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Summary 

Today’s electronic devices are rapidly achieving flexibility, giving rise to a new field of study known 

as "flexible electronics". A few remarkable inventions in this field are flexible solar cells, flexible 

displays, flexible sensors, and electronic skin. Apart from flexibility, they are also light in weight, lower 

in cost, easily portable, and provide comfort for healthcare applications in comparison to their rigid 

counterparts. As spintronic devices are an integral part of future electronics, today's spintronic devices 

must become flexible to bridge the gap between these two fields. In this context, as perpendicular 

magnetic anisotropic (PMA) thin films are prime components for spintronic devices, a lot of research 

work is going on fabricating flexible counterparts of them. This will have enormous applications 

starting from data storage technology, and sensors to healthcare applications. Integration of a flexible 

magnetic film into a curvilinear surface generates strain on the film. Depending upon the 

magnetostriction coefficient (λ) of a ferromagnet, it may or may not modify the magnetic properties of 

the film under strain. If λ≈0, the magnetic properties will remain constant under varied strain conditions. 

However, if λ≠0, then a significant strain tuning of magnetic property become possible. In this thesis 

work, Co (λ≠0) based standard PMA systems are considered (i.e., Co/Pt and Co/Pd), and the impact of 

strain application on both the structural and magnetic properties of the samples are studied. The samples 

are prepared upon both rigid Si and flexible polyimide (PI) substrates. To generate strain, the flexible 

samples are mounted upon both convex and concave-shaped molds (of different radii) which generate 

tensile and compressive strain (in the sample plane), respectively.  

First, we studied the structural and magnetic properties of a flexible Pt/Co/Pt film at both unstrained 

(i.e., flat) and strained (i.e., bent) states of the sample. It is important to note that no structural 

deformation (e.g., cracking, buckling) is observed within the elastic limit of applied strain. However, 

the impact of tensile and compressive strain was found to be opposite on modulating magnetic 

properties (e.g., magnetization reversal, magnetic relaxation, domain wall dynamics, etc.), owing to the 

induction of magnetoelastic anisotropy in the system. As the thickness of the sample was far from the 

spin-reorientation transition (SRT) region of Co/Pt, the impact of compressive strain was lower than 

the tensile strain. In this context, we further prepared Pd/Co/Pd films by varying Co thickness and found 
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that the flexible samples close to the SRT of Co/Pd show high strain sensitivity (within the elastic limit). 

Application of tensile strain increases the coercivity, whereas compressive strain decreases it, due to an 

opposite modulation of PMA under strain. Further, the domain wall (DW) velocity increases (~3 times) 

under compressive strain in comparison to the unstrained state of the sample. Within the elastic limit of 

strain, all the changes are reversible in nature. We also investigated the impact of a high-strain 

application (beyond the elastic limit) on both the Co/Pt and Co/Pd samples which inevitably introduced 

significant structural damage (e.g., cracking, buckling) to the film. In addition, magnetic properties alter 

significantly and become irreversible, indicating the impact of a plastic strain. As asymmetric and/or 

symmetric superlattice PMA structures show high interfacial Dzyaloshinskii-Moriya interaction 

(iDMI), they are a potential candidate for chiral DW-based device applications. In this context, we 

prepared a series of asymmetric Pd/Co/C60 samples and found a non-zero iDMI (~ 0.11mJ/m2) 

originating from the Co/C60 interface. Here, the spinterface formed at the Co/C60 interface helps to tune 

both the DW velocity and relaxation mechanism of the samples. The impact of strain application on the 

magnetic properties (e.g., magnetization reversal phenomena, DW dynamics, etc.) of the Pd/Co/C60/Pd 

samples is also investigated. In order to understand the impact of elastic strain application on the iDMI 

strength, we further prepared multilayered [Co/Pd]N samples, where, N = 1, 2, 3, 5, 10. Micromagnetic 

simulations are performed to mimic the experimentally obtained hysteresis loops and extract the iDMI 

strength qualitatively.  It revealed that the strength of both the magnetic anisotropy and iDMI can be 

tailored significantly via elastic strain. Thus, the tuning of magnetic anisotropy, DW velocity, and iDMI 

strength via strain is extremely promising for fabricating high-performance flexible spintronic devices.  
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zoom-in view of the yellow-marked region is shown in (c).    

5.4: SEM images of the surface of flexible Pd/Co sample in the (a) unstrained, and (b-c) strained states. 

The red marks show the buckling and cracking of the film at several places owing to high strain. The 

zoom-in view of the blister pattern is shown in (c).    

5.5: V-I curve measured via four probe technique is shown for (a) Pt/Co and (b) Pd/Co samples, before 

and after the peeling process. The solid lines are linear fits to the experimental data. 

5.6: Magnetization reversal was studied in the unstrained and strained states of both the Pt/Co and 

Pd/Co films via polar MOKE microscopy, where (a, c) hysteresis loops, and (b, d) domain images of 

both the samples. The images are associated with the points (1, 2, 3) marked in the corresponding 

hysteresis loops. The scale bar shown in the saturation images (1) is 500 µm in length and is valid for 

all the other images. 

5.7: Magnetization relaxation measurement performed at 0.99Hc field value, using the MOKE 

microscopy in the polar mode. The intensity vs. time plot is shown at the unstrained and strained states 

of (a) Pt/Co and (b) Pd/Co samples. 

5.8: Domain images captured during the relaxation measurement of both Pt/Co and Pd/Co samples. 

Here, (a-c) unstrained and (d-f) strained states domain images for the Pt/Co film, whereas (g-i) 

unstrained and (j-l) strained states domain images for the Pd/Co film. The red-marked areas highlight 

the unreversed regions of the samples. The scale bar shown in the domain image captured at 0s is 500µm 

in length and is valid for all the other images.    

6.1: XRR fits for samples S1, S2, and S3 are shown in (a), (b), and (c), respectively. 
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6.2: Magnetic properties of Pd(4)/Co(0.5)/C60(𝑡𝐶60)/Pd(2) samples, (a) hysteresis loops measured by 

polar MOKE microscopy, (b) Keff (in MJ/m3), (c) μ0HS (in T),  and (d) MS (in MA/m) were extracted 

from hysteresis loops measured by SQUID magnetometer. (e-f) ln v0 and 
𝐻
𝑑𝑒𝑝

1
4 𝑇𝑑𝑒𝑝

𝑇
 (in T0.25) extracted 

from the DW velocity measurements using MOKE microscopy [226]. 

6.3: Relaxation measurements performed at 0.99Hc field value for samples S1, S2, and S3. The solid 

lines represent the best fit by the compressed exponential function. The domain images captured during 

the thermal relaxation process at different time intervals (0, 5, and 10 seconds) is shown for sample S1 

(b-d), S2 (e-g), and S3 (h-j). The scale bar shown in image b is 500 µm in length and applies to all the 

other domain images  [226]. 

6.4: DW velocity (𝑣𝐷𝑊) vs. field (𝜇0𝐻𝑂𝑃) and 𝑙𝑛 𝑣𝐷𝑊 vs. (𝜇0𝐻𝑂𝑃)
−
1

4 plots for samples (a) S1 (b) S2, 

and (c) S3. Here, 𝜇0𝐻𝑂𝑃 represents the pulsed magnetic field applied along the OP direction. The solid 

lines represent the best fit to the creep law [226]. 

6.5: vL (pink) and vR (blue) represent the DW velocities along the left and right sides of the domains, 

plotted against the IP bias field (𝜇0𝐻𝐼𝑃) at a constant OP field (𝜇0𝐻𝑂𝑃) for samples (a) S1, (b) S2 and 

(c) S3. The solid lines represent the Bloch- Néel (B-N) fit of the curves by the modified creep law. The 

inset in each figure shows the direction of domain elongation w.r.t. 𝜇0𝐻𝐼𝑃. The scale bar for domains is 

shown in each figure separately  [226]. 

6.6: vL (black) and vR (blue) are plotted against 𝜇0𝐻𝐼𝑃, at a constant OP field (𝜇0𝐻𝑂𝑃) for the control 

samples with (a) 𝑡𝐶𝑢 = 2.0 and (b) 𝑡𝐶𝑢 = 5.0 nm. The red solid lines represent the B-N fit of the curves 

by the modified creep law [226]. 

6.7: (a) Schematic demonstration of the effective DMI in Pd/Co/C60 sample (S3), and the chirality of 

the domain walls for sample, (b) S1 (achiral Bloch) and (c) S3 (chiral Néel). Here the yellow and red 

arrows represent the directions of the applied IP field and the spins in DW, respectively [226]. 

6.8: (a) Hysteresis loops of PI-based Pd/Co/C60 samples for different thicknesses of C60 layer measured 

using MOKE microscopy, (b) coercivity vs. thickness of C60, for PI-based samples. 

6.9: (a) Hysteresis loops measured at unstrained and ~ ±1.0% strained state of flexible Pd/Co/C60 

(1.6nm) sample using polar-MOKE microscopy, (b) coercivity vs. strain plot for the Pd/Co/C60 (1.6nm) 

sample. 

6.10: Pulsed magnetic field induced DW velocity measured for flexible Pd/Co/C60 sample using MOKE 

microscopy, (a) 𝑣𝐷𝑊 vs. μ0HOP, and (b) 𝑙𝑛 𝑣𝐷𝑊 vs. (μ0HOP)-1/4 at unstrained and compressive strained 

states of the sample. 

7.1: A schematic of the [Co/Pd]N multilayer structure deposited by the DC magnetron sputtering 

technique upon both the Si and PI substrates. 
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7.2: (a) Hysteresis loops of Si based [Co/Pd]N stack measured by polar MOKE microscopy, (b) domain 

images captured near coercivity of each hysteresis loops where the scale bar shown in N=1 image is 

500 μm in length and is valid for all the other images. 

7.3: (a) Zoom-in view of the hysteresis loop of Si-based [Co/Pd]10 sample, (b) domain images captured 

during magnetization reversal from negative to positive saturation state. The domain images 

corresponds to the points marked in the hysteresis loop. The scale bar is 500 μm in length and is valid 

for all the other images. 

7.4: Variation of magnetic anisotropy (Keff), saturation magnetization (MS) and anisotropy field (HK) 

with increasing the repetition (N) of [Co/Pd] bilayer. 

7.5: (a) Hysteresis loops of PI-based [Co/Pd]N multilayer stack measured by polar MOKE microscopy, 

(b) domain images captured near coercivity of each hysteresis loop, where the scale bar shown in N=1 

image is 500 μm in length and is valid for all the other images. 

7.6: Coercivity vs. strain plot for the multilayer samples having Co/Pd bilayer repetition (a) N=1, (b) 

N=3, (c) N=5 and (d) N=10. 

7.7: Hysteresis loops measured using the polar MOKE microscopy, at unstrained and strained states of 

Co/Pd samples with (a) N=3 and (b) N=5 repetition.  

7.8: A schematic of the [Co/Pd]N multilayer structure, (a) experimentally prepared, and (b) considered 

in the simulation. Here, tm is the thickness (0.8nm) of the single FM layer, whereas tr is the thickness of 

one repetition of the Pd (0.9nm)/Co (0.8nm)/Pd (0.9nm) layer. This tr is considered as the thickness of 

the effective FM layer (tm') in the simulation. 

7.9: Simulated hysteresis loops using MuMax3 software for (a) [Co/Pd]1, (b) [Co/Pd]3, (c) [Co/Pd]5, 

and (d) [Co/Pd]10 samples. Here, the red curves are experimentally measured whereas the green curves 

are the simulated ones. 

7.10: Hysteresis loops simulated for [Co/Pd]3 sample at (a) unstrained and (b) strained states of sample 

by varying the strength of Keff and D. The red and green curves represent the experimental and simulated 

hysteresis loops, respectively.  (c) A schematic of the effect of external strain on the interatomic distance 

between HM and FM ions. The concept of the image is taken from ref. [224].  
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Chapter 1: Introduction and Fundamentals 

1.1 Introduction:  

The theoretical proposal of flexible electronics was introduced nearly a few decades ago. 

However, the first experimental achievement was gained in 1960, during the space race of 

fabricating lighter solar cells for satellites [1,2]. In this context, Si wafers successfully thinned 

down to ~100 μm and were used in satellites to increase the power-to-weight ratio with added 

flexibility. In successive years, a large step toward flexibility and processability was made with 

the development of conductive polymers, organic semiconductors, and amorphous silicon 

which served as the foundation for flexible electronic device applications [3–5]. The rapid 

expansion in the field of "flexible electronics" brought a remarkable evolution in the notion of 

traditional rigid electronic devices. These smart electronics are light-weight, less costly, 

suitable for large-scale fabrication, and provide superior comfort in healthcare applications 

than their rigid counterparts [6]. Flexible solar cells, flexible displays, flexible sensors, and 

electronic skins are only a few examples of numerous important advancements [2]. The 

successful commercialization of flexible electronics urgently requires flexible counterparts of 

all rigid spintronic devices. As magnetic thin films are an essential component of spintronic 

devices, considerable effort has been given to fabricate flexible counterparts of them. Flexible 

magnetic films can be prepared via two methods, namely (i) transfer and bonding, and (ii) 

direct fabrication on a flexible substrate [7]. In the transfer and bonding approach, high-quality 

flexible film can be prepared, however, it does not support large-area production and requires 

high cost. The direct fabrication technique can overcome the above issues, however, requires 

finding a suitable flexible substrate that survives the film deposition techniques. In this context, 

several substrates starting from thin metal foils, to flexible glass to organic polymers are 

explored [6]. Among them, organic polymers are found to be most suitable due to their high 

mechanical flexibility, good thermal stability, low elastic modulus, and safe bending radii down  
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Figure 1.1 Overview of the field of flexible spintronics. Different degrees of flexibility 

proposed in the field are (a) bend, (b) stretch, twist, and (c) wrinkle [7]. The impact of 

bending-induced strain on the (d) on the structural property of Fe4N/mica [8], (e) electronic 

property of LSMO [9], and (f) magnetic property of Co/Pt [10] films. A few important 

inventions are (g) flexible spin-orbit torque (SOT) devices [11], (h) flexible field, and (i) 

strain sensors [12,13] for flexible spintronics and healthcare monitoring applications. The 

figures are taken from the references that are cited along with each caption. 

 

to 5 mm (for 100 μm thick film). A few common polymers used in flexible film preparation are 

polyethylene terephthalate (PET), polyethylene naphthalate (PEN), polyimide (PI), 

polydimethylsiloxane (PDMS), polycarbonate (PC), polythersulfone (PES), and 

polyetheretherketone (PEEK). In comparison to the single crystal rigid substrates, these 
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polymers have a high surface roughness which requires a spin-coating or thick buffer layer 

deposition before the thin film preparation. Thus, recently a few layered materials (e.g., mica, 

graphene, etc.) are also considered as potential flexible substrates to grow epitaxial films [7]. 

It is worth mentioning that the use of flexible substrates also allows to study the impact of 

systematic mechanical strain on the magnetic film, which overcomes the scarcity of epitaxial 

strain and helps in understanding the physics of flexible spintronics. Different degrees of 

flexibility proposed in the field are, bending, stretching, twisting, wrinkling, etc. Bending and 

stretching modes generate uniaxial stress (σ) whereas twisting and wrinkling modes generate 

multidimensional stress. The response of a magnetic film to such applied strain depends on the 

magnetostrictive co-efficient (λ) of the material [14]. The mechanical strain may affect the 

crystal structure, band structure, and electronic structure of a magnetic thin film. In addition, 

the modulation in magnetic properties observed under strain is known as the inverse 

magnetostrictive effect or the Villari effect [14]. The applied strain induces a magnetoelastic 

anisotropy (MEA), which in turn affects the global anisotropy of a magnetic system and 

changes the magnetic properties. Thus, for flexible magnetic thin films, three conceivable 

outcomes are possible in the strained environment, (i) positive response (λ ≠ 0), (ii) negative 

response (λ ≠ 0), and (iii) resilience (λ = 0). The durability or resilience of flexible magnetic 

films is essential in the realm of wearable spintronic applications, whereas the system with 

positive and negative responses has significant potential for sensor and healthcare applications. 

An overview of the field of flexible spintronics is shown schematically in Fig. 1.1. The different 

modes of flexibility, e.g. bend, stretch, twist, and wrinkle are shown schematically in Fig. 1.1 

(a-c). The impacts of bending-induced strain on the structural property of Fe4N/mica (Fig. 1.1 

(d)), electronic property of LSMO (Fig. 1.1 (e)), and magnetic properties of Co/Pt (Fig. 1.1 (f)) 

are shown briefly. In addition, a few important inventions e.g., flexible SOT devices, field 

sensors, strain sensors, etc. are also depicted pictorially in Fig. 1.1 (g-i).    
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Magnetic anisotropy has always been at the center of research in the magnetism community as 

it not only decides the direction of magnetization but also controls the efficiency and power 

consumption of spintronic devices. The broad family of magnetic thin films can have mainly 

two types of magnetic anisotropy (MA), (i) in-plane magnetic anisotropy (IMA) and (ii) 

perpendicular magnetic anisotropy (PMA). However, tilted magnetic anisotropy is also 

reported in a few special cases [15]. In this context, flexible in-plane (IP) magnetic anisotropic 

films are fabricated and the impact of external strain on their electronic and magnetic properties 

is studied quite well [16,17]. However, the research on flexible PMA thin films is still in its 

early stages. PMA thin films are essential in the field of magnetic data storage technology, such 

as hard disk drives (HDDs) and magnetic random-access memory (MRAM) [18,19]. Their high 

PMA enables improved areal density while reducing crosstalk between adjacent bits. This 

provides a better signal-to-noise ratio leading to more consistent data reading and writing 

processes. In addition, the high PMA provides better thermal stability compared to the IMA 

thin films. This feature is essential for data retention and durability in high-temperature 

conditions, which make them suitable for industrial and automotive applications. Furthermore, 

the PMA thin films are used in various sensor applications, e.g., magnetoresistive sensors, 

magnetic field sensors, biosensors, etc. [20,21]. Notably, PMA thin films comprised of heavy 

metal (HM)/ferromagnet (FM) systems have the potential to originate chiral domain wall (DW) 

and skyrmions, due to the presence of significant Dzyaloshinskii-Moriya interaction (DMI) at 

the HM/FM interface. A symmetric magnetic stack (say, HM1/FM/HM1) do not originate a 

significant effective DMI, owing to the cancellation of DMI from the top and bottom HM/FM 

interfaces. In contrast to this, asymmetric structures (say, HM1/FM/HM2, HM1/FM/Oxide) 

were found to generate a strong DMI, making them a promising candidate in the field of 

spintronics and spinorbitronics [22–25]. As a HM layer enhances the damping of a system, the 

search for alternative DMI host material composed of light atoms has also drawn enough 
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research attention. A few recent studies revealed that the light atom carbon (C) based graphene 

can originate a significant Rashba-DMI from the graphene/Co interface [26,27]. Thus, to find 

alternative DMI host candidates, it is important to explore different FM/C-based interfaces. In 

this context, fullerene (C60), carbon nanotubes (CNTs) could be promising due to their expected 

high spin-orbit coupling (SOC) strength originating from the curved structure [28,29]. Thus, 

both the symmetric and asymmetric HM/FM-based stacks are very promising for future 

spintronic device applications. However, only little is known about the impact of strain 

application on the magnetic properties of flexible PMA thin films. A few reports show the 

possibility of modifying the strength of PMA via strain in flexible Co/Pt thin film [30,31]. 

Further, magnetization switching in a flexible Co/Pt thin film is also accomplished by passing 

a modest voltage through an ionic gel [10]. Recently, the strength of DMI in the Co/Pt system 

was shown to be regulated by strain, paving the door for strain-based stabilization of chiral 

structures and skyrmions [32]. A few recent investigations have also reported on the fabrication 

of flexible spin valves employing perpendicular anisotropic Co/Pd structures [33,34]. Apart 

from this, significant attention is still required in fabricating symmetric and asymmetric flexible 

PMA films and studying their magnetic characteristics at various strained conditions. In this 

context, this thesis focuses on fabricating both symmetric and asymmetric flexible PMA films 

and studying their structural and magnetic properties systematically under bending-induced 

strain. Flexible symmetric (Pt/Co/Pt, Pd/Co/Pd) and asymmetric (Pd/Co/fullerene) thin films 

are deposited upon both rigid Si and flexible polyimide substrates and their basic magnetic 

properties (e.g., magnetization reversal, magnetic anisotropy, DW dynamics, DMI, etc.) are 

studied. Further, the impact of bending-induced strain (tensile/compressive) on the structural 

and magnetic properties of the flexible films is investigated in detail.  

The first chapter of this thesis is devoted to the introduction and basic ideas required to 

comprehend the thesis work. The second chapter discusses all the experimental techniques 
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employed throughout the thesis work. The third chapter studies the impact of applying elastic 

strains on both the structural and magnetic properties (e.g., magnetization reversal, relaxation 

dynamics, and magnetic anisotropy) of symmetric Pt/Co/Pt flexible film. A reversible and 

opposite modulation of magnetic properties is observed under bending-induced tensile and 

compressive strain. Chapter 4 discusses the remarkable modulation in DW dynamics, SOC, 

and magnetization reversal phenomena via strain in a symmetric Pd/Co/Pd flexible film, owing 

to the high λ of the Pd/Co system. Notably, a switching of magnetic anisotropy from out-of-

plane (OP) to IP direction is also achieved by applying a minimal strain. The fifth chapter 

shows the impact of applying a large peeling strain (beyond the elastic limit) on the structural 

and magnetic properties of both flexible Pt/Co and Pd/Co films deposited on Kapton. Structural 

deformation, e.g., cracking, buckling, and blister formation is observed under such high strain. 

Further, the damage to the film introduced irreversible changes in the magnetic properties of 

the film. In Chapter 6 of the thesis, asymmetric Pd/Co/C60/Pd samples are prepared and a non-

zero interfacial DMI is reported for the first time from a Co/C60 interface. The impact of 

interfacial hybridization (present at the Co/C60 interface) on the magnetic properties is also 

studied in detail. Further, the effect of applying bending-induced strain on the magnetic 

properties of the samples is also explored. In Chapter 7, we discussed the magnetic properties 

of [Co/Pd]N multilayer structure. With increasing N, a systematic change in coercivity, loop 

shape, and domain structure is observed. Micromagnetic simulations revealed that a systematic 

modification in the magnetic anisotropy, demagnetizing energy, and DM interactions are the 

key factors behind the observed changes. It also indicates that the strength of the magnetic 

anisotropy and the interfacial DMI (iDMI) possibly could be tailored via external strain. As a 

result, while adding to the field of flexible spintronics, this thesis work also demonstrates that 

strain engineering could be a promising technique to meet the quest of designing smaller, faster, 

and more energy-efficient future spintronic devices.  
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1.2 Magnetic anisotropy:  

Magnetic anisotropy is defined as the directional dependence of magnetic properties (e.g., 

spontaneous magnetization, coercivity, magnetization reversal, etc.) in any material. The shape 

of a hysteresis loop (M-H or B-H curve) is strongly affected by the magnetic anisotropy of a 

material. As magnetic anisotropy holds significant importance in deciding the performance of 

a spintronic device, a thorough understanding of the subject is very crucial. Depending on the 

origin, there could be several types of magnetic anisotropy as mentioned in the 

following [35,36], (a) magnetocrystalline anisotropy (origin is spin-orbit coupling), (b) shape 

anisotropy (origin is dipolar interaction), (c) stress anisotropy (origin is magnetostriction and 

SOC), (d) surface/interface anisotropy (origin is interfacial in nature). 

1.2.1 Magnetocrystalline anisotropy: Magnetocrystalline anisotropy (MCA) arises mainly 

due to the spin-orbit coupling (SOC) of a material. In a lattice composed of atoms, the atomic 

orbitals having nearly quenched orbital momentum are coupled strongly with the lattice. This 

orbit-lattice coupling is considered strong compared to the spin-orbit coupling because unlike 

spins the external magnetic field cannot rotate the orbital magnetic moments. Thus, the spin is 

coupled to the orbit, and the orbit is coupled to the lattice. Therefore, when a magnetic field is 

applied to rotate the spin of an electron, it gets affected by the SOC. Here, the energy required 

to align the spins is mainly the energy needed to overcome the SOC [36]. This energy is well 

known as the magnetic anisotropy energy. Along the easy axis (EA) the energy required to align 

the spins will be minimal, whereas along the hard axis (HA) the energy will be maximum. In a 

crystalline material, the spontaneous magnetization aligns along a certain crystal axis direction, 

known as the EA. Here, as the nature of anisotropy is related to the crystallinity of the material, 

it is well-known as magnetocrystalline anisotropy or MCA. The MCA energy (𝐸𝑐𝑟𝑦𝑠) can be 

represented as a series expansion of the direction cosines () of saturation magnetization (Ms) 

w.r.t the crystal axes, as written below [35,36], 
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𝐸𝑐𝑟𝑦𝑠 = 𝐸0 + ∑ 𝑎𝑖𝑗𝑖


𝑗
+ ∑ 𝑎𝑖𝑗𝑘𝑙𝑖


𝑗


𝑘


𝑙𝑖𝑗𝑘𝑙𝑖𝑗                                 (1.1) 

where, a is the anisotropy energy coefficient. Depending upon the crystallinity (e.g., uniaxial, 

cubic, or hexagonal) there can be one or several EA and HA in a crystalline material. For 

uniaxial anisotropy, only one EA exists in between 180º intervals. However, for cubic 

anisotropy two EAs are located mutually perpendicular to each other within a 180º interval. 

1.2.2 Shape anisotropy:  In the case of a polycrystalline material the random orientation of its 

grains does not contribute to MCA. Instead, here shape anisotropy comes into play due to the 

dipolar interaction. In the case of finite size of samples free poles appear at their surfaces. 

Depending on the shape it may or may not create a preferential orientation for the 

magnetization. In the case of a spherical shape, no preferential orientation of magnetization is 

found as it has the same diameter in all directions. However, if we consider a rectangular shape 

then the number of free poles along the short axis will be higher than that of the long axis. 

These free poles will generate a stray field outside the object which in turn will generate a 

strong demagnetizing field inside the object. Thus, the total field acting inside the material will 

be reduced. To reduce such stray fields the magnetization of the object tries to align along the 

long axis. Thus, the shape of a material also creates a preferential orientation for its 

magnetization, known as shape anisotropy. In general, the stray field energy density for a 

magnetic sample is given by [35,36],  

𝐸𝑠𝑡𝑟𝑎𝑦 = −
1

2
∫ 𝜇0𝑴.𝑯𝒅𝒆𝒎𝒂𝒈 𝑑𝑉                                          (1.2) 

where, 𝐻𝑑𝑒𝑚𝑎𝑔  is the demagnetizing field present inside a sample. For a homogeneously 

magnetized specimen, Hdemag = -N.M, which depends on both the magnetization and the shape 

of a specimen. For an infinitely long and extremely thin plate, the stray field energy can be 

written as  [35,36], 
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𝐸𝑠𝑡𝑟𝑎𝑦 =
1

2
𝜇0𝑀

2𝑐𝑜𝑠2휃                                                 (1.3) 

where, 휃 is the angle between the magnetization (𝑀) and the normal of the sample plane (i.e., 

z-axis). For 휃 = 90°, the stray field energy becomes minimum, which indicates that the stray 

field energy favours the magnetization to be oriented in the sample plane. Thus, it induces an 

IP magnetic anisotropy in the magnetic thin films and multilayers. To reduce the stray field 

further, a specimen is usually divided into domains having different spontaneous 

magnetization. 

1.2.3 Stress anisotropy: Stress anisotropy arises due to the presence of stress/strain in a 

magnetic material. In other words, applying mechanical pressures or stresses to a material can 

change the alignment of its magnetic domains or spins. Magnetostriction plays a crucial role in 

this context. Thus, to understand the origin of such stress anisotropy we will first discuss about 

the direct and inverse magnetostrictive effects. 

Direct and inverse magnetostrictive effects: Magnetostriction is the phenomenon where the 

application of a magnetic field changes the dimension of a material [14,37,38]. In the year 1842 

Joule found that the length of a Fe rod changes when magnetized by applying a field along its 

length. This effect is known as the Joule effect [39]. The origin of magnetostriction lies in the 

SOC of a material. Due to the SOC, the electron’s spin is coupled to the orbit, and the orbit is 

coupled to the lattice as explained earlier. The relation between SOC and magnetostriction can 

be explained in a crude way as shown in Fig. 1.2. Above Curie temperature (TC), all the spins 

of a FM are randomly oriented, whereas, below TC they achieve a spontaneous magnetized 

state due to the exchange interaction. Such alignment of spins causes a slight alignment of the 

electron orbits as they are coupled via SOC and induce spontaneous magnetostriction in the 

material, as shown in Fig. 1.2. When a magnetic field is applied along a non-easy direction the 

rotation of the spin moments further introduces field-induced magnetostriction in the material. 
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However, the rotation of the electron orbit as shown in Fig. 1.2 is only for illustration purposes 

and is far from reality. In reality, only a small orientation of the electronic orbit takes place and 

hence, the magnitude of magnetostrictive strain becomes very small. The magnetostrictive 

strain is denoted by λ (=
𝑐ℎ𝑎𝑛𝑔𝑒 𝑖𝑛 𝑙𝑒𝑛𝑔𝑡ℎ

𝑜𝑟𝑖𝑔𝑖𝑛𝑎𝑙 𝑙𝑒𝑛𝑔𝑡ℎ
=

∆𝑙

𝑙
), to distinguish it from the strain ε that occurs due 

to an applied stress σ. Depending upon the material, λ can be either positive (tensile strain), 

negative (compressive strain), or even zero [40,41]. However, the magnitude of λ is usually 

very small (~ 10-5) even for highly magnetic materials owing to their quenched orbital angular 

momentum. Generally, a strain gauge is used to measure the magnetostrictive strain, where the 

change in length is measured in terms of resistance. Due to the smallness of magnetostriction, 

the impact of the direct magnetostrictive effect is usually neglected for real-life applications. 

However, an inverse effect also exists where the application of stress changes the magnetic 

properties of a sample, known as the inverse magnetostrictive effect or the Villari effect [14]. 

 

Figure 1.2. Schematic representation of the mechanism of magnetostriction. The concept of 

the image is taken from ref. [37]. 
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The anisotropy associated with this effect is known as stress-induced anisotropy or magneto-

elastic anisotropy (MEA). However, under large applied stresses, permanent deformation 

occurs which leads to strong irreversible changes in structural and magnetic properties. If a 

material has isotropic magnetostriction (𝜆𝑖) then the magnetoelastic energy per unit volume 

can be written as [14], 

𝐸𝑀𝐸𝐴 =
3

2
𝜆𝑖𝜎𝑠𝑖𝑛2휃                                                          (1.4) 

where, 𝜎 is the applied stress and 휃 is the angle between the saturation magnetization (MS) and 

the applied stress axis. Stress anisotropy is also uniaxial in nature, where the anisotropy 

constant can be written as, 𝐾𝑀𝐸𝐴 =
3

2
𝜆𝑖𝜎. The strength of 𝐸𝑀𝐸𝐴 depends on the sign of the 

product of 𝜆𝑖𝜎. If 𝜆𝑖𝜎 = (+)ve, 𝐸𝑀𝐸𝐴 will be minimum at 휃 = 0°, indicating that the EA will 

be oriented along the stress axis. Figure 1.3 represents a simple example of this effect 

considering a specimen with positive magnetostriction (𝜆𝑖 > 0). Initially, the specimen is in a 

demagnetized flux closure state, as depicted by four domains of different colours. Upon 

application of tensile stress (𝜎 > 0), the product of 𝜆𝑖𝜎 becomes positive which prefers the 

growth of domains parallel to the stress axis. Whereas the perpendicular domains contract as 

they possess high 𝐸𝑀𝐸𝐴. With further increasing stress, two 90° domains disappear giving rise 

to a two-domain state which are parallel to the stress axis. Thus, the stress axis becomes EA 

when 𝜆𝑖𝜎 > 0. In the other case, if 𝜆𝑖𝜎 = (−)ve, then the stress anisotropy will act along a 

direction i.e., perpendicular to the stress axis. Thus, applied stress alone can induce an EA of 

magnetization, in the absence of other anisotropies. However, in the presence of other 

anisotropies (e.g., crystal or interface anisotropy) the EA is decided by the stronger one. The 

strain generated via different methods e.g., lattice-mismatch, temperature annealing, and 

mechanical deformation can originate a MEA in the magnetic thin films and multilayers. 
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Figure 1.3. Schematic of the magnetization orientation in a specimen having positive 

magnetostriction (𝜆𝑖 > 0) under the application of tensile stress (𝜎 > 0). (a) The initial 

demagnetized state of the specimen, (b) the application of tensile stress helps to grow the 

domains parallel to the stress axis, and (c) the final two-domain state in the presence of high 

stress [14,42]. The concept of the image is taken from ref. [36]. 

 

1.2.4 Surface and interface anisotropy: All the above-mentioned anisotropies originate from 

the volume of the system and hence give rise to mainly a volume anisotropy (𝐾𝑉), which prefers 

to lie in the plane of the sample. However, in the case of reduced dimensionality, e.g., for 

ultrathin magnetic films, the surface/interface plays a crucial role due to the broken inversion 

symmetry there. Thus, a surface/interface anisotropy (𝐾𝑆) comes into play which may dominate 

the volume anisotropy. Hence, the effective anisotropy (𝐾𝑒𝑓𝑓) of a magnetic system can be 

divided phenomenologically into two parts as written below [35,43,44], 

𝐾𝑒𝑓𝑓 = 𝐾𝑉 +
2𝐾𝑆

𝑡
                                                       (1.5) 

where, 𝑡 is the thickness of the ferromagnetic film. Factor 2 in the second term of the right-

hand side is due to the two surfaces or interfaces of a magnetic film where the inversion 

symmetry is found to be broken. Depending upon the thickness (𝑡) of the magnetic film a 

sample may have an IP or an OP magnetic anisotropy, as shown in Fig. 1.4. If we plot 𝐾𝑒𝑓𝑓. 𝑡 
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vs. 𝑡, then for 𝑡 > 𝑡𝐶 , the sample will have an IP anisotropy due to the dominant volume 

contribution. Whereas, for 𝑡 < 𝑡𝐶, the sample will have an OP anisotropy due to the dominance 

of surface contribution. Thus, above a critical thickness (𝑡𝐶) the spin-reorientation transition 

(SRT) takes place which changes the anisotropy from the OP to the IP direction. At 𝑡𝐶, as the 

effective anisotropy goes to zero, it can be deduced as, 𝑡𝐶 = −
2𝐾𝑆

𝐾𝑉
. The slope of the 𝐾𝑒𝑓𝑓 . 𝑡 vs. 

𝑡 curve helps to determine 𝐾𝑉, whereas the intercept helps to determine the surface anisotropy 

(𝐾𝑆), as indicated in Fig. 1.4 [35,43]. As the shape anisotropy has a dominant volume 

contribution (𝐾𝑉), the IP magnetic anisotropy is usually negative, whereas the OP anisotropy 

is positive. Apart from the above-discussed anisotropies, the magnetization of a magnetic 

material also can be influenced by several external stimuli such as magnetic annealing, stress 

annealing, plastic deformations, temperature changes, and magnetic irradiation. These 

processes also may induce an anisotropy to magnetic materials known as induced magnetic 

anisotropy [45]. 

 

Figure 1.4. SRT is observed in a Co/Pd multilayer by varying the thickness (𝑡) of the Co 

layer. Here the slope of the graph represents volume anisotropy (𝐾𝑉) whereas the intercept 

represents surface anisotropy (𝐾𝑆) [35,43]. The image is taken from ref. 35. 
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1.3 Magnetic Interactions: The behaviour of a magnetic material is controlled by different 

kinds of magnetic interactions that act between the magnetic moments (such as atomic or 

molecular spins). These interactions are essential in determining the overall magnetic 

characteristics of a substance. Several kinds of magnetic interactions that can exist in a 

magnetic material are as follows, exchange interaction (direct and indirect), magnetostatic or 

dipolar interaction, anisotropic interaction, and Zeeman interaction [35,46]. 

1.3.1 Exchange interaction: The exchange interaction acts between the spins of two 

neighbouring atoms. It is short-range and strongest interaction between two adjacent magnetic 

spins which decides the magnetic order in a material. Considering all the nearest neighbour 

atomic spins the exchange energy for a magnetic system can be written as [35,46],  

𝐸𝑒𝑥𝑐ℎ𝑎𝑛𝑔𝑒 = −∑ 𝐽𝑖𝑗𝑺𝒊. 𝑺𝒋𝑖𝑗                                                (1.6) 

where, 𝑆𝑖 and 𝑆𝑗 are the two neighbouring spins and 𝐽𝑖𝑗 is the exchange coupling constant 

between these two spins. If 𝐽𝑖𝑗 > 0, the neighbouring spins are coupled parallel to each other 

leading to a ferromagnetic order. However, if 𝐽𝑖𝑗 < 0, the adjacent spins are aligned antiparallel 

giving rise to an anti-ferromagnetic order. When the two adjacent spins directly interact with 

each other, it is called a direct exchange interaction. However, it cannot explain magnetic 

ordering in all materials due to inadequate direct overlap between the nearest atomic orbitals. 

Hence, several indirect exchange interactions also have been explored as discussed below [46]. 

RKKY interaction: This indirect exchange interaction acts between two metallic magnetic 

ions mediated by a conduction electron [47]. Here, the magnetic moment of a metallic ion 

induces spin-polarization to the conduction electrons which then couples the adjacent magnetic 

ion at a distance r apart. It is named as RKKY interaction, by taking the initial letters of the last 

name of its discoverers i.e., Ruderman, Kittel, Kasuya, and Yosida. It is a long-range oscillatory 

interaction that depends on the distance r between the magnetic ions as written below [46], 
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𝐽𝑅𝐾𝐾𝑌(𝑟) 𝛼 
 cos (2𝑘𝐹𝑟)

𝑟3
                                                   (1.7) 

where, 𝑘𝐹 is the radius of a spherical Fermi surface.    

Anisotropic exchange interaction: It is an anti-symmetric exchange interaction where the 

excited state of one magnetic ion (produced by the SOC of that ion) couples with the ground 

state of another magnetic ion. It falls under the category of indirect exchange interaction since 

it is mediated through the spin-orbit interaction, and is well known as Dzyaloshinskii-Moriya 

interaction (DMI) [48–50].  The Hamiltonian for the DMI interaction can be written as [46], 

𝐻𝐷𝑀𝐼 = −∑ 𝑫𝒊𝒋. (𝑺𝒊 × 𝑺𝒋)𝑖𝑗                                               (1.8) 

where, 𝑫𝒊𝒋 = 𝐷( �̂�𝒊𝒋 × �̂�) is the DMI constant. Here,  �̂�𝒊𝒋 is the unit vector along the line joining 

the two spins 𝑺𝒊 and 𝑺𝒋 and �̂� is the unit vector along the surface's normal direction. The strength 

of 𝑫𝒊𝒋 depends on several factors, e.g., the crystal structure, the SOC strength, etc. 

Minimization of DMI energy favours the two adjacent spins 𝑺𝒊 and 𝑺𝒋 to be aligned 

perpendicular to each other.   

Superexchange interaction: This indirect interaction takes place between two magnetic ions 

separated by a non-magnetic ion. As the interaction couples two non-neighbouring magnetic 

ions via an intermediate non-magnetic ion, this does not fall into the category of short-range 

exchange interaction. Hence, it is also called as superexchange interaction [35,46]. This kind 

of interaction mainly occurs in ionic oxides or fluorides e.g., MnO, where two Mn2+ ions 

interact via an O2- ion [51].  

1.3.2 Magnetostatic interaction: This interaction takes place between two magnetic dipoles, 

whose strength depends upon the relative alignment and distance between the two dipoles. It 

is a long-range interaction and does not affect the local magnetic ordering. The energy 
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associated with this interaction is known as magnetostatic stray field energy or demagnetizing 

energy and can be expressed as equations 1.2 and 1.3, as discussed earlier. 

1.3.3 Zeeman interaction: The splitting of atomic energy levels under the application of a 

magnetic field is well known as the Zeeman effect. In the case of a magnetic material, it 

describes an interaction between the magnetic moment of an atom and the applied magnetic 

field. The energy associated with this interaction is called the Zeeman energy and is expressed 

as [35], 

𝐸𝑍𝑒𝑒𝑚𝑎𝑛 = −𝒎.𝑩                                                   (1.9) 

where, 𝒎 is the magnetic moment and 𝑩 is the applied field. To minimize Zeeman energy, the 

magnetic moment tends to align along the applied field direction.  

An interplay between the above-mentioned energy terms leads to the observed magnetic 

phenomena in a material, including the shape of the hysteresis curve, domain structure, and 

magnetization dynamics.  

1.4 Magnetic domain and domain wall:  

1.4.1 Formation of domain and domain wall:  A domain is a region in magnetic material 

where all the magnetic moments align parallel to each other, as introduced by Pierre Weiss in 

1907 [52]. In an ideal case, a magnetic material with a finite exchange and anisotropy energy 

should exist in a single domain state, where all the spins will be aligned in a particular direction. 

However, in such cases, stray field energy increases abruptly. To reduce such energy a single 

domain state gets divided into multiple domains, where the spontaneous magnetization of each 

domain can be randomly oriented [53]. Two domains having different magnetization 

orientations are separated by a wall of finite width, known as a domain wall (DW) [54]. Within 

the DW, magnetic moments rotate continuously to change their orientation from one easy 

direction to the other [52,53]. As exchange energy favours the parallel orientation of spins, the 
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antiparallel magnetization of two adjacent domains gives rise to a large exchange energy. In 

order to minimize the exchange energy, it tries to form a wide DW where the adjacent spin 

moments rotate at a very small angle. However, the presence of crystalline anisotropy does not 

prefer such a small rotation due to the alignment of a large number of spins along non-easy 

directions. Thus, anisotropy energy tries to make the width of the wall very thin. A balance of 

these two energies finally gives rise to a finite width of the DW. As the spin moments in the 

wall are neither parallel to each other nor aligned along the EA, it acquires some finite energy, 

known as DW formation energy (𝜎𝐷𝑊). The width and energy of the wall can be calculated 

using a continuum model. As the magnetization rotates continuously inside the DW, one can 

write, 𝜑 = 𝑓(𝑥). Thus the exchange energy with a continuum model can be expressed as [53],  

𝐸𝑒𝑥 = −2𝐴 cos (
𝑑𝜑

𝑑𝑥
) 

where, 𝐴 (=
𝑛𝐽𝑆2

𝑎
) is the exchange stiffness expressed in terms of 𝑛 (no. of atoms per unit cell) 

and 𝑎 (lattice parameter). Here, 
𝑑𝜑

𝑑𝑥
 represents the rate of change in local magnetization direction 

with the position inside the DW. Using the series expansion of cos (
𝑑𝜑

𝑑𝑥
) and neglecting the 

higher order terms due to the smallness of 𝜑, the above equation can be rewritten as [53], 

𝐸𝑒𝑥 = −2𝐴 + 𝐴 (
𝑑𝜑

𝑑𝑥
)
2

                                        (1.10) 

where, the first term is a constant and the second one represents the exchange energy associated 

with the wall. Further, the anisotropy energy in general can be written as,  

𝐸𝐾 = 𝑔(𝜑)                                                   (1.11) 

where, 𝜑 is the angle between the magnetization (M) and the easy axis. In the case of a finite 

wall width, the torque resulting from the exchange and anisotropy energy should balance each 

other, giving rise to zero net torque. The torque due to exchange energy is [53],  
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𝐿𝑒𝑥 =
𝜕𝐸𝑒𝑥

𝜕𝜑
= 𝐴 

𝜕 (
𝜕𝜑
𝜕𝑥

)
2

𝜕𝜑
= 2𝐴

𝜕𝜑

𝜕𝑥

𝜕2𝜑

𝜕𝑥2

𝜕𝑥

𝜕𝜑
= 2𝐴

𝑑2𝜑

𝑑𝑥2
 

  Similarly, the torque due to the anisotropy energy is [53], 

𝐿𝐾 =
𝜕𝐸𝐾

𝜕𝜑
=

𝜕𝑔(𝜑)

𝜕𝜑
 

At the equilibrium position, the resultant torque should be zero. Thus,  

2𝐴
𝜕2𝜑

𝜕𝑥2 +
𝜕𝑔(𝜑)

𝜕𝜑
= 0                                              (1.12) 

at each point of the wall [53]. Therefore, multiplying equation 1.12 by (
𝜕𝜑

𝜕𝑥
)  and integrating 

over 𝑥, the first term of equation 1.12 becomes 𝐴 (
𝑑𝜑

𝑑𝑥
)
2

, whereas the second term becomes 

𝑔(𝜑). This indicates that the balance of torque requires [53], 

𝐴 (
𝑑𝜑

𝑑𝑥
)
2

= 𝑔(𝜑)                                                 (1.13) 

Therefore, the DW formation energy can be written as, 

𝜎𝐷𝑊 = 𝜎𝑒𝑥 + 𝜎𝐾 = ∫ [𝐴 (
𝑑𝜑

𝑑𝑥
)
2

+ 𝑔(𝜑)] 𝑑𝑥
+∞

−∞
. 

Using equation 1.13, 𝜎𝑤𝑎𝑙𝑙 can be rewritten as [53], 

𝜎𝐷𝑊 = ∫ 2𝑔(𝜑) 𝑑𝑥
+∞

−∞

 

For uniaxial anisotropy, 𝑔(𝜑) = 𝐾𝑈 𝑠𝑖𝑛2𝜑, the DW energy for a 180º wall will take the 

form [53], 

𝜎𝑤𝑎𝑙𝑙 =  2√𝐴𝐾𝑈 ∫ 𝑠𝑖𝑛𝜑 𝑑𝜑
𝜋

0
= 4√𝐴𝐾𝑈                                    (1.14) 
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Now the DW thickness can be considered as the value of 
𝑑𝜑

𝑑𝑥
 obtained at the center of the wall. 

In the case of uniaxial anisotropy, 
𝑑𝜑

𝑑𝑥
  obtains a value√

𝐴

𝐾𝑈
 at the center of the wall, and hence, 

the effective wall thickness can be written as [53],  

𝛿𝐷𝑊 = 𝜋√
𝐴

𝐾𝑈
                                                       (1.15) 

Notably, the formation of a multi-domain ground state entirely depends upon the balance 

between the stray field energy and the DW formation energy. The stray field energy can be 

reduced to zero by the formation of flux closure-type domain states proposed by Landau and 

Lifshitz, as shown in Fig. 1.5 [55].  

 

Figure 1.5. Flux closure-type domain formation to reduce the stray field energy, (a) single 

domain state (with high stray field energy), (b) two-domain state (with reduced stray field 

energy), and (c) flux-closure domain state (with zero stray field energy).   

 

1.4.2 Different types of DWs: Depending upon the magnetization orientation of two 

neighbouring domains the DW can be classified into several types as described below [35,53]. 

 (a) 180º DW: Here the DW separates two domains having opposite orientations of spontaneous 

magnetization. This type of DW occurs mainly in uniaxial FMs, e.g., Co.  
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(b) 90º DW: Here the DW lies between two domains having magnetization perpendicular to 

each other. In the case of triaxial FMs, e.g., bcc-Fe, such 90° DWs are observed. 

Apart from the above, a material with four axes e.g., fcc-Ni (with EA along (111) direction) 

may show 180º, 109º, and 71º DWs [35,42,53].     

Bloch wall and N�́�el wall: 180º DWs can be divided into two types, Bloch wall [54] and Néel 

wall [56], depending upon the rotation of spins in the wall. In the case of a Néel wall, the spins 

rotate perpendicular to the plane of the DW as shown in Fig.1.6 (a). Whereas for a Bloch wall, 

the spins rotate parallel to the plane of the DW, as shown in Fig. 1.6 (b).  In the case of magnetic 

thin films with a thickness comparable to the thickness of the DW, the formation of Bloch wall 

creates free poles near the surface of the thin film. To reduce the stray field from these poles, 

thin film usually consists of Néel wall where the poles are created at the surface of DW. In 

contrast to this, for perpendicular magnetic anisotropic thin film, the formation of Bloch wall 

sometimes found to be preferable over Néel wall, to reduce the stray field energy of the system.  

However, in presence of sufficient DMI, Néel wall also can be formed in PMA samples. 

Irrespective of the kind of DW, the DW width (𝛿𝐷𝑊) is always proportional to√
𝐴

𝐾𝑢
 , whereas, 

the DW energy (𝜎𝐷𝑊) is proportional to √𝐴𝐾𝑢, where, 𝐴 and 𝐾𝑢 are the exchange and uniaxial 

anisotropy constants, respectively [35,53,57]. For magnetic thin films and multilayers, the DW 

width can be a few hundred of angstroms. 

 

Figure 1.6. Magnetization rotation in the case of (a) Néel wall and (b) Bloch wall. 
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1.4.3 Magnetization reversal: Magnetization reversal is a process where the magnetization 

orientation in a FM reverse from its initial saturation state to the other opposite state via 

different external stimuli e.g., magnetic field, temperature, stress, spin-transfer-torque, SOT, 

etc. The study of magnetization reversal holds significant importance starting from 

fundamental understanding to spintronic device applications. When a magnetic field is applied 

to a ferromagnetic sample, it exerts a torque (𝝉 = 𝑴 ×  𝑯) on the magnetic moments and tries 

to align them along the applied field direction to minimize the energy. However, due to the 

internal domain structure in a FM film, rotation of the spin moment does not happen linearly 

with the applied field. Instead, the magnetization always lags the field. Due to this, the magnetic 

field (H) versus magnetization (M) graph takes the shape of a loop, known as a hysteresis loop, 

as shown in Fig. 1.7. The magnetization reversal phenomena occurs mainly via two dominant 

mechanisms, DW motion and coherent rotation of spins [58,59]. If a ferromagnetic sample 

initially exists in a demagnetized state, the application of a magnetic field grows the domains 

that are aligned parallel to the field direction at the expense of the other unfavourable domains. 

As the sample acquires a small magnetization, the initial portion OA of the hysteresis loop is 

quite reversible in nature, as shown in Fig. 1.7. Further with increasing field a considerable 

increase in magnetization achieved by irreversible DW displacement, indicated by the portion 

AB of the loop. At the saturation field (HS), all domains rotate to align along the field direction 

and attain the magnetic saturation (MS) as indicated by point C in Fig. 1.7. The ferromagnetic 

sample acquires a finite magnetization even upon removal of the field, known as remanent 

magnetization or remanence (Mr). The magnetization eventually goes to zero at a finite 

negative applied field, known as magnetic coercivity (HC). The ratio of 
𝑀𝑟

𝑀𝑆
 is known as the 

squareness (S) of a loop. In the case of a highly anisotropic magnetic sample, S attains a value 

1 along EA, and 0 along HA. The two main mechanism that governs a magnetization reversal 

phenomenon is discussed in the following.  
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Figure 1.7. A hysteresis loop showing the variation of magnetization (M) with applied 

magnetic field (H). 

 

1.4.3.1 Domain wall motion: In the case of a thin film, a DW can be considered as a one-

dimensional (1D) elastic interface moving through a two-dimensional (2D) disordered media. 

Along EA, a hysteresis loop usually resembles a square shape with a value of  
𝑀𝑟

𝑀𝑆
 nearly equal 

to 1, as shown in Fig.1.8 (a). Here at the positive saturation, the sample exhibits a single-domain 

state. By reversing the field direction domain nucleation event occurs from the impurities or 

low anisotropic regions of the sample. The blue line represents the DW between two adjacent 

domains with opposite magnetization orientations. A sample may have more than one 

nucleation site depending on the quality of the film. With increasing the applied field DW 

moves and more spins switch to increase the area of the nucleated domains. At coercivity, a 

sample should have an equal amount of oppositely magnetized domains, leading to zero net 

magnetization. Finally, the sample achieves the opposite saturation by converting again to a 

single domain state, as shown schematically in Fig. 1.8 (a). Along EA, the magnetization 

switches from one saturation state to the other only above a particular field value. However, 

along HA a gradual rotation of spins is observed with increasing the field values. 
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Figure 1.8. Schematic representation of the magnetization reversal phenomena via two 

dominant mechanisms, (a) DW motion and (b) coherent rotation. 

 

1.4.3.2 Coherent rotation: Coherent rotation usually describes the magnetization reversal of 

single-domain nanoparticles. However, in the case of an anisotropic magnetic thin film such 

rotation is also observed along the HA of the system, as shown in Fig. 1.8 (b). Along HA the 

hysteresis loop takes S shape. Here, all the spins rotate coherently from a single domain state 

without forming any domain. Coherent rotation is an easier process than DW motion, as for the 

latter case, a complex interaction between the 1D wall with the structural inhomogeneity takes 

place. So, it can be concluded that the DW motion and coherent rotation are the two dominant 

mechanisms via which magnetization reversal takes place. Apart from these, magnetization 

reversal may also occur via both partial rotation of spins and DW motion, depending upon the 

pinning energy barrier in the sample. Understanding these processes is important for the 

development of magnetic memory, storage devices, and sensor applications [57]. 

1.5 Magnetization dynamics: In the case of a magnetic material, the evolution of 

magnetization with time is known as the magnetization dynamics. The Landau-Lifshitz-Gilbert 

(LLG) equation describes the change in magnetization vector with time in the presence of a 

magnetic field and damping. This is mainly a torque equation, developed first by Landau and 

Lifshitz [60], where the damping term was introduced later by Gilbert [61]. The magnetic 
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moment associated with an electron motion in a circular loop of radius r can be written as, 𝝁 =

𝑖𝑨, where 𝐴 = 𝜋𝑟2, is the area of the loop. The angular momentum (L) for electrons circular 

motion can be written as, 𝑳 = 𝒓 × 𝒑 =  𝒓 × 𝑚𝑒𝒗, where 𝒎𝒆 is the mass of an electron. Then 

the magnetic moment can be expressed in terms of angular momentum as, 

𝝁 = 𝑖𝑨 = −
𝑒𝒗

2𝜋𝒓
 ×  𝜋𝒓𝟐 = −

𝑒

2𝑚𝑒
 𝑳 = −𝛾𝑳                                   (1.16) 

where, 𝛾 =
𝑒

2𝑚𝑒
 is the gyromagnetic ratio. The time variation of magnetic moment can be 

written as,  

−
1

𝛾

𝑑𝝁

𝑑𝑡
=

𝑑𝑳

𝑑𝑡
=  𝝉                                                      (1.17) 

where, 𝝉 is the torque applied to the magnetic moments. In the presence of a magnetic field, 

the torque can be written as, 𝝉 = 𝑴 × 𝑯𝑒𝑓𝑓, where 𝑴 = 𝑁𝝁, is the total magnetic moment of 

the material considering N number of atomics spins. 𝑯𝑒𝑓𝑓 is the effective magnetic field which 

can be written as,  𝑯𝑒𝑓𝑓 = 𝑯𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙 + 𝑯𝑒𝑥𝑐ℎ𝑎𝑛𝑔𝑒 + 𝑯𝑎𝑛𝑖𝑠𝑜𝑡𝑟𝑜𝑝𝑦 + 𝑯𝑑𝑒𝑚𝑎𝑔. Hence, equation 

1.17 can be re-written as,  

𝑑𝑴

𝑑𝑡
= −𝛾(𝑴 × 𝑯𝑒𝑓𝑓)                                                 (1.18) 

The R.H.S. of the above equation represents a precessional motion of the magnetization around 

the effective magnetic field. However, in the case of a real system, the precession does not 

continue for an infinite time. Instead, it gets slowly damped out and aligns along the field 

direction. Thus, Landau – Lifshitz (LL) introduced a damping term in equation 1.18 and the 

modified equation can be written as, 

𝑑𝑴

𝑑𝑡
= −𝛾(𝑴 × 𝑯𝑒𝑓𝑓) −

𝜆

𝑀𝑠
2 [𝑴 × (𝑴 × 𝑯𝑒𝑓𝑓)]                          (1.19) 
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where, 𝜆 is a phenomenological LL damping term and MS is the saturation magnetization. Here, 

the 2nd term of R.H.S. represents a damping-like torque that acts along the center of the circular 

precessional motion and reorients the magnetization along the field direction. Further, Gilbert 

has introduced a dimensionless damping parameter (α) and the modified equation can be 

written as, 

𝑑𝑴

𝑑𝑡
= −𝛾(𝑴 × 𝑯𝑒𝑓𝑓) +

𝛼

𝑀𝑠
(𝑴 ×

𝑑𝑴

𝑑𝑡
)                                (1.20) 

where, 𝛼 =
𝜆

𝛾𝑀𝑠
 , is the Gilbert damping constant. This modified equation is well-known as the 

Landau-Lifshitz-Gilbert equation. A schematic of the magnetization precession in the presence 

of both applied field and damping torque is shown in Fig. 1.9.  

 

Figure 1.9. Schematic representation of magnetization (𝑴) precession around an effective 

field (𝑯𝑒𝑓𝑓) in (a) absence and (b) presence of damping parameter. 

 

1.6 Magnetic field-induced domain wall dynamics: Domain walls of any 

ferromagnetic  [62–64] or ferroelectric [65] thin film can be considered as a 1D elastic interface 

that moves through a 2D disorder media. Similar behaviour also can be observed during fluid 

propagation in a porous medium or through a disordered substrate [66]. Similarly for biological 
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systems, inhomogeneities can impede the growth of bacterial colonies or plant species [67]. 

For such 1D interfaces, moving through a 2D disordered media, the total energy of the system 

contains both the elastic energy and the energy associated with the interaction between the 

interface and the disorder. Thus, the interface can be represented as a line propagating along 

the x-axis having a varying height u(x) due to the presence of disorder, as shown in Fig. 1.10. 

A height correlation function is generally used to measure the correlation between the wall 

height values that are separated by a distance L,  

𝐶2(𝐿) = 〈[𝑢(𝑥) − 𝑢(𝑥 + 𝐿)]2〉                                        (1.21) 

In 1985 Huse, Henley, and Fisher investigated the nature of this correlation function for the 

case of a 1D interface moving through a 2D medium having random-bond disorder [68]. In the 

absence of any driving force, and at T = 0K, the correlation function was found to follow a 

scaling law as written below,  

𝐶2(𝐿) ∝ (
𝐿

𝐿𝐶
)
2

                                                     (1.22) 

where, 휁 is the wandering exponent and LC is the Larkin length. 휁 can take different values 

depending on the dimensionality of the system and the nature of random force disorder [69,70]. 

On the other hand, Larkin length (LC) represents the length below which the elastic interface is 

considered flat, because, below this length scale the elastic energy required for deformation is 

higher than the energy gained from the deformed interface [71]. The presence of a rough 

interface and disorder strongly affect the dynamics of the elastic interface.  

Although the magnetization inside the DW rotates continuously, the dynamics of DW can be 

explained by using simple models. There are several external forces, by which a DW can be 

moved, e.g., application of magnetic field [72,73], electric field [74], spin-transfer-torque 

(STT) [75], spin current [76], etc. In the presence of a magnetic field, the magnetic moments 



Chapter 1: Introduction 

 

27 
 

 
Figure 1.10. (a) A flat 1D interface moving in the absence of any impurities and disorder, (b) 

a rough 1D interface moving in the presence of several pinning sites and disorder.  

 

 inside the wall rotate and finally align to the applied field direction giving rise to a 

displacement of the wall. Walker first gave a model to describe the motion of a DW in the 

presence of a magnetic field [77]. This model divides the overall DW motion into two regions, 

namely, (i) steady region (at the lower applied field) and (ii) oscillatory region (at the higher 

applied field), as shown in Fig. 1.11 (a). In the steady state, the DW velocity increases linearly 

with the applied magnetic field, and at a particular value of the field (called as Walker field), 

the velocity drops suddenly. This phenomenon is known as Walker breakdown, where a sudden 

drop occurs due to an oscillatory motion of the magnetization inside the wall. Further, the DW 

enters the oscillatory region where with an increasing field amplitude the DW motion again 

starts increasing linearly. Such linear motion happens via a back-and-forth motion of the DW 

where it changes from a Bloch wall to a Néel wall and again to a Bloch wall [78].  

However, the above-explained behaviour of DW is only valid for ideal systems. A real magnetic 

thin film usually consists of several defects, impurities, and inhomogeneities that act as pinning 

sites and affect the overall motion of the DW. At T = 0K, the DW moves only after a critical 

force (F > Fdep) is applied. This occurs because, at the lower force regime, the interplay between 

pinning potential and thermal energy mainly decides the wall motion [79]. Thus, at 0K, due to 

the absence of thermal energy, the DW remains strongly pinned until a critical depinning force 

(Fdep) is applied. When F > Fdep, the DW starts moving even at 0K, as shown in Fig. 1.11 (b). 
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However, when T ≠ 0K, thermal energy could depin the DW even at F < Fdep, and hence, the 

DW motion is observed at a force lower than Fdep [79]. Therefore, depending upon the strength 

of the driving force the DW motion is further divided into three regimes, namely, (i) creep (F 

< Fdep), (ii) depinning (F > Fdep), and (iii) flow, as shown in Fig. 1.11 (b).  

(i) Creep region: Creep usually represents a very slow motion at a driving force F lower than 

Fdep. In this region, the DW behaves as an elastic 1D interface driven by a force through a 2D 

disordered media. Thus, instead of a linear velocity (v) - force ( F ) relation, here, the DW 

velocity obeys an Arrhenius law written as [79,80],  

𝑣 ~ exp (−
𝐸

𝑘𝐵𝑇
)                                                     (1.23) 

where, 𝐸 and 𝑘𝐵𝑇  represents the effective pinning barrier and the thermal activation energy, 

 

Figure 1.11. (a) Schematic of a velocity versus force curve for an elastic interface moving 

through an ideal medium. The linear steady and oscillatory regions are separated by the 

Walker field (HW). (b) A theoretical velocity versus force curve for an elastic interface 

moving through a disordered media at, T=0K (blue line) and T>0K (red line). The black 

dotted line represents the linear steady state in the absence of any disorder. The creep, 

depinning, and flow regions are also labelled. The images are taken from ref. [81,82].  
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respectively. For a 1D elastic interface moving through a random pinning disorder, the 

phenomenological scaling theory [83,84] and functional renormalization group [79] 

calculations show that when F → 0, the pinning energy (E) can be presented as a universal 

power law variation as,  𝐸 ~ 𝐹−𝜇, where μ is a critical exponent. Thus, the velocity vs. force 

curve in the thermally activated creep region can be rewritten as [79],        

𝑣 = 𝑣0 𝑒𝑥𝑝 [−
𝑈𝑐

𝑘𝐵𝑇
(
𝐹𝑑𝑒𝑝

𝐹
)
𝜇

]                                           (1.24) 

where, 𝑣0 is a scaling parameter of velocity, 𝑈𝑐 = 𝑘𝐵𝑇𝑑𝑒𝑝 is the height of pinning potential, 

𝑘𝐵𝑇 is the thermal activation energy, Fdep is the depinning force and μ is a universal dynamic 

exponent, which not only depends on the dimensionality of the system but also on the 

wandering exponent, 휁, and can be expressed as [79],  

𝜇 =
𝑑−2+2

2−
                                                             (1.25) 

where, 𝑑 is the dimension of the elastic interface. In general, any elastic interface can be 

described by its dimension 𝑑 (where 𝑑 can be 1 or 2 depending on whether the interface is a 

line or a surface) which can move in 𝑛 number of transverse directions [85]. For a magnetic 

DW, 𝑑 = 𝑛 = 1, as the 1D elastic DW moves along a specific direction. For 𝑛 = 1, the 

wandering exponent, 휁 =
2

3
  [68,86]. By putting these values in equation 1.25, the exponent μ 

takes the value 
1

4
. Thus, in the case of a magnetic thin film, the magnetic field (H) driven DW 

velocity can be written as,  

𝑣𝐷𝑊 = 𝑣0 𝑒𝑥𝑝 [−
𝑈𝑐

𝑘𝐵𝑇
(

𝐻

𝐻𝑑𝑒𝑝
)
−

1

4
]                                          (1.26) 

where, 𝐻 and 𝐻𝑑𝑒𝑝 are the applied and depinning threshold fields, respectively. In the year 

1998, Lemerle et al. first showed experimentally the validity of the creep model for the 
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magnetic DW motion in a high-quality Pt/Co/Pt thin film and derived all the corresponding 

exponents [85]. This was the first concrete evidence that the creep theory could be applied to a 

real ferromagnetic system where the magnetic field (H) replaced the force term in the v-F curve. 

Since then, significant attention has been given to studying the creep region of different 

ferroelectric, ferromagnetic, and superconducting systems  [62–65,87]. The creep region can 

be observed for both the magnetic field and electric current-driven DW motion.  

(ii) Depinning region: In the presence of thermal energy, the depinning of the DW from the 

defects is achieved when H > Hdep. This second region of DW motion is called the depinning 

region where the DW velocity increases suddenly, as shown in Fig. 1.11 (b). Near the depinning 

region, the scaling function for the driving field and temperature is predicted by a few statistical 

physics approaches [79,88]. At H = Hdep, the variation of velocity with the temperature can be 

written using the asymptotic power law as [89],  

𝑣(𝐻𝑑𝑒𝑝, 𝑇) = 𝑣𝑇 (
𝑇

𝑇𝑑𝑒𝑝
)
𝜓

                                              (1.27) 

whereas, at T << Tdep, the variation of velocity with a magnetic field can be written as [89], 

𝑣 (𝐻, 𝑇 ≪ 𝑇𝑑𝑒𝑝) = 𝑣𝐻 (
𝐻−𝐻𝑑𝑒𝑝

𝐻𝑑𝑒𝑝
)
𝛽

                                   (1.28) 

where, 𝛽 and 𝜓 are the depinning and thermal rounding exponents, respectively. 𝑣𝑇 and 𝑣𝐻 are 

the depinning velocities. Thus, the two velocity equations (1.27 and 1.28) can be combined 

into a generalized homogeneous function which takes a scaling form as [88], 

𝑦 = 𝑔 (
𝑥

𝑥0
)                                                               (1.29) 

where, the scaled dimensionless variables are, 𝑥 = (
𝐻−𝐻𝑑𝑒𝑝

𝐻𝑑𝑒𝑝
)
𝛽

(
𝑇

𝑇𝑑𝑒𝑝
)
−𝜓

,  𝑦 =
𝑣

𝑣𝑇
(

𝑇

𝑇𝑑𝑒𝑝
)
−𝜓

and 

𝑥0 = (
𝑣𝑇

𝑣𝐻
). Here, the function g is predicted to be universal within a given class of universality. 
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Thus, the function should represent both the asymptotic velocity behaviour as mentioned in 

equations 1.27 and 1.28. When, 𝑥 ≪ 𝑥0, if the function 𝑔 (
𝑥

𝑥0
) → 1, it will represent equation 

1.27, whereas for 𝑥 ≫ 𝑥0, the function 𝑔 (
𝑥

𝑥0
) →

𝑥

𝑥0
 , will represent equation 1.28. Notably, the 

parameters 𝑣𝑇, 𝑣𝐻, 𝐻𝑑𝑒𝑝, 𝑇𝑑𝑒𝑝 are all material and temperature-dependent non-universal 

parameters.   

(iii) Flow region: When the magnetic field increases further to very high values, the DW 

velocity is found to be independent of the pinning potentials and follows a linear relation with 

the applied field as predicted theoretically. This region is called as flow region. The DW 

velocity in this region can be described well with the following equation, 

𝑣 = 𝑚𝐻                                                              (1.30) 

where, 𝑚 is the mobility of the wall. In this region instead of disorder, dissipation limits the 

velocity of the moving wall. Such dissipation can be characterized by a magnetic damping 

parameter, α, which is also related to the mobility (𝑚) of the wall. In the case of magnetic 

systems, two separate flow regimes can be observed having different mobilities. This occurs 

due to a modification in the internal dynamics of the wall above the Walker field (HW) [77,90], 

as explained earlier. Below the Walker field, a steady motion of the DW is observed having 

mobility, 𝑚 =
𝛾𝛿

𝛼
, where 𝛾 is the gyromagnetic ratio and 𝛿 is the DW width. However, when H 

is sufficiently above HW, a second linear region is observed where the magnetization precesses 

inside the wall. Due to the precessional motion, the mobility in this second region is lower than 

the steady one and can be represented as, 𝑚 =
𝛾𝛿

𝛼+𝛼−1. The complete flow region is thus 

composed of two linear flow regions separated by a non-linear intermediate region (Walker 

breakdown region). The Walker field corresponding to the Walker breakdown can be evaluated 
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from the equation, 𝐻𝑊 = 𝑁𝑦2𝜋𝛼𝑀𝑆, where 𝑁𝑦 is the demagnetizing factor along the DW and 

𝑀𝑆 is the saturation magnetization of the magnetic film [64]. 

1.7 Domain wall motion in the presence of both IP and OP magnetic field: In addition to 

the OP pulsed field, the application of the IP magnetic field helps to probe the effective DMI 

field of a magnetic sample. Dzyaloshinskii first suggested a phenomenological hypothesis to 

explain the mild ferromagnetic effect seen in antiferromagnetic crystals, such as α-Fe2O3 [48]. 

Later in 1960, Moriya used SOC to theoretically describe the antisymmetric exchange 

interaction [49]. In 1980, A. Fert also found a high DMI between the Mn spins in the presence 

of HM impurities like Pt or Au [50]. According to the Fert and Levy model, the broken 

inversion symmetry and high SOC of HM lead to the emergence of DM interaction from the 

FM/HM interface. A schematic of the interaction is shown in Fig. 1.12 (a), where at the 

interface of the FM and HM, two neighbouring spins S1 and S2 of the FM interact via a third 

site present in the HM having high SOC. The resultant antisymmetric exchange interaction can 

be written as,  

𝑯𝑫𝑴𝑰 = 𝑫𝟏𝟐. (𝑺𝟏 × 𝑺𝟐)                                               (1.31) 

where, the DMI vector 𝑫𝟏𝟐 acts along the interface of the FM/HM system. The minimization 

of direct exchange interaction prefers parallel alignment between neighbouring spins. Whereas 

minimization of DMI prefers a perpendicular alignment between the spins.  A balance between 

these two energies gives rise to a canted spin state, and hence, a chirality to the DWs. In a 

magnetic thin film, two adjacent DWs may have either the same or different chirality of their 

magnetization vector, as depicted in Fig. 1.12 (b). If the chirality of two adjacent DWs is the 

same (either clock or anti-clockwise) then the DWs are called homochiral DWs. In the case of 

a chiral Néel wall, the core magnetization of two adjacent DWs acts opposite to each other. 

Thus, a system with finite DM interaction is associated with a DM field that acts in the plane 
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Figure 1.12. (a) Schematic representation of the DM interaction at HM/FM interface, (b) 

chirality of DWs due to DMI. 

of the sample in the radially opposite direction of a domain. Application of an IP magnetic field 

probe such DM field and helps to evaluate the DMI strength. In the case of a magnetic bubble 

domain, application of the IP field generates an asymmetric domain expansion, due to either 

cancellation or enhancement of the DMI field. This gives faster DW motion along one side of 

the wall (say, 𝑣𝐿 or ↑↓), whereas slower motion for the other side (say, 𝑣𝑅 or ↓↑). In the creep 

region, the effect of applying both IP and OP fields on the DW velocity is studied by Je et 

al. [91]. In this context, the creep law for DW motion is modified by incorporating the IP field 

dependency into the energy barrier scaling parameter. Thus, the modified creep law is written 

as,  

𝑣𝐷𝑊 (𝐻𝐼𝑃) = 𝑣0 𝑒𝑥𝑝 [−𝜉(𝐻𝑂𝑃)
−1/4]                                        (1.32) 

Where  𝜉 is the modified energy barrier scaling parameter written as  [91]; 

𝜉 =  𝜉0 (
𝜎(𝐻𝐼𝑃)

𝜎(0)
)
−1/4

=
𝑇𝑑𝑒𝑝

𝑇
(𝜇0𝐻𝑑𝑒𝑝)

1

4 (
𝜎(𝐻𝐼𝑃)

𝜎(0)
)
−1/4

                       (1.33) 

where, 𝜉0 depends on the pinning energy in the absence of an IP bias field. The IP field 

dependent DW energy 𝜎(𝐻𝐼𝑃) can be expressed as [91],  
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𝜎(𝐻𝐼𝑃 )𝑩−𝑵 =  𝜎(0) −
𝛿(𝜋𝜇0𝑀𝑠)

2

8𝐾𝐷
(𝐻𝐼𝑃 + 𝐻𝐷𝑀𝐼)

2    for, |𝐻𝐼𝑃 + 𝐻𝐷𝑀𝐼| <
4𝐾𝑑

𝜋𝜇0𝑀𝑆
 

𝜎(𝐻𝐼𝑃 )𝑵 = 𝜎(0) + 2𝐾𝐷𝛿 − 𝜋𝛿𝜇0𝑀𝑆|𝐻𝐼𝑃 + 𝐻𝐷𝑀𝐼|  ,      otherwise                      (1.34) 

where, 𝜎(0) = 2𝜋√𝐴𝐾𝑒𝑓𝑓  is the pure Bloch wall energy, 𝛿 = √𝐴/𝐾𝑒𝑓𝑓 is the DW width and  

𝐾𝐷 = 𝑡𝑙𝑛(2)𝜇0𝑀𝑠
2/2𝜋𝛿 is the DW anisotropy energy density. 

1.8 Proximity-induced hybridization at ferromagnet/non-magnet interface:  When a 

ferromagnetic material comes in close contact with a non-magnetic material (e.g., HM or 

organic molecules), hybridization takes place at the interface. Such interfacial hybridization is 

fascinating from both fundamental physics and application viewpoints. In the case of a FM/HM 

system, having unfilled d orbitals, the electron wavefunctions of these materials overlap at the 

interface. This proximity allows for a strong exchange of information between the spin and 

orbital degrees of freedom, leading to novel electronic and magnetic properties [92]. The strong 

SOC of HM atoms alters the electronic properties of both the FM as well as HM layers. This 

in turn modifies the exchange interaction and induces orbital moment anisotropy at the 

interface [93]. Such hybridization-induced anisotropy is also known as interfacial magnetic 

anisotropy, which plays a crucial role in spintronic device applications based on PMA. In 

addition, the strong SOC of the HM can generate finite spin-orbit torques, which can be used 

to manipulate the magnetization direction of the ferromagnetic layer. As the HMs are very few 

and introduce high damping in a system, the search for alternative materials is also fascinating. 

In this context, several light atoms-based systems (e.g., C, H, N based molecules) are being 

explored.   

Organic molecules (OMs) are potential candidates in the field of organic spintronics owing to 

their light atomic weight, low SOC, less hyperfine interaction, mechanical flexibility, and 

chemical tunability [94,95]. In general, when OMs are far apart from a FM, they have discrete 
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energy levels with infinite lifetimes, as shown in Fig. 1.13 (a). However, when an OM comes 

closer to a FM metal, several interactions starting from mild physisorption to strong 

chemisorption may occur at their interface. Here, depending upon the density of states (DOS) 

of the FM and the adsorption geometry of the OM, the molecular levels get either broadened 

(Γ) or shifted (ΔE) in the energy level as shown in Fig. 1.13 (b) [96,97]. Depending upon the 

electron affinity, charge transfer also may take place at the FM/OM interface. Thus, an effective 

hybridized interface (consisting of interfacial FM and OM layers) known as “spinterface” is 

formed at the FM/molecular interface. Depending upon the relative magnitude of the 

broadening (Γ) and shifting (ΔE) of the molecular DOS, the spinterface spin-polarization can 

be inverted (when Γ >> ΔE) or enhanced (when Γ << ΔE) [98,99]. Therefore, the formation of 

a spinterface can modify the electronic and magnetic properties of both the FM as well as the 

OM layer [100]. The impact of such FM/OM interface is well-studied in the field of organic 

spintronics. A few potential OMs explored in the field of organic spintronics are, metal–  

 
Figure 1.13. A schematic representation of the FM and OM's DOS when they are, (a) far 

apart, and (b) in close contact. Due to proximity-induced hybridization at the FM/OM 

interface, the molecular DOS is broadened (Γ) and shifted (ΔE). The image is taken from 

ref. [97]. 
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phthalocyanines (CuPc, ZnPc, etc.), oligothiophenes (4T, 6T, etc.), metal chelates (Alq3, Coq3, 

etc.), acenes (tetracene, pentacene, and others), fullerene (C60), rubrene, etc. However, the 

impact of such OM on the HM/FM system is not known well. In addition, the potential of OMs 

to replace the HM layer is yet to be explored. Thus, in our thesis work, we have studied both 

the HM/FM/HM and HM/FM/OM systems. In this context, we have prepared both symmetric 

HM/FM/HM (e.g., Pt/Co/Pt, Pd/Co/Pd) and asymmetric HM/FM/OM (Pd/Co/C60) structures. 

Fullerene (C60) is used to break the symmetry of the Pd/Co/Pd structure and to study the impact 

of Co/C60 spinterface formation on the magnetic properties of Pd/Co/C60 samples. Further, the 

impact of external strain application on the structural and magnetic properties of these thin 

films is also studied in detail.
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Chapter 2: Experimental Techniques 

This chapter provides a comprehensive overview of all the experimental methods that are used 

in this thesis work. All the metallic layers (Ta, Pt, Co, Pd) of the samples are deposited by the 

DC magnetron sputtering technique, whereas the organic C60 layer is deposited by the thermal 

evaporation technique. The samples are prepared upon both rigid Si and flexible polyimide 

substrates. The structural characterization is carried out using an X-ray diffractometer (XRD), 

and scanning electron microscope (SEM). For the magnetic characterization, we have used 

magneto-optic Kerr effect (MOKE) based microscope and superconducting quantum 

interference device (SQUID) magnetometer. Further, the DW velocity and the DMI strength 

are measured using an in-house developed symmetric and asymmetric DW velocity 

measurement setup integrated with the MOKE microscope. To calculate the element-specific 

orbital and spin magnetic moments, synchrotron-based X-ray magnetic circular dichroism 

(XMCD) measurements are performed at the Elettra synchrotron facility, in Italy. Further, the 

room temperature (RT) resistivity measurements are performed using an in-house developed 

four-probe setup. To comprehend the experimental results well we further performed 

micromagnetic simulations using MuMax3 software.  

2.1 Thin film deposition techniques:   

One can prepare thin films (ranging from a few nm to a few μm in thickness) of various 

materials (e.g., metal, insulator, oxides, compounds, etc.) on top of different substrates via 

several thin film deposition techniques. A variety of thin film deposition techniques are 

invented, as no unique technique meets all the requirements related to different applications. 

Therefore, the choice of deposition technique relies largely on the desired sample properties 

and its application. The development of various deposition techniques is proven to be highly 

beneficial for the modern semiconductor, electronics, optoelectronics, and solid-state-based 

device industries [101,102]. 
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Figure 2.1 A pictorial layout of various thin film deposition techniques that are divided into 

mainly two categories, physical vapor deposition and chemical vapor deposition. 

  

There are mainly two categories in which the various thin film deposition techniques can be 

divided, (i) physical vapor deposition (PVD) and (ii) chemical vapor deposition (CVD), as 

shown in the layout of Fig. 2.1. In the case of PVD, first a vapor of a solid material is formed 

and then it condensed on a substrate [103]. However, in the case of CVD, the vapor of a solid 

material goes under a chemical reaction near a heated substrate and then gets deposited on 

it [104]. The major advantage of PVD over CVD is here the thin film is deposited at a low 

working temperature. In our work, we have used two PVD-based techniques, sputtering and 

thermal evaporation to deposit the samples. The techniques are described below in detail.        

2.1.1 Sputtering:   Sputtering is the most popular and versatile thin film deposition technique 

owing to its several advantages, e.g., uniformity, high purity, good adhesion, compatibility for 

depositing a variety of materials, low waste production, and ease of large-scale fabrication 

which is highly desired for industrial applications. In this process, a target of a certain material 
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to be deposited as a thin film is mounted inside the vacuum chamber. Prior to sputter deposition 

the desired substrate is also mounted inside the vacuum chamber. First, an inert gas (mainly 

Ar) is introduced inside the deposition chamber, as it does not react chemically with the target. 

The target is kept at some negative bias voltage and the substrate is grounded. Due to the 

potential difference, the neutral Ar gas forms Ar+ ions. These ions further accelerate towards 

the target material and transfer their momentum upon collision with the target atoms. Thus, the 

neutral atoms, molecules, or ions of the target material get ejected and form a vapor in the 

vacuum chamber. Depending upon the mean free path of the ejected particles, a fraction of 

them finally reaches the substrate mounted on the line of sight of the target and condensed to 

form a thin film. In order to achieve a high deposition rate while keeping the Ar flow low, 

magnetron sputtering is usually used [105,106]. Here below the target a permanent magnet or 

an electromagnet is placed, which generates a magnetic field and traps the electrons close to 

the target. The localization of electrons helps to enhance the Ar+ ion generation close to the 

target which in turn increases the deposition rate. High quality of both metallic and non-

metallic films can be deposited via the magnetron sputtering technique. A schematic of the 

sputter deposition process is shown in Fig. 2.2.  

To deposit a variety of materials having different electrical conductivities two types of 

sputtering techniques are available, (i) DC sputtering and (ii) RF sputtering.  

(i) DC sputtering: In this process a potential difference is created between the target and 

substrate with the help of a DC power supply. The Ar+ ions are generated and they collide with 

the target material. The target atoms get ejected due to the momentum transfer from the Ar 

ions. The sputtered target atoms then travel to the substrate and get deposited in the form of a 

thin film. DC sputtering is suitable for depositing conductive materials, e.g., pure metals, 

metallic alloys, conductive oxides, nitrides, etc. In this technique, the continuous sputtering of 

the target material may cause overheating issues if decent cooling facilities are not available.   
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Figure 2.2 A schematic illustration of the sputter deposition technique. The backing and 

turbomolecular pumps help to attain a high vacuum inside the deposition chamber. The violet 

colour plasma is formed by the charged particles of Ar gas. The neutral target atoms, charged 

Ar ions, and electrons are also represented by solid circles of different colours. The quartz 

crystal microbalance (QCM) is located close to the substrate holder.  

 

(ii) RF sputtering: RF sputtering is suitable for depositing insulating materials owing to 

their low conductivities. As the negative voltage applied to an insulating target does not 

distribute evenly to its surface, Ar+ ions accumulate in a few places on the target surface. These 

piled-up positive charges hinder any further Ar+ ion bombardment on the target and stop the 

sputtering process. In contrast, a radio-frequency (13.56 MHz) power supply is employed in 

the case of RF sputtering, where the target bias is modulated in radio frequency [107]. At the 

negative cycle of voltage, the Ar+ ions bombard the target resulting in the deposition of target 

materials. In the positive cycle, electrons get attracted towards the target which eventually 

neutralizes Ar+ ions and clears the build-up charge in the vicinity of the target. As the 
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deposition happens only in the half cycle of the voltage, the deposition rate is usually low in 

the case of RF sputtering. However, this technique provides better control over the deposition 

process making it possible to deposit thin films with high uniformity.       

2.1.2 Thermal Evaporation: Thermal evaporation is another widely used PVD technique 

owing to its simplicity, cost-effectiveness, and potential to deposit a wide variety of materials 

(including metals, semiconductors, insulators, and organics) [108,109]. Here the material to be 

evaporated is first kept in either a crucible or a thermal boat which is usually made up of 

tungsten, molybdenum, or other refractory materials. Using a resistive heating method (or Joule 

heating), the material kept inside the boat is heated until it melts and forms a vapor that travels 

inside a high vacuum chamber and reaches the substrate. A high vacuum is necessary to reduce  

 

Figure 2.3 A schematic representation of the thermal evaporation technique. The evaporation 

source is kept at the center of the deposition system facing the substrate surface. Here target 

material is kept on a thermal boat and heated by a resistive heating method for the deposition. 
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the collision between the atoms inside the deposition chamber. In addition, the distance 

between the substrate and the target should be less than the mean free path of the traversing 

atoms. Depending on the bond strength and crystallinity of the evaporation material, melting 

may happen either uniformly or non-uniformly. Due to this, the thermally evaporated thin film 

sometimes compromises in controlling the thickness and maintaining uniformity, in 

comparison to a few other PVD techniques e.g., sputtering, molecular beam epitaxy. A 

schematic of the thermal evaporation technique is shown in Fig. 2.3.  

All the samples shown in this thesis work are prepared using a multi-deposition unit of the 

QPrep series manufactured by Mantis Deposition Ltd. UK. The system is ultra-high vacuum 

(UHV) compatible, where the lowest achievable pressure is ~ 5×10-10 mbar. To achieve such 

UHV condition three turbo pumps run in combination with two backing pumps. As the 

dimension of the deposition chamber is quite big, two turbo pumps are dedicatedly connected 

to this chamber whereas the other turbo pump is connected to the load-lock. The pressure at 

the main chamber is measured by a combined full-range gauge (Pirani+cold cathode gauge). A 

gate valve separates the load-lock from the main chamber. Thus, the load-lock provides the 

facility to mount or unmount substrates/samples without breaking the vacuum of the main 

deposition chamber. The multi-deposition unit has a total of 9 sources where 8 sources are 

equally spaced and located at the lower circular base of the cylindrical chamber, whereas the 

other source (thermal evaporator) is located at the center of the circular base. Each of these 8 

equally spaced sources makes an angle of 45 with each other in the circular base. A list of all 

the sources is given below: 

(a) 5 unbalanced magnetron sputtering sources (DC and RF) 

(b) 2 thermal evaporation sources 

(c) 1 electron-beam evaporator with 4 pockets  
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(d) A Mat60 unit to prepare oxide-based materials by producing atomic oxygen from the 

molecular oxygen gas.  

(e) A nano-particle generator known as ‘NanoGen’ to deposit nanoparticles.  

A colling facility is provided with each of the sources to prevent the overheating issue of the 

target material during deposition. The substrate table is located at the center of the upper 

circular base of the cylinder. All 8 sources lying in the lower base make an angle of 30° w.r.t.  

 

Figure 2.4 A picture of the multi-deposition unit present in our laboratory for nanomagnetism 

and magnetic materials (LNMM) at school of physical sciences (SPS), NISER-

Bhubaneswar. The deposition chamber has a cylindrical geometry. The nine sources located 

inside the chamber are shown in the right-side inset image. Here, 1-3 are the DC sputtering 

sources, 4 is the MAT60 source, 5-6 are RF sputtering sources, 7 is the e-beam evaporator, 

8 is the NanoGen source and 9 is the thermal evaporator which is located at the center of the 

chamber. All the sources are located at the lower circular base of the deposition chamber. 
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the substrate normal. To get uniformity in the deposited film the substrate table can be rotated 

from 0 to 20 rpm. Further, the halogen lamps positioned inside the substrate table allow to heat 

the table up to 800°C. A QCM is mounted near the substrate holder to accurately measure the 

deposition rate and thickness of the thin film. Figure 2.4 illustrates various components of the 

multi-deposition unit present in our lab. 

2.2 Structural Characterization Techniques 

2.2.1 X-ray diffraction and reflectivity:  

2.2.1.1 X-ray diffraction (XRD): XRD is undoubtedly the most useful and non-destructive 

technique to characterize the structural properties of various matter starting from fluids, and 

powders to thin films. As the wavelength of X-ray (~ 0.15nm) is of the same order of magnitude 

as the atomic spacing in crystals, it can provide much valuable information, e.g., crystallinity, 

lattice parameters, grain size, film thickness, roughness, the density of dislocation, residual 

stress/strain, etc. [110,111]. Diffraction of X-rays from crystalline solids may be understood 

from two fundamental processes. First, the specular reflection of the X-ray helps to consider 

the atomic planes as a mirror. Second, as the wavelength of the X-ray and atomic spacing in 

the crystal is of the same order, it gives rise to both constructive and destructive interference 

phenomena. A schematic of the diffraction phenomena is shown in Fig. 2.5, where X-rays fall 

at an angle θ on the crystallographic planes having interplanar spacing 𝑑ℎ𝑘𝑙  (where hkl are the 

Miller indices), and after diffraction the beam scattered at the same angle θ. The relative path 

difference between two consecutive X-rays scattered from the 1st and 2nd crystal planes is 

2𝑑ℎ𝑘𝑙 sin 휃 as highlighted in yellow in Fig. 2.5. For constructive interference, the path 

difference between two consecutive X-rays should be an integral multiple of the wavelength 

(λ) of the X-ray [112], i.e.,  

                                                         2𝑑ℎ𝑘𝑙 sin 휃 = 𝑛𝜆                                                             (2.1) 
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Fig. 2.5 A schematic illustration of the X-ray diffraction phenomena from crystallographic 

planes having interplanar spacing 𝑑ℎ𝑘𝑙, where the subscript hkl represents the Miller indices 

of the plane. The incident and scattered angle of the X-ray are the same and denoted by θ. 

The path difference between two consecutive X-rays is 2𝑑ℎ𝑘𝑙 sin 휃, as shown in the image.  

 

where, n = 1, 2, 3… is the order of diffraction maxima. Equation 2.1 is the well-known Bragg’s 

law, where only for a few specific values of 𝑑ℎ𝑘𝑙  and θ the constructive interference appears. 

Thus, using the values of θ and λ, the interplanar spacing (𝑑ℎ𝑘𝑙) can be calculated. Using the 

value of 𝑑ℎ𝑘𝑙, the lattice parameter also can be calculated. In the case of an orthorhombic crystal 

system, 𝑑ℎ𝑘𝑙 =
1

√(
ℎ

𝑎
)
2
+ (

𝑘

𝑏
)
2
+ (

𝑙

𝑐
)
2
 , where a, b, and c are the lattice parameters. In this thesis work, 

an automated multipurpose X-ray diffractometer SmartLab, manufactured by Rigaku 

Corporation, Japan has been used [113]. Five main components of the  X-ray diffractometer 

are listed below  [113]: 

(a) X-ray source: Here in a vacuum tube X-rays are generated by bombarding high energetic 

electrons on the Cu anode. Here, the characteristic wavelength of the Cu Kα radiation is, (λ)Kα 

= 1.54 Å.  
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(b) Incident (or primary beam) optics: A series of optics (e.g., cross beam optics, Soller slit, 

incident slit, etc.) helps in making the X-ray beam collimated over a long distance and properly 

focus on the sample surface. 

(c) Goniometer: The goniometer has a sample mounting table that can adjust the height (z) of 

the sample table as required. The stage can rotate the table in its plane (say, Φ) and w.r.t. the 

stage normal (say, χ). 

(d) Receiving (or diffracted beam) optics: After reflection from the sample surface a series of 

optics (e.g., parallel slit analyzer, Soller slit, receiving slits, etc.) helps in directing the X-rays 

to the detector. 

(e) The detector: A detector is used at the end to collect all reflected X-rays and convert them 

to electrical signals. We have mainly used scintillation counters for our measurement purposes. 

A general layout of the diffractometer is shown in Fig. 2.6 (a). As exposure to X-rays can cause 

serious health hazards the diffractometer is always kept inside a radiation enclosure, as shown 

in Fig. 2.6 (b). 

 

Figure 2.6 (a) A general layout of the X-ray diffractometer. The image is taken from 

ref. [111], (b) a photo of the automated multipurpose X-ray diffractometer, SmartLab 

available at the SPS, NISER-Bhubaneswar. 



Chapter 2: Experimental Techniques 

 

47 
 

2.2.1.2. X-ray reflectivity: X-ray reflectivity (XRR) measurement helps to probe the 

thickness, roughness, and density of each layer in a multilayered thin film [110,114]. This 

technique is versatile since it is independent of the degree of crystallinity of the film. Using 

sophisticated optics, it can measure film thickness starting from 1 Å to a few hundred nm (~ 

400 nm). When an X-ray falls at the interface of two media having different refractive indices, 

part of the X-ray is transmitted into the 2nd media whereas part of it is reflected back to the 1st 

media, as per Fresnel’s reflection [115]. As shown in Fig. 2.7 (a), when the X-ray beam falls 

from the air to the sample surface the refractive index of the sample can be considered as [115–

117],  

�̃� = 1 − 𝛿 + 𝑖𝛽                                                         (2.2) 

where, 𝛿 =
𝜆2

2𝜋
𝑟𝑒𝜌𝑒  and 𝛽 = 

𝜆

4𝜋
𝜇. Here, λ is the wavelength of the incident X-ray, 𝑟𝑒 , 𝜌𝑒  and 𝜇 

are the radius, density, and absorption length of the electron, respectively. 𝛿 and 𝛽 are related 

to the scattering mechanism and absorption of X-rays. As 𝜌𝑒 depends on the density of the 

material, 𝛿 gives information about thin film density. A typical X-ray reflectivity curve is 

shown in Fig 2.7 (b). To understand how the graph gives information about the thickness, 

density, and roughness of multilayered films, we will start with the Snell-Descartes law, 

𝑛 𝑐𝑜𝑠 휃𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡 = �̃� 𝑐𝑜𝑠 휃𝑡𝑟𝑎𝑛𝑠𝑚𝑖𝑠𝑠𝑖𝑜𝑛 (for a specular reflection, θincident = θreflection). As hard X-

rays are generally used for measurements, only very little of them get absorbed. Thus, 𝛽 is 

usually very small and can be neglected. Therefore, the modified equation 2.2 will be, �̃� = 1 −

𝛿. Using this modified index the Snell-Descartes law can be written as, 

𝑐𝑜𝑠 휃𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡 = (1 − 𝛿) 𝑐𝑜𝑠 휃𝑡𝑟𝑎𝑛𝑠𝑚𝑖𝑠𝑠𝑖𝑜𝑛                             (2.3) 

When X-rays falls at very small angles on the sample surface, all the X-rays get reflected 

making 휃𝑡𝑟𝑎𝑛𝑠𝑚𝑖𝑠𝑠𝑖𝑜𝑛 = 0.  Thus, for total external reflection, 휃𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡 becomes equal to the 

critical angle 휃𝐶 . Hence, equation 2.3 modifies to, 𝑐𝑜𝑠 휃𝐶 = (1 − 𝛿). As 휃𝐶  is very small the 
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Taylor series expansion of 𝑐𝑜𝑠휃𝐶 will give a condition, 휃𝐶
2 = 2𝛿.  As discussed already that 𝛿 

depends on the density of each layer, thus, 휃𝐶  gives information about the thin film density. 

Due to total external reflection, the detector receives a maximum number of X-rays reflected 

from the surface. However, when 휃𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡  > 휃𝐶 , part of the X-rays transmitted inside the 

sample and it reduces the intensity of the X-rays reaching the detector, as shown in Fig 2.7. For 

휃𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡 > 휃𝐶 , the Fresnel’s reflection coefficient (r) can be written as [115], 

𝑟 =  
𝑛𝑎𝑖𝑟 sin 𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡− �̃� sin 𝑡𝑟𝑎𝑛𝑠𝑚𝑖𝑠𝑠𝑖𝑜𝑛

𝑛𝑎𝑖𝑟 sin 𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡+�̃� sin 𝑡𝑟𝑎𝑛𝑠𝑚𝑖𝑠𝑠𝑖𝑜𝑛
                                      (2.4) 

For small values of 휃𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡, using Snell-Descartes law in r, the final reflection coefficient for 

an ideal flat surface can be written as [115], 

𝑟 =  
𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡 −√ 𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡

2 − 𝐶
2

𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡 +√ 𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡
2 − 𝐶

2
                                               (2.5) 

Thus, the intensity (I) of the X-ray reflectivity curve can be expressed by the equation [115],  

I = R(θ) = r r* =|
 −√ 2− 𝐶

2

+√ 2− 𝐶
2
|

2

                                               (2.6) 

From equation 2.6 we find out the following three conditions  [114], 

i. When θ < θc, I = R(θ) =1; i.e., maximum intensity to detector 

ii. When θ = θc, I and R(θ) start reducing significantly, as shown in Fig. 2.7 (b) 

iii. When θ >> θc, R(θ) and hence, I reduce as 
1
4 as indicated in Fig. 2.7 (b) 

When θ > θc, X-rays penetrate inside the sample surface and the reflection occurs from both 

the lower and upper surfaces of the thin film. Thus, both constructive and destructive 

interference appear which gives rise to periodic interference patterns known as Kiessig fringes 

in the reflectivity curve, as shown in Fig. 2.7 (b).  For a single-layer thin film, the thickness  
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Figure 2.7 (a) Schematic of X-ray reflection and transmission in specular reflection 

geometry, where ki, kr, and kt are the incident, reflected, and transmitted wave vectors, 

respectively. θincident, θreflected, and θtransmitted are the angles of incidence, reflection, and 

transmission of X-ray, respectively. (b) Typical XRR spectra where intensity (in log scale) is 

plotted w.r.t. 2θ. The concept of the image is adapted from ref. [114]. 

 

can be determined using Bragg’s law, 𝑡 =
𝜆

2∆
 , where t is the film thickness and ∆휃 is the 

difference between two consecutive maxima or minima in the periodic XRR pattern, as 

indicated in Fig. 2.7 (b). In the real case, the surface of a thin film is not entirely smooth. Due 

to the roughness of layers, the off-specular reflection takes place which reduces the amplitude 

of the oscillation and the intensity of the XRR curve (see Fig. 2.7 (b)). Thus, to add roughness 

to the reflection coefficient a new term is added to Fresnel’s reflection coefficient, as written 

below  [116]; 

𝑟𝑟𝑜𝑢𝑔ℎ = 𝑟𝑓𝑙𝑎𝑡𝑒
−

𝑞2𝜎2

2                                                     (2.7) 

where, 𝑞 =
4𝜋

𝜆
sin 휃 and σ is the surface roughness. 

Now, for a multilayer thin film, the reflection and transmission occurring from each interface 

require to be calculated separately. To solve this a recursive formalism is given by Parratt which 
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is used in most commercially available X-ray reflectivity simulation software [118,119]. To fit 

the XRR data by this formalism a model layer structure is usually provided beforehand. The 

fitting provides the thickness, roughness, and density of each layer of the multilayered thin 

film. In the thesis work, to fit the XRR data of the multilayered thin films, we have used GenX 

software which is formulated using Python script and based on Parratt formalism [118].     

2.2.2 Scanning Electron Microscopy (SEM): SEM is a very powerful and widely used 

imaging technique that uses electron beams to study the surface topography and composition 

of a sample with very high resolution [120,121]. As optical microscopes use visible light for 

imaging purposes, the maximum achievable resolution is ~200 nm (due to the wavelength 

limitation). However, in the case of an electron microscope, a very high resolution can be 

achieved (~ 1-5 nm) owing to the shorter wavelength of electrons (𝜆 ~ 0.1 𝑛𝑚) [122]. A beam 

of e- can be generated in three ways by using, (a) a tungsten filament, (b) a solid-state crystal 

(cerium hexaboride or lanthanum hexaboride), and (c) a field emission gun. The field emission 

guns have a very small tip size (~ 100 nm) which makes the e- beam more coherent and optically 

bright. It also provides better spatial resolution and better emitter lifetime than the other two 

methods. A schematic of the typical working principle of SEM is shown in Fig. 2.8. First, a 

highly energetic e- beam is created from the cathode of an electron gun. They are then 

accelerated towards the anode due to the applied bias. Further, the diverged e- beam is 

converged and focused at a point with the help of two condenser lenses (electromagnetic 

lenses). It also sets the e- beam diameter and the probe current. The objective lens consists of 

electrostatic and electromagnetic lenses. It focuses electrons on the sample surface and reduces 

the spherical and chromatic aberration.  The defection system is comprised of a set of scan coils 

that move the e- beam in the x and y directions. Due to electron-matter interaction secondary 

electrons (SEs), back-scattered electrons (BSEs), Auger electrons, X-rays, etc. are produced. 

SEs are produced by inelastic collision from the place where the primary beam falls on the 
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Figure 2.8. Schematic illustration of the working principle of scanning electron microscope. 

 

sample surface. Thus, they mainly give information about the surface structure and topography 

of a sample. A few parts of the e- beam go inside the sample surface and experience several 

elastic interactions. Depending on the atomic no. of the elements, the no. of collision and their 

scattering direction can be different. These BSEs give information about the crystal orientation 

and composition of the material inside the sample surface. To collect the SEs and BSEs 

different types of detectors are mounted. The incoming e- signal is converted by the detector to 

give an idea about surface topography. The resolution of an SEM image depends on several 

factors, e.g., spot size and energy of the incident e- beam, e- - matter interaction volume, etc. In 

this thesis work to study the impact of strain application, we have scanned the sample surface 

at both the flat and bent states, using a field emission scanning electron microscope (FESEM) 

manufactured by ZEISS (Model-Sigma). For imaging, the electron energy is kept within 5 keV 
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and the SEs are collected using an in-lens detector. During measurements the column chamber 

pressure was ~ 2 × 10−5 mbar, whereas the gun pressure was ~ 3 × 10−9 mbar. 

2.3 Magnetic Characterization: 

2.3.1 Magneto-optic Kerr effect (MOKE) microscopy: MOKE microscopy (or sometime 

called as Kerr microscopy) is a widely used technique to study various magnetic properties 

such as magnetic anisotropy, magnetization, and domain dynamics of multilayers, thin films, 

and nano-particle ensembles [123–125]. It is based on the magneto-optic Kerr effect, where the 

plane of incident polarized light gets rotated upon reflection from a magnetic sample [126,127]. 

A linearly polarized light can be considered as a superposition of left circularly polarized (LCP) 

and right circularly polarized (RCP) light, with amplitudes, 𝐸𝐿 = 𝐸𝑅 = 
𝐸

2
.  When such a 

linearly polarized light falls on a sample containing free electrons, the electric field of LCP 

light sets the electrons into a left circular motion, whereas the RCP light drives them into a 

right circular motion. Thus, the rotation of an electron around a positive charge center can be 

considered as a rotating electric dipole, where the electron feels an attractive force (F ∝ -r, 

where r is the radius of electron motion) towards the positive center to create charge neutrality. 

The radius (𝑟𝐿,𝑅) of the rotating electron can be calculated using the equilibrium of all forces 

acting on the electron. Thus, 𝑟𝐿,𝑅 (where L, and R in the subscript represent the left and right 

circular motion) can be written as [123–125,128], 

𝑟𝐿,𝑅 =
𝑒𝐸

2𝑚

𝜔2−𝜔0
2                                                            (2.8) 

where, e, m is the charge and mass of the electron, E is the electric field of the incident polarized 

light, ω is the angular frequency of the light, and 𝜔0 = √
𝑘

𝑚
 is a constant of the material. Thus, 

for the rotating dipole moments (Pi ∝ 𝑟𝐿,𝑅), the electric displacement vector (D) can be written 

as, 𝑫 = 𝜖𝑬 = (𝜖0𝑬 + 𝑷), where 𝑷 is the polarization density (depends on the no. of dipole 
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moments N per unit volume), 𝜖, 𝜖0 are the permittivity of the medium and free space, 

respectively. Thus, the dielectric constant, 𝜖𝑟(=
𝜖

𝜖0
) can be expressed as [128],  

𝜖𝑟 = (1 +

𝑁𝑒2

2𝑚𝜖0

𝜔2− 𝜔0
2)                                                      (2.9) 

Hence, the refractive index 𝑛𝐿,𝑅 for the left and right circular polarized light will be the same, 

owing to their same dielectric constant. However, if a magnetic field is applied to the material, 

then the Lorentz force will come into the picture. It will push the electron motion either towards 

or away from the circle’s center, depending on whether it is a left or right circular motion. 

Hence, the radius of the left circular motion will squeeze whereas the right circular motion will 

expand, as written below [128]; 

𝑟𝐿,𝑅 =
𝑒𝐸

2𝑚

𝜔2 − 𝜔0 ∓ 
2 𝜔𝐵𝑒

𝑚

                                                 (2.10) 

 Here, the difference in radii for the left and right circular motion will give different dipole 

moments, which indeed will give different dielectric constants. Thus, the refractive index 𝑛𝐿,𝑅 

for the left and right circularly polarized light will be different, leading to different velocities 

of propagation. This phenomenon is similar to the birefringence of circularly polarized light. It 

will further induce a phase difference (∆θ) between the LCP and RCP waves, where, ∆θ ∝ (𝑛𝐿 

- 𝑛𝑅). Thus, the reflected light upon emergence shows a rotation of its plane of polarization, 

known as Kerr rotation (휃𝐾). As the Kerr rotation mainly originates from the Lorentz force 

induced by an applied magnetic field (B), it has been found that 휃𝐾 ∝ 𝐵. In the case of a 

ferromagnetic material, 휃𝐾 is dependent on total B (= 𝑩𝟎(1 + 𝜒)). As 𝜒 >>1 for FMs, B=𝑩𝟎𝜒, 

which implies B=𝜇0𝑴. Thus, in FMs, the Kerr rotation 휃𝐾 represents the magnetization M of 

the sample. Microscopically, the spin-orbit interaction couples the spin-magnetic moment of 

an electron with its motion, which then reacts to the incident electric field of light. Thus, 
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establishing the connection between the magnetic and optical characteristics of ferromagnetic 

materials. Apart from rotation, the light reflected from a magnetic medium may also have some 

ellipticity (𝜖𝐾), if the amplitude of the reflected LCP and RCP wave differs from each other. 

This makes the dielectric constant and hence, the refractive index of the magnetic medium a 

complex parameter.  Thus, the general macroscopic explanation of magneto-optic effects is 

based on the dielectric tensor theory, 𝑫 = 𝝐𝑬 (where 𝝐 is an antisymmetric tensor) which is 

derived from Maxwell’s equation of EM wave propagating in a magnetic media. The dielectric 

law also can be expressed as [123–125],  

𝑫 = 𝝐(𝑬 + 𝑖𝑄𝒎 ×𝑬)                                                   (2.11) 

where, 𝑄 is a material-dependent parameter, proportional to the saturation magnetization M of 

the magnetic sample and hence, represents the strength of the Kerr effect.  The dielectric tensor 

representing the magnetic media can be written as [123–125]:  

𝝐′ = 𝝐(

1 𝑖𝑄𝑣𝑚𝑧 −𝑖𝑄𝑣𝑚𝑦

−𝑖𝑄𝑣𝑚𝑧 1 𝑖𝑄𝑣𝑚𝑥

𝑖𝑄𝑣𝑚𝑦 −𝑖𝑄𝑣𝑚𝑥 1
) 

where, 𝑄𝑣 is the Voigt constant and (mx, my, mz) = 𝑚 is the normalized magnetization vector. 

MOKE arises mainly due to the off-diagonal terms of the dielectric tensor that are dependent 

on the magnetization of the sample. The Kerr rotation (휃𝐾) can be expressed in terms of the 

Kerr amplitude (K) and normal amplitude (N) of the reflected and incident polarized light. The 

2nd term of equation 2.11 closely resembles the Lorentz force. Thus, by taking the projection 

of Lorentz movement (𝒗𝑳𝑶𝑹) in a plane that is perpendicular to the propagation direction of the 

reflected light, we can get the Kerr amplitude (K) as shown in Fig. 2.9 (a). Using small angle 

approximation one can express the Kerr rotation 휃𝐾 as, 휃𝐾 =
𝐾

𝑁
  [123,124]. As K is opposite for 

the domains with opposite spontaneous magnetization, the Kerr rotation also will be opposite. 

If the reflected light from one domain is completely blocked by the analyzer, then the contrast   
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Figure 2.9. (a) Schematic illustration of MOKE interaction in the longitudinal geometry. 

Here, the incident light is polarized parallel to the plane of incidence and the sample has an 

in-plane (IP) magnetization m. The electric field (E) of incident light and the magnetization 

m of the sample together give rise to a Lorentz motion (𝒗𝑳𝑶𝑹) to the electrons. The Kerr 

amplitude (K) is obtained by taking a projection of 𝒗𝑳𝑶𝑹 in the plane perpendicular to the 

propagation direction of reflected light. (b) The relative orientation of the analyzer and 

polarizer are shown w.r.t the normally reflected amplitude (N) and Kerr amplitude (K). The 

image is taken from ref. [123]. 

  

will be black for that domain, whereas white contrast will appear for the oppositely magnetized 

domain. In this way, domain contrast can be obtained in the image plane. The Kerr signal S is 

the difference between the intensities originating from the dark and bright domains and can be 

expressed as, 𝑆 = 4𝛽𝐾𝑁, where 𝛽 is the angle formed by the analyzer and N, as shown in Fig. 

2.9 (b) [123]. Depending on the magnetization orientation of a sample and the plane of 

incidence of the light, three kinds of MOKE geometries are possible [124], as shown in Fig. 

2.10.  

(a) Longitudinal MOKE (L-MOKE): In this geometry, the magnetization of the sample is 

parallel to both the plane of incidence of incoming light and the sample surface. 
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(b) Transverse MOKE (T-MOKE): Here, the magnetization of the sample is parallel to the 

sample surface and perpendicular to the plane of incidence. 

(c) Polar MOKE (P-MOKE): In this geometry, the magnetization of the sample is parallel to 

the plane of incidence and perpendicular to the sample surface.  

 

2.10. Three different kinds of MOKE geometries, (a) L-MOKE, (b) T-MOKE, and (c) P-

MOKE depending upon the magnetization orientation of the sample and the plane of 

incidence of the polarized light.  

 

A schematic of the Kerr microscopy set-up is shown in Fig. 2.11 (a). First, an unpolarized light 

passes through a polarizer and becomes linearly polarized. Let us assume that the sample has 

two domains having opposite spontaneous magnetization. After reflection from the sample, 

beam 1 and beam 2 will be rotated in equal and opposite directions. The ellipticity of the 

reflected light can be compensated using a quarter wave plate before the analyzer. To get 

contrast in the image plane the analyzer is rotated in such a way that blocks one of the reflected 

beams completely. This will create a dark contrast in the image plane. However, for the other 

beam, the contrast will be bright in the image plane. Hence, the domain states of the magnetic 

sample can be visualized using Kerr microscopy. A charge-coupled device (CCD) is used to 

convert the reflected photons to electrons and form a digital image of the domains. 
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2.11 (a) Schematic illustration of the domain image formation process using MOKE-based 

microscopy setup, (b) MOKE microscopy facility available in our laboratory (LNMM) at 

NISER. The concept of the schematic shown in (a) is taken from ref. [129]. 

  

The magnetization and domain dynamics of our samples are studied using Kerr microscopy 

manufactured by Evico Magnetics Ltd., Germany, as shown in Fig. 2.11 (b). The microscope 

has eight LED sources, and it allows to change the sensitivity of the measurement by selecting 

the right combination of LEDs [130]. The maximum resolution possible to achieve using an oil 

immersion objective is ~ 300 nm. To apply magnetic field in the sample plane it has a single-

axis electromagnet (maximum field ~ 1.3 T) and a biaxial quadrupole magnet (maximum field 

~ 0.2 T). To apply a magnetic field perpendicular to the sample plane it also has a polar 

electromagnet (maximum field ~ 0.9 T). All the electromagnets have a colling facility to avoid 

the heating issue of the coils. Magnetic hysteresis loops and simultaneous domain images can 

be recorded using the KerrLab software. Magnetization relaxation measurement also can be 

performed using the MOKE microscope. It also enables the pulsed magnetic field-induced DW 

velocity measurement using small home-made coils. Further, by using both the small coil and 

an electromagnet, it also enables measuring the DMI strength of the magnetic samples as 

explained below in detail.   
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2.3.2 Field-induced domain wall velocity measurement: Domain wall (DW) dynamics have 

been immensely studied for the last few decades due to their rich fundamental physics and 

spintronics applications. Controlled DW motion has been proposed to be used in DW-based 

race track memories, spintronic memristors, logic units, etc. [131–133]. For such applications, 

ferromagnetic thin films with perpendicular magnetic anisotropy (PMA) are even more 

attractive (than IMA systems) due to their higher thermal stability and the requirement for 

lower threshold excitation current. As the DW velocity obeys an exponential relationship with 

the applied field (𝑣 ∝ exp[−(
𝐻

𝐻𝑑𝑒𝑝
)
−

1

4
]) in the creep region, a small and steady pulses can be 

applied for a moderate duration [64,79]. However, in the flow region as 𝑣 ∝ 𝐻, a high pulse 

field can be applied for a very small duration (few μs to hundreds of ns) [64,79]. Thus, the main 

requirement for performing such measurements is to design a coil that meets the purpose. The 

magnetic field generated at the center of a coil of inner radius r can be written as, 𝐻 =
0𝑁𝐼

2𝑟
 , 

where 
0 is the permeability of vacuum, N is the total number of turns of the coil, and I is the 

applied current. Thus, the inductance (L) corresponding to the coil can be written as, 𝐿 =

 
0𝑁

2𝑟

2
. As, H  N and L  N2, both H and L increase with increasing N. From a simple LR 

circuit analysis, we may write the rise time (𝜏) of the coil as, 𝜏 =  
𝐿

𝑅𝑡𝑜𝑡𝑎𝑙
, where L is the 

inductance and 𝑅𝑡𝑜𝑡𝑎𝑙 is the total resistance of the circuit (𝑅𝑐𝑜𝑖𝑙 + 𝑅𝑐𝑖𝑟𝑐𝑢𝑖𝑡). To obtain a high 

magnetic field, one may either increase 𝐼, N, or reduce the radius (r) of the coil. However, an 

increase in I will increase the Joule heating effect in the coil and may damage it if proper 

cooling is not provided. Further, an increase in N will increases the inductance L, which in turn 

will increases the rise time (𝜏) of the coil, and restrict to apply pulses of smaller duration. Thus, 

to maintain a proper balance of these two, N should be chosen carefully. Hence, the 

enhancement in field value while keeping 𝜏 low, is only possible by reducing the value of r. 
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Thus, to apply very high field pulses one must prepare coils of few μm radius. In our case, to 

apply small fields we have prepared a coil of 3.25 mm inner radius having 100 number of turns. 

The coil can generate a maximum field of ~24 mT, where the Cu wire can sustain ~ 6A current. 

As the rising time for magnetic field is ~ 1 ms, the minimum pulse width used during our 

measurements is 5 ms. A sourcemeter unit (SMU 2461- Keithley) is used to apply pulsed 

currents to the coil. A gauss meter is used to calibrate the magnetic field generated by the coil. 

The field is uniform along the centre axis of the coil and the measurement is always taken at 

this place to avoid any inhomogeneity from the applied field. The sample is placed on a 

specially designed holder and the coil is placed below the sample holder as shown in Fig. 2.12.  

 

Figure 2.12. (a) Side and (b) top view of the sample and coil mounting geometry for pulsed 

magnetic field-induced DW velocity measurement using a MOKE microscope. 

The DW velocity measurement protocol is illustrated in Fig. 2.13 and described below [82]:  

(i) First, the magnetic thin film is saturated by applying a high pulse field along the out-

of-plane (OP) direction of the sample. 

(ii) Then a reverse domain is nucleated by applying a short-pulsed field in the opposite 

direction and the nucleated domain image is recorded.  

(iii) For propagation, another pulsed field is applied and the corresponding domain image 

is recorded. The amplitude of the propagation pulse is varied to obtain a 𝑣 - H curve.  
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To measure the velocity, the image of the nucleated domain is subtracted from the image of the 

propagated domain, using ImageJ software. The subtracted bright annular region is the 

displacement of the wall for a given pulse duration, as shown in Fig. 2.13. To avoid the impact 

of rough edges of the DW in the velocity calculation, we measure the DW displacement at 

several places of the bright annual region. Finally, the average displacement (l) of the DW is 

divided by the pulse width (t) to determine the domain wall velocity (v) as, 𝑣 =
𝑙

𝑡
. To obtain a 

𝑣 - H plot, the velocity measurement is done for varied propagation field H. In our case, we 

have limited our measurement to the creep region, and the measured data plot is fitted with the 

creep law.  

 

Figure 2.13. Schematic illustration of the DW velocity measurement protocol. The nucleated, 

propagated, and subtracted domain images are shown in the right-side column. The area of 

each domain image is 415 μm × 375 μm. The concept of the figure is taken from ref. [82]. 

 

2.3.3 Evaluation of interfacial Dzyaloshinskii-Moriya interaction (iDMI) via asymmetric 

DW motion: The interfacial Dzyaloshinskii-Moriya interaction (iDMI) originating from a 

heavy-metal (HM)/ferromagnet (FM) interface plays a crucial role in stabilizing chiral spin 

textures in magnetic multilayers [134,135]. In the case of a magnetic thin film consisting of 
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bubble domains, the presence of iDMI leads to asymmetric domain propagation when both IP 

and OP magnetic fields are applied. Je et al., first showed that the asymmetric bubble domain 

expansion can be used as a method to quantify iDMI in thin films [91]. A system with a sizeable 

DMI generates a DM field (HDMI) that acts in a radially opposite direction of the DW and 

maintains a rotational symmetry w.r.t the perpendicular ẑ-axis. The rotational symmetry is 

broken with the application of an IP field (Hx) and the asymmetric domain expansion happens. 

Thus, the DM field either gets cancelled or enhanced under an IP bias field, resulting in faster 

motion for one DW (say, vL or ↑↓) and slower motion for the other (say, vR or ↓↑) along the 

radial direction. If we plot the DW velocity (i.e., vL and vR) w.r.t the applied IP magnetic field 

(at a constant OP field), then the minima of the velocity curve gives the value of HDMI. By 

extracting HDMI one can deduce the strength of effective iDMI using the equation [91,136]; 

𝐷𝑒𝑓𝑓 = 
0
𝐻𝐷𝑀𝐼𝑀𝑠𝛿                                                 (2.12) 

where, δ =√
𝐴

𝐾𝑒𝑓𝑓
  is the DW width (with A = exchange constant, Keff = effective anisotropy 

constant) and 𝑀𝑠 is the saturation magnetization of the sample. 

We have assembled a setup to quantify iDMI strength via the asymmetric DW expansion 

method using MOKE microscopy. The details of the setup and measurement protocol are 

described in the following. An electromagnet is used to apply a DC magnetic field in the sample 

plane and a coil is used to apply a pulsed magnetic field along the OP direction. Similar to the 

DW velocity measurement here first we saturate the sample by applying a high OP pulsed field 

and then nucleated a reverse domain. Further during propagation of the domain both IP and OP 

fields are applied simultaneously and the image is recorded. The propagation images are 

recorded for both the positive and negative IP applied fields. The propagated domain images 

are then compared to check if the vL and vR are the same for both the positive and negative IP 

fields. In case the propagation is higher for one field and lower for the other, there must be a 
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tilt in the applied IP field, as shown in Fig. 2.14.  A tilt in the opposite IP field (±Hx) will 

generate an opposite OP field (±Hz), which will modify the DW propagation under the applied 

OP pulsed field. Thus, to get the correct DMI field value the tilt in the IP field should be 

corrected so that no component of the IP field exists in the OP direction. As the electromagnet 

is placed on a stage that has a rotating screw, it helps to correct the tilt by rotating the screws 

at a certain angle and again recording the domain images for both positive and negative IP 

fields (in the presence of a constant OP pulsed field). The process is continued until the domain 

propagation is found to be the same for both the opposite applied IP fields. As the range of the 

IP field used during iDMI measurement is large (~300 mT) a small tilt in the IP field may result 

in a finite OP field which in turn modifies the strength of the small OP pulsed field (~10-20 

mT), as shown in Fig. 2.14. The tilt angle is usually found to be less than 1 degree in our case. 

Once the tilt is corrected then for a fixed OP pulsed field the domain propagation is recorded 

for varied strength of the IP bias field. To obtain DW velocity, the nucleation image is then 

subtracted from the propagation image, and the asymmetric domain propagation is obtained. 

The velocity of the left and right DW is calculated and plotted w.r.t the IP field. The minima in 

the velocity curve represent the value of HDMI. In the absence of DMI, the velocity vs. IP field 

plot should be symmetric w.r.t the zero IP field (for zero DMI field). However, the presence of  

 

Figure 2.14. (a) The tilted x-y plane of the electromagnet originates a tilted IP magnetic field 

(±Hx) which in turn gives rise to an OP magnetic field, and (b) Tilt corrected properly aligned 

electromagnet. The concept of the image is taken from ref. [81].  
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finite DMI will shift the minima from zero to a finite IP field value i.e., comparable to the DMI 

field of the sample, as shown in Fig. 2.15. The chirality (left or right-handed) and type (either 

Bloch or  Néel) of the DW also can be identified by measuring the displacement of the wall 

along ± x and y directions of the domain [137]. The ratio, 휀1 =
𝑆𝑥

+

𝑆𝑥
− determines the chirality 

whereas, 휀2 =
𝑆𝑦

𝑆𝑥
𝑚𝑎𝑥 , determines the type of wall. Here, ±Sx and Sy represent the displacement 

of the DW along ± x and y directions, respectively (Fig. 2.15). For, 휀1 > 1, right-handed chiral 

DW will be formed, whereas for, 휀1 < 1, left-handed chiral DW will be formed. Further, 휀2 >

1 , represents a Bloch wall, whereas 휀2 < 1 indicates the formation of Néel wall. Thus, the 

 

Figure 2.15. Schematic diagram of asymmetric domain propagation in the presence of both 

OP pulsed field and (a) positive IP bias field, (b) negative IP bias field. R and L represent the 

right, and left sides of the DW respectively. Here, ± Sx and Sy represent the DW displacement 

along ± x and y directions, respectively. (c) A schematic of the DW velocity (vDW) vs. IP field 

(± Hx) plot (at a constant Hz), in the presence and absence of DMI. The minima in the velocity 

curve give a measurement of the DMI field (HDMI) present in the sample. The concept of the 

image is taken from ref. [81].   
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asymmetric DW motion measurement is a very efficient and non-destructive way to quantify 

the iDMI strength and identify the nature of the DW present in a sample. 

2.3.4 Superconducting quantum interference device (SQUID) magnetometry: 

Superconducting quantum interference device (SQUID) magnetometry is a very sensitive 

method for measuring extremely weak magnetic moments (~ 10-8 emu). To obtain such high 

sensitivity, a SQUID is used in the magnetometer which enables very precise measurement of 

magnetic flux [138,139]. Here, the SQUID is made up of two parallel Josephson junctions, 

where two superconductors are separated by a thin insulator. Tunneling of cooper pairs from 

one superconductor to another through the insulating layer gives rise to the generation of 

supercurrents (𝐼𝑠). Each superconductor can be expressed in terms of a single wave function, 

due to the phase coherence of all cooper pairs present in a superconductor. Thus, the two 

superconductors may be represented by two separate wave functions owing to their difference 

in phases. By solving the Schrödinger equation for these two superconductors one can obtain 

the supercurrent flowing through the junction as, 𝐼𝑠 = 𝐼0 sin(𝜑2 − 𝜑1), where 𝐼0 is the critical 

current and (𝜑2 − 𝜑1) is the phase difference. This also helps to quantify the phase difference 

between two superconductors. In addition, the phase of a quantum state also can be altered in 

the presence of a magnetic field, and hence, the total quantized phase shift can be written 

as [140],  

∆𝜑(𝐵) +  2∆𝜑(𝐼) = 2𝜋𝑛                                                  (2.13) 

As a result, the high sensitivity of SQUID originated mainly from a change in the magnetic 

field that is directly connected to the flux quantization. The basic operational principle of 

SQUID magnetometer is as follows; the sample is first placed inside a detection coil made of 

superconducting wires, known as second-order gradiometer coils. Both upper and lower coils 

are single turn and wound in a clockwise manner. Whereas the middle coil has two turns and 
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is wound in an anti-clockwise manner. These coils are surrounded by two superconducting 

magnets to generate a uniform magnetic field in the sample space, as shown in Fig. 2.16 (a). 

The detection coils are also coupled to a SQUID which is kept well below Tc (using liquid 

helium) and is isolated from the external magnetic fields. To measure magnetic properties, the 

sample is moved up and down vertically, which generates a flux to the detection coil. The 

opposite four turns of the pick-up coil cancel out the effect of the applied magnetic field and 

isolate the magnetic flux that originated only from the sample movement. As a result, a 

persistent current is also generated in the coils owing to the induced flux. Further, the induced 

flux is transferred to the RF SQUID which can convert the magnetic flux to a voltage signal. 

The voltage versus sample position curve is then fitted with a model by using a complex 

algorithm to obtain the magnetic moment of the sample. The output signal versus sample 

position graph is shown in Fig. 2.16 (a). In this thesis work, we have used a MPMS3-SQUID 

magnetometer manufactured by Quantum Design, USA (see Fig. 2.16 (b)), which can produce  

 

Figure 2.16 (a) A schematic of the detection coil geometry and voltage vs. sample position 

plot while centering a sample in the SQUID magnetometer. (b) The MPMS3 SQUID 

magnetometer facility is available in laboratory LNMM at SPS, NISER. 
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±7 T magnetic field and vary the temperature over a wide range from 1.8 K to 400 K. Using 

the SQUID-vibrating sample magnetometer we have measured the magnetic moment, 

saturation field, and magnetic anisotropy of our samples at RT.  

2.3.5 X-ray magnetic circular dichroism (XMCD): XMCD is a very powerful technique to 

probe electron spin polarization and provide element-specific magnetic information  [141,142]. 

In optics, dichroism means the polarization-dependent absorption of light by a material. If the 

symmetry of a material is broken (either inversion or time-reversal symmetry), it may give rise 

to circular dichroism. Thus, the difference in absorption of the left (μ-) and right (μ+) circularly 

polarized X-rays by a magnetic material is called X-ray magnetic circular dichroism 

(XMCD) [143]. From the difference between the X-ray absorption spectra (XAS) obtained for 

the left and right circularly polarized X-rays, the XMCD signal can be measured. The impact 

is generally very strong due to the significant spin-orbit coupling of the core levels (except the 

K-edge). XMCD technique can be explained in terms of a two-step process, as schematically 

 

Figure 2.17 Schematic representation of (a) two-step model describing XMCD technique, 

(b) XAS and XMCD spectra obtained for right and left circularly polarized X-rays. The 

image is taken from ref. [143]. 
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presented in Fig. 2.17 (a) [142–144]. Due to the spin-orbit coupling, the 2p states of 3d-

transition metal are split into j=3/2 (j = l+s), and j=1/2 (j = l-s) levels. Here, the 2𝑝3

2

 and 2𝑝1

2

 

states are known as L3 and L2 edge, respectively. In the first step, the right (μ+) and left (μ-) 

circularly polarized X-rays excite the spin-up and spin-down electrons from the spin-orbit split 

2𝑝3

2

 and 2𝑝1

2

 states, respectively. In the second step, excited spin-polarized photoelectrons go 

to the unfilled 3d bands depending upon the availability of states for the majority and minority 

spins. In this way, the spin-polarization of the 3d states can be probed. If the 3d states have a 

net spin-polarization, then the intensity of the XAS spectra for the left and right circularly 

polarized X-rays will be different for the L3 and L2 edges. If the spin-up electrons are less in 

numbers than spin-down holes in the 3d states, then the XMCD spectra at the L3 edge will be 

negative, and at the L2 edge will be positive, as shown in Fig 2.17 (b) [143]. This technique is 

element-specific because by tuning the incident X-ray energy a particular edge of a specific 

element can be probed. Further, by using circular polarization the element-specific magnetic 

properties also can be studied. Element-specific hysteresis loops, orbital, spin magnetic 

moment and magnetic anisotropy can be determined from XMCD measurements [142,145]. 

The discovery of the sum rule made it possible to find out the element-specific orbital and spin 

moment by using integrated XMCD spectra. The orbital and spin magnetic moment can be 

deduced by using the following equations [146,147]; 

𝑚𝑜𝑟𝑏 = −
4∫ (𝜇−−𝜇+) 𝑑𝐸

𝐿3+𝐿2

3∫ (𝜇−+𝜇+) 𝑑𝐸𝐿3+𝐿2

 (10 − 𝑛3𝑑)                                   (2.14) 

𝑚𝑠𝑝𝑖𝑛 = −
6∫ (𝜇−−𝜇+) 𝑑𝐸

𝐿3
−4∫ (𝜇−−𝜇+) 𝑑𝐸

𝐿3+𝐿2

∫ (𝜇−+𝜇+) 𝑑𝐸
𝐿3+𝐿2

 (10 − 𝑛3𝑑)                       (2.15) 
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where, 𝑚𝑜𝑟𝑏 and 𝑚𝑠𝑝𝑖𝑛 are the orbital and spin magnetic moments (in the unit of μB/atom), 𝑛3𝑑 

is the 3d electron occupation number. Further, the ratio of orbital and spin magnetic moments 

can be calculated using the following equation [146,147], 

𝑚𝑜𝑟𝑏

𝑚𝑠𝑝𝑖𝑛
=

2∫ (𝜇−− 𝜇+) 𝑑𝐸
𝐿3+𝐿2

9∫ (𝜇−− 𝜇+) 𝑑𝐸−6∫ (𝜇− − 𝜇+) 𝑑𝐸
𝐿3+𝐿2𝐿3 

                                 (2.16) 

For our thesis work, we measured the strain-dependent orbital and spin magnetic moment at 

the BACH beamline of the Elettra synchrotron facility, in Italy [148]. The synchrotron radiation 

source consists of the following parts, (i) an electron gun and linear accelerator (LINAC), (ii) 

a booster ring, (iii) a storage ring, and (iv) beamlines. Electrons are generated from an electron 

gun and get accelerated by the LINAC. These electrons then enter into a booster ring where 

they travel in a high vacuum tube under an intense electromagnetic field to attain an 

acceleration ~ 2.5 GeV. Then, they are transferred to a storage ring, where they travel at the 

speed of light for ~ 24 hours. The storage ring is made up of straight and curved sections, where 

at each curved section a powerful magnet forces the e-beam to deviate from its path. When 

such high-energy e-beams deviate, they lose some energy in the form of an extremely bright 

light, known as synchrotron radiation (which covers from IR to X-ray). At each curved section, 

the emitted beam of the light tangent to the storage ring is called a beamline. Elettra synchrotron 

facility has 23 beamlines where each beamline uses a specific wavelength of light depending 

on their requirement. In our case, for the XMCD measurement we have used the BACH 

(beamline for advanced dichroism) beamline, as it works in the soft X-ray photon energy range 

(35-1650 eV) with different light polarization e.g., linear horizontal and vertical, circular, and 

elliptical (by using two APPLE-II undulators). It also has a very high energy resolution 

(resolving power > 10000), high intensity, brilliance, and time resolution. The XMCD 

measurement takes place in UHV condition. The spot size of light on the sample was 250 × 20 

μm2. A layout of the BACH beamline is presented schematically in Fig. 2.18 (a) [149]. It can  
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Figure. 2.18 (a) A general layout of the BACH beamline is presented where the image is 

taken from ref. [150], (b) XAS and XMCD measurements performed at the end station of 

BACH beamline, Elettra synchrotron facility, in Italy. 

 

be divided into four sections: (i) prefocusing section, (ii) monochromator, (iii) refocusing 

section, and (iv) experimental chambers. For the thesis work, we have performed XMCD 

experiments at room temperature. 

2.4 Four-point-probe measurement: Four-point-probe (4pp) measurement is the widely used, 

simplest, and non-destructive technique to find out the sheet resistance (RS) of a thin film [151]. 

In our case, a home-made four-probe setup is used for measuring the room temperature 

resistance. On a wooden base, four gold-coated pins are fixed together with copper wires to 

measure the resistance. All four pins are equally spaced and arranged linearly. The sample is 

placed underneath the four probes by adjusting their height. Current is applied to the two outer 

probes whereas the voltage is measured via the two inner probes, as shown in the schematic of 

Fig. 2.19 (a). Here, to apply the current and measure the output voltage, a source meter, and a 

nanovoltmeter are used, respectively. The use of a nanovoltmeter helps to measure even a very 

small output voltage with better accuracy. The sheet resistance is calculated using the equation 

written below [152], 

𝑅𝑆 =
𝜋

ln 2

∆𝑉

∆𝐼
= 4.53

∆𝑉

∆𝐼
                                              (2.17) 
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Figure 2.19. Schematic of four-probe measurement geometry, the image is taken from 

ref. [152], (b) a home-made four-point-probe set-up used for measuring the sheet resistance 

of thin films.  

 

where, ∆𝑉 and ∆𝐼 are the output voltage and the applied current to the sample, respectively. By 

knowing the sheet resistance, the resistivity of the sample also can be calculated. In our thesis 

work, we have measured the sheet resistance for the samples at the unstrained and strained 

states. As the resistance of a material also depends on its dimension, the impact of a large strain 

should be reflected in the measured resistance. A strain-gauge also works on this principle.  
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Chapter 3: Strain-engineered magnetic properties of Pt/Co/Pt thin film 

The research on magnetic thin films having perpendicular magnetic anisotropy (PMA) attracts 

significant attention due to their superior application in various fields. They are essential in the 

field of magnetic data storage technology, such as hard disk drives (HDDs) and magnetic 

random-access memory (MRAM) [18,19]. Their high PMA enables improved areal density, 

and better thermal stability compared to the in-plane magnetic anisotropic (IMA) thin films. 

Thus, they are also suitable for various industrial, automotive, and sensor applications (e.g., 

magnetoresistive sensors, magnetic field sensors, biosensors, etc.) [20,21]. Notably, the PMA 

thin films comprised of heavy metal (HM)/ferromagnet (FM) systems have the potential to 

originate chiral domain walls and skyrmions, due to the presence of significant Dzyaloshinskii-

Moriya interaction (DMI) at the HM/FM interface. Therefore, it is essential to fabricate a 

flexible counterpart of such PMA-based thin films, for flexible spintronic device applications. 

However, the research on flexible PMA thin films is still in its infancy. A few reports only exist 

on flexible Co/Pt and Co/Pd thin films [10,30,32–34]. In the case of Co/Pt flexible films, 

modulation of magnetic anisotropy and DMI strength is reported in the strained 

state [10,30,32]. Nevertheless, the impact of various modes of flexibility (e.g., bending, 

stretching, peeling, etc.) on the structural and magnetic properties of flexible PMA film is still 

lacking. In this context, we have prepared a Pt/Co/Pt thin film upon a flexible PI substrate (~25 

µm thick) and studied the impact of bending-induced strain in detail.  

3.1 Method of strain generation: In the realm of flexible spintronics, the most prevalent 

strain-tailored pattern is uniaxial stress (σ), which can be generated by bending and stretching 

mode. In this thesis work, we have studied the impact of bending-induced strain on the flexible 

thin film. The samples are bent using both convex and concave-shaped aluminium molds, 

which in turn generate a tensile and compressive strain in the sample plane, respectively, as 

shown in Fig. 3.1 (a-b). Flexible samples are fixed on the molds using adhesive Kapton tapes 
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at both ends. When a sample is bent to a convex shape tensile strain gets generated on the 

deposited film, as shown schematically in Fig. 3.1 (c). Similarly, when the film is mounted on 

a concave mold, it experiences a compressive strain, as shown schematically in Fig. 3.1 (d). 

From a simple deformation geometrical model, the bending-induced strain (휀) can be written 

as [153,154],  

휀 =
𝑡𝑠𝑢𝑏 + 𝑡𝑓𝑖𝑙𝑚

2𝑟
                                                          (3.1) 

Where, 𝑡𝑠𝑢𝑏 and 𝑡𝑓𝑖𝑙𝑚 are the thicknesses of the flexible substrate and the deposited film, 

respectively. Here, 𝑟 is the radius of the mold used to generate the stress on the sample. The 

magnitude of applied strain can be varied by varying the radius of the mold. By taking into 

account the elastic moduli and thickness of both the substrate and the film, the corrected strain 

equation can be written as [155],  

휀 = (
𝑡

2𝑟
) (1 +

(1−𝜒)

(1+ )(1+𝜒 )
)                                                    (3.2) 

where, 𝑡 is the total thickness of the film and substrate, 휂 (=
𝑡𝑓𝑖𝑙𝑚

𝑡𝑠𝑢𝑏
), and 𝜒 (=

𝐸𝑓𝑖𝑙𝑚

𝐸𝑠𝑢𝑏
) represent 

the thickness ratio and the elastic moduli ratio of the film and the substrate, respectively. In the 

limit of 휂 → 0, equation 3.2 takes the form of equation 3.1. As the flexible substrate has a 

thickness in the μm range, whereas the film has a thickness in the nm range, equation 3.1 

represents the most general and suitable strain formula. When a tensile strain is applied along 

a longitudinal direction, it in turn induces a compressive strain in the transverse directions and 

vice versa, owing to the Poisson effect. The Poisson ratio is defined by the formula, 𝜈 =

transverse strain

longitudinal strain
= − 𝑡𝑟𝑎𝑛𝑠

𝑙𝑜𝑛𝑔
. Thus, the stress (𝜎) corresponds to applied strain (휀) can be 

evaluated using the following equation, 

𝜎 =
𝐸

(1−𝜈2)
                                                             (3.3)  
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Figure 3.1 Experimental strain generation method using (a) convex and (b) concave molds. 

The sample is fixed on the mold using Kapton tapes. (c-d) Schematic of the tensile and 

compressive strain generation in the sample at convex and concave geometries, respectively.  

 

where, 𝐸 is the elastic modulus and ν is the Poisson ratio. In our work, we have used molds of 

various radii starting from 40 mm to 2 mm. Depending upon the substrate thickness it can 

generate a strain ranging from ~ 0.05% to ~ 1.00%, in the plane of the sample. 

3.2 Sample details: Prior to sample preparation, the PI substrate is cleaned ultrasonically. The 

sample structure is, PI/Ta(7.0nm)/Pt(10.0nm)/Co(0.70 nm)/Pt(3.0 nm), as shown schematically 

in Fig. 3.2 (a). All the layers are deposited using the DC magnetron sputtering technique at a 

base pressure lower than 1 × 10-7 mbar. A 7 nm thick Ta layer is deposited to reduce the 

roughness of the PI film, improve the adhesion, and promote a (111) orientation growth of the 

layers. Further, a 10 nm Pt layer is deposited to enhance the strength of PMA in the sample. 
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The Co thickness is kept very thin (~ 0.70 nm) to obtain strong PMA in the sample, as here the 

interface anisotropy is expected to dominate over the volume anisotropy. Further, a 3 nm thick 

Pt layer is deposited as a capping layer to prevent the sample from oxidation. The rates of 

deposition for the Co, Pt, and Ta layers are kept at ~ 0.10, 0.15, and 0.13 Å/s, respectively. 

During deposition, the thickness of each layer is monitored by a quartz crystal microbalance 

(QCM) mounted close to the substrate holder. To achieve homogeneity in the layers, the 

substrate is rotated at a speed of 10 rotations per minute (rpm) during sample fabrication. A 

picture of the experimental flexible sample in the bent state is shown in Fig. 3.2 (b).     

 

Figure 3.2 Schematic of (a) the Pt/Co/Pt sample deposited on the PI substrate [31], (b) a 

picture of the flexible Co/Pt film at the bent state. 

 

3.3 Structural Characterization: A flexible magnetic film subjected to a large tensile and/or 

compressive strain may undergo two common failure modes, (i) cracking and (ii) buckling. 

Such failure mechanisms are shown schematically in Fig. 3.3. Crack formation occurs when a 

thin film undergoes a large tensile strain. The large elastic mismatch between the deposited 

inorganic film and the organic (polymer) substrate plays a crucial role here. Here, the Dundurs 

parameter (αD) defines the contrast between the elastic moduli of the film and substrate. Thus, 

𝛼𝐷 =
�̅�𝑓−�̅�𝑠

�̅�𝑓+�̅�𝑠
 , where, �̅�𝑓 and �̅�𝑠 are the plane strain modulus (PSM) of the film and the substrate 

respectively [156]. The PSM can be calculated using the formula, 𝐸𝑃𝑆𝑀 =  
𝐸

1−𝛾2, where E is 
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the elastic modulus and γ is the Poisson ratio. For a stiff substrate, 𝛼𝐷 takes the value ~ -1, 

whereas for a compliant substrate, 𝛼𝐷 takes the value ~ +1. In the case of a stiff substrate, the 

process of channel cracking releases a lower stress energy, whereas for the compliant substrate 

it releases a higher stress energy. At lower applied strains, the magnetoelastic effects are usually 

reversible in nature, however, beyond the elastic strain limit cracking and buckling of a film 

also may occur. Thin film buckles under compressive strain in two different modes; (i) 

wrinkling, and (ii) buckling. If an elastic film is bonded to an elastic substrate (𝛼𝐷~ 0), then 

under compressive strain both the film and substrate deform together, known as wrinkling, as 

shown in Fig. 3.3 (b). The critical stress required for such wrinkle formation is [157,158]: 

𝜎𝑤 =
�̅�𝑓

4
(
3�̅�𝑠

�̅�𝑓
)

2

3
 .                                                      (3.4) 

If the applied stress (𝜎) is higher than 𝜎𝑤, then the wrinkle pattern of specific wavelength and 

amplitude will occur to minimize the stress energy. However, for a stiff substrate, wrinkle 

formation is not preferred, and thus, under large compressive strain, the attached film gets 

delaminated from the substrate to release the stress energy. Buckle delamination of a deposited 

film depends on the adhesion between the film and the substrate and the presence of defects.  

 

Figure 3.3 Schematic demonstration of common failure modes that occur in thin film, (a) 

channel cracking (under tensile strain), (b) wrinkling, and (c) buckling (under compressive 

strain). The image is taken from ref. [159]. 
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The interfacial defects act as a source to originate such delamination of film as the adhesion is 

low there. Buckling and delamination together give rise to different blister patterns, e.g., 

telephone cord blister. Such blister patterns are quite localized in nature as they are sensitive to 

localized defects. The critical stress required for buckle formation can be calculated using the 

following equation [157–159], 

    𝜎𝑏 =
𝜋2

12
 (

ℎ

𝑏
)
2

�̅�𝑓                                                             (3.5) 

where, h is the film thickness, and b is the half-width of buckling, as shown in Fig. 3.3 (c). 

Thus, the value of 𝜎𝑏 for a buckled film can be calculated using the experimentally obtained 

value of b. In our case, the inorganic thin films (Co/Pt) are deposited on the organic polymer 

substrates (PI), and hence, structural damage may occur at larger values of applied strains. In 

this context, the PSM for the film and the substrate is calculated as, �̅�𝑠  = 4.5 GPa and �̅�𝑓 = 205 

GPa (considering Ta/Pt/Co layer). This gives the value of Dundurs parameter (𝛼𝐷) ~ 0.95. As 

per a few previous reports, for a flexible thin film, the crack formation initiates when the 

applied strain becomes higher than 1.5% [160,156]. As the applied tensile strain is below 

0.50% in our case, it should not initiate any crack formation in the sample. Further, we also 

calculate the critical stress required for wrinkle formation using the values of �̅�𝑓 and �̅�𝑠,  and 

it yields, σw ≈ 8 GPa. However, in our case, the maximum applied compressive strain is, ɛmax = 

0.42%, and the corresponding applied stress is, σ ≈ 0.8 GPa, which is far away from the critical 

stress needed for wrinkle formation. Thus, within the limit of applied strain, the classical 

magnetoelastic effects should be observed. To confirm that no structural damage occurs upon 

application of strain, the sample surface is scanned at both the unstrained and strained states of 

the sample using a scanning electron microscope (SEM). Three pieces of the same flexible 

sample are used for imaging purpose, where one piece is mounted on the flat state and the other 

two is mounted on convex and concave-shaped molds of 3 mm radius. Fig. 3.4 shows the 
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surface of the sample at both unstrained and strained states. Here, no sign of damage is observed 

at ~ 0.42% strain applied in the sample plane, as also expected earlier. As per a previous report, 

Ta exhibits a stronger peel adhesion with PI substrate, and hence, in our case, the Ta seed layer 

may help to lower the possibility of thin film damage [161]. However, if the applied strain 

reaches ~ 1.0%, a pronounced structural deformation is quite probable. Few earlier report 

shows that damage to thin film induces an irreversible modulation in the electronic and 

magnetic properties of a sample [156,160]. However, in our case within the limit of applied 

strain, all the properties were reversible in nature which also supports no damage to the sample. 

However, in Chapter 5 we will discuss the structural damage formation observed due to a high 

peeling strain applied in the Co/Pt thin film. 

 

Figure 3.4 Scanning electron microscope images of the Co/Pt sample surface at (a) 

unstrained, (b) tensile, and (c) compressive strained states. No structural damage is found 

within the range of applied strain. 

 

3.4 Magnetic Characterization: 

3.4.1 Magnetization reversal phenomena: Further, to understand the impact of strain 

generation on the magnetic properties of the sample, we have measured the magnetization 

reversal and magnetic relaxation phenomena using magneto-optic Kerr effect (MOKE) based 

microscopy in the polar mode. Magnetic hysteresis loops and simultaneous domain images are 

recorded for varied strength of applied strain. The coercivity (HC) of the sample increases from 
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27 (unstrained) to 36 mT (strained) under the application of ~ 0.4% tensile strain in the plane 

of the sample. Whereas, under compressive strain (~ 0.4%) coercivity reduces to ~ 25 mT. 

Thus, the impact of tensile and compressive strain is found to be opposite and asymmetric on 

the coercivity, as also depicted in Fig. 3.5 (a). The opposite behaviour is due to the opposite 

sign of the tensile and compressive strain, which oppositely modulates the magnetic anisotropy. 

The magnetoelastic anisotropy of a thin film can be written as, 𝐾𝑀𝐸𝐴 = 
3

2
𝜆𝜎, where, λ is the 

magnetostriction coefficient of the Co/Pt system and σ is the applied stress. As per a few earlier 

reports, for a Co/Pt system λ is usually negative (λ ~ - 3.5×10-5) along (111) direction [162], 

whereas the sign of σ (related to applied strain) can be either positive (for tensile strain) or 

negative (for compressive strain). Thus, the product of λσ also can be positive or negative. 

Here, the application of tensile strain (in the sample plane) helps to enhance the effective 

magnetic anisotropy, which in turn enhances the magnetic field required for magnetization 

reversal and hence, the coercivity of the sample. In contrast to this, compressive strain reduces 

the total anisotropy and hence, the coercivity of the sample. Such opposite impact of tensile 

and compressive strains is also reported earlier for flexible thin films [10,16,162]. In our case, 

the modifications under tensile strain are higher than the compressive strain, possibly due to 

the strong intrinsic PMA of the Co/Pt sample. As the thickness of Co (𝑡𝐶𝑜) is ~ 0.70 nm, it is 

far away from the thickness (𝑡𝐶𝑜  ~ 1.60 nm) that induces a SRT (i.e., it changes magnetic easy 

axis from OP to IP) in our Co/Pt system. At SRT anisotropy goes to zero, whereas far from SRT 

the strength of anisotropy increases. Thus, it could be challenging for a compressive strain to 

weaken the anisotropy strength since the sample has a strong PMA. In an earlier report by 

Shepley et al., authors prepared Co/Pt samples upon a glass substrate and generated strain by 

using a piezoelectric transducer (where the application of voltage generates strain in the 

sample). Here, the variation in magnetic anisotropy is found to be quite symmetric under both 

types of strain, as the sample thickness is taken closer to the SRT region [162]. Fig. 3.5 (a) 
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shows the modification in coercivity under varied strengths of tensile and compressive strains. 

In the 1st cycle, the sample is bent for the first time at different radii and the values of coercivity 

are plotted. Further, the sample is kept under 0.42% tensile strain for 15 days and re-measured 

the coercivity values again at different strained state. This is plotted as 2nd cycle in Fig. 3.5 (a). 

The nature of the two graph indicates that the film has good durability even when subjected to 

a prolonged stress state, which is very promising for flexible spintronic device application. 

Moreover, it also shows that the changes under such elastic strain are reversible in nature. 

Bubble domains are observed at the initial flat state of the sample, as the anisotropy ratio 𝑄 =

 
𝐾𝑢

𝐾𝑑
 ≫ 1, where Ku is the uniaxial anisotropy constant and Kd is the stray field energy 

constant [163]. The domain images are recorded at saturation, near nucleation, and sub-

coercive field values of each hysteresis loop as shown in Fig. 3.5 (b). All the domain images  

  

Figure 3.5 (a) Strain vs. coercivity plot for Co/Pt sample (obtained from hysteresis loops), 

where black open and blue filled circles represent the 1st and 2nd bending cycles under tensile 

strain, respectively. The square symbols represent the change in coercivity under 

compressive strain. Domain images recorded at saturation, nucleation, and coercive field 

points of the hysteresis loops measured in the unstrained (b-e), +0.13% tensile strained (f-i), 

and -0.13% compressive strained (j-m) states of the sample. The scale bar shown in image b 

is 500 μm in length and is valid for all the other domain images [31]. 
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are captured at the same place of the sample to compare the effect of strained conditions on the 

domain state. A red-marked circle is used to compare the propagation of a specific domain in 

the strained and unstrained state. Images shown in Fig. 3.5 (d) and (h) indicate that the bubble 

domain moves slowly under tensile strain in comparison to the unstrained state of the sample. 

Whereas under the compressive strain, the domain expansion looks quite similar to the flat 

state. Such modification in domain propagation may be related to the induced magnetoelastic 

anisotropy in the sample. As the application of tensile strain helps in strengthening the PMA, 

it might enhance the domain wall (DW) formation energy (𝜎𝐷𝑊 = 2𝜋√𝐴𝐾, where A is the 

exchange stiffness constant and K is the effective anisotropy) in comparison to the flat state. 

Whereas application of compressive strain may reduce the DW formation energy, and modify 

the domain propagation under strain. Similarly, strain-induced domain nucleation and DW 

motion is observed experimentally for PMA Co/Pt and Co/Ni systems, deposited on 

piezoelectric substrates [162,164]. In addition, strain-assisted domain rotation and DW motion 

are also observed for IMA FeGa films [165].  Theoretically, a high DW velocity is also 

predicted for systems at specific curved states [166]. Thus, strain engineering seems to be a 

promising tool to control both the static and dynamics of DW motion.    

3.4.2 Magnetic relaxation phenomena: To better understand the reversal phenomena, we 

have further studied the magnetization relaxation mechanism of the Co/Pt sample under strain. 

The measurement reveals the efficiency of thermal activation energy to complete the 

magnetization reversal process. In addition, it gives more insight into whether the reversal 

process is dominated by domain nucleation or DW motion. Previously such magnetization 

relaxation has been studied for nanoparticles, magnetic antidots, and continuous thin 

films [167–169]. Among several models developed to explain magnetization relaxation 

phenomena, the Fatuzzo-Labrune model is extensively used for FM thin films [170,171]. 

However, the approximation of a single energy barrier considered in this model does not hold 
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for real thin films. An experimental sample consists of a distribution of energy barriers with 

defects and inhomogeneities throughout the sample surface. In this context, the Kolmogorov-

Avrami model takes care of such inhomogeneities, where the relaxation is explained by a 

compressed or stretched exponential function [172]. Thus, the relaxation process of flexible 

Co/Pt thin film is also explained using the compressed exponential function. The relaxation 

measurement is performed using MOKE-based microscopy in the polar mode. The 

measurement protocol is as follows, first, the sample is saturated by applying a sufficient 

negative magnetic field and then the field is increased manually to a positive sub-coercive field 

value (say 0.95HC). At that constant applied field (Zeeman energy), the magnetization reversal 

takes place with the help of the thermal energy. All the domain images are captured during the 

whole thermal relaxation process, where the amount of dark grey contrast represents a measure 

of the magnetization in the sample. The intensity of each image is extracted by using ImageJ 

software and the average intensity for the domain images captured within one second is 

calculated. The normalized intensity is then plotted with the time taken to complete the reversal, 

as shown in Fig. 3.6 (a). The domain images captured during the thermal relaxation process (at 

0.95HC field) is shown in Fig. 3.6 (b) for all the states of the sample. The experimental data of 

Fig. 3.6 (a) is fitted using the compressed exponential function written as [172]: 

𝐼(𝑡) = 𝐼1 + 𝐼2 (1 − exp (−(
𝑡

𝜏
)
𝛽
))                                     (3.6) 

where, I(t) is the Kerr intensity measured at time t, (𝐼1 + 𝐼2) is the normalized Kerr intensity, 

β is an exponent that may obtain values between 1 (nucleation-dominated relaxation) to 3 (DW 

motion-dominated relaxation), and τ is the relaxation time constant. We have extracted the 

values of τ and β for the three different states of the sample. The β value lies within 1 to 3 for  
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Figure 3.6 Results of the relaxation measurement performed at 0.95HC field value, (a) the 

normalized intensity vs. time plot for the unstrained and ±0.13% strained state of the sample. 

Open circles are the experimental data and the solid lines represent the fitting of the data by 

a compressed exponential function, and (b) domain expansion during the relaxation process 

at the unstrained (top panel), tensile strained (middle panel), and compressive strained (lower 

panel) state of the sample. Here, 0 s represents the time when the first domain image is 

captured after fixing the Zeeman energy. The domain images captured at different time 

intervals (0s, 5s, 10s, and 20s) are shown for all the states of the sample. The scale bar is 500 

μm in length and valid for all the domain images [31]. 

 

all the states of the sample, which indicates that the magnetization reversal is governed by both 

the domain nucleation and the DW motion events. Notably, the value of τ increases (τ = 23.63 

± 0.14 s) under tensile strain and decreases (τ = 8.52 ± 0.16 s) under compressive strain in 

comparison to the unstrained state (τ = 11.00 ± 0.04) of the sample. It indicates that the reversal 

process became slower under tensile strain and faster under compressive strain, in comparison 

to the unstrained state. This also can be interpreted as the domain propagation becoming slower 

under tensile strain and faster under compressive strain, owing to the induction of 

magnetoelastic anisotropy in the sample. Fig. 3.6 (b) shows that in about 20 s of the relaxation 

process, the flat sample reaches closer to the saturation, whereas the tensile strained sample is 

still far away from reaching the saturation. In contrast, the compressive strained sample has  
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Figure 3.7 Schematic of (a) the sample deposition geometry when a PI substrate is mounted 

on a convex mold, (b) compressive and tensile strain generation by making the as-deposited 

bent sample flat.  

 

completed the reversal process within 20 s time. Thus, the domain images also reflect a slower 

relaxation process under tensile strain whereas a faster one under compressive strain, as 

observed earlier in the magnetization reversal process [31]. Thus, the induced ME anisotropy 

is found to have a strong impact on both the magnetization reversal and relaxation process of 

the flexible Co/Pt film.  

3.5 Co/Pt sample prepared on bent PI substrates: In order to confirm that the impact of 

tensile and compressive strain is opposite on the magnetic properties, we have used another 

method to generate strain on the sample. Here, we have prepared the same Co/Pt sample (as 

mentioned earlier) on the bend PI substrates. Before sample fabrication two PI substrates are 

fixed on convex and concave shape molds, as shown schematically in Fig. 3.7 (a). The radii of 

the two molds were different because of the substrate holder geometry. Here, two Co/Pt 

samples are deposited at the same time, where one is on convex and another is on concave-

shaped bent PI substrates. Here, the as-deposited state of the Co/Pt film is considered as 

unstrained state. When the samples were taken out from the mold and flattened, it introduced  
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Figure. 3.8 Sample deposited on bent PI substrates, using (a) convex and (c) concave molds, 

(b) and (d) hysteresis loops measured in the as-deposited unstrained and strained states of 

the sample.  

 

a strain on the sample. In this way, tensile and compressive strains are generated on the samples 

that are deposited on the concave and convex-shaped molds, respectively. A schematic of the 

sample deposition geometry and the method of strain generation is shown in Fig. 3.7. 

Hysteresis loops are measured in the polar MOKE geometry for both the as-deposited and flat 

state of the samples, as shown in Fig. 3.8. Here, the unstrained state loops for both the samples 

have different coercivity due to the different mounting geometries and heights of the molds 

used (see Fig. 3.8). When both the samples are made flat, the impacts of tensile and 

compressive strains are found to be opposite in nature, which is similar to our previous 

observation. This further confirms the opposite impact of tensile and compressive strains on 

the magnetic properties of the sample.      
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In summary, it can be concluded that the application of tensile and compressive strain helps to 

tune magnetic properties in an opposite manner which is indeed reversible within the elastic 

limit of applied strain. A detailed insight into the magnetization reversal and relaxation 

dynamics of flexible Co/Pt thin film is also provided. As the film has a non-zero 

magnetostriction co-efficient, the applied strain modifies the magnetic properties in the bend 

states of the sample. Thus, the desirable magnetic properties are possible to be achieved by 

proper tuning of applied strain.  Further, density functional theory calculations may shed light 

on the exact impact of applied strain on the DOS of the samples. The observed endurance of 

the magnetic film against long-term strain application could be promising for spintronic device 

applications. In addition, such a system also has the potential for flexible strain sensors and 

healthcare monitoring applications.  
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Chapter 4: Strain-driven magnetic properties of Pd/Co/Pd thin film 

 Strain engineering seems to be a promising way to fabricate smaller, faster, and power-efficient 

future spintronic devices. The application of external strain is capable of tuning the structural, 

electronic, and magnetic properties of various magnetic systems [7,173,174]. In this context, 

piezoelectric and ferroelectric substrates have widely been used in the past to generate strain 

by applying a high voltage to the substrate [162,175,176]. In contrast to this, the flexible 

substrate provides the opportunity to generate multi-dimensional strain (via bending, 

stretching, wrinkling, and twisting methods) without the application of any voltage. The impact 

of such strain on the magnetic properties depends on the magnetostrictive coefficient (λ) of a 

material. As the magnetostrictive coefficient of Co/Pd is higher (λ ~ 10-4) than the Co/Pt system 

(λ ~ 10-5), it allows a better tuning of magnetic properties via strain [177,178]. Thus, a recent 

study on the flexible Co/Pd system shows a better response to applied strain [179]. In addition, 

flexible spin valves are also fabricated using perpendicular anisotropic Co/Pd film [33,34]. 

However, for device applications, it is crucial to comprehend the response of fundamental 

magnetic properties (such as magnetization reversal phenomena, DW dynamics, magnetic 

anisotropy, etc.) subjected to external strain. As the field is young, a thorough investigation of 

the effect of external strain on the flexible Co/Pd film is scarce. In this context, a series of 

flexible Co/Pd thin films are prepared upon both rigid Si and flexible PI substrate (~ 38 μm 

thick) by varying the thickness of the Co (𝑡𝐶𝑜) layer from 0.50 to 1.10 nm. Structural and 

magnetic properties are studied under bending-induced uniaxial strain, as explained earlier in 

Chapter 3. Using molds of different radii (40 mm to 2 mm), the magnitude of uniaxial strain is 

varied within 0.05% to ~ 1.00%, in the plane of the sample. Here, the magnitude of applied 

strain is different than Chapter 3, due to a different thickness of the PI substrate used.  

4.1 Sample details: A series of flexible Pd/Co(𝑡𝐶𝑜)/Pd samples are prepared with the structure, 

PI/Ta(20)/Pd(4)/Co(𝑡𝐶𝑜)/Pd(2)/Ta(5), where the numbers in parentheses are the thicknesses in 
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nm and 𝑡𝐶𝑜  = 0.50, 0.65, 0.80 (S1), 0.96, 1.10 (S2) nm. Here, the Co thickness is varied to tune 

the anisotropy strength of the samples and reach the SRT. For the Co/Pd series, the SRT is 

obtained when 𝑡𝐶𝑜  ~ 1.30 nm. Thus, the sample with 𝑡𝐶𝑜  = 1.10 nm is quite close to the SRT 

region of the Pd/Co film. Both Si and PI substrates are cleaned ultrasonically before film 

deposition. Samples are prepared via the DC magnetron sputtering technique in a high vacuum 

multi-deposition unit manufactured by Mantis Deposition Ltd. UK. Before deposition the base 

pressure of the chamber was ~ 5×10-8 mbar. Deposition rates for Ta, Pd, and Co layers are 

maintained at 0.18 Å/s, 0.20 Å/s, and 0.16 Å/s, respectively. A QCM monitored the thickness 

of each layer during sample preparation. To achieve uniformity in the deposited layers the 

substrate is rotated at 10 rpm during sample fabrication.  

4.2 Structural Characterization: The sample surface morphology is imaged using SEM at 

both the unstrained and strained states of the sample, to ensure no structural damage results 

from the applied strain. In this context, three pieces of the same flexible Co/Pd sample are used, 

where one is mounted in the flat state and the other two are mounted in the bend states using 

convex and concave-shaped molds. Application of ~ 0.40% strain (in the sample plane) does 

not initiate any damage to the film. However, under ~1.0% compressive strain few lines 

appeared on the sample surface, as shown in Fig. 4.1 (c). As the elastic mismatch between the 

organic substrate and the inorganic film is quite high, the application of high compressive strain 

may initiate buckling of the deposited film to release stress energy. Such buckled areas of the 

film may look like lines in the SEM images. However, the patterns are quite localized and are 

affected by the presence of defects in the sample. Notably, under ~1.0% tensile strain no sign 

of crack formation is observed. A few earlier report shows that fracture development starts 

when applied strain rises to more than 1.5% film [160,156]. Significant damage formation may 

induce irreversible changes in the electrical and magnetic characteristics of a sample. However,  



Chapter 4: Strain-driven magnetic properties of Pd/Co/Pd thin film 

88 
 

 
Figure 4.1 Scanning electron microscope images of the surface of Co/Pd sample (S1) at, (a) 

unstrained, (b) ~ 1.0% tensile, and (c) ~ 1.0% compressive strained state. 

  

in our case, all the characteristics measured within 1.0% applied strain were reversible in 

nature. Thus, to observe only classical magnetoelastic effects the bending-induced strain is not 

exceeded more than 1.0% strain in our case. 

4.3 Magnetic Characterization: 

4.3.1 Magnetization reversal phenomena: Magnetization reversal is studied using magneto-

optic Kerr effect (MOKE) based microscopy in the polar mode. Hysteresis loops are measured 

for all the samples prepared upon rigid Si and flexible PI substrates. A square-shaped hysteresis 

loop is found for all the samples having 𝑡𝐶𝑜 between 0.50 - 0.96 nm, in their unstrained states. 

However, the sample with a 1.10 nm thick Co layer has a small coercivity and a tail-like feature 

in the loop, indicating the sample reaches closer to the SRT region of the Pd/Co system. Fig. 

4.2 (a) shows the hysteresis loops measured for the Si-based samples. Here, a systematic 

decrease in coercivity with increasing 𝑡𝐶𝑜 indicates a systematic decrease in PMA strength in 

the samples. Similarly, the effective magnetic anisotropy (Keff) of the Si-based samples is 

measured by SQUID magnetometry, which also shows a decrement in the PMA of the samples 

with increasing 𝑡𝐶𝑜. A more detailed discussion on the magnetic anisotropy can be found in 

section 4.3.4. Further, the coercivity for both the Si and PI-based samples are plotted in Fig. 

4.2 (b). The coercivity of the PI-based samples is higher than the Si one possibly due to the 

higher roughness of PI in comparison to Si. The surface roughness of the Ta (20nm) seed layer 
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on both Si and PI substrate are measured using atomic force microscopy. The RMS roughness 

was ~0.7 nm and 3nm on the Si and PI substrate, respectively. Therefore, the higher roughness 

of the PI substrate may give rise to a higher coercivity in the flexible samples. As the Co/Pd 

system has a high λ, a better strain sensitivity is expected for these flexible samples. In this 

context, to study the effect of external strain on the basic magnetic properties, we have 

considered two PI-based samples, one from a moderate PMA region (with 𝑡𝐶𝑜  = 0.80 nm), and 

the other one from a lower PMA region (with 𝑡𝐶𝑜  = 1.10 nm) i.e., closer to SRT. For simplicity, 

these two PI-based samples are called as S1 (𝑡𝐶𝑜  = 0.80 nm) and S2 (𝑡𝐶𝑜  = 1.10 nm) in the 

further discussion of  

 

Figure 4.2 (a) Hysteresis loops of Si-based Pd/Co(𝑡𝐶𝑜)/Pd samples measured by polar-

MOKE microscopy, (b) coercivity vs. 𝑡𝐶𝑜  plot for both rigid Si and flexible PI-based samples. 

 

this chapter. The magnetization reversal phenomena are studied at both the flat (unstrain) and 

bend (strain) states of the samples using MOKE microscopy. Figure 4.3 (a) shows the variation 

of coercivity with strain for sample S1. The sample in its flat state has ~12 mT coercive field. 

The impact of ~ ±0.05% strain is found to be negligible in modulating the coercivity, which 

led to the plateau region of the graph. However, from ~ 0.10% strain, a finite change in the 

coercivity is observed. The application of tensile (or compressive) strain in the plane of the 
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sample increases (or decreases) the coercivity of the film. The changes are found to be quite 

linear with increasing the magnitude of strain, as depicted in Fig. 4.3 (a). This can be explained 

in terms of the induced MEA in the system, owing to the applied strain. The MEA coefficient 

can be written as, 𝐾𝑀𝐸𝐴 =
3

2
𝜆𝜎, where 𝜆 is the magnetostrictive co-efficient, and 𝜎 is the 

applied stress. Here, an interplay between the MEA and PMA strength decides the overall 

anisotropy direction. Due to the negative magnetostriction coefficient (𝜆) of Co/Pd, the 

application of tensile strain (in the sample plane) enhances the strength of effective PMA, 

whereas compressive strain reduces it [177,178]. Similar phenomena were also observed for 

Co/Pt film under strained states [10,30,162]. It is important to note that the application of a 

high strain (~ 1.0%) modifies the coercivity of the film by ~ 45% of its unstrained value, owing 

to the expected higher 𝜆 of the Co/Pd system. Under ~ 1.0% compressive strain, the loop shape 

also became quite slanted indicating a significant reduction in PMA strength. Further, the 

domain images captured at saturation, nucleation, and sub-coercive field values of hysteresis 

loops are shown in Fig. 4.3 (b). Bubble domains are found in the initial flat condition of sample 

S1. To investigate the influence of stressed conditions, domain images are acquired at the same 

location of the sample. A red-marked circle highlights the changes due to applied strain. 

Compressive strain changes the domain shape from circular to prolate, whereas tensile strain 

changes it to an oblate shape, as shown in Fig. 4.3 (b). The applied strain () acts along the x-

axis as shown in the domain images. However, in the transverse axis (y) an additional strain 

gets generated due to the Poisson effect. It is important to note that the domain shape gets 

elongated along the direction of the elongation due to applied strain. For the compressive strain 

applied along the x-axis, an elongation occurs along the y-axis. Whereas for the tensile strain 

applied along the x-axis, an elongation occurs along the same axis. As the external strain may 

affect the grains of a sample, it in turn may change the shape of domains. In order to understand 

the magnetization reversal phenomena with more clarity, we further performed magnetic 
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relaxation measurements in the flattened (unstrained) and bent (strained) states of sample S1, 

as discussed in the following. 

 
Figure 4.3 (a) Strain-driven modifications in coercivity, and (b) domain images captured at 

the unstrained and the strained (±0.13%) states of sample S1. The scale bar shown in the 

saturation image is 500 µm in length and is valid for all the other images.  

 

4.3.2 Relaxation dynamics: Magnetic relaxation phenomena reveal the ability of thermal 

energy to complete a reversal process at a constant Zeeman energy [169,172,180]. In addition, 

it gives more insight into whether the reversal process is dominated by domain nucleation, DW 

motion events, or both. In the presence of a constant sub-coercive field value (say, 0.97HC), the 

magnetization reversal phenomena get completed with the help of thermal energy at RT. For 

sample S1, at 0.97HC field value, the domain images are captured until the reversal process is 

completed. The average intensity of the domains is then plotted w.r.t the time taken to complete 

the reversal. Fig. 4.4 (a) represents the plot for normalized Kerr intensity vs. time, where 0s 

corresponds to the time when the first domain image is captured after fixing the magnetic field 

to 0.97HC. The intensity vs. time plot is then fitted by the compressed exponential function as 

written below [172], 

𝐼(𝑡) = 𝐼1 + 𝐼2 (1 − exp (− (
𝑡

𝜏
)
𝛽
))                                          (4.1) 
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where, 𝐼(𝑡) is the measured Kerr intensity at time 𝑡, 𝐼1 + 𝐼2 is the normalized Kerr intensity, τ 

is the relaxation time constant, and β is an exponent that can obtain any value between 1 to 3. 

We extracted the value of τ by fitting the experimental data with equation 4.1, which indeed 

represents the time taken to complete the reversal process. Here, the magnitude of applied strain 

is ~0.40% for both the strained states. For the unstrained state, τ ~ 7s, which reduces (τ=5.6s) 

under compressive strain and increases (τ=9.2s) under the tensile strain. The reduction in τ 

indicates a faster reversal process, whereas an enhancement in τ indicates a slower reversal 

process under oppositely signed strain. Figure 4.4 (b) shows the domain images captured during 

the reversal at different intervals of time. At 5s the reversed magnetized area is larger under 

compressive strain in comparison to the flat and tensile strained states. At around 10 s duration,  

 

Figure 4.4 Relaxation measurement performed at 0.97HC field value on sample S1, (a) 

intensity vs. time plot at strained (~ ±0.40%) and unstrained states, and (b) domain images 

captured during the reversal process at different time intervals. The scale bar shown in the 

domain image captured at 0s is 500 µm in length and is valid for all the other images.   

 

the reversal is completed for the sample under both the unstrained and the compressive strained 

states. However, the tensile strained sample takes a longer time to complete the reversal 

process. As the application of strain modifies the overall anisotropy strength of the system it 

might change the DW dynamics w.r.t the unstrained state [181,182]. An enhanced PMA 
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increases the DW formation energy (𝜎𝐷𝑊 = 2𝜋√𝐴𝐾, where A is the exchange stiffness 

constant and K is the effective anisotropy) which may reduce the DW velocity at the tensile 

strained state of the sample. Similarly, under compressive strain, the DW velocity might be 

increased, helping in accelerating the reversal process. In order to confirm the opposite impact 

of tensile and compressive strain on the DW dynamics of the sample, we further measured the 

DW velocity in the creep region under strain. 

4.3.3 Domain wall dynamics: DW velocity is measured by the symmetric domain expansion 

method under OP pulsed field, using MOKE microscopy in polar mode. DW in magnetic thin 

film behaves as an elastic interface, moving through a 2D disordered media. The presence of 

impurities and disorder in real samples act as pinning sites, which hinders the smooth motion 

of DW. In the creep region, DW motion is mainly governed by the pinning potential and thermal 

energy present in the system. When T ≠ 0, the DW follows an exponential relationship with the 

applied field in the creep region. In our work, we have measured pulsed magnetic field-induced 

DW velocity at both the unstrained and ~ ±0.13% strained states of sample S1. The DW 

velocity (𝑣𝐷𝑊) vs. field (𝐻𝑂𝑃) plot is shown in Fig. 4.5 (a), whereas the logarithm of velocity 

(𝑙𝑛 𝑣𝐷𝑊) vs. field (𝐻𝑂𝑃) plot in Fig. 4.5 (b). The experimental data shown in Fig. 4.5 is fitted 

by the creep law, as written below [79,82], 

𝑣𝐷𝑊 = 𝑣0 𝑒𝑥𝑝 [−
𝑈𝑐

𝑘𝐵𝑇
(

𝐻𝑂𝑃

𝐻𝑑𝑒𝑝
)
−

1

4
]                                            (4.2) 

where, 𝑣0 is the scaling parameter of velocity, 𝑈𝑐 = 𝑘𝐵𝑇𝑑𝑒𝑝  is the height of pinning potential, 

𝑘𝐵𝑇 is thermal activation energy and Hdep is the depinning threshold field. The logarithm of 

the above equation can be expressed as, 

𝑙𝑛(𝑣𝐷𝑊) = 𝑙𝑛(𝑣0) −
𝑇𝑑𝑒𝑝

𝑇
(

𝐻𝑂𝑃

𝐻𝑑𝑒𝑝
)
−

1

4
                                    (4.3) 
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The fitting of the experimental data confirms that the DW motion lies in the creep region within 

the range of field applied during our measurement. As depicted in Fig. 4.5 (a) at a constant 

applied field (~ 20 mT), the DW velocity under compressive strain is ~ 3 times higher than its 

unstrained state. However, under tensile strain, the velocity is reduced to a value half of its 

unstrained state. To well understand the origin of such behaviour, we have further extracted the 

values of  
𝑇𝑑𝑒𝑝

𝑇
(𝐻𝑑𝑒𝑝)

1

4 from the fitting of the experimental data using equations 4.2 and 4.3. 

At the unstrained state, the ratio of 
𝑇𝑑𝑒𝑝

𝑇
(𝐻𝑑𝑒𝑝)

1

4 obtains a value of 9.51 ± 0.07, which reduces 

to 9.25 ± 0.06 under compressive strain and increases to 10.00 ± 0.06 under tensile strain. At a 

constant temperature T, the product of 𝑇𝑑𝑒𝑝 and 𝐻𝑑𝑒𝑝 gives insight into the pinning energy 

distribution of a sample. Pinning sites introduced a local variation in the anisotropy landscape 

of a sample. If the pinning potential increases it in turn will increase the factor 
𝑇𝑑𝑒𝑝

𝑇
(𝐻𝑑𝑒𝑝)

1

4. 

Thus, the extracted parameters indicate a reduced pinning potential under compressive strain, 

whereas an enhanced pinning barrier under tensile strain. The modification in the pinning 

energy barrier under strain could be related to a local anisotropy modification due to the 

induction of MEA.  In addition, the external strain might help in the relaxation of some strained 

pinning sites, modifying the effective pinning barrier. A reduced pinning barrier thus helps to 

move the DW faster under compressive strain. In addition, as the compressive strain reduces 

the effective magnetic anisotropy of the system, it in turn reduces the DW energy (𝜎𝐷𝑊), 

leading to a faster DW motion. However, under tensile strain, the enhancement in both PMA 

and pinning potential might lead to a slower motion of the DW. With increasing strain further, 

a better tunability of the DW velocity might be possible. Such enhanced velocity could be 

helpful in future DW-based device applications. Strain-induced domain nucleation and DW 

motion were reported earlier for HM/FM (e.g., Co/Pt, Co/Ni) systems, deposited upon rigid 
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piezoelectric substrates [164,183]. However, in the case of a flexible HM/FM system, no such 

report exists to the best of our knowledge. In our case, all the changes in magnetic properties  

 
Figure 4.5 Pulsed magnetic field induced DW velocity measured using MOKE microscopy 

for sample S1, (a) 𝑣𝐷𝑊 vs. field (𝐻𝑂𝑃) plot and (b) 𝑙𝑛 𝑣𝐷𝑊 vs. field (𝐻𝑂𝑃) plot at unstrained 

and strained states of the sample. 

 

observed under the elastic strain are reversible in nature. Thus, strain engineering seems to be 

a promising tool to control both the static and dynamics of DW in flexible PMA thin films.    

4.3.4 Magnetic anisotropy: The effective magnetic anisotropy (Keff) is measured by SQUID 

magnetometry. In this context, M-H loops are measured along both the IP and OP directions of 

the samples at RT. The effective anisotropy is calculated using the following equation,  

 𝐾𝑒𝑓𝑓 =
1

2
µ0𝐻𝑆𝑀𝑆                                                 (4.4) 

where, µ0HS is the IP saturation field and Ms is the saturation magnetization. Here, the effective 

anisotropy decreased from 0.80 MJ/m3 to 0.12 MJ/m3 by increasing 𝑡𝐶𝑜 from 0.50 to 1.10nm. 

The origin of PMA in the Co/Pd system depends on several factors, viz. interfacial effects, 

magneto-elastic contribution, hybridization, modified orbital moment, etc. [184,185]. The 

strength of  𝐾𝑒𝑓𝑓 decreases with increasing 𝑡𝐶𝑜 as the volume anisotropy starts dominating over 
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the interfacial one. Application of external strain induces MEA (𝐾𝑀𝐸𝐴 = 
3

2
𝜆𝜎) which modifies 

the effective anisotropy of the sample further. Using the known values of applied strain (), the 

value of 𝐾𝑀𝐸𝐴 can be calculated. As the tensile and compressive strains have opposite signs, 

they modify 𝐾𝑒𝑓𝑓 in an opposite manner. This gives rise to the opposite modulation in the 

magnetic properties (e.g., magnetization reversal, relaxation, and DW dynamics) as well. Apart 

from MEA, external strain also may modify the interfacial hybridization of a system. A recent 

study on Fe2CoSi/Pt shows that a strained interface could change the strength of interfacial 

orbital spin-polarization and hence, the interfacial hybridization of a sample [186]. Thus, to 

understand the impact of applied strain on the orbital and spin magnetic moment, element-

specific XMCD measurements are performed on sample S1.  

4.3.5 X-ray magnetic circular dichroism (XMCD) measurements: The difference in the 

absorption of the left (μ-) and right (μ+) circularly polarized X-rays by a magnetic material 

gives rise to a dichroic signal, known as XMCD [142,143]. The XMCD measurements are 

performed at the Co L2,3 edges of sample S1 at the BACH beamline of the Elettra synchrotron 

facility, in Italy. The measurements are performed in the total-electron-yield (TEY) mode, at 

the normal incidence geometry of X-rays at RT. The sample is magnetized using a permanent 

magnet (~ 0.5T field strength), before loading inside the measurement chamber. Typical XAS 

and XMCD (μ-- μ+) spectra are measured at both the flat and bend states of the sample, as 

shown in Fig. 4.6. The integration of the XMCD spectra is also shown in each figure. From the 

integration of XMCD, the ratio of the orbital to spin magnetic moment can be deduced using 

the sum rule analysis as written below [147], 

𝑚𝑜𝑟𝑏

𝑚𝑠𝑝𝑖𝑛
=

2𝑞

9𝑝−6𝑞
                                                        (4.5) 
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 where, 𝑝 = ∫ (𝜇− − 𝜇+) 𝑑𝐸
𝐿3 

 and 𝑞 = ∫ (𝜇−  −  𝜇+) 𝑑𝐸
𝐿3+𝐿2

, represents the integration of 

XMCD signal along L3 and L3 + L2 edges, respectively. The strength of the XMCD signal (μ-- 

μ+) found to be modified at the strained state in comparison to the flat state of the sample. As 

the circular dichroism appears as a result of broken symmetry (either inversion or time-reversal 

symmetry) in a system, the application of strain could modify the broken inversion symmetry 

leading to a modified XMCD signal. By putting the values of 𝑝 and 𝑞 we calculated the ratio 

of 
𝑚𝑜𝑟𝑏

𝑚𝑠𝑝𝑖𝑛
 for all the states of sample S1. In the flat state, the ratio of  

𝑚𝑜𝑟𝑏

𝑚𝑠𝑝𝑖𝑛
 is found to be 0.086, 

which increased for both the compressive (
𝑚𝑜𝑟𝑏

𝑚𝑠𝑝𝑖𝑛
 = 0.097) and tensile (

𝑚𝑜𝑟𝑏

𝑚𝑠𝑝𝑖𝑛
 = 0.10) strained 

state of the sample. Thus, the impact of both tensile and compressive strain seems to be quite 

similar in modulating the orbital magnetic moment of Co. Such modification could arise due 

to a reduced orbital momentum quenching upon application of strain. This in turn indicates that 

the SOC strength of the material also enhanced via strain. A similar impact of strain on Co has 

previously been observed for a Heusler compound Co2FeSi deposited on a flexible PI 

substrate [187]. Thus, in our case, the observed opposite modulation of magnetic properties in 

flexible Co/Pd samples does not associate with the modification in orbital moments. As per a 

few theoretical reports, the application of strain changes the density of states (DOS) near the 

fermi level in the FM/HM systems [188]. There, the changes in DOS under tensile and 

compressive strain are found to be opposite in nature, which plays a crucial role in deciding 

the magnetic properties. Therefore, in our case, an opposite modification in DOS might 

originate the observed changes in the magnetic properties under strain. Theoretical analysis 

may help in understanding this aspect more clearly.  
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Figure 4.6 XMCD measurements performed in the NI geometry at Co L2,3 edges of sample 

S1, at (a) unstrained, (b) compressive, and (c) tensile strained states. The measurements are 

performed at the BACH beamline of the Elettra synchrotron facility, in Italy. 

 

Table 4.1 Parameters at the unstrained and strained states of sample S1 (𝑡𝐶𝑜  = 0.80 nm) 

Sample State Coercivity 

(µ0HC) 

(mT) 

Relaxation 

time constant 

(τ) (s) 

Maximum 

measured DW 

velocity (𝑣𝐷𝑊)   

(mm/s) 

The ratio of orbital 

and spin magnetic 

moment (
𝑚𝑜𝑟𝑏

𝑚𝑠𝑝𝑖𝑛
) 

Unstrained 11.9 7.0 1.0 0.086 

Compressive strain 10.2 5.6 2.73 0.097 

Tensile strain 12.5 9.2 0.52 0.10 

 

4.3.6 Strain-driven SRT in sample S2: Application of ~ 1.0% compressive strain does not 

change the square loop shape of the Co/Pd sample having 0.50 nm thick Co layer (Fig. 4.7). 

Here, as the Co thickness is far from the SRT region, compressive strain alone cannot modify 

the EA of the sample. A similar effect is also observed for the flexible Co/Pt system discussed 

in Chapter 3. However, for sample S1 (0.80 nm), a square to s-shape transition of the hysteresis 

loop is obtained by applying ~ 1.0% compressive strain (Fig. 4.7). This indicates a significant 

reduction in PMA strength due to the induced MEA. As localized structural damage appears at 
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such a high strain value, it may degrade the film quality. In an earlier work, magnetization 

switching from IP to OP direction is achieved by applying ~ 2.00% biaxial strain in a flexible   

Co/Pd film [179], which is also not desirable from an application viewpoint. Thus, to obtain 

magnetization switching at lower strain values we have considered the sample S2 having Co 

thickness ~ 1.10 nm. Magnetization reversal study at varied strain values shows a systematic 

increase in coercivity under tensile strain, whereas a sudden decrease under compressive strain, 

as shown in Fig. 4.8 (a). As the sample thickness is closer to the SRT region, the impact of 

compressive strain is found to be stronger than the tensile one. Notably, under a minimal 

compressive strain of ~ 0.13%, the square loop shape became a slanted (s-shape) one and at ~ 

0.25% strain the loop shape changed to a straight line in the polar MOKE measurement (see 

Fig. 4.8 (b)). This confirms a switching of magnetic anisotropy from OP to IP direction. Such 

changes are found to be reversible and the hysteresis loop comes back to its initial shape upon 

removal of the strain. Notably, the coercivity values shown in Fig. 4.8 (a) are lower than the 

values depicted in Fig. 4.8 (b). As the molds used during strain-dependent measurements have 

~4mm height, it requires a slightly higher magnetic field to attain the coercivity. Thus, by 

subtracting the extra field value (~ 5mT), the actual coercivity values are plotted w.r.t strain in 

Fig. 4.8 (a). Further, to study the impact of such strain on the domain dynamics, we have 

compared the domain images captured at the coercivity of the corresponding hysteresis loops. 

 

Figure 4.7 Hysteresis loops measured at the unstrained and ~ ±1.0% strained state of Co/Pd 

samples with (a) 0.50 nm and (b) 0.80 nm (sample S1) thick Co layers. 



Chapter 4: Strain-driven magnetic properties of Pd/Co/Pd thin film 

100 
 

Bubble domains are observed at the initial flat state of the sample, which remains similar up to 

-0.06% strain (see Fig. 4.8 (c)). Increasing the applied strain further to -0.13% changes the loop 

from a square to s-shape, and hence, the reversal also happens via coherent rotation instead of 

DW motion. Thus, no domain formation and wall motion are observed for all the loops with an 

applied strain higher than -0.13%. This supports the basic magnetization reversal phenomena 

where the reversal happens via DW motion along EA, whereas via coherent rotation along HA. 

Thus, the application of compressive strain possibly changes the EA from OP to IP direction, 

which modulates the reversal process from DW motion to coherent rotation. Therefore, 

switching the magnetic anisotropy via a minimal applied strain (0.25%) in a non-volatile way  

 

 

Figure 4.8 (a) Strain vs. coercivity plot for sample S2, (b) square to slanted loop shape change 

under compressive strain, (c) domain images captured at coercivity of hysteresis loops with 

varied compressive strain. The scale bar shown in the 0.0% image is 500 µm in length and 

is valid for all the other images.    
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seems to be very promising for flexible spintronic device applications. Till now magnetization 

switching is achieved mainly by applying high electric fields or voltages, which suffers from 

several issues e.g., leakage current, filament formation, sophisticated device fabrication, etc. 

Flexible magnetic films overcome all these issues which is indeed promising for fabricating 

energy-efficient flexible spintronic devices. 

In summary, we have investigated the structural and magnetic properties of flexible Co/Pd thin 

film in a strained environment. MOKE microscopy measurements revealed an enhancement 

(decrement) in magnetic coercivity and relaxation time under tensile (compressive) strain. Such 

changes are ascribed mainly to the stress-induced anisotropy in the system. Further, the DW 

velocity measurements reveal ~ 3 times enhanced velocity under compressive strain owing to 

the reduced anisotropy and pinning potential of the sample. To understand well the origin of 

such strain-induced changes, synchrotron-based XMCD measurements are performed. The 

analysis reveals that the ratio of orbital and spin magnetic moment is independent of the sign 

of applied strain. Thus, there could be an opposite modification in the DOS near the Fermi level 

which results in such opposite modulation in the magnetic properties under tensile and 

compressive strain. Further, at ~0.25% compressive strain the EA of the Co/Pd sample (having 

1.10 nm thick Co layer) switches from OP to IP. Such strain-assisted SRT is very promising for 

energy-efficient switching applications. In contrast to the flexible Co/Pt film, here the Co/Pd 

system shows a higher strain sensitivity owing to its high value of λ. Thus, strain engineering 

appears to be a promising tool for tailoring PMA, boosting DW velocity, and switching 

magnetization orientation, essential for faster, smaller, and power-efficient spintronic devices. 
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Chapter 5: Structural deformation and irreversible magnetic properties in strained 

Pt/Co/Pt and Pd/Co/Pd thin film 

In the last two chapters, we have studied the effect of bending-induced tensile and compressive 

strains on the structural and magnetic properties of flexible Pt/Co and Pd/Co samples. In those 

systems, a few localized damages are found when the applied strain is ~1.0%. As the sample 

showed classical magnetoelastic effects, the impact of strain on the magnetic properties was 

reversible in nature. However, apart from bending, the flexible samples are also expected to 

withstand the stretching, twisting, peeling, and wrinkling modes of flexibility [7,189–192]. 

These modes may generate biaxial or multiaxial strain on the system [192,193]. Thus, it is 

important to know the critical strain beyond which severe deformation may take place. The 

occurrence of crack formation and buckle delamination may strongly affect the functional 

properties of the film. This may restrict the industrialization of flexible devices and thus, 

necessitates a thorough understanding. However, these topics are rarely studied and discussed 

in detail. Faurie et al. studied the effect of applying large tensile strain on the Co40Fe40B20 (λ≠0) 

film deposited on the Kapton substrate [160]. It was found that the crack initiation occurs at 

~1.6% strain. Cracking and subsequent buckling increased the electrical resistance by several 

orders of magnitude. Further, Merabtine et al. studied the effect of large stretching strain on the 

magnetic properties of Co40Fe40B20 (λ≠0) and Ni80Fe20 (λ≈0) thin films [156]. Here, crack 

formation started from ~2% strain, whereas blister kind pattern appears from ~6% strain. It is 

important to highlight that in their study the authors found that the structural discontinuities 

(due to cracks and buckles) have no impact on the magnetic properties. Only the residual stress 

generated during the damage of the film affects the magnetic properties. As per our earlier 

studies on the bending-induced strain, it is quite expected that the damages should act as 

pinning sites for the domain nucleation and propagation. Thus, the overall magnetization 

reversal mechanism should be strongly affected by such high strain. As very little is known 
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about the impact of damages on the magnetic properties, we tried to investigate this aspect for 

both the flexible Co/Pt and Co/Pd films.  

5.1 Sample details: Pt/Co/Pt and Pd/Co/Pd thin films are prepared upon Kapton (~50µm thick) 

having an adhesive back. This adhesion helps to generate a strain as explained in section 5.2. 

The Kapton is stuck on a Si substrate and loaded inside the deposition chamber for sample 

fabrication. Here Si substrate is used as a flat base for mounting the flexible Kapton. The 

sample structure is shown schematically in Fig. 5.1. Base pressure of the deposition chamber 

was ~ 6×10-8 mbar. Samples are prepared via the DC magnetron sputtering technique in a high 

vacuum multi-deposition chamber manufactured by Mantis Deposition Ltd. UK. The 

deposition rates for Ta, Pt, Pd, and Co layers are maintained at 0.18 Å/s, 0.15 Å/s, 0.20 Å/s, 

and 0.16 Å/s, respectively. The substrate is rotated at 10 rpm during the sample fabrication. 

 
Figure 5.1 Schematic of the deposited sample structure, (a) Pt/Co/Pt and (b) Pd/Co/Pd.  

  

5.2 Strain generation method: We have used a peel-off method to generate peeling strain on 

the deposited flexible film. In this method, the Kapton film (with the sample deposited on top) 

is peeled off from the Si substrate. Due to the adhesive back of the Kapton, it experiences a 

large force while detaching from the Si substrate. Along the applied force axis, it experiences 

a tensile stress whereas in the transverse axis, it will experience a compressive stress. The  
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Figure 5.2 Schematic of strain generation method, (a) as-deposited sample, (b) peeling off 

the sample with Kapton from the Si base.  

 

physics of such peeling-induced force was studied earlier by Lendley and Kendall in 

1971 [194,195]. By varying the strength of the applied force, the strain can also be tuned. The 

peel-and-stuck method is used for fabricating flexible devices, as it is compatible with the roll-

to-roll process technique [191,196]. A schematic of the strain generation method used in our 

work is shown in Fig. 5.2. The structural and magnetic properties of the samples are measured 

in the unstrained (as-deposited) and strained (after peeling) states. For the measurements in the 

strained state, the samples are first peeled off from the Si substrate and then made flat to 

measure the properties being subjected to a high strain.   

5.3 Structural characterization: As discussed in Chapter 3, cracking and buckling of the thin 

film occur under tensile and compressive strains, respectively. However, to understand the 

impact of applied peeling strain, SEM imaging is performed for both the Pt/Co and Pd/Co 

flexible samples. Fig. 5.3 shows the SEM images captured for the Pt/Co sample deposited on 

Kapton. In the unstrained state, no sign of damage is found by scanning the sample surface. 

However, after peeling off several features appear on the sample surface, as visible in Fig. 5.3 

(b-c). Here, the black dotted arrows represent the direction of applied force. Several straight  
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Figure 5.3 SEM images of the surface of flexible Pt/Co sample in the (a) unstrained, and (b-

c) strained states. The red marks show the buckling and cracking of the film at several places 

owing to high strain. The zoom-in view of the yellow-marked region is shown in (c).    

 

lines having small heights are observed on the film surface. This looks quite similar to the 

buckling of a thin film. As explained in Chapter 3, buckle delamination is the process where a 

small part of the film detaches from the substrate to release the stress energy. Here due to the 

applied strain, buckling of the film is observed to minimize the elastic energy. The occurrence 

of buckling and wrinkling modes depends on the elastic mismatch and interfacial defects 

present in a system [159]. In our case, the large mismatch between the elastic moduli of the 

inorganic films (~200 GPa) and organic Kapton substrate (~5GPa) generates strong stress 

gradients at the interface of the deposited film and Kapton, resulting in the buckling of the film.  

 

Figure 5.4 SEM images of the surface of flexible Pd/Co sample in the (a) unstrained, and (b-

c) strained states. The red marks show the buckling and cracking of the film at several places 

owing to high strain. The zoom-in view of the blister pattern and its wavelength 2b is shown 

in (c).    
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In a few places, the top of the buckled film gets cracked as it experiences a high tensile strain. 

The red squares in Fig. 5.3 (b and c) represent the buckle delamination and crack formation in 

thin film. Fig. 5.3 (c) is the zoom-in view of the yellow-marked region of Fig. 5.3 (b). Similar 

to Pt/Co film, the flexible Pd/Co sample also shows no indication of damage in the unstrained 

state (Fig. 5.4 (a)). After applying strain, the Pd/Co sample also exhibits distinct features on 

the sample surface, as shown in Fig. 5.4 (b) and (c). Periodic lines associated with small wavy 

features are found on the sample surface. These buckled portions of the film have a small 

height, similar to our previous case. Crack formation started from the crest of such features to 

release the stress energy. The red-marked region in Fig. 5.4 (b) shows the buckled and cracked 

surface of the film. A zoom-in view of such a wavy pattern is shown in Fig. 5.4 (c). A closer 

look at the red-marked region confirms the formation of blister patterns. This pattern looks 

quite similar to a telephone cord blister which occurs when a film-substrate system undergoes 

a high compressive stress [197]. The critical stress required for such buckle formation can be 

calculated using equation 3.5 of chapter 3, as written below, 

𝜎𝑏 =
𝜋2

12
 (

ℎ

𝑏
)
2

�̅�𝑓                                                             (5.1) 

where, h is the film thickness, b is the half-width of buckling, and �̅�𝑓 is the plane strain modulus 

(PSM) of the film. Using the value of b as shown in Fig. 5.4 (c), the critical stress generated in 

our case is found to be ∼5.0 GPa, which corresponds to ~3.0% strain. The physics of such 

pattern formation is quite complicated and often considered to originate from the secondary 

buckling of a straight-sided blister. In our case, the localized blister patterns may be associated 

with localized defects present at the film-substrate interface [158,197]. Thus, the crack 

formation, buckle delamination, and blister formation indicate a complex high-strain 

generation via the peeling of the flexible film. As the observed damage features appear at high 

strain values, a resistivity measurement is further performed to confirm the same.   
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5.4 Resistivity measurement: A homemade four-probe setup is used for measuring sample 

resistance at RT, as mentioned in the sub-section 2.4 of Chapter 2. Current is applied to the two 

outer probes whereas the voltage is measured via the two inner probes. The sheet resistance is 

calculated using the equation written below [152], 

 𝑅𝑆 =
𝜋

ln 2

∆𝑉

∆𝐼
= 4.53

∆𝑉

∆𝐼
                                                (5.2) 

where, ∆𝑉 and ∆𝐼 are the output voltage and applied current to the sample, respectively. From 

the slope of the V-I curve, the sheet resistance is calculated using equation 5.2. An increasing 

slope of the graph in fig. 5.5 indicates an increase in sample resistance due to the numerous 

cracks and buckles formed after the peel test. For the Pt/Co film, the sheet resistance RS changed 

from ∼ 80Ω to ∼ 830Ω. Similarly, for the Pd/Co film, RS changed from ∼ 82 to 630Ω after the 

peeling process. Before, the peel test both the samples had quite comparable resistance. 

However, after the peel test, the Pt/Co film shows a bit higher resistance than Pd/Co, possibly 

due to a higher number of cracks density in the film. As resistance is related to the dimension 

of a film, the modification in resistance confirms a significant strain generation on the samples 

[160].      

 
Figure 5.5 V-I curve measured via four probe technique is shown for (a) Pt/Co and (b) Pd/Co 

samples, before and after the peeling process. The solid lines are linear fits to the 

experimental data. 
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5.5 Magnetic characterization: 

5.5.1 Magnetization reversal phenomena: Hysteresis loops and corresponding domain 

images are recorded using MOKE microscopy in the polar mode. For both the Pt/Co and Pd/Co 

samples, a square-shaped loop is observed in the unstrained state of the samples (see Fig. 5.6 

(a, c)), owing to their moderate PMA strength. The reversal was found to be associated with 

bubble domain nucleation and subsequent propagation, as depicted in Fig. 5.6 (b, d). 

Application of strain increases the coercivity and hence, the switching field of the samples, as 

shown in Fig. 5.6 (a, c). This is related to an increased pinning potential due to the damage to 

the samples. The cracked and buckled features act as additional pinning sites and thus, a high 

field is required to overcome these pinning barriers. The domain nucleation and propagation  

 
Figure 5.6 Magnetization reversal was studied in the unstrained and strained states of both 

the Pt/Co and Pd/Co films via polar MOKE microscopy, where (a, c) hysteresis loops, and 

(b, d) domain images of both the samples. The images are associated with the points (1, 2, 

3) marked in the corresponding hysteresis loops. The scale bar shown in the saturation 

images (1) is 500 µm in length and is valid for all the other images. 
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events are also strongly affected by the damage of the film. Due to the periodic buckled 

features, the bubble domain formation is not observed in the strained sample. Instead, the 

domains get elongated and propagate in the transverse direction of the applied stress. Due to 

the numerous pinning barriers along the stress axis, the domains mainly propagate along the 

other transverse axis and get elongated. The observed magnetic properties are also found to be 

irreversible in nature. In an earlier study by Merabtine et al., the authors predicted that the 

structural discontinuity due to the cracks and buckles should not affect the magnetic properties 

of a sample [156]. However, our study contradicts this statement and shows that the 

magnetization reversal phenomena get strongly modified by the appearance of such structural 

discontinuity in the film. 

5.5.2 Relaxation dynamics: We also performed relaxation measurements to investigate 

whether thermal energy (in addition to a fixed Zeeman energy) could saturate the samples in 

such a highly strained state or not. Relaxation measurements are performed at both the strained  

 

Figure 5.7 Magnetization relaxation measurement performed at 0.99Hc field value, using the 

MOKE microscopy in the polar mode. The intensity vs. time plot is shown at the unstrained 

and strained states of (a) Pt/Co and (b) Pd/Co samples. 

 

and unstrained states of Pt/Co and Pd/Co samples. At a fixed applied field value all the domain 

images are captured during the whole thermal relaxation process. The normalized intensity is 
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then plotted with the time taken to complete the reversal. The experimental data is usually fitted 

by a compressed exponential function as mentioned earlier. Fig. 5.7 shows the intensity vs. 

time plot and Fig. 5.8 shows the domain images captured at different time intervals during the 

relaxation measurement. By fitting the experimental data, the values of β and τ are extracted at 

the unstrained states of the samples. The value of τ is ∼ 5s for both the samples in their 

unstrained states. However, for the strained condition, the saturated state is not reached even 

after ∼ 30 seconds of reversal as shown in Fig. 5.8. A few unreversed areas were still present 

due to the structural discontinuities formed in the strained state of the samples. Such unreversed 

areas are marked with red colour in Fig. 5.8 (f and k). Such high-pinning areas seem tough to  

 

Figure 5.8 Domain images captured during the relaxation measurement of both Pt/Co and 

Pd/Co samples. Here, (a-c) unstrained and (d-f) strained states domain images for the Pt/Co 

film, whereas (g-i) unstrained and (j-l) strained states domain images for the Pd/Co film. The 

red-marked areas highlight the unreversed regions of the samples. The scale bar shown in 

the domain image captured at 0s is 500µm in length and is valid for all the other images.    
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overcome via the thermal energy and require the application of an additional Zeeman energy 

in the system. Thus, in the strained state, the relaxation time constant (τ) extracted from an 

intensity (I(t)) vs. time (t) plot will accompany a finite error, which is not desirable. Thus, the 

fitted values of β and τ in the strained state should not be compared with the unstrained state. 

However, the domain images and relaxation curves clearly show that the relaxation mechanism 

is slower for the samples under strained state. Notably, when the sample was in the unstrained 

state, the reversal was found to be dominated via both domain nucleation and propagation (as 

β obtains a value within 2-2.5). However, after the application of strain, the reversal was mainly 

dominated by domain nucleation, owing to the several hindrances for DW propagation. Thus, 

the relaxation measurement was found to be strongly affected by the damage of the film and 

the thermal energy is unable to complete the reversal even in the presence of a constant Zeeman 

energy. Thus, the structural discontinuities largely impact the local magnetization reversal, 

domain, and relaxation dynamics of the flexible film. 

In summary, the impact of thin-film damage on the magnetic properties of flexible Co/Pt and 

Co/Pd film is investigated. SEM imaging shows that peeling-induced strain generates 

significant damage (cracking, buckling, etc.) to both films owing to the high elastic mismatch 

and interfacial defects between the film and substrate. Further, the resistivity measurement also 

shows a significant increment of sample resistance in the strained environment. Magnetization 

reversal and domain dynamics are found to be strongly affected by the structural discontinuities 

present in the strained state of the samples. Few pinning barriers are even tough to saturate 

during the relaxation measurement. Such modifications in magnetic properties are also 

irreversible in nature. Thus, the presence of structural discontinuities strongly affects the local 

magnetic properties (e.g., magnetization reversal, DW dynamics, etc.) whereas the global 

properties are mainly affected by the residual stress generated during the damage of the film.
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Chapter 6: Effect of strain on the magnetic properties of asymmetric Pd/Co/C60/Pd 

system 

The formation of chiral domain walls and skyrmions in HM/FM-based thin films depends 

strongly on the strength of the interfacial DMI. However, symmetric magnetic stacks (say, 

HM1/FM/HM1) do not originate a significant effective DMI, owing to the cancellation of DMI 

from the top and bottom HM/FM interfaces. In contrast to this, asymmetric structures (say, 

HM1/FM/HM2, HM1/FM/Oxide) were found to generate a strong DMI, making them 

promising candidates in the field of spintronics and spin orbitronics. They can host chiral DWs, 

skyrmions and move them efficiently by applying fields or current pulses. These chiral textures 

are intended to be binary information carriers in logic devices and racetrack memories. For a 

long period, the search for high DMI was limited to only HMs and oxide-based asymmetric 

magnetic stacks. In this context, significant attention is given to the Pt/Co/Ir system, as the 

opposite sign of DMI is theoretically predicted from the Pt/Co and the Co/Ir interfaces [198]. 

In addition, a few other systems such as Pt/Co/Al, Pt/Co/Cu, Ta/CoFeB/MgO, Pd/Co/Cu, etc. 

are also studied [24,25,199]. Here, the DW velocity is found to be strongly dependent on the 

choice of the top layer, and it increases while changing a HM with a light metallic layer [25]. 

An increase in DMI strength helps to increase the DW velocity. As a HM layer also enhances 

the damping of a system, the search for alternative DMI host material composed of light atoms 

has drawn enough research attention. In this context, a few recent studies revealed that the light 

atom carbon (C) based graphene can originate a significant Rashba-DMI from the graphene/Co 

interface, due to a Rashba interaction mediated high SOC of graphene [26]. This DMI also 

transforms a Bloch wall into a chiral Néel wall structure. Similar to graphene, a few other 

allotropes of C, e.g., fullerene (C60), carbon nanotubes (CNTs) also exhibit a high SOC 

strength [28,29]. Even though they are made up of light element C, the enhancement in SOC 

is related to their curved structure and Rashba-type interactions. Fullerene molecule is 
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composed of exactly 12 pentagons and 20 hexagons which help to form a closed cage-like 

structure with proper curvature. This buckyball structure helps in electron hopping between the 

adjacent π and σ bonds of C atoms, which generates an additional SOC along with the weak 

intrinsic SOC [29,200,201]. Thus, fullerene also may generate a strong DMI and host chiral 

textures when deposited on top of a FM layer. 

Further, the C-based materials, e.g., C60, graphene, and CNTs, are important in spintronic 

applications as they provide a long spin diffusion length, a large spin relaxation time, and less 

hyperfine interaction than in other materials  [202,203]. All of these carbon allotropes (e.g., 

C60, graphite, and CNTs) can be formed from a single structural unit known as graphene. The 

low atomic number of C and the absence of hydrogen (H) atoms in these allotropes helps to 

transport spin information over a long distance without scattering [204]. In addition, a fullerene 

molecular layer also may reduce the impedance-mismatch issue by forming a hybridized 

interface when placed next to a FM. At the interface of a FM/C60 heterostructure, broadening 

( ) and shifting (E) of the molecular density of states occur due to the spin-dependent orbital 

hybridization [100]. This results in an effective hybridized interface known as a “spinterface.” 

Such a spinterface acquires a net spin polarization and modulates the magnetic properties (e.g., 

magnetic anisotropy, magnetoresistance, saturation magnetization, and domain structure) of 

the FM/organic molecular heterostructure [205,206].  

In this context, we have prepared an asymmetric magnetic stack of Pd/Co/C60 upon the rigid 

Si substrate and studied the effect of spinterface formation (at the Co/C60 interface) on the 

magnetization reversal, magnetic anisotropy, relaxation, and DW dynamics. Further, we also 

quantified the strength of interfacial DMI originating from the Co/C60 interface. A few recent 

theoretical and experimental work also shows the possibility of tuning the DMI strength by 

applying external strain [32,207]. Thus, to tune the DW velocity and DMI strength further we 
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have prepared the asymmetric Pd/Co/C60 stack upon the flexible PI substrate. Here, the effect 

of bending-induced strain on the magnetic properties of the samples is studied in detail. 

 

Magnetic properties of Pd/Co/C60/Pd samples prepared upon rigid Si substrate: 

6.1 Sample details:  A series of samples are prepared by varying the thickness of the C60 (𝑡𝐶60
) 

layer, where the structure is as follows, Si(100)/Ta(10 nm)/Pd(4 nm)/Co(0.5 nm)/C60(𝑡𝐶60
) 

nm)/Pd(2 nm)/Ta(3 nm). For simplicity, the samples are named S1 (𝑡𝐶60
= 0nm), S2 (𝑡𝐶60

= 

0.8nm), and S3 (𝑡𝐶60
=1.6nm). All the metallic layers are deposited by DC magnetron sputtering 

whereas the C60 layer is deposited by thermal evaporation technique at a base pressure of ~ 6× 

10-8 mbar in the high vacuum multi-deposition chamber manufactured by Mantis Deposition 

Ltd., UK. The growth rates of Ta, Pd, and Co layers were 0.18 Å/s, 0.20 Å/s, and 0.16 Å/s, 

respectively. The rate for the C60 layer was varied between 0.10 – 0.16 Å/s during deposition. 

Deposition rates and thicknesses were monitored by a QCM, while the substrate was rotated at 

10 rpm during deposition. 

6.2 Structural characterization: X-ray reflectivity (XRR) measurement is performed to 

quantify the structural parameters (e.g., thickness, roughness, and density) of the multilayered 

samples using an X-ray-diffractometer (XRD) manufactured by Rigaku Corp., Japan.  For 

sample S2 the fullerene layer is very thin (∼ 0.80nm) and comparable to its roughness, hence, 

a continuous layer is quite unlikely to form. Here, C60 acts as a dusting layer and at some places 

top Pd layer might have been in direct contact with the Co layer leading to the formation of an 

intermixed layer of Co-C60-Pd. However, for sample S3, fullerene forms a continuous layer as 

the thickness of the layer (∼ 1.60nm) is higher than the roughness (∼ 0.70nm). Thus, the XRR 

data for samples S2 and S3 are fitted by considering an interdiffusion layer of Co-C60-Pd and 

Co-C60, respectively. XRR fits for all the samples are shown in Fig. 6.1 and corresponding 

fitting parameters are listed in Table 6.1. 
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Figure 6.1 XRR fits for samples S1, S2, and S3 are shown in (a), (b), and (c), respectively. 

 

 

6.3 Magnetic Characterization: 

6.3.1 Magnetization reversal phenomena:  

Polar MOKE (P-MOKE) hysteresis loops for samples S1-S3 are shown in Fig. 6.2 (a), where 

the coercivity (HC) decreases systematically with increasing C60 coverage. Such a decrease in 

HC reflects a decrease in effective PMA in the samples by substituting the top Pd layer with a 

C60 layer. Here, HC decreases systematically from 15.98 (in S1) to 3.12 mT (in S3), indicating  

Table 6.1 Thickness and roughness of Pd/Co/C60/Pd samples obtained from XRR fits 

considering interdiffusion layers 

Parameters C60-0nm (S1) C60-0.8nm (S2) C60-1.6nm (S3) 

Pd thickness 4.50 3.80 3.90 

Pd roughness 1.10 0.90 1.00 

Co thickness 0.51 0.40 0.35 

Co roughness 0.27 0.29 0.28 

Co-C60 thickness ---- ---- 0.40 

Co-C60 roughness ---- ---- 0.24 

Co-C60-Pd thickness ---- 0.80 ---- 

Co-C60-Pd roughness ---- 0.40 ---- 

C60 thickness ---- ---- 1.46 

C60 roughness ---- ---- 0.72 

Pd thickness 2.14 1.20 2.00 

Pd roughness 0.53 0.52 0.80 
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Figure 6.2 Magnetic properties of Pd(4)/Co(0.5)/C60(𝑡𝐶60
)/Pd(2) samples, (a) hysteresis 

loops measured by polar MOKE microscopy, (b) Keff (in MJ/m3), (c) μ0HS (in T),  and (d) MS 

(in MA/m) were extracted from hysteresis loops measured by SQUID magnetometer. (e-f) 

ln v0 and 
𝐻𝑑𝑒𝑝

1
4 𝑇𝑑𝑒𝑝

𝑇
 (in T0.25) extracted from the DW velocity measurements using MOKE 

microscopy [208]. 

 

a magnetic softening along with sharp magnetization reversal upon C60 insertion. In contrast to 

the 3d-4d hybridization that should arise at the top Co/Pd interface  [209], the deposition of an 

organic layer (C60) on top of Co results in an interfacial hybridization between C-p and Co-3d 

orbitals [210]. Such hybridization leads to the formation of a spinterface at the Co/C60 interface 

and modifies the magnetic anisotropy, as well as the coercive field of the samples. Due to the 

interfacial nature of the hybridization, a reduction in coercivity is observed until the formation 

of a 1.6 nm thick C60 in S3. A minor change in magnetic characteristics might be anticipated 

upon the formation of 2 ML fullerene, followed by no discernible changes with further increase 

in 𝑡𝐶60
. 
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6.3.2 Magnetic anisotropy:  

To calculate the magnetic anisotropy (Keff) we have measured M-H loops by SQUID 

magnetometry along both the IP and OP directions of the samples. The effective anisotropy has 

been calculated using the formula, 

 𝐾𝑒𝑓𝑓 =
1

2
µ0𝐻𝑆𝑀𝑆                                                         (6.1) 

where µ0HS is the IP saturation field and Ms is the saturation magnetization [211]. The values 

of µ0HS, Ms, and Keff for all the samples are listed in Table 6.2 and shown in Figure 6.2 (b-d). 

Due to the high electron affinity of carbon (2.6 eV), spin-polarized charge transfer may occur 

from Co to C60 giving rise to the observed reduction in saturation magnetization in the 

Pd/Co/C60 samples. The role of the Co/C60 interface on magnetic softening can be well 

understood by analyzing the nature of orbital hybridization that occurs at the Co/C60 interface. 

In a fullerene molecule, each C atom forms three σ bonds (between sp2 orbitals) and one π bond 

(between pz orbitals) with the neighboring C atoms  [212]. As the pz orbital of fullerene spreads 

extra along the exterior of the molecule rather than into the interior of the sphere, they make a 

strong bond with the 3d orbitals of a FM metal when placed next to it. Hybridization between 

pz -dxy,x
2

−y
2 or pz -dyz,zx orbital leads to a reduction in PMA at the interface of the Co/C60 

system [210]. Notably for a Pd/Co/Pd system, DFT calculation indicates that both the 3dxy,x
2

−y
2, 

and 3dyz,zx orbitals of Co give rise to PMA at the interface [209]. In our case, we expect that a 

similar hybridization occurs between pz -dxy,x
2

−y
2 and pz -dyz,zx orbitals leading to a decrease in 

the effective PMA of the system. Future DFT calculations may shed light on the exact nature 

of hybridization for the occurrence of magnetic softening in such systems. The strength of 

magnetic anisotropy for a Co/C60 system also depends on the choice of the buffer layer (e.g. 

Pd, Pt, or Au) and adsorption geometry (either hexagonal or pentagonal rings of C) of the C60 

molecule upon a FM layer [213]. The decrease in the MA landscape is consistent with the 
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decrement in coercivity as observed from the hysteresis loops. It has been reported earlier that 

the spinterface thickness in FM/organic molecular system can extend up to 2-3 nm and hence, 

for higher thicknesses of C60 a minor change in anisotropy is possible [206]. In order to further 

understand the effect of spinterface formation on the magnetization reversal phenomena, we 

have performed magnetization relaxation measurements for all the samples. 

6.3.3 Magnetization relaxation measurements: 

Magnetization relaxation measurement demonstrates the potential of thermal energy to 

complete a reversal process via domain nucleation and DW motion events. Here, first, the 

sample is saturated by applying a high magnetic field (-HS) and then the field is reduced to a 

positive sub-coercive field value (+0.99Hc). At this constant field, we have captured all the 

domain images until the completion of the reversal process. Further, the intensity of the domain 

images is plotted w.r.t. the time taken to complete the reversal. Fig. 6.3 shows the relaxation 

data measured at 0.99Hc for all the samples and fitted by the compressed exponential function 

written as [172], 

𝐼(𝑡) = 𝐼1 + 𝐼2 (1 − exp (− (
𝑡

𝜏
)
𝛽
))                                          (6.2) 

where, 𝐼(𝑡) is the measured Kerr intensity at time 𝑡, 𝐼1 + 𝐼2 is the normalized Kerr intensity, τ 

is the relaxation time constant, and β is an exponent that can obtain any value between 1 to 3.  

Values of τ and β are extracted by fitting the relaxation data with equation 6.2. A faster 

relaxation process is observed for sample S2 (τ = 12.70 ± 0.13 s) and S3 (τ = 10.50 ± 0.20 s) in 

comparison to sample S1 (τ = 19.70 ± 0.21 s). For sample S2 as the fullerene layer is very thin, 

it forms an intermixed layer of Co-C60-Pd rather than a continuous layer of C60, leading to a 

decrease in domain size and increase in domain nucleation density. This increased domain 

nucleation density helps to achieve a faster relaxation in sample S2 in comparison to sample  
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Figure 6.3 (a) Relaxation measurements performed at 0.99Hc field value for samples S1, S2, 

and S3. The solid lines represent the best fit by the compressed exponential function. The 

domain images captured during the thermal relaxation process at different time intervals (0, 

5, and 10 seconds) is shown for sample S1 (b-d), S2 (e-g), and S3 (h-j). The scale bar shown 

in image b is 500 µm in length and applies to all the other domain images [208]. 

  

S1, as shown in Fig. 6.3. However, for sample S3, as the thickness of the fullerene layer is quite 

higher than the roughness, hence, it forms a continuous layer. The formation of a continuous 

fullerene layer and the spinterface at the Co/C60 interface leads to a significant reduction in 

PMA which reduces the DW formation energy (𝜎𝐷𝑊 =2π√AK) of the sample. This reduction 

in DW energy may induce a higher DW velocity and thus, initiates a faster relaxation 

mechanism for sample S3 in comparison to S1. 

6.3.4 Domain wall dynamics: To unravel the impact of asymmetric Pd/Co/C60 stack on the 

DW velocity of the samples, we have measured the pulsed field-induced DW velocity for all 

the samples in the creep region. Fig. 6.4 shows the DW velocity (𝑣𝐷𝑊) vs. field (𝐻𝑂𝑃) and 

𝑙𝑛 𝑣𝐷𝑊 vs. (𝐻𝑂𝑃)
−

1

4 plot for all the samples. The experimental data is fitted by the creep law, 

as written below [79], 
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𝑣𝐷𝑊 = 𝑣0 𝑒𝑥𝑝 [−
𝑈𝑐

𝑘𝐵𝑇
(

𝐻𝑂𝑃

𝐻𝑑𝑒𝑝
)
−

1

4
]                                            (6.3) 

and, the logarithm of the above equation can be expressed as: 

𝑙𝑛(𝑣𝐷𝑊) = 𝑙𝑛(𝑣0) −
𝑇𝑑𝑒𝑝

𝑇
(

𝐻𝑂𝑃

𝐻𝑑𝑒𝑝
)
−

1

4
                                    (6.4) 

The experimental data are fitted well with equations 6.3 and 6.4 which confirms that the DW 

lies in the creep region for all the samples. It is evident from Fig. 6.4 that at a constant magnetic 

field (say, ∼ 10mT) the DW velocity for sample S3 is considerably higher than the reference 

sample S1. A few possible explanations for this velocity increment could be as follows, 

lowering in depinning field (Hdep), reduction in effective PMA (Keff), modified DW structure 

(from Bloch to Néel), and an enhanced DM interaction in Pd/Co/C60 samples. The values of ln 

(v0) and 
𝑇𝑑𝑒𝑝

𝑇
(𝐻𝑑𝑒𝑝)

1

4 are extracted by fitting the experimental data of Fig. 6.4 with equations 

6.3 and 6.4. The extracted data are plotted in Fig. 6.2 (e-f). It is well known that the depinning 

field (Hdep) is strongly related to the defects present in a system and represents a local variation 

in an anisotropy landscape. Modification in local anisotropy is viable for systems with a 

hybridized interface (e.g., Co/C60). For sample S2 formation of an intermixed Co-C60-Pd layer 

affects the growth quality of the film, increases interfacial roughness, and modifies the 

anisotropy landscape locally. Therefore, when compared to sample S1, a higher domain 

nucleation density, smaller domain size, and comparable DW velocity were found for sample 

S2. However, for sample S3, the ratio of 
𝑇𝑑𝑒𝑝

𝑇
(𝐻𝑑𝑒𝑝)

1

4 is reduced from 10.56 (for sample S1) to 

4.65 (for sample S3) which supports the observed two-order enhancement in DW velocity. 

Sample S3 does not form small-size bubble domains with high domain nucleation density, like 

sample S2. Further, for sample S3, a considerable decrease in PMA (∼ 37%), aids in lowering 

the DW formation energy (DW), which in turn helps to achieve a higher DW velocity. In  
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Figure 6.4 DW velocity (𝑣𝐷𝑊) vs. field (𝜇0𝐻𝑂𝑃) and 𝑙𝑛 𝑣𝐷𝑊 vs. (𝜇0𝐻𝑂𝑃)
−

1

4 plots for samples 

(a) S1 (b) S2, and (c) S3. Here, 𝜇0𝐻𝑂𝑃 represents the pulsed magnetic field applied along the 

OP direction. The solid lines represent the best fits using equation 6.3 and 6.4 [208]. 

 

addition, the DMI strength is also found to increase from -0.077 (sample S1) to -0.46 mJ/m2 

(sample S3), which turns the Bloch wall into a Néel wall and supports the observed increase in 

DW velocity in sample S3. A detailed discussion of the DMI is given in the next section. Thus, 

the insertion of a continuous fullerene layer is found to play an important role in tailoring the 

DW velocity via tuning both PMA and DMI energy. 

6.3.5 Dzyaloshinskii-Moriya Interaction: According to the Fert and Levy model, DM 

interaction originates at the interface of an HM/FM system as a consequence of broken 

inversion symmetry and the high SOC of HM. SOC in C-based materials is considered to be 

weak due to the low atomic number of C (Z=6). However, the SOC of fullerene is composed 

of two parts, (i) intrinsic SOC (∆𝑖𝑛𝑡), whose strength is small due to weak intra-atomic SOC of 

C, and (ii) curvature-driven SOC (∆𝑐𝑢𝑟𝑣), whose strength can be large due to the hybridization 

between the adjacent π and σ bonds of C atoms in the buckyball structure. The π electrons of 

C atoms do not contribute to SOC due to their quenched angular momentum whereas σ 

electrons do contribute to SOC due to the overlapping of π and σ bonds by the curvature. Such 

curvature-enhanced SOC also could be a source to generate a finite DMI from the FM/C60 

interface. We have quantified the interfacial DMI strength emanating from the Co/C60 interface 
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via the asymmetric domain expansion method (discussed earlier in Chapter 2) as proposed by 

Je et al. [91]. The DMI field (HDMI) can be deduced from the 𝑣𝐷𝑊   (𝐻𝐼𝑃) vs. 𝐻𝐼𝑃 plot, where at 

a certain value of IP field the DW velocity become minimum. That particular IP field is a 

measure of the DMI field of a sample. As 𝐻𝐷𝑀𝐼 acts in the radially opposite direction of a DW 

surrounding a bubble, it either gets cancelled or enhanced under an IP bias field. A complete 

cancellation of the DMI field minimizes the DW velocity for one side of the wall (say, left DW) 

whereas enhances the velocity for the other side (say, right DW). In this work, we have 

measured 𝑣𝐷𝑊   (𝐻𝐼𝑃) vs. 𝐻𝐼𝑃  for all three samples at a constant applied OP field (𝐻𝑂𝑃) field as 

shown in Fig. 6.5. In this context, the earlier creep law is modified by incorporating the IP field 

dependency into the energy barrier scaling parameter. The modified creep law can be written 

as [91],  

𝑣𝐷𝑊 (𝐻𝐼𝑃) = 𝑣0 𝑒𝑥𝑝 [−𝜉(𝐻𝑂𝑃)
−1/4]                                        (6.5) 

where,  𝜉 is the modified energy barrier scaling parameter written as  [91]; 

𝜉 =  𝜉0 (
𝜎(𝐻𝐼𝑃)

𝜎(0)
)
−1/4

=
𝑇𝑑𝑒𝑝

𝑇
(𝜇0𝐻𝑑𝑒𝑝)

1

4 (
𝜎(𝐻𝐼𝑃)

𝜎(0)
)
−1/4

                       (6.6) 

Where, 𝜉0 depends on the pinning energy in the absence of an IP bias field. Thus, the IP field-

dependent DW energy 𝜎(𝐻𝐼𝑃) can be expressed as [91],  

𝜎(𝐻𝐼𝑃 )𝑩−𝑵 =  𝜎(0) −
𝛿(𝜋𝜇0𝑀𝑠)

2

8𝐾𝐷
(𝐻𝐼𝑃 + 𝐻𝐷𝑀𝐼)

2    for, |𝐻𝐼𝑃 + 𝐻𝐷𝑀𝐼| <
4𝐾𝑑

𝜋𝜇0𝑀𝑆
 

𝜎(𝐻𝐼𝑃 )𝑵 = 𝜎(0) + 2𝐾𝐷𝛿 − 𝜋𝛿𝜇0𝑀𝑆|𝐻𝐼𝑃 + 𝐻𝐷𝑀𝐼|  ,      otherwise                      (6.7) 

where, 𝜎(0) = 2𝜋√𝐴𝐾𝑒𝑓𝑓  is the pure Bloch wall energy, 𝛿 = √𝐴/𝐾𝑒𝑓𝑓 is the DW width and  

𝐾𝐷 = 𝑡𝑙𝑛(2)𝜇0𝑀𝑠
2/2𝜋𝛿 is the DW anisotropy energy density. The velocity curve for sample 

S1 is very symmetric in nature (Fig. 6.5) owing to its low DMI strength. The DMI field (𝐻𝐷𝑀𝐼) 

is extracted by fitting both the left and right velocity curves with equation 6.7 and the average 
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Figure 6.5 vL (pink) and vR (blue) represent the DW velocities along the left and right sides 

of the domains, plotted against the IP bias field (𝜇0𝐻𝐼𝑃) at a constant OP field (𝜇0𝐻𝑂𝑃) for 

samples (a) S1, (b) S2 and (c) S3. The solid lines represent the Bloch- Néel (B-N) fit of the 

curves by the modified creep law. The inset in each figure shows the direction of domain 

elongation w.r.t. 𝜇0𝐻𝐼𝑃. The scale bar for domains is shown in each figure separately [208]. 

𝐻𝐷𝑀𝐼  value is used to measure the effective DMI strength using the following equation, 

 𝐷𝑒𝑓𝑓 = 𝜇0𝐻𝐷𝑀𝐼𝑀𝑆𝛿                                                  (6.8) 

where, 𝑀𝑆 is the saturation magnetization and 𝛿 = √
𝐴

𝐾𝑒𝑓𝑓
 is the DW width. A non-zero DMI 

field as found for sample S1 (𝜇0𝐻𝐷𝑀𝐼∼ 8mT), is due to the different interfacial roughness, 

strain, and growth conditions of the top and bottom Pd layers w.r.t. the Co layer. This generates 

a small DMI, (𝐷𝑒𝑓𝑓 = −0.077 ± 0.015 mJ/m2) in the symmetric sample S1. Conversion of a 

Bloch wall into a Néel wall requires the presence of a critical DMI field (𝐻𝐷𝑀𝐼) greater than 

the DW anisotropy field (
4𝐾𝑑

𝜋𝑀𝑆
) of a sample. Here, as the DMI field (∼ 8mT) is lower than the 

critical DW anisotropy field (
4𝐾𝑑

𝜋𝑀𝑆
~25mT) for sample S1, it should form a Bloch wall structure. 

For sample S2, the insertion of a C60 layer shifted the velocity minimum and the average 

𝜇0𝐻𝐷𝑀𝐼 to ~19 mT (Fig. 6.5). This gives rise to an enhanced DMI strength (-0.174 ± 0.018 

mJ/m2) in sample S2. Here, the critical DW anisotropy field is quite comparable to the DMI 
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field of the sample which may support the formation of an intermediate Bloch- Néel wall. 

Further, for sample S3, the minima of the velocity curve shifted to ∼ 53 mT which further 

increased the DMI strength to -0.462 ± 0.013 mJ/m2. Here, the critical DW anisotropy field (∼ 

14mT) is found to be very small compared to the DMI field (∼ 53mT) of the sample, which 

favours the formation of a Néel wall in sample S3. The values of 𝜇0𝐻𝐷𝑀𝐼, 𝐷𝑒𝑓𝑓 , and δ for all 

the samples are listed in Table 6.2. The negative sign of DMI found for the Pd/Co interface is 

consistent with the earlier reports for [Co/Pd]N stacks [214]. The chirality and type of DW for 

all the samples are further confirmed by measuring the displacement (S) of the DW along both 

the parallel (x) and transverse (y) directions of the applied IP field, as proposed by Kim et 

al. [137]. In this context, we evaluated two parameters 휀1 and 휀2 by measuring the DW 

displacement, as indicated in the inset of Fig. 6.5. The parameter 휀1(=
𝑆𝑥

+

𝑆𝑥
− )  determines the 

chirality of DW, where 𝑆𝑥
+ and 𝑆𝑥

− denote the displacement of the wall along +Hx and -Hx 

directions (parallel to IP field axis), respectively [215]. Here, 휀1 < 1 denotes the formation of 

a left-handed chiral wall, whereas, for 휀1 > 1, a right-handed DW is formed. The other 

parameter 휀2(=
𝑆𝑦

𝑆𝑥
𝑀 ) determines the type of the wall (either Bloch or Néel), where 𝑆𝑦 denotes 

the elongation along the transverse y-axis and 𝑆𝑥
𝑀 denotes the maximum elongation observed 

along the IP magnetic field axis (i.e. x-axis) [215]. For sample S1, we found 휀2 > 1, which 

confirms the formation of an achiral Bloch wall, whereas for samples S2 and S3, 휀2 < 1  

confirms the formation of Néel wall. Conversion of a Bloch wall into a Néel wall requires the 

presence of a critical DMI field (𝐻𝐷𝑀𝐼) greater than the DW anisotropy field (
4𝐾𝑑

𝜋𝑀𝑆
) of the 

sample. As the DMI field of samples S2 and S3 are higher than their DW anisotropy field 

(discussed earlier), it helps to form a Néel wall. Thus, it gets reflected in the domain expansion 

and the value of 휀2 found to be < 1 for samples S2 and S3. To further investigate the chirality 

of samples S2 and S3 we have evaluated the parameter 휀1.  As 휀1 is found to be < 1 for both 
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the samples, this signifies the formation of a left-handed chiral DW where 𝐻𝐷𝑀𝐼 acts in radially 

inward direction. The chirality of the walls is also shown in Fig. 6.7 (b-c). 

Now, to quantify whether the Co/C60 interface gives a non-zero DMI or not, we disentangle the 

DMI contribution originating from the bottom Pd/Co and top Co/C60 interface (if any) in 

sample S3. In this context, we have prepared two control samples with structure, Si/Ta(10.0 

nm)/ Pd(4.0 nm)/Co(0.5 nm)/Cu(𝑡𝐶𝑢 nm)/Pd(2.0 nm)/Ta(3.0 nm), where 𝑡𝐶𝑢 is taken as 2 and 5 

nm. Here Cu is taken as a spacer layer due to its immiscibility with Co and low SOC which 

gives rise to a negligible or no DMI from the Co/Cu interface. In the work by F. Ajejas et al., 

the authors have shown experimentally that the Co/Cu interface originates no DMI owing to a 

negligible work function (Δϕ ∼ 6 meV) assigned to this interface [216]. Hence, the effective 

DMI of a control sample can be assigned to the bottom Pd/Co interface considering no additive 

or subtractive DMI from the top Co/Cu interface. Then by comparing the DMI of Pd/Co/Cu 

with sample S3 (Pd/Co/C60), one can find the DMI originating from the top Co/C60 interface. 

IP field-dependent DW velocity measurements shown in Fig. 6.6 indicate a minimum of the 

velocity curve at 46 and 43 mT, for samples with 2 and 5 nm Cu spacer layers, respectively.  

 

Figure 6.6 vL (black) and vR (blue) are plotted against 𝜇0𝐻𝐼𝑃, at a constant OP field (𝜇0𝐻𝑂𝑃) 

for the control samples with (a) 𝑡𝐶𝑢 = 2.0 and (b) 𝑡𝐶𝑢 = 5.0nm. The red solid lines represent 

the B-N fit of the curves by the modified creep law [208]. 
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Using these values we have calculated the effective DMI using equation 6.8. The effective DMI 

for the sample with 2nm of Cu spacer layer is found to be, Deff ~ -0.36 ± 0.01 mJ/m2, where 

𝜇0𝐻𝐷𝑀𝐼 = 46 mT, 𝑀𝑆 = 1.30 MA/m, 𝛿 = 6.11 nm. Notably, a similar effective DMI (Deff ~ -

0.35 ± 0.01 mJ/m2) is found to be originating from the other control sample with 5nm of Cu 

spacer layer, where 𝜇0𝐻𝐷𝑀𝐼 = 43 mT, 𝑀𝑆 = 1.36 MA/m, 𝛿 = 6.17 nm. Hence, the maximum 

iDMI originating from a Pd/Co/Cu sample will be within -0.35 ± 0.01 mJ/m2. Thus comparing 

the DMI with sample S3, one can conclude that a non-zero DMI (𝐷𝐶𝑜/𝐶60
∼ -0.11 mJ/m2) 

originates from the top Co/C60 interface, due to the curvature-induced high SOC of 

fullerene [208]. In another work by Dong Li et al., the authors explored the Co/carbon interface 

and found no DMI associated with that interface [217]. In contrast, we have extracted a finite 

DMI from the Co/C60 interface due to the enhanced SOC induced by the curved structure of 

the fullerene. A schematic illustration of DMI originating from sample S3 and the chirality of 

the DWs for both samples S1 and S3 is shown in Fig. 6.7. For the bottom Pd/Co interface, DMI 

(D12) originated due to the interactions of the canted spins S1 and S2 of the Co layer with the Pd  

 

Figure 6.7 (a) Schematic demonstration of the effective DMI in Pd/Co/C60 sample (S3), and 

the chirality of the domain walls for sample, (b) S1 (achiral Bloch) and (c) S3 (chiral Néel). 

Here the yellow and red arrows represent the directions of the applied IP field and the spins 

in DW, respectively [208]. 
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atoms. Hence, the DMI vector D12 acts along the -y direction. Similarly, for the Co/C60 

interface, D34 also acts along the same direction, giving rise to an additive effective DMI (Deff) 

along the –y axis. The sign of DMI for the Co/C60 interface is found to be analogous to that of 

the Co/Graphene interface as reported earlier [26]. Thus, the enhanced DW velocity, increased 

DMI strength, and formation of chiral wall structure in the Pd/Co/C60 samples prepared upon 

rigid Si substrate seems to have the potential for future spintronic device application. If the DW 

velocity and iDMI of such Pd/Co/C60 samples are further enhanced, then C60 may become a 

viable option for hosting chiral spin textures along with their long spin transport channels. 

Thus, we aim to tune the above-mentioned properties via strain engineering by depositing the 

Pd/Co/C60 samples upon the flexible substrate, as discussed in the next section.  

 

6.4 Strain-engineered magnetic properties of Pd/Co/C60/Pd samples prepared upon 

flexible PI substrate:  

A series of samples are prepared upon a flexible PI substrate by varying the thickness of the 

C60 (𝑡𝐶60
) layer. The sample structure is as follows, PI/Ta(20nm)/Pd(4nm)/Co(0.5nm)/C60(𝑡𝐶60

 

nm)/Pd(2nm)/Ta(3nm), where 𝑡𝐶60
= 0, 0.8 and 1.6nm. The deposition condition is kept the 

same as for the rigid Si-based samples mentioned in section 6.1. The magnetization reversal  

Table 6.2 Parameters of the Pd/Co/C60/Pd multi-layered samples (S1-S3) 

Sample 

name 

𝜇0𝐻𝐶 

(mT) 

τ 

(s) 

𝜇0𝐻𝑆 

(mT) 

M
s 

(MA/m) 

K
eff 

(MJ/m3) 
𝛿 = √

𝐴

𝐾𝑒𝑓𝑓
 

(nm), 

A= 14 pJ/m 

𝜇0𝐻𝐷𝑀𝐼 

(mT) 

𝐷𝑒𝑓𝑓 =

𝜇0𝐻𝐷𝑀𝐼𝑀𝑆𝛿 

(mJ/m2) 

S1 

(𝑡𝐶60
=0.0) 

15.98 19.70 

± 0.21 

520 1.66 0.43 ± 

0.010 

5.69 ± 0.06 8.09 -0.077±0.015 

S2 

(𝑡𝐶60
=0.8) 

10.70 12.70 

± 0.13 

475 1.45 0.34 ± 

0.007 

6.42 ± 0.07 18.70 -0.174±0.018 

S3 

(𝑡𝐶60
=1.6) 

3.12 10.50 

± 0.20 

450 1.20 0.27 ± 

0.006 

7.21 ± 0.08 53.40 -0.462±0.013 
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Figure 6.8 (a) Hysteresis loops of PI-based Pd/Co/C60 samples for different thicknesses of 

C60 layer measured using MOKE microscopy, (b) coercivity vs. thickness of C60, for PI-based 

samples. 

 

measurement is performed using MOKE microscopy in polar mode for all the samples. At the 

unstrained state of the samples, the hysteresis loops show a similar decrease in coercivity with 

increasing 𝑡𝐶60
(Fig. 6.8), as also observed earlier for the Si-based Pd/Co/C60 samples. The 

strain-driven magnetization reversal for the reference PI-based Pd/Co(0.5nm)/Pd sample is 

discussed earlier in Chapter 4. There, the application of ~1.0% strain changes the coercivity of 

the sample by ~50%. Thus, here we will mainly discuss the impact of strain application on the 

magnetic properties of the PI-based Pd/Co/C60 sample with a 1.60 nm thick C60 layer. 

Magnetization reversal is measured by varying the strain within ~ ±1.0% strain. To generate 

strain sample is mounted on molds having ~4 mm height. As the hysteresis was measured when 

the sample was on a mold, the values of coercivity shown in Fig. 6.9 (a) and (b) are different. 

Fig. 6.9 (b) represents the actual values of coercivity by subtracting the extra field added due 

to the height of the mold. The coercivity of the sample in the unstrained state was ~ 2.8mT, 

which increases (decreases) systematically with increasing tensile (compressive) strain, as 

shown in Fig. 6.9. The maximum modification in coercivity under ~1.0% strain was ~40%. 

Thus, in comparison to the reference sample Pd/Co(0.5nm)/Pd sample (𝑡𝐶60
= 0nm), the 
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asymmetric Pd/Co(0.5nm)/C60(1.6nm) sample shows a lower strain-sensitivity. As the bottom 

Pd/Co interface remains the same for both the samples and only the top Co/non-magnet 

interface gets modified, the formation of the Co/C60 hybridized interface might play a crucial 

role here. Till now it is well understood that the application of strain introduces a 

magnetoelastic anisotropy in the system, which depends on the magnetostrictive coefficient (λ) 

of a sample. A few earlier reports show that interfacial hybridization plays a crucial role in 

determining λ for a multilayered thin film [177]. Thus, in the case of a Pd/Co/C60 system, the 

formation of spinterface via p-d hybridization at the Co/C60 interface might modify the strength 

of λ. This, in turn, may modify the impact of strain application in the asymmetric magnetic 

stacks. A detailed theoretical investigation may shed more light on this aspect. Further, we have 

measured the field-induced DW velocity at both the unstrained and ~ 0.13% compressive 

strained state of the flexible Pd/Co/C60 sample via MOKE microscopy, as shown in Fig. 6.10. 

The experimental data are fitted by the creep law as written in equations 6.3 and 6.4. The fitting 

of the experimental data confirms that the DW lies in the creep region within the range of the 

applied field. As depicted in Fig. 6.10 (a) at a constant applied field (~ 14 mT), the DW velocity 

under compressive strain is ~ 2 times higher than its unstrained state. To understand the origin 

of such behaviour, we have further extracted the values of  
𝑇𝑑𝑒𝑝

𝑇
(𝐻𝑑𝑒𝑝)

1

4 from the fitting of the 

experimental data using equations 6.3 and 6.4. At the unstrained state, the ratio of 
𝑇𝑑𝑒𝑝

𝑇
(𝐻𝑑𝑒𝑝)

1

4 

is found to be 6.73 for the flexible sample. The value of 
𝑇𝑑𝑒𝑝

𝑇
(𝐻𝑑𝑒𝑝)

1

4 for its Si-based 

counterpart was ~4.7. As the product of the depinning field and depinning temperature for the 

flexible sample is higher than the Si counterpart, the DW velocity in the flexible sample is 

lower than the Si counterpart. As PI substrate has a higher roughness than Si, it affects the 

growth quality of the flexible magnetic film and increases the depinning field and depinning 

temperature. The application of compressive strain slightly reduced the ratio of 
𝑇𝑑𝑒𝑝

𝑇
(𝐻𝑑𝑒𝑝)

1

4 to  
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Figure 6.9 (a) Hysteresis loops measured at unstrained and ~ ±1.0% strained state of flexible 

Pd/Co/C60 (1.6nm) sample using polar-MOKE microscopy, (b) coercivity vs. strain plot for 

the Pd/Co/C60 (1.6nm) sample.  

 

6.68. This reduced depinning parameters and reduced PMA help to double the DW velocity 

under compressive strain. Similar to the magnetization reversal measurement, here a smaller 

impact of applied strain is also evident on the DW velocity. Further, we performed DMI 

measurement in order to investigate if any enhancement of DMI is also responsible for the 

observed increment in DW velocity under compressive strain. In this context, we have tried to 

measure the asymmetric domain expansion in the presence of both IP and OP fields. However, 

the asymmetric expansion could not be measured for the higher values of the applied IP field.  

The domains merged with each other in the presence of a high IP field which limits us to 

measure the minima of the velocity curve and hence, the DMI of our sample. Thus, we further 

aim to perform Brillouin light scattering (BLS) spectroscopy measurements to directly quantify 

the DMI strength of the Pd/Co/C60 sample in the presence and absence of strain. The BLS 

measurements are performed at CNR-IOM Perugia, Italy. BLS experiments generally require 

~ 200mW of monochromatic laser light to be focused on the sample. Thus, to avoid sample 

damage usually a substrate (semiconductor or metallic) with high thermal conductivity is 

necessary. As the flexible substrate was coated by ~30 nm metallic layer we tried to perform  
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Figure 6.10 Pulsed magnetic field induced DW velocity measured for flexible Pd/Co/C60 

sample using MOKE microscopy, (a) 𝑣𝐷𝑊 vs. μ0HOP, and (b) 𝑙𝑛 𝑣𝐷𝑊 vs. (μ0HOP)-1/4 at 

unstrained and compressive strained states of the sample. 

 

the BLS experiments on this sample. However, the PI substrate could not withstand such high 

laser power owing to its very low thermal conductivity. Further, performing BLS measurements 

at a very low laser power increases the data acquisition time significantly, and thus, we could 

not measure the DMI strength under strain also via this method. Thus, for flexible PI-based 

samples, the DMI measurements were quite difficult, and hence, in the next chapter, we tried 

to qualitatively determine the impact of applied strain on the DMI strength using 

micromagnetic simulations.    

In summary, a systematic investigation is conducted in Chapter 6 to comprehend the impact of 

the Co/fullerene interface on the magnetization reversal, DW dynamics, and DMI of a 

Pd/Co/C60 system. A continuous decrease in coercivity with increasing C60 thickness is 

corroborated by a reduction in the effective PMA of the samples. Further, the significant 

enhancement in the magnetization relaxation mechanism is attributed to a decrease in the 

depinning field and an increase in DW velocity upon C60 insertion. Notably, DW structure also 

changes from achiral Bloch (𝑡𝐶60
= 0 nm) to left-handed chiral NW (𝑡𝐶60

=1.6 nm) owing to an 

enhancement in iDMI from -0.07 mJ/m2 (𝑡𝐶60
= 0nm) to -0.46 mJ/m2 (𝑡𝐶60

= 1.6 nm) in the Si-
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based asymmetric Pd/Co/C60 samples. The signature of a non-zero DMI (𝐷𝐶𝑜/𝐶60  ∼ -110 μJ/m2) 

emanating from the Co/C60 interface is the result of a curvature-driven SOC of fullerene 

molecule. Thus, the emergence of DM interaction from the Co/fullerene interface is quite 

appealing for both the fundamental study as well as the chiral structure-based application 

viewpoint. Further, we aim to study the magnetic properties of asymmetric Pd/Co/C60 sample 

at strained conditions. Notably, the impact of applied strain was found to be lower on the 

asymmetric stack in comparison to its symmetric counterpart. This could be due to a modified 

magnetostrictive co-efficient in the asymmetric sample owing to the interfacial hybridization 

at the Co/C60 interface. We anticipate that our findings will spur the development of theoretical 

modelling to clarify the exact role of fullerene molecules in originating DM interaction and 

modifying the magnetostrictive coefficient in the Pd/Co/C60 samples.         
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Chapter 7: Strain-driven magnetic properties of symmetric [Co/Pd]N multilayer stack 

The effect of external strain on the iDMI could not be measured experimentally in Chapter 6 

due to many limitations. Apart from experiments, the DMI strength of a sample is also possible 

to extract qualitatively via simulation, as reported in a few earlier works [214,218,219]. The 

experimentally obtained domains and hysteresis loops can be simulated to qualitatively 

measure the DMI strength of a sample. In this context, the superlattice stacks, e.g., [Co/Pt]N, 

[Co/Pd]N, etc. show a major variation in the loop shape with increasing N [214,220–223]. As 

the no. of bilayer increases it introduces a high magnetostatic energy in the system. In addition, 

for [Co/Pd]N stacks, a systematic increase in DMI strength is also reported by increasing 

N [214,223]. Thus, a competition between PMA, DMI, and magnetostatic energies changes the 

hysteresis loop shape from a square to a slanted one. In addition, the bubble domains also get 

modified to stripe domains. Moreover, the enhanced dipolar energy may demagnetize the 

superlattice stack and stabilize skyrmions even if the strength of DMI is low. Thus, such 

multilayered stacks are promising candidates for chiral DW-based device applications. To 

enhance the efficiency of spintronic devices it is important to have control over the PMA, DMI, 

and exchange energy. Among them controlling DMI is challenging as it is of interfacial nature. 

There are several approaches by which the DMI strength can be tailored, e.g., by changing the 

HM and FM layers [135,224], introducing a sub-monolayer capping of different materials at 

the FM/HM interface [208,218,225], by strain engineering [32,207], tuning the interface 

properties (say, roughness, sharpness) [226], etc. A few recent reports show that the application 

of strain can tune the DMI strength significantly and may generate chiral textures, which is 

very promising from application viewpoint [32,207,227–229]. Therefore, in this context, we 

have also prepared the multilayer stack of [Co/Pd]N upon both rigid Si and flexible  PI substrate 

and studied their magnetic properties in detail. Further, the hysteresis loops are simulated using 
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MuMaX3 software to investigate the effect of strain on both the PMA and DMI strength of the 

samples.        

7.1 Sample details: A series of [Co/Pd]N samples are prepared upon both rigid Si and flexible  

PI substrate by varying N. The sample structure is as follows, Substrate/Ta(20)/Pd(4)/ 

[Co(0.8)/Pd(1.8)]N/Ta(5), where the numbers mentioned in parentheses are the thicknesses in 

nm and N = 1, 3, 5, 10. A schematic of the deposited sample structure is shown in Fig. 7.1. The 

samples are prepared via the DC magnetron sputtering technique in a high vacuum multi-

deposition unit manufactured by Mantis Deposition Ltd. UK. Before deposition the base 

pressure of the chamber was ~ 5×10-8 mbar. Deposition rates for Ta, Pd, and Co layers are 

maintained at 0.18 Å/s, 0.20 Å/s, and 0.16 Å/s, respectively. A QCM monitored the thickness 

of each layer during sample preparation. To achieve uniformity in the deposited layers the 

substrate is rotated at 10 rpm during sample fabrication.  

 

Figure 7.1 A schematic of the [Co/Pd]N multilayer structure deposited by the DC magnetron 

sputtering technique upon both the rigid Si and flexible PI substrates. 
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7.2 Magnetic Characterization: 

7.2.1 Magnetization reversal phenomena: Magnetization reversal phenomena are first 

studied for the rigid Si-based samples using magneto-optic Kerr effect (MOKE) based 

microscopy in the polar mode. Figure 7.2 (a) shows the hysteresis loops and simultaneous 

domain images with increasing N. The coercivity of the samples increases systematically with 

increasing the bilayer repetition up to 5. However, no significant changes in coercivity is 

observed for the N=10 repetition sample. Such enhancement in coercivity is possibly related 

to an increase in magnetic anisotropy strength while increasing N. Further, a more detailed 

investigation reveals that with increasing N the tail-like feature becomes more pronounced. 

Such a tail-like feature arises probably due to an enhanced inter-layer magneto-static 

interaction in the stacks, as reported earlier [214,219,220,222]. Such long tails also indicate the 

formation of highly stable domain states which require a higher field to change their spin 

configuration from one saturation state to the other. Such highly stable domains could be 

associated with a higher DMI strength due to increasing N. To understand the impact of N on 

the domain shape and size, Fig. 7.2 (b) shows the domain images that are captured near the co- 

 

Figure 7.2 (a) Hysteresis loops of Si-based [Co/Pd]N stack measured by polar MOKE 

microscopy, (b) domain images captured near coercivity of each hysteresis loops where the 

scale bar shown in N=1 image is 500 μm in length and is valid for all the other images. 
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ercivity of each hysteresis loop. Bubble domains are observed for both the 1 and 3-repetition 

samples as the anisotropy ratio 𝑄 =  
𝐾𝑢

𝐾𝑑
 ≫ 1, where Ku is the uniaxial anisotropy constant and 

Kd is the stray field energy constant [163]. For the N=10 repetition sample, magnetization 

reversal is found to be governed by one sharp and another tail-like transition state, as shown in 

Fig. 7.3 (a). The domain nucleation and propagation events are mainly observed along the sharp 

transition region, whereas domain rotation events are quite dominating along the tail of the 

hysteresis loop. Such lengthy tails could be related to the creation of very stable domain states 

that require a stronger field to alter their spin configuration from one saturation state to another. 

The domain images correspond to the points that are marked in the hysteresis loop of Fig. 7.3 

(a). Here, the domains look quite similar to the dendritic-type domains, with a significant 

reduction in size, as shown in Fig. 7.3 (b).  To understand the relation between increasing N 

and the domain size, Sbiaa et al. considered the impact of both inter and intra-layer 

magnetostatic interaction on the DW width and found that the DW width decreases 

exponentially with increasing no. of repetition [222]. An increased magnetostatic interaction 

will modify the anisotropy ratio (=
𝐾𝑈

𝐾𝑑
), which in turn may change the domain shape. Thus, in  

 

Figure 7.3 (a) Zoom-in view of the hysteresis loop of Si-based [Co/Pd]10 sample, (b) domain 

images correspond to the points marked in the hysteresis loop. The scale bar is 500 μm in 

length and is valid for all the other images.  
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our case we also observed a significant modification in domain shape and size with 

increasing the repetition of the bilayers. 

7.2.2 Magnetic anisotropy: To explore the origin behind the systematic enhancement of 

coercivity with increasing N, we have measured the magnetic anisotropy of Si-based samples 

using SQUID magnetometry. M-H loops are measured along both the IP and OP directions of 

the sample. The effective anisotropy is calculated using the following equation,  

 𝐾𝑒𝑓𝑓 =
1

2
µ0𝐻𝑆𝑀𝑆                                                 (7.1) 

where, µ0HS is the IP saturation field and Ms is the saturation magnetization. With increasing 

N, the anisotropy field increases which in turn enhances the PMA strength. However, the Ms is 

found to have no systematic variation with N. Fig. 7.4 shows the variation in 𝐾𝑒𝑓𝑓, µ0HS and 

Ms with increasing N. A modification in PMA strength by varying N was also reported earlier 

due to an increase in magnetic volume in the samples. In our case, the enhanced PMA possibly 

increases the coercivity in the samples. In addition, an increase in bilayer repetition may 

increase the interface roughness which also may participate in modulating the coercivity of the 

samples.  

 

Figure 7.4 Variation of magnetic anisotropy (Keff), saturation magnetization (Ms) and 

saturation field (HS) with increasing the repetition (N) of [Co/Pd] bilayer.  
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7.2.3 Strain-assisted magnetization reversal: To understand the impact of bending-induced 

strain on the magnetization reversal phenomena of flexible [Co/Pd]N stacks, we have first 

measured the hysteresis loops and simultaneous domain images at the unstrained states of all 

the samples, as shown in Fig. 7.5. Similar to the Si counterparts, here also a systematic increase 

in coercivity, decrease in domain size, and modification in domain shape is observed with 

increasing N. Further, to understand the strain-sensitivity of the samples by varying N, we 

studied the magnetization reversal phenomena of the flexible samples at varied strained states. 

The coercivity vs. strain plot is shown in Fig. 7.6 for all the flexible samples. Similar to our 

previous observations, the tensile strain increases the coercivity whereas compressive strain 

decreases it for all the multilayer stacks. This can be explained by the magnetoelastic 

anisotropy induced by the applied strain in the system. Notably, a small plateau region was 

observed for the N=1 repetition (Fig. 7.6), owing to the smaller strength of the MEA. For N=1 

repetition sample, a strain-sensitivity is observed only when the applied strain reaches ~0.10%.  

 
Figure 7.5 (a) Hysteresis loops of PI-based [Co/Pd]N multilayered stack measured by polar 

MOKE microscopy, (b) domain images captured near coercivity of each hysteresis loop, 

where the scale bar shown in N=1 image is 500 μm in length and is valid for all the other 

images. 
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Figure 7.6 Coercivity vs. strain plot for the multilayer samples having Co/Pd bilayer 

repetition (a) N=1, (b) N=3, (c) N=5, and (d) N=10. 

 

However, for N  3, all the samples show strain- sensitivity even at ~0.05% strain (Fig. 7.6). 

This indicates a better strain sensitivity by using the multilayer stacks and could be promising 

for sensor applications. The enhanced strain sensitivity is possibly due to the interplay between 

several energy terms in the multilayer stacks, e.g., PMA, MEA, magnetostatic, and DMI 

energy. Here, the variation in coercivity is found to be quite linear with increasing strain for all 

the flexible samples. Further, a closer look at the hysteresis loops measured under tensile and 

compressive strain shows a few interesting features that are highlighted in Fig. 7.7. The 

magnetization reversal measured at the strained and unstrained states consists of mainly two 

parts, (i) a sharp reversal, and (ii) a long tail which saturates at higher fields. In the compressive 

(tensile) strained state, the length of the sharp switching line decreases (increases) in 

comparison to the unstrained state. Further, the length of the tail also increases under external  
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Figure 7.7 Hysteresis loops measured using the polar MOKE microscopy, at unstrained and 

strained states of Co/Pd samples with (a) N=3 and (b) N=5 repetition.  

 

strain, as shown in the insets of figure 7.7. This indicates that apart from the coercivity, the 

overall magnetization reversal phenomena get significantly modified via strain. Here, the 

length of the tail of hysteresis loops depends on the contribution of both magnetostatic and 

DMI energies. Thus, apart from magnetic anisotropy, the applied strain seems to modify these 

energy values as well. Strain-dependent tuning of DMI has already been reported in a few 

experimental and theoretical works. However, the impact of applied strain on the interlayer 

magnetostatic interaction is not known yet. As the application of strain modifies the distance 

between the neighbouring atoms (Co-Co or Co-Pd), it, in turn, may modify the strength of DMI 

and magnetostatic interaction. In order to well understand the effect of PMA, magnetostatic 

energy, and DM interaction on the magnetization reversal process of the magnetic stacks in the 

absence and presence of external strain, we have performed micromagnetic simulations using 

MuMax3 software.      
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7.3 Micromagnetic simulation using MuMax: 

MuMax is a micromagnetic simulation application developed and maintained at the DyNaMat 

group at Ghent University that runs on a GPU [230,231]. It employs a finite-difference 

discretization method to compute the space and time-dependent magnetization dynamics of nm 

to μm sized FMs. MuMax3 is a free and open-source software written in Go [232] and 

CUDA [233], that is distributed under the GPLv3 license. To write an input script, MuMax3 

has a scripting language that is similar to a subset of the Go programming language. The 

software makes it easier to create quite sophisticated simulations. For the input and output of 

all space-dependent values, MuMax3 employs OOMMF's "OVF" data format. MuMax3 uses 

2D or 3D grids of orthorhombic cells to discretize space using the finite difference (FD) 

approach. MuMax3 calculates the time-dependent change in reduced magnetization 𝑚 ⃗⃗⃗⃗  (𝑟 , 𝑡), 

by solving the LLG equation as discussed earlier. It uses a few explicit Runge-Kutta (RK) 

techniques for solving the Landau Lifshitz equation, e.g., RK45, RK32, RK23 etc. To start a 

simulation a script is provided where all the necessary information is mentioned, e.g., grid size, 

cell size, boundary conditions, saturation magnetization, magnetic anisotropy, exchange 

interaction, applied field range, stopping criterion, etc. By using a relax () function MuMax3 

tries to determine the minimum energy state of a system at each step of the simulation. Here, 

simulations can be performed at any temperature. In this chapter, MuMax3 is used to reproduce 

the experimentally obtained hysteresis loops. It further helps to understand the impact of 

external strain on different magnetic parameters. In addition, it also gives a qualitative idea 

about the strength of different interactions present in our systems.    

7.3.1 Micromagnetic simulations and the effective medium model: Micromagnetic 

simulations are performed to mimic the experimentally obtained hysteresis loops using 

MuMax3 software [230,231]. As the magnetostatic energy increases with increasing the no. of 

Co/Pd bilayer, here we have used the effective medium model to simulate the experimentally 
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obtained hysteresis loops and domains, as described in ref. [224]. In this model, the multilayer 

stacks with N repetition can be considered as a single layer having an effective thickness, 

𝑡𝑒𝑓𝑓 = (𝑡𝐶𝑜 + 𝑡𝑃𝑑)𝑁, where 𝑡𝐶𝑜 = 0.8 𝑛𝑚, 𝑡𝑃𝑑 = 1.8 𝑛𝑚, and 𝑁 is no. of Co/Pd bilayers in 

the stack. To simulate the loops each input parameter is scaled by a factor 𝑓 which can be 

expressed as, 

𝑓 =  
𝑡𝐶𝑜

𝑡𝐶𝑜 + 𝑡𝑃𝑑
= 0.307 

where, 𝑡𝐶𝑜 and 𝑡𝑃𝑑 are the thicknesses of the Co and Pd layers, respectively. The simulation 

area was 1.0µm × 1.0µm × (𝑁2.6) nm. The cell size was 2.0nm × 2.0nm × (𝑁2.6) nm. To 

exclude the finite size effects periodic boundary condition is considered in the x-y plane of the 

simulation area. To minimize the total energy of the system, a built-in function minimize () is 

used. The initial magnetization is considered along the out-of-plane direction and a relax () 

function is used to obtain the initial relaxed state. The exchange constant (Aex) is considered as 

20 pJ/m for all the samples. The saturation magnetization (MS) and magnetic anisotropy (KU) 

values used in the simulation are taken from the M-H loops measured via SQUID-VSM 

magnetometry. However, as the simulation area is far from the case of a real thin film, the 

experimentally obtained values of KU and Ms are tuned a bit to match the loop shape.  Further, 

the interfacial DMI value is also tuned to mimic the loop shape, as shown in Table 7.1[214,219].  

In the experimental sample structure, the FM layer has a thickness tm (=0.8 nm), and the 

repetitive layer, [Pd (0.9nm)/Co (0.8nm)/Pd (0.9nm)] has a thickness tr (=2.6nm). Here, the 

thickness of the effective FM layer (tm') is considered to be the same as tr, to obtain a 

homogeneously magnetic medium for the simulation. Thus, the saturation magnetization (MS), 

effective magnetic anisotropy (Keff), exchange constant (Aex), and DMI strength (Deff) related 

to the experimental film also should be the same in the effective medium. Woo et al. have 

concluded that the effective medium will follow the same magnetization dynamics as the   
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Figure 7.8 A schematic of the [Co/Pd]N multilayer structure, (a) experimentally prepared, 

and (b) considered in the simulation. Here, tm is the thickness (0.8nm) of the single FM layer, 

whereas tr is the thickness of one repetition of the Pd (0.9nm)/Co (0.8nm)/Pd (0.9nm) layer. 

This tr is considered as the thickness of the effective FM layer (tm') in the simulation. 

 

experimental sample if the relevant parameters follow a scaling as mentioned below [224],    

𝑀𝑆
′

𝑀𝑆
=

𝐴′

𝐴
=

𝐾𝑒𝑓𝑓
′

𝐾𝑒𝑓𝑓
=

𝐷′

𝐷
=

𝑡𝑚

𝑡𝑚
′ =

𝑡𝑚

𝑡𝑟
= 𝑓                                         (7.2) 

which further scales the uniaxial anisotropy constant (𝐾𝑈) as, 

𝐾𝑈
′ = 𝐾𝑈𝑓 −

𝜇0𝑀𝑆
2

2
 (𝑓 − 𝑓2)                                                 (7.3) 

 The parameters with a prime as introduced in equations 7.2 and 7.3 are related to the effective 

medium. We have used a scaled value of the input parameters for simulating the experimentally 

obtained hysteresis loops. A uniform magnetization with one bubble domain is considered as 

the initial state for the simulations. The simulations revealed that the tail of the hysteresis loops 

is strongly dependent on the DMI strength of a sample. Thus, it helps to get a qualitative idea 

about the DMI values of our samples with increasing N. The best-fitted curves for all the 

samples are shown in Fig. 7.9. Corresponding DMI strength is also mentioned in each plot 
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separately. For [Co/Pd]1 stack the best-fitted curve is obtained when the DMI is ~ 0.30 mJ/m2. 

Although a symmetric Pd/Co/Pd sample is expected to show a zero DMI, the presence of 

interfacial strain and different growth conditions for the bottom and top Pd/Co interfaces may 

give rise to a non-zero DMI. From the simulation, it is found that with increasing N, the DMI 

also increases from 0.30 to ~1.15 mJ/m2, to mimic the experimental loops well. A similar   

 

Figure 7.9 Simulated hysteresis loops using MuMax3 software for (a) [Co/Pd]1, (b) [Co/Pd]3, 

(c) [Co/Pd]5, and (d) [Co/Pd]10 samples. Here, the red curves are experimentally measured 

whereas the green curves are the simulated ones. 

 

enhancement in DMI with N was also reported earlier by Pollard et al. and Davydenko et al. 

for [Co/Pd]N stacks [214,223]. The authors indicated that it could be related to an increase in 

the interfacial roughness of the samples with increasing N. It should be noted that the DMI 

values extracted from the simulations give only a qualitative measure of the parameter and will 

vary if measured experimentally. Further to understand the impact of external strain on the  
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Table 7.1 Best fitted parameters for simulating hysteresis loops of [Co/Pd]N stacks 

Sample A 

(pJ/m) 

M
s 

(MA/m) 

K
U 

(MJ/m3) 

𝐷𝑒𝑓𝑓 (varied) 

(mJ/m2) 

[Co/Pd]1 20 1.59 1.84 0.30 

[Co/Pd]3 20 1.50 1.89 0.70 

[Co/Pd]5 20 1.47 2.17 0.95 

[Co/Pd]10 20 1.35 2.42 1.15 

  

magnetization reversal phenomena, we have simulated the hysteresis loops taken under ~0.40% 

compressive strain for the [Co/Pd]3 sample. As strain may modify both the magnetic anisotropy 

and the DMI of a sample, we have varied the values of both Keff and 𝐷𝑒𝑓𝑓 to mimic the 

experimentally obtained loop under strain. The switching field and the tail of the simulated 

hysteresis loop match well with the experimental one when 𝐾𝑒𝑓𝑓 = 0.44 MJ/m3 and 𝐷𝑒𝑓𝑓 =

0.85 mJ/m2 at the strained state (see Fig. 7.10). Notably, the values obtained at the unstrained 

state are, 𝐾𝑒𝑓𝑓 = 0.49  MJ/m3 and 𝐷𝑒𝑓𝑓 = 0.70 mJ/m2. This indicates that under compressive 

strain effective anisotropy of the sample decreases whereas the DMI strength increases. The 

decrement in anisotropy is due to the induced MEA under strain. However, the changes in DMI 

 

Figure 7.10 Hysteresis loops simulated for [Co/Pd]3 sample at (a) unstrained and (b) strained 

states of the sample by varying the strength of Keff and D. The red and green curves represent 

the experimental and simulated hysteresis loops, respectively.  (c) A schematic of the effect 

of external strain on the interatomic distance between HM and FM ions. The concept of the 

image is taken from ref. [32]. 
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possibly due to a change in the distance between the adjacent atoms via strain. As the DM 

interaction is mediated via conduction electrons, it has an oscillatory nature and can be 

expressed as [32],   

𝑊𝐷𝑀𝐼 ~ sin[𝑘𝐹 (𝑎 + 2𝑏) + 𝜋𝑍𝑑/10] sin(2휃)/(𝑎𝑏2)                          (7.4) 

 where, kF is the Fermi momentum, a is the distance between the FM (Co) ions, b is the distance 

between the FM and HM ions (shown in Fig. 7.10 (c)), Zd is the number of d electrons, and θ 

is the angle made by vectors connecting the HM ion and two FM ions. As shown in the 

schematic of Fig. 7.10 (c), the application of strain in the sample plane changes the distance a 

between the FM (Co) ions, which in turn changes the distance b between the FM and HM ions 

due to the Poisson effect. Such changes in a and b lead to a change in the DMI energy according 

to the Fert-Levy model. Apart from these a few other possibilities for the variation of DMI 

under strain could be, a variation in the effective mass of electrons and a variation in the 

exchange constant. However, earlier literature shows that the impact of these two mechanisms 

is quite small and thus the major reason behind DMI variation is related to the varying distance 

between the FM and HM ions.  

In summary, the [Co/Pd]N stacks shows a systematic increase in coercivity, decrease in domain 

size, and shape with increasing N. This is corroborated to a modified PMA, magnetostatic and 

DMI energy in the samples. Further, the samples with N  3, shows a better strain sensitivity 

and more elongated tails in the hysteresis loops. Micromagnetic simulations are performed to 

reproduce the experimentally obtained hysteresis loops. By varying the strength of PMA and 

DMI, the hysteresis loops measured under bending-induced strains are reproduced. This 

indicates that the nature of loop change under strain could be associated to a modified 

anisotropy and DMI strength in the samples. Therefore, strain-engineering could be a 

promising tool to tune the anisotropy and DMI strength to optimize chiral structures for 

spintronic device applications. 
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CHAPTER 8: Summary and Conclusion 

The rapid growth of "flexible electronics" has brought a paradigm shift in the concept of 

traditional rigid electronic equipment. Since spintronics will undoubtedly play a crucial role in 

the future of electronics, research on flexible spintronics is equally important. As spintronic 

devices rely largely on magnetic thin films, it is important to understand the basic properties of 

flexible magnetic thin films under different strained states. However, the field is in its infancy 

and requires a significant effort from both experimental and theoretical investigations. In this 

context, this thesis work has focused on preparing PMA thin films on flexible PI substrates 

(along with rigid substrates) and studying their structural and magnetic properties at different 

strained states. These PMA films have either symmetric (HM1/FM/HM1) or asymmetric 

(HM/FM/non-magnet) structures owing to their potential in future spintronic device 

applications. Here, Pt/Co/Pt and Pd/Co/Pd are considered as standard symmetric systems, 

whereas Pd/Co/C60 is fabricated to study a unique asymmetric system. Here, C60 (fullerene) is 

chosen due to its curvature-enhanced SOC strength and the rich physics associated with the 

“spinterface” formed at the FM/C60 interface. In this thesis work, the samples are deposited by 

DC magnetron sputtering and thermal evaporation techniques. The structural characterizations 

are performed using an X-ray diffractometer and scanning electron microscopy. The magnetic 

characterizations are performed using magneto-optic Kerr effect (MOKE) based Kerr 

microscopy, and a superconducting quantum interference device (SQUID) magnetometer. 

Further, the DW velocity and the iDMI strength are measured using an in-house developed 

symmetric and asymmetric DW velocity measurement setup integrated with the Kerr 

microscope. To evaluate the element-specific orbital and spin magnetic moment, synchrotron-

based X-ray magnetic circular dichroism (XMCD) measurements are performed at the 

ELETTRA synchrotron facility in Italy. The resistivity measurements are carried out using an 

in-house developed four-point probe setup at RT. Convex and concave-shaped molds are used 
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to study the structural and magnetic properties of the films under bending-induced strain. 

Additionally, micromagnetic simulations are carried out using the MuMax3 software to better 

understand the experimental data. 

Currently, there are very few reports that concentrate on preparing flexible Pt/Co films and 

examining their characteristics in detail. In this context, the structural and magnetic properties 

of flexible Pt/Co film are studied systematically and discussed in the third chapter of the thesis. 

Here, Pt/Co/Pt film is deposited upon a flexible PI substrate (25 μm thick) and the impact of 

bending-induced tensile and compressive strains is studied thoroughly. No structural damage 

is observed within the applied range of bending strain. However, as the Pt/Co system has a 

non-zero magnetostriction coefficient (λ ~ 10-5), the application of bending strain affects the 

magnetic properties of the sample. Due to the opposite nature of the tensile and compressive 

strains, an opposite tuning of magnetic characteristics is possible here. This provides the 

opportunity to control magnetic properties to the desired level via strain.  Within the elastic 

limit of bending-induced strain the changes in the magnetic properties are reversible in nature. 

Notably, the magnetic anisotropy and DW dynamics are possible to be tuned quite well via the 

strain. This leads to a modified magnetization reversal and relaxation dynamics of the sample 

in the strained state. The observed sensitivity of magnetic properties towards external strain 

seems promising for various sensor-based devices applications. 

Further, to improve the strain-sensitivity we have considered the Co/Pd system owing to its 

higher magnetostrictive coefficient (λ ~ 10-4) in comparison to Co/Pt. Thus, a series of Co/Pd 

films are prepared upon flexible PI substrates, and their structural and magnetic properties are 

studied under bending-induced uniaxial strain, as discussed in the fourth chapter of the thesis. 

No significant deterioration of film surface quality is observed when the applied strain is below 

1%. However, ~1.0% of compressive strain, few localized buckling appears owing to the large 

elastic mismatch between the inorganic film and the organic polymer substrate. Further, the 
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coercivity and relaxation time constant were enhanced (reduced) under tensile (compressive) 

strain, due to the stress anisotropy induced by the applied stress. This further modifies the DW 

dynamics and reduces (enhances) the DW velocity under tensile (compressive) strain, in 

comparison to the unstrained state of the sample. Such modified DW dynamics were found to 

be related to the modified PMA and pinning potential of the samples. Furthermore, the strain-

dependent XMCD measurements revealed an enhanced orbital to spin magnetic moment ratio 

under both tensile and compressive strain, possibly due to a modified orbital momentum 

quenching via strain. As here the changes in 
𝑚𝑜𝑟𝑏

𝑚𝑠𝑝𝑖𝑛
 is independent of the type of strain (whether 

tensile or compressive), it indicates the possibility of opposite modification in the DOS of the 

Co/Pd system, under the tensile and compressive strain. Further, the Co/Pd samples having 

thickness closer to the SRT region were found to have a better strain sensitivity. This allows to 

switch the magnetization orientation from the OP to the IP direction of the sample by applying 

a minimal compressive strain, which is indeed promising for energy-efficient switching 

applications.  

Within the elastic limit of bending-induced uniaxial strain the magnetic properties are quite 

reversible in nature. However, the successful commercialization of flexible spintronic devices 

also requires to study the response of such systems under a larger complex strain. Significant 

multidimensional strain can be generated via wrinkling, twisting, or peeling a flexible film. 

Thus, in the fifth chapter of the thesis, we have presented the impact of peeling-induced strain 

on the structural and magnetic properties of both Co/Pt and Co/Pd films prepared on Kapton. 

Such peeling methods damage the thin film by forming numerous cracks, buckles, and 

telephone cord blisters to reduce the stress energy. This in turn enhanced the sample resistance 

and introduced irreversible changes in the magnetic properties. The magnetization reversal 

study indicates that the coercivity of the samples increases due to the structural discontinuities 

that appeared in the films. The bubble domains in the unstrained films even get converted to 
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elongated-shaped domains due to several hindrances to the DW motion after strain application. 

Further, relaxation measurements reveal that the thermal energy is even insufficient to switch 

the magnetization of a few areas due to the high pinning barriers associated with the damages. 

Notably, all the changes appeared due to the peeling strain are found to be irreversible in nature. 

This restricts one from applying a very high strain on the flexible films during their device 

applications.   

As symmetric magnetic stacks (say, HM1/FM/HM1) lead to very low DMI, we have further 

prepared a unique asymmetric system comprised of Pd/Co/C60. Here, C60 is chosen to break 

the symmetry and also to explore the possibility of originating DMI from the FM/C60 interface. 

In this context, Pd/Co/C60 samples are prepared upon both rigid Si and flexible PI substrates 

and their structural and magnetic properties are studied in detail, as discussed in chapter 6. The 

DW velocity and iDMI are found to be enhanced for the Pd/Co/C60 samples in comparison to 

the symmetric Pd/Co/Pd sample. Further, a non-zero iDMI originating from the Co/C60 

interface is reported for the first time due to the curvature-enhanced SOC of fullerene. This 

also motivates to use the C-based materials for chiral DW-based device applications. To find 

the strain-sensitivity of this asymmetric sample structure we have studied the impact of 

bending-induced strain. Here, the magnetization reversal and DW velocity are tuned via 

external strain, however, the impact of strain was lesser in comparison to the symmetric 

Pd/Co/Pd film. It may be associated with a reduced magnetostrictive coefficient due to the 

formation of a spinterface at the Co/C60 interface. Future experimental and theoretical works 

may shed light on this aspect.  

 Apart from asymmetric magnetic stacks (HM/FM/non-magnet), the symmetric multilayer 

stacks of ([HM/FM]N) also may host chiral textures via a proper balance of PMA, DMI, and 

dipolar energy. This is generally achieved by increasing the repetition (N) of HM/FM bilayers. 

However, the application of external strain also may create chiral textures in such systems by 
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proper tuning of the PMA, DMI, and dipolar energy. In this context, the multilayer [Co/Pd]N 

stack is deposited upon both rigid Si and flexible PI substrates, and their magnetic properties 

are studied in detail, as discussed in Chapter 7. With increasing N, the PMA and dipolar energy 

increased, which enhanced the coercivity and introduced a tail-like feature in the hysteresis 

loops. The domain size and shape are also modified with increasing N possibly due to the strong 

dipolar energy and enhanced iDMI strength in the samples, which in turn give a better stability 

of the domains. Further, the magnetization reversal phenomena are studied under strain and it 

indicates a better strain-sensitivity with increasing N. This indicates that other than PMA, the 

dipolar and DMI energy also may be tuned via strain. To understand these aspects qualitatively, 

micromagnetic simulations are performed using MuMax3 software. The simulation revealed 

that not only the strength of PMA but also the strength of iDMI increases with increasing N. 

Further, the application of strain may tune both the PMA and iDMI strength of the samples. 

The modulation of DMI via strain could be related to the modification in the distance between 

the neighbouring FM atoms and FM-HM atoms at the FM/HM interface, as per the Fert-Levy 

model. Therefore, strain engineering appears to be a promising tool to advance the field of 

flexible spintronics while tuning the functionalities of spintronic devices.   

Future Outlook: 

This thesis work shows the impact of bending and peeling mode-induced strain on the structural 

and magnetic properties of Pt/Co/Pt, Pd/Co/Pd, and Pd/Co/C60 systems. In the due course of 

the study, we find a few questions that should be addressed in the future as mentioned below. 

1. To validate the impact of tensile and compressive strains on the DOS of the Co/Pd and Co/Pt 

systems, theoretical work is needed. It may give further insight into the opposite impact of 

tensile and compressive strains on the magnetic properties. 
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2. Similar to Co/Pd system, magnetization switching via strain also should be explored for 

other FM/HM systems. This will be highly beneficial for low-energy spintronic device 

applications.   

3. Apart from bending strain, the impact of wrinkling and twisting modes of flexibility also 

needs to be investigated in detail. It will help in understanding the limitations and suitability of 

a particular material system for flexible spintronic device applications.  

4. Theoretical modelling is required to clarify the exact role of spherical fullerene molecules in 

exhibiting DM interaction from a fullerene/FM interface. 

5. The impact of spinterface formation (at the Co/C60 interface) on the magnetostrictive 

coefficient (λ) of Co should be studied both experimentally and theoretically. Other types of 

FM/organic semiconductor (OSC) systems may be studied to understand the impact of external 

strain on the spinterface to tune the global magnetic properties. 

6. Measuring iDMI for samples prepared on polymer substrates faces several challenges. To 

remedy this, new flexible substrates or measurement methodologies must be considered. 

7. The effect of strain on DMI should be explored more for designing chiral magnetic textures 

in flexible magnetic thin films/multilayers.
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