionality, energy efficiency, and integration 

capabilities. The characteristics and coupling strength between FM  layers can be tailored by 

adjusting the properties of the nonmagnetic spacer layer  [159,160,245]. This tunability allows 

for fine-tuning device functionalities, such as switching behavior, magnetic anisotropy, and 

spin wave propagation, etc., to meet specific application requirements. Depending on the 

thickness of spacer layer, if the relative orientation of the magnetic moments in the FM layers 

below and above the spacer layer are parallel, the coupling becomes FM. On the otherhand, the 

antiparallel orientation of magnetic moments in both the FM layer leads to the synthetic 

antiferromagnetic (SAF) configuration. This has extensively been discussed in the introduction 

part of this thesis and also in Chapter 3. Several aspects of SAFs have been explored having 

advantage for spntronic applications such as, a key component in the magnetic tunnel junction 

(MTJ) devices  [176,246,247], reduction of skyrmion Hall effect in SAF 

bilayers  [172,173,209], etc. Apart from these, it is also very crucial to study the spin dynamics 

in these SAFs which has not been explored much yet. By studying spin dynamics, researchers 

can explore how spin waves propagate, interact, and transfer information within SAFs, which 

is relevant for spintronic devices like spin torque oscillators and magnetic memory devices. 

Spin waves, which are basically the disturbance in the local magnetic ordering, are considered 

as promising data carriers for modern computing devices. Spin waves are particularly 

interesting due to their unique features, which include the ability to have Joule heat free transfer 
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of spin information over relatively long distances, the ability to achieve submicrometer 

wavelength at microwave frequencies, to be manipulated by electronic signal via magnetic 

fields, and realizing the concepts of wave based computing, etc  [248,249]. Magnons are quanta 

of these spin waves which can coherently connect to distinct physical platforms in quantum 

systems where information can be encoded by both the amplitude and the phase of spin 

waves  [250]. Hybrid magnonic systems have attracted great attention due to their applications 

in quantum information, communications, and sensing  [251,252]. Although individual 

magnonic modes can be manipulated by varying the material properties of the magnetic layer, 

a unique approach of generating new spin-wave states involves coherently coupling two modes 

by tuning them into resonance. Previously, magnon-magnon coupling has been explored in 

single magnets  [253–256] and magnetic bilayers  [250,257,258]. However, SAF systems also 

show a great potential as a host of magnon-magnon coupling. Recently, Dai et. al., have 

numerically demonstrated coupling between acoustic and optic magnon modes in an SAF 

system  [259]. Further, Shiota et. al., have experimentally observed the presence of magnon-

magnon coupling in a SAF system of CoFeB layers exchange coupled via Ru spacer  [260]. In-

phase acoustic mode (AM) and out-of-phase optic mode (OM) are the two uniform precession 

magnon modes that characterise the magnetization dynamics of the SAF. The hybridization of 

these two magnon modes can happen as a result of the interlayer exchange coupling (IEC)  

between the two FM layers which can lead to the magnon-magnon coupling in SAF. The 

coupling in such systems can be introduced by a few approaches which can break the parity or 

exchange symmetry to introduce an anti-crossing gap between the AM and OM  [256]. One 

approach is to tilt the sample towards a perpendicular direction thereby breaking the rotational 

symmetry of the hard axis  [260]. Another approach is to consider different thicknesses of FM 

layers below and above the spacer layer which can break the parity symmetry to introduce a 

magnon-magnon coupling  [261,262].  In this context, we have prepared in-plane magnetized 
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CoFeB layers of different thicknesses interleaved with the Ir spacer layer to explore the 

possibility of magnon-magnon coupling in our system.  By performing the ferromagnetic 

resonance (FMR) measurements in the frequency sweep mode, we have extracted the acoustic 

and optical modes for our sample. However, from the analysis, we could not find any anti-

crossing gap between these two magnon modes which indicates the absence of magnon-

magnon coupling in our system. 

7.1 Sample details: 

Two samples M1 and M2 have been prepared with structure  

Si/SiO2/Ta(3)/CoFeB(10)/Ir(tIr)/CoFeB(7)/Ta(3) where, tIr is varied as 0.8 nm and 1.3 nm for 

M1 and M2, respectively. Another reference sample R1 of one FM layer with structure 

Si/SiO2/Ta(3)/CoFeB(10)/Ir(1.3)/Ta(3) has been prepared. The Ir layer with 1.3 nm thickness 

has been considered from the previous chapter to have antiferromagnetic (AFM) coupling 

between the CoFeB layers. All the samples have been prepared in a high-vacuum multi-

deposition chamber manufactured by Mantis Deposition Ltd., UK. The base pressure of the 

chamber was better than 5×10-8 mbar. The deposition pressure for the Ta, CoFeB and Ir layers 

were  approximately 1.6×10-3 mbar, 8.1×10-4 mbar and 1.5×10-3 mbar, respectively. During 

sample preparation, the substrate table was rotated at 10 rpm to minimize the growth-induced 

anisotropy and also to have uniform growth of the films. The rates of deposition were 0.13 Å/s, 

0.2 Å/s and 0.1 Å/s for Ta, CoFeB and Ir layers, respectively.  

7.2 Structural characterization: 

The schematic of the sample structure has been shown in Figure 7.1 (a). For the structural 

characterization of our samples, we have performed cross-sectional TEM imaging on the 

sample M1 (shown in Figure 7.1 (b)) in a high-resolution transmission electron microscope 

(HR-TEM) (JEOL F200, operating at 200 kV and equipped with a GATAN oneview CMOS 
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camera). From the TEM image, the growth of the layers seems to be uniform and the 

thicknesses of each layer matches with the calibrated thicknesses by quartz crystal 

microbalance (QCM) in our sputtering system. From the image the bright contrast in the major 

portion of top layer indicate that the capping Ta layer has almost been oxidized.  

 

Figure 7.1: (a) Schematic of sample structure, (b) Cross-sectional TEM image of sample M1. 

7.3 Magnetic characterization: 

The magnetization reversal as well as domain images of all the samples have been measured 

via magneto-optic Kerr effect (MOKE) microscopy in presence of an in-plane applied magnetic 

field. Sample R1 having a single FM layer, shows a sharp reversal with square shaped 

hysteresis loop along its easy axis (EA). Here the magnetization reversal is happening through 

the domain wall (DW) motion. It should be noted here that at this position, the angle between 

the orientation of the sample and the applied magnetic field direction is considered as 0 degree. 

Here the sample shows a sharp reversal with maximum remanence. However, by rotating the 

sample in the plane making a 90 degree angle with respect to the easy axis, the magnetization 

reversal happens through coherent rotation indicating it to be the hard axis (HA). This 

behaviour indicates that the reference sample R1 with a single FM layer shows an uniaxial 

anisotropic nature. Figure 7.2 (a) shows the hysteresis loops of the sample R1 measured at EA 

(0 degree). Further, the sample M1 with a 0.8 nm thick Ir spacer layer between the two CoFeB 
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layers of thickness 10 nm and 7 nm, respectively, shows a similar type of magnetization 

reversal as of R1. This may be due to the FM-IEC between the CoFeB layers via the Ir spacer 

i.e., at this particular thickness of Ir spacer, the sample M1 is ferromagnetically coupled. Figure 

7.2 (b) shows the hysteresis loops of the sample M1 along the EA. However, for the sample 

M2 with Ir spacer thickness of 1.3 nm, the Kerr microscopy hysteresis loop at the easy axis 

shows a clear step-like reversal with an in-plane applied magnetic field sweep. This clearly 

indicates that the CoFeB layers are antiferromagnetically coupled forming a SAF structure 

(shown in Figure 7.2 (c)). The sharpness of the steps gradually reduces towards the hard axis. 

The hysteresis loops at different angles (0, 30, 60 and 90 degrees) for the samples R1, M1 and 

M2 have been shown in Figure 7.2 (d), (e) and (f), respectively.  

 

Figure 7.2: Kerr microscopy hysteresis loops for the samples (a) R1, (b) M1, and (c) M2 

measured along the easy axis. (d), (e) and (f) shows the comparison of hysteresis loops for 

R1, M1 and M2 at different angles such as 0, 30, 60 and 90 degrees.   
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The magnetic domain images captured at easy axis for all the samples have been shown in 

Figure 7.3. For the sample R1, the domain images recorded clearly shows the big stipes during 

the reversal as shown in Figure 7.3 (a1)-(a4). For the sample M1, although the magnetization 

reversal happens through DW motion similar to the sample R1, the sharp reversal hinders the 

capturing of better domain images (shown in Figure 7.3 (b1)-(b4)).  For the SAF sample (M2), 

(c1)-(c4) are the domain images shown in Figure 7.3. The big stripe domain observed in Figure 

7.3 (c2) is during the first step of magnetization reversal. However, due to very sharp reversal 

in the second step, domain images could not be captured. 

 

 

Figure 7.3: Magnetic domain images captured by Kerr microscopy for the samples R1, M1 

and M2. (a1) and (a4) are the domain images at +ve and –ve saturation, respectively, for the 

sample R1. (a2) and (a3) shows the domains during the reversal. Similarly, (b1)-(b4) are the 

domain images for M1 and (c1)-(c4) are the domain images for M2. 
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In order to investigate the magnetization dynamics of the prepared samples, co-planer wave-

guide (CPW) based NanoOsc instrument phase FMR measurements have been performed. 

Here the sample was placed on the CPW in a flip-chip manner. All the FMR measurements 

were carried out where the applied magnetic field is in the film plane direction.  For each field 

sweep measurement, the frequency was fixed and swept an external magnetic field in the range 

of 0-5000 Oe. The gilbert damping parameter (α) is estimated by the acquisition of FMR 

spectra within the frequency (f) range of 4-10 GHz. The measured FMR spectra have been 

shown in Figure 7.4 for all the samples. All FMR measurements in this study were carried out 

at a microwave power of 25 mW. To extract the FMR peak position (𝐻𝑟𝑒𝑠) and the line width 

(∆𝐻) each FMR spectra has been fitted by the derivative Lorentzian function, 

𝐹𝑀𝑅 𝑆𝑖𝑔𝑛𝑎𝑙 = 𝐴
 4∆𝐻(𝐻 − 𝐻𝑟𝑒𝑠)

[4(𝐻 − 𝐻𝑟𝑒𝑠)2 +  ∆𝐻2]2
 − 𝑆

∆𝐻2 − 4(𝐻 − 𝐻𝑟𝑒𝑠)2

[4(𝐻 − 𝐻𝑟𝑒𝑠)2 +  ∆𝐻2]2

+ 𝑜𝑓𝑓𝑠𝑒𝑡 

 

……. (7.1) 

 

Where, A and S are the coefficients of antisymmetric and symmetric components, respectively 

[25–27]. The extracted 𝐻𝑟𝑒𝑠values are plotted with f as shown in Fig 7.4 (d) and fitted using 

the Kittel equation  [263]. Further, to get the value of gyromagnetic ratio (), the frequency (f) 

vs Hres plot is fitted (shown in Figure 7.4 (d)) using the Kittel equation  [263], 

 
𝑓 =

𝛾

2𝜋
√(𝐻𝑟𝑒𝑠 + 𝐻𝑘)(𝐻𝑟𝑒𝑠 + 𝐻𝑘 + 4𝜋𝑀𝑒𝑓𝑓) 

……. (7.2) 

where, HK is anisotropy field and 4𝜋𝑀𝑒𝑓𝑓 is the effective magnetization. The gyromagnetic 

ratio () is obtained from this fitting and used to further evaluate the damping value () of the 

FM layer by fitting the following linear equation the ∆𝐻 vs f plot (as shown in Figure 7.4 (e)), 
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∆𝐻 = ∆𝐻0 +

4𝜋𝛼𝑓

𝛾
 

……. (7.3) 

Here, ∆𝐻0 is the broadening due to inhomogeneity in the sample. The slope of equation 7.3 

gives the damping value  as 0.0135 ± 0.0002, 0.0109 ± 0.0002 and 0.0128 ± 0.0002 for the 

samples R1, M1 and M2, respectively. Interestingly, we have observed a shift in the Hres value 

for the samples M1 and M2 as compared to the reference layer R1. Accordingly, a change in 

damping values has been observed which may be due to the interlayer coupling in our system. 

This motivated us to explore the nature of the coupling in these SAF systems. The existing 

literature suggests the presence of magnon-magnon coupling in these types of SAF system.  

 

Figure 7.4: Frequency dependent FMR spectra with a varying in-plane magnetic field for the 

samples (a) R1, (b) M1, and (c) M2. (d) The f vs Hres plot with the Kittel equation fitting. (e) 

The damping value () is evaluated by the linear fit of H vs f  for all the samples. 

Further, to find out the possible existence of magnon-magnon coupling in our SAF sample, we 

have performed the FMR measurement in the frequency sweep mode at different magnetic field 
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values for sample M1 and M2  [260,261,264]. The FMR spectra for all the samples in 

frequency sweep mode are fitted with the Lorentzian equation,  

𝐹𝑀𝑅 𝑆𝑖𝑔𝑛𝑎𝑙 = 𝐴
 4∆𝑓(𝑓 − 𝑓𝑟𝑒𝑠)

[4(𝑓 − 𝑓𝑟𝑒𝑠)2 +  ∆𝑓2]2
 − 𝑆

∆𝑓2 − 4(𝑓 − 𝑓𝑟𝑒𝑠)2

[4(𝑓 − 𝑓𝑟𝑒𝑠)2 +  ∆𝑓2]2
 

+𝑜𝑓𝑓𝑠𝑒𝑡 

 

……. (7.4) 

There are two uniform precession magnon modes that describe the magnetization dynamics of 

the SAF, namely the in-phase acoustic mode (AM) and the out-of-phase optic mode (OM). 

From the Lorentzian fitting, the resonance frequencies (fres) for the two modes are extracted for 

each magnetic field value. Further, these AM and OM mode resonance frequencies are plotted 

for each field value as shown in Figure 7.5 (a) and (b) for the samples M1 and M2, respectively. 

The FMR curves for a few selected field values for sample M2 in the frequency sweep mode 

has been shown in the Figure 7.5 (c). In the presence of coupling between the two modes, an 

avoided crossing region is expected to occur. The coupling strength (g) is calculated as the half 

of the minimum splitting between the two frequency modes at the anticrossing point  [259]. 

However, we observe the clear crossing of these two modes for both the FM as well as SAF 

samples  [265–267].  This crossing reflects that there is no coupling between the two modes. 

This indicates the absence of magnon-magnon coupling in our studied system. 

 

Figure 7.5: Plot of fres vs H for both the AM and OM branches for the samples (a) M1 and 

(b) M2. (c) FMR curves for a few selected field values in the frequency sweep mode for 

sample M2. 
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In summary, we have prepared in-plane SAF samples of asymmetric structure (i.e., the 

thicknesses of FM layers below and above the spacer layer are different) with Ir as the spacer 

layer. The step-like reversal of the hysteresis loop confirms the AFM coupling between the 

CoFeB layers via the Ir spacer. FMR measurements in the frequency sweep mode have been 

performed to explore the possible presence of magnon-magnon coupling in our system. 

However, the signature of the magnon-magnon coupling i.e. the avoided crossing region is 

absent between the AM and OM modes in the observed data. This clearly indicates the absence 

of magnon-magnon coupling in the studied SAF systems. Moreover, this can be further 

explored by modifying the sample structure.
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Chapter 8 

Summary and conclusion: 

Synthetic antiferromagnets (SAFs) play a crucial role in spintronics, a field that aims to harness 

the spin of electrons for advanced electronic devices. SAFs consist of two or more 

ferromagnetic layers coupled antiferromagnetically through a non-magnetic spacer via the 

RKKY interaction. This configuration allows for precise control over magnetic properties, such 

as magnetic moment and coercivity, offering several advantages for spintronic applications. 

One key advantage is their stability against external magnetic fields. Unlike single FM layers 

that can be easily influenced by external perturbations, SAFs exhibit robustness due to the 

reduction of stray fields as an effect of AFM coupling. This stability is essential for maintaining 

data integrity and reliability in spintronic devices. Further, SAFs are also promising for hosting 

chiral spin textures like skyrmions which can be free from skyrmion Hall effect (SkHE). This 

is essential for the straight-line motion of skyrmions in a track without deviating to the edge. 

Moreover, SAFs enable the manipulation of spin currents and spin waves, essential for 

information processing and communication in spin-based devices. The ability to engineer spin 

configurations in SAFs opens doors to novel functionalities, such as spin wave devices, 

magnetic memory logic circuits, etc., contributing significantly to the advancement of 

spintronics technology. Overall, SAFs are crucial in spintronics for their stability, tunability, 

and potential for spintronic devices, making them a focal point in research for next-generation 

spintronic applications. This thesis work has been focused on studying the magnetization 

reversal, domain structures and stabilization of chiral spin textures like skyrmion in SAF 

systems. Also, the spin dynamics properties have been explored for the possible presence of 

magnon-magnon coupling in an SAF system. For the earlier part i.e., magnetization reversal, 

domains and skyrmions, we have considered Co as the FM layer. Pt is used as a heavy metal 
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with high spin-orbit coupling to provide perpendicular magnetic anisotropy (PMA) in the Co 

layer. For achieving AFM interlayer exchange coupling (IEC) between the FM layers, Ru or Ir 

is used as a spacer layer for this study. All the samples in this study have been protected from 

oxidation by using Pt as a capping layer. For the later part i.e., spin dynamics study in SAF, 

CoFeB has been considered as the FM layer having an easy axis in the plane. Here, Ir is used 

as a spacer layer for having antiferromagnetic RKKY interaction between the CoFeB layers 

and Ta is used as a capping layer to protect the magnetic thin films from oxidation. Structural 

characterization of these thin films has been investigated by performing XRR measurement 

and TEM imaging. Further, MOKE microscopy is employed to observe the hysteresis loop as 

well as domain images. To evaluate the interlayer exchange coupling and anisotropy energy, 

SQUID-VSM measurements have been performed. Topological Hall resistivity of the 

skyrmionic samples has been evaluated by performing magneto-transport measurement via 

PPMS. Nucleation of skyrmions is observed by performing MFM imaging on our samples. 

Furthermore, for the spin dynamics study in the in-plane magnetized SAF, we have performed 

FMR measurement. All the outcomes of this thesis work have been summarized below. 

Primarily, SAF samples have been prepared by considering the Pt/Co PMA system with Ru as 

a spacer layer. The sample structure considered for this study is 

Ta/Pt/Co(tCo)/Ru(tRu)/Co(tCo)/Pt. The samples having Co thickness 0.8 nm show a larger 

antiferromagnetic coupling plateau than the samples having Co thickness 1.0 nm with a similar 

variation of Ru spacer layer in both the series. The strength of the interlayer exchange coupling 

is found to be higher for the samples with lower Co thickness. However, due to some limitations 

in the measurement, we could not study the behaviour of magnetic domains in this system. In 

further studies, Ir has been considered as a spacer layer between the FM layers. The sample 

structure considered here is Si/Ta(3)/[Pt(3.5)/Co(0.8)]m/Ir(tIr)/[Co(0.8)/Pt(3.5)]n. By varying 

the Ir spacer thickness (tIr) as 1.0, 1.5 and 2.0 nm between the Co layers, three different types 
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of magnetization reversal have been observed showing FM coupling, AFM coupling i.e., SAF 

structure and canted state of magnetization reversal, respectively. Higher anisotropy energy as 

compared to the IEC energy results in a smaller intermediate angle between the magnetic 

moments of the two layers. The domain size is found to be smaller in the SAF samples than in 

the FM-coupled samples. The samples with tIr=2.0 nm with canted magnetization reversal are 

further investigated for the presence of chiral spin textures in this system. At the demagnetized 

state, a labyrinth kind of domains appeared which is observed via MFM imaging and the 

presence of skyrmions is seen after applying an external magnetic field to the samples. Further, 

we have observed a THE signal indicating the observed isolated structures to be chiral in nature. 

Therefore, skyrmion could be stabilized in an FM/NM/FM system with the FM layer thickness 

well below the spin reorientation transition by optimizing the non-magnetic spacer layer 

thickness. Further, we have considered Ir spacer thickness to have strong antiferromagnetic 

(AFM) coupling between the Co layers adjacent to the spacer. On the other hand, the effect of 

dipolar interaction has been increased by increasing the number of repetitions of the Pt/Co layer 

below and above the Ir spacer. The structure of the samples investigated in this study is 

Si/SiO2/Ta(3)/Pt(2.5)/[Pt(1)/Co(tCo)]3/Ir(1.3)/[Co(tCo)/Pt(1)]2/Pt(2.5).  

The simultaneous effect of dipolar and RKKY interaction leads to a slanted type of 

magnetization reversal giving rise to the nucleation of high-density skyrmions observed via 

MFM imaging with the application of an external out-of-plane magnetic field. Further, the 

finite THE signal from our samples confirms observed spin textures to be chiral in nature. The 

average size of the skyrmions is found to be 130-160 nm. These systems can further be explored 

for the deterministic current-induced nucleation as well as propagation of skyrmions which can 

be useful for future spintronic applications.  

Apart from applications of SAF for domains and skyrmions, it is also promising for spin 

dynamics study nowadays which can further investigate the spin waves propagation, interact, 
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and transfer spin information. SAF systems also show a great advantage as a host of magnon-

magnon coupling. In this regard, we have prepared in-plane SAF samples with Ir spacer having 

structure Ta(3)/CoFeB(10)/Ir(tIr)/CoFeB(7)/Ta(3). For exploring the possible presence of 

magnon-magnon coupling in our system, FMR measurements have been performed in the 

frequency sweep mode to extract the acoustic and optical magnon modes. However, due to the 

absence of anti-crossing gap between the acoustic and optical modes, the magnon-magnon 

coupling is absent in our system. 

Future outlook: 

In this thesis work, we have studied the domains, skyrmions and spin dynamics study in 

synthetic antiferromagnetic (SAF) systems which can be useful for spintronic applications. For 

domains and skyrmions, perpendicular magnetic anisotropic systems have been considered, 

whereas, for spin dynamics study, in-plane systems have been used. However, in the course of 

our study, we found several open questions that can be addressed in future as mentioned below.  

i. Multilayers of Pt/Co PMA system with Ru spacer in the antiferromagnetic coupling 

regime can be investigated in detail about the domain structures as well as skyrmion static 

and dynamic study. 

ii. Nano track devices can be made out of the Pt/Co multilayer system with Ir spacer layer 

where high-density skyrmions have been observed. In these devices, the current-induced 

skyrmion motion can be investigated which may have a reduced or negligible skyrmion 

Hall effect. 

iii. By optimizing the properties like DMI, anisotropy, RKKY interaction, etc., in our system, 

the size of the skyrmions can be reduced further. 

iv. The in-plane magnetized SAF systems can be tailored further to achieve robust magnon-

magnon coupling for coherent information processing.
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