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Abstract 

Conventional electronics-based memory devices that operate through the charge attribute of 

the electron suffer from volatility issues and additional problems of gap in the performance 

speed in different memory stages. Spintronics-based memory devices, such as 

Magnetoressitive random access memories (MRAMs), utilizes the spin attribute of the electron 

along with the charge attribute for information storage and its processing purpose. These 

MRAMs are non-volatile and fast, hence can work as ‘Universal memory’. In these devices, 

the data is stored in a ferromagnet (FM) based structure and hence the required properties of 

the FMs such as high Curie temperature (𝑇𝑐), low Gilbert parameter (𝛼), high spin polarization 

(𝜂), etc. become crucial for the fast and energy-efficient operation. In a few promising MRAM 

structures, a Ferromagnetic/nonmagnetic (FM/NM) is also utilized in which efficient 

generation and propagation of spin current is crucial for the energy efficient fast operation. In 

such cases, the quality of the NM and the interface becomes vital. 

In this thesis work, we have grown and studied two Co-based FM alloys thin films, an 

Amorphous alloy: Co60Fe20B20 (CFB) and a Full Heusler alloy: Co2FeAl (CFA). The study 

includes structural, magnetic (both static and dynamic) and transport properties. Along with 

this, the effect of the presence of an adjacent NM layer adjacent to these FM layers on the spin 

dynamic properties of the resulting FM/NM heterostructure is also explored through spin 

pumping measurements. As NM different heavy metals (HMs) such as W, Ta, Mo, etc. are 

used. In addition, a W-based dichalcogenide (WS2) is also explored as NM in FM/NM. 

First, the crystalline quality of the CFA thin film (60 nm) is optimized to achieve low damping 

constant through two different thermal treatment mechanisms, viz., in-situ post-deposition 

annealing and temperature during growth. The post-annealed films were found to be 

structurally superior in terms of crystallinity, density and interface width compared to the films 

grown at higher temperatures. A record lowest damping constant value of 0.00173 was found 

for as deposited CFA thin film which is further lowered to 0.00119 through post annealing at 

773 K. Later, similar approach of post-deposition annealing was performed on comparatively 

thinner CFA thin films (10 nm), and the structural, magnetic (both static and dynamic) and 

transport properties were explored. The magnetic and transport properties were found to be 

very sensitive to the crystallinity and interface width of the samples. A lowest damping constant 

of 0.0051 was observed for the sample annealed at 573 K. The temperature-dependent transport 

analysis reveals the dominance of the weak-localization effect at lower temperatures and 

electron-phonon scattering at higher temperatures. 
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After the optimization of CFA thin films, a detailed spin transport analysis is performed on 

W/CFA heterostructures through Ferromagnetic resonance (FMR) base spin pumping 

measurements. From this analysis, an effective spin mixing conductance of 6.51±0.39 nm-2 and 

transparency of 60.27±5.41% is obtained for the W/CFA interface, while the spin diffusion 

length of W is found to be 2.12±0.27 nm. Later the effect of different interlayers (ILs) such as 

Al, Mg, Mo and Ta on the spin pumping efficiency was also explored, which revealed that 

appropriate IL with the appropriate thickness could enhance the spin pumping efficiency by a 

considerable margin. After spin pumping study in W/CFA-based heterostructures, similar 

measurements were carried out on Ta and CFB-based heterostructures and the spin pumping 

efficiency parameters are estimated. The effective spin mixing conductance of 11.74 ± 1.14 

nm-2 and transparency of 60.61±5.88% are obtained for the Ta/CFB interface, while the spin 

diffusion length of Ta is found to be ~2.1 nm. 

After exploring the HMs as the NM, a 2D dichalcogenide material, WS2 is also explored. 

Different numbers of layers (1-4 monolayers) of WS2 were grown and its effect on spin 

pumping in WS2/CFA heterostructures is observed. The effective spin mixing conductance of 

7.47 ± 0.97 nm-2 is obtained for the WS2/CFA interface. Thus, this thesis work links the relation 

between the growth and spin dynamic properties of different FM and FM/NM heterostructures 

and also provides a fundamental understanding about the interfacial effects on the spin 

transport phenomena in FM/NM interfaces. This will be crucial for material optimizations in 

practical spintronic memory applications. 
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सार 

पारंपररक इलेक्ट्रॉनिक्ट्स-आधाररत मेमोरी डिवाइस जो इलेक्ट्रॉि के चाजज एट्ररब्यूट के माध्यम से 
संचाललत होते हैं, वे अस्थिरता के मुद्दों और ववलिन्ि मेमोरी चरणों में प्रदर्जि गनत में अंतर 
की अनतररक्ट्त समथयाओं से ग्रथत हैं। स्थपंरोनिक्ट्स-आधाररत मेमोरी डिवाइस, जैसे मैग्िेटोरेलसव 
रैंिम एक्ट्सेस मेमोरी (MRAM), सूचिा िंिारण और इसके प्रसंथकरण उद्देश्य के ललए चाजज 
ववर्ेषता के साि इलेक्ट्रॉि की स्थपि ववर्ेषता का उपयोग करता है। ये MRAM गैर-वाष्पर्ील 
और तेज हैं, इसललए 'यूनिवसजल मेमोरी' के रूप में काम कर सकते हैं। इि उपकरणों में, िेटा को 
फेरोमैग्िेट (FM) आधाररत संरचिा में सगं्रहीत ककया जाता है और इसललए FM के आवश्यक 
गुण जैसे उच्च क्ट्यूरी तापमाि (Tc), निम्ि गगल्बटज पैरामीटर (α), उच्च स्थपि धु्रवीकरण (η), 

आट्रद बि जाते हैं। तेज और ऊजाज कुर्ल संचालि के ललए महत्वपूणज। कुछ आर्ाजिक MRAM 
संरचिाओं में, एक फेरोमैग्िेट्रटक/गैर-चंुबकीय (FM/NM) का िी उपयोग ककया जाता है स्जसमें 
ऊजाज कुर्ल तेज संचालि के ललए कुर्ल उत्पादि और स्थपि करंट का प्रसार महत्वपूणज है। 
ऐसे मामलों में, NM और इंटरफेस की गुणवत्ता महत्वपूणज हो जाती है। 

इस िीलसस कायज में, हमिे दो सह-आधाररत FM लमश्र पतली कफल्मों, एक अिाकार लमश्र धातु: 
Co60Fe20B20 (CFB) और एक पूणज Heusler लमश्र धातु: Co2FeAl (CFA) का ववकास और अध्ययि 
ककया है। अध्ययि में संरचिात्मक, चंुबकीय (स्थिर और गनतर्ील दोिों) और पररवहि गुण 
र्ालमल हैं। इसके साि ही, पररणामी FM/NM हेटरोथरक्ट्चर के स्थपि गनतर्ील गुणों पर इि 
FM परतों से सटे एक आसन्ि NM परत की उपस्थिनत के प्रिाव का िी स्थपि पंवपगं माप के 
माध्यम से पता लगाया जाता है। NM के रूप में ववलिन्ि िारी धातुओं (HMs) जैसे W, Ta, 

Mo, आट्रद का उपयोग ककया जाता है। इसके अलावा, FM/NM में NM के रूप में W-आधाररत 
िाइक्ट्लोजेिाइि (WS2) का िी पता लगाया जाता है। 

सबसे पहले, CFA पतली कफल्म (60 nm) की किथटलीय गुणवत्ता को दो अलग-अलग िमजल 
उपचार तंत्रों के माध्यम से कम लिगोिा स्थिरांक प्राप्त करि ेके ललए अिुकूललत ककया जाता 
है, अिाजत, इि-सीटू पोथट-डिपोस्जर्ि एिीललगं और ववकास के दौराि तापमाि। एिाल्ि के बाद 
की कफल्मों को उच्च तापमाि पर उगाई गई कफल्मों की तुलिा में किथटलीयता, घित्व और 
इंटरफेस चौडाई के मामले में संरचिात्मक रूप स ेबेहतर पाया गया। जमा CFA पतली कफल्म 
के रूप में जमा CFA पतली कफल्म के ललए 0.00173 का एक ररकॉिज सबसे कम लिगोिा स्थिर 
मूल्य पाया गया िा, स्जसे बाद में 773 K. , और संरचिात्मक, चंुबकीय (स्थिर और गनतर्ील 
दोिों) और पररवहि गुणों का पता लगाया गया। चंुबकीय और पररवहि गुण िमूिों की 
किथटलीयता और इंटरफेस चौडाई के प्रनत बहुत संवेदिर्ील पाए गए। 573 K पर एिाल्ि िमूि े
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के ललए 0.0051 का सबसे कम गगल्बटज पैरामीटर देखा गया िा। तापमाि पर नििजर पररवहि 
ववश्लेषण से कम तापमाि पर कमजोर-थिािीयकरण प्रिाव और उच्च तापमाि पर इलेक्ट्रॉि-
फोिि बबखरिे के प्रिुत्व का पता चलता है। 

CFA पतली कफल्मों के अिुकूलि के बाद, फेरोमैग्िेट्रटक रेजोिेंस (FMR) बेस स्थपि पंवपगं माप 
के माध्यम से W/CFA हेटरोथरक्ट्चर पर एक ववथततृ स्थपि पररवहि ववश्लेषण ककया जाता है। 
इस ववश्लेषण से, W/CFA इंटरफेस के ललए 6.51 ± 0.39 nm-2 की एक प्रिावी स्थपि लमश्रण 
चालि और 60.27 ± 5.41% की पारदलर्जता प्राप्त की जाती है, जबकक W की स्थपि प्रसार लंबाई 
2.12 ± 0.27 nm पाई जाती है। बाद में स्थपि पंवपगं दक्षता पर ववलिन्ि इंटरलेयसज (ILs) जैसे 
कक Al, Mg, Mo और Ta के प्रिाव का िी पता लगाया गया, स्जससे पता चला कक उपयुक्ट्त 
मोटाई के साि उपयुक्ट्त IL स्थपि पंवपगं दक्षता को काफी अंतर से बढा सकता है। W/CFA -
आधाररत हेटरोथरक्ट्चर में स्थपि पंवपगं अध्ययि के बाद, इसी तरह के माप Ta और CFB-
आधाररत हेटरोथरक्ट्चर पर ककए गए िे और स्थपि पंवपगं दक्षता मापदंिों का अिुमाि लगाया 
गया है। 11.74 ± 1.14 nm-2  की प्रिावी स्थपि लमश्रण चालि और 60.61 ± 5.88% की पारदलर्जता 
Ta/CFB  इंटरफेस के ललए प्राप्त की जाती है, जबकक Ta की स्थपि प्रसार लंबाई ~ 2.1 nm पाई 
जाती है। 

HMs को NM के रूप में तलार्िे के बाद, एक 2D िाइक्ट्लोजेिाइि सामग्री, WS2 का िी पता 
लगाया जाता है। WS2 की ववलिन्ि परतों (1-4 मोिोलयसज) को उगाया गया और WS2/CFA 

हेटरोथरक्ट्चर में स्थपि पंवपगं पर इसका प्रिाव देखा गया। WS2/CFA इंटरफेस के ललए 7.47 ± 

0.97 nm-2  का प्रिावी स्थपि लमश्रण चालि प्राप्त ककया जाता है। इस प्रकार, यह िीलसस कायज 
ववलिन्ि FM और FM/NM हेटरोथरक्ट्चर के ववकास और स्थपि गनतर्ील गुणों के बीच संबंध 
को जोडता है और FM/NM इंटरफेस में स्थपि पररवहि घटिा पर इंटरफेलसयल प्रिावों के बारे 
में एक मौललक समझ िी प्रदाि करता है। व्यावहाररक स्थपंरोनिक मेमोरी अिुप्रयोगों में सामग्री 
अिुकूलि के ललए यह महत्वपूणज होगा।  



ix 
 

 

Table of Contents 
Certificate .................................................................................................................................... i 

Acknowledgments...................................................................................................................... ii 

Abstract ...................................................................................................................................... v 

List of Figures .......................................................................................................................... xii 

List of Tables .......................................................................................................................... xxi 

Chapter 1: Introduction .............................................................................................................. 1 

1.1 Fundamentals of Spintronics ............................................................................................ 2 

1.1.1 What & Why is Spintronics ....................................................................................... 2 

1.1.2 History of Spintronics ................................................................................................ 3 

1.1.4 Spintronics memories (MRAMs) and their different operations ............................... 4 

1.2 Magnetization relaxation in ferromagnets (FMs) and FM-based heterostructures ........ 10 

1.2.1 Magnetization Dynamics and Damping Parameter ................................................. 10 

1.2.2 Ferromagnetic resonance (FMR) ............................................................................. 14 

1.2.3 Spin Pumping: a nonlocal damping ......................................................................... 16 

1.3 Materials for Spintronic memories ............................................................................ 20 

1.3.1 Magnetic materials .................................................................................................. 20 

1.3.2 Non-magnetic material ............................................................................................ 23 

1.3 Objectives of the Thesis ................................................................................................. 25 

1.4 Organization of the Thesis ............................................................................................. 26 

Chapter 2: Experimental Details .............................................................................................. 29 

2.1 Thin film deposition technique: Ion beam Sputtering .................................................... 30 

2.2 Material Characterization techniques ............................................................................. 32 

2.2.1 X-ray diffraction (XRD) .......................................................................................... 32 

2.2.2 X-ray reflectivity (XRR) ......................................................................................... 35 

2.2.3 Raman Spectroscopy ............................................................................................... 37 

2.2.4 Atomic Force microscopy (AFM) ........................................................................... 39 

2.2.5 Secondary ion mass spectroscopy (SIMS) .............................................................. 41 

2.3 Static magnetization measurement ................................................................................. 42 

2.3.1 Vibrating Sample Magnetometry (VSM ................................................................. 42 

2.3.2 Magneto optic Kerr effect (MOKE) ........................................................................ 44 

2.4 Dynamic magnetization measurement ........................................................................... 46 

2.4.1 Ferromagnetic resonance (FMR) spectroscopy ....................................................... 46 



x 
 

2.5 Transport measurement .................................................................................................. 48 

2.5.1 Temperature-dependent resistivity: different scattering mechanisms ..................... 48 

2.5.2 Anomalous Hall effect (AHE) ................................................................................. 50 

Chapter 3: Optimization and comparison of the substrate temperature and post-deposition 

annealing temperature for obtaining Co2FeAl thin films (60 nm) with lowest damping 

constant .................................................................................................................................... 54 

3.1 Introduction .................................................................................................................... 55 

3.2 Experimental .................................................................................................................. 57 

3.3 Results and Discussion ................................................................................................... 58 

3.3.1 X-ray diffraction Study ............................................................................................ 58 

3.3.2 X-ray reflectivity Study ........................................................................................... 60 

3.3.3 Magnetization Dynamics ......................................................................................... 62 

3.4 Conclusion ...................................................................................................................... 68 

Chapter 4: Study of magnetization dynamics and magnet-transport properties of Co2FeAl thin 

films (10 nm) annealed at different temperatures .................................................................... 69 

4.1 Introduction .................................................................................................................... 70 

4.2 Experimental .................................................................................................................. 71 

4.3 Results and Discussion ................................................................................................... 72 

4.3.1 X-ray Diffraction Study ........................................................................................... 72 

4.3.2 X-ray reflectivity Study ........................................................................................... 73 

4.3.3 Static magnetization Study ...................................................................................... 74 

4.3.4 Ferromagnetic resonance Study............................................................................... 76 

4.3.5 Longitudinal resistivity (ρxx) Study ......................................................................... 77 

4.3.6 Anomalous Hall effect Study .................................................................................. 81 

4.4 Conclusion ...................................................................................................................... 84 

Chapter 5: Study of spin transport in W/Co2FeAl heterostructures and the effect of different 

interlayer (IL: Al, Mg, Mo & Ta) induced interface modifications ......................................... 85 

5.1 Introduction .................................................................................................................... 86 

5.2 Experimental .................................................................................................................. 87 

5.3 Results and Discussion ................................................................................................... 88 

5.3.1 X-ray Diffraction (XRD)and Resistivity Study ....................................................... 88 

5.3.2 X-ray reflectivity Study ........................................................................................... 89 

5.3.3 Secondary ion mass spectroscopy Analysis ............................................................ 91 

5.3.4 Magnetization Dynamics ......................................................................................... 92 

5.4 Conclusion .................................................................................................................... 100 



xi 
 

Chapter 6: Study the effect of Ta layer (seed and capping) on the magnetization dynamics of 

Co60Fe20B20 thin films ............................................................................................................ 101 

6.1 Introduction .................................................................................................................. 102 

6.2 Experimental ................................................................................................................ 103 

6.3 Results and Discussion ................................................................................................. 104 

6.3.1 X-ray diffraction Study .......................................................................................... 104 

6.3.2 X-ray reflectivity Study ......................................................................................... 104 

6.3.3 Static magnetization Study .................................................................................... 107 

6.3.4 Magnetization dynamics Study ............................................................................. 108 

Spin Pumping in CFB (4, 6, 8 nm)/Ta (1-6 nm) Heterostructures: ................................ 108 

6.4 Conclusion .................................................................................................................... 113 

Chapter 7: Spin pumping in nanolayers of WS2/Co2FeAl heterostructures .......................... 114 

7.1 Introduction .................................................................................................................. 115 

7.2 Experimental ................................................................................................................ 116 

7.3 Results and Discussion ................................................................................................. 117 

7.3.1 Raman analysis ...................................................................................................... 117 

7.3.2 Atomic Force Microscopy analysis ....................................................................... 119 

7.3.3 X-ray Reflectivity analysis .................................................................................... 119 

7.3.4 X-ray diffraction study .......................................................................................... 121 

7.3.5 Magnetization dynamics in WS2-CFA heterostructures ........................................ 121 

7.4 Conclusions .................................................................................................................. 126 

Chapter 8: Summary and Future Perspective......................................................................... 127 

8.1 Summary ...................................................................................................................... 128 

8.2 Future Perspective ........................................................................................................ 132 

References .............................................................................................................................. 133 

Publication in International Journals ..................................................................................... 153 

Publications not included in the thesis ............................................................................... 154 

Full Papers in Conference proceedings .............................................................................. 156 

List of Presentations in National/International Conferences ................................................. 156 

Author’s Biography ............................................................................................................... 159 

 

  



xii 
 

List of Figures 

 

Figure no. Figure caption Page no. 

1.1 Current memory hierarchy regarding storage and performance 

speed. 

2 

1.2 Schematics of single cell (MTJ) of (a) STT-MRAM and (b) SOT-

MRAM. 

8 

1.3 Schematic of magnetization relaxation under (a) applied effective 

magnetic field (𝐻𝑒𝑓𝑓), (b) 𝐻𝑒𝑓𝑓 with RF magnetic field (ℎ𝑟𝑓) 

perpendicular to the 𝐻𝑒𝑓𝑓 to counteract dissipative torque due to 

Gilbert damping, which condition gives rise to ferromagnetic 

resonance. 

11 

1.4 (a) FMR and derivative of the FMR signal for a particular 

frequency; generally fitted with Lorentzian or derivative 

Lorentzian function to estimate resonance field (𝜇0𝐻𝑟) and 

linewidth (𝜇0Δ𝐻).  Variation in (b) 𝜇0𝐻𝑟 and (c) 𝜇0Δ𝐻 as a 

function microwave frequency (f), respectively, for two different 

samples (S1 & S2). The points are the experimental data and the 

line are the fitted line using the mentioned equations.  

15 

1.5 Schematic of the FM/NM bilayer structure showing the spin 

pumping induced flow of spin current through the FM/NM 

interface. 

16 

1.6 Two cases of the ballistic spin transport model (spin back flow 

from any surface of the FM is not considered) with constant FM 

thickness and varying NM thickness, (a) 𝑡𝑁𝑀 < 𝜆𝑑: Spin back flow 

occurs from the NM/Air interface, which is assumed to be a 

perfect reflector and (b) 𝑡𝑁𝑀 ≫ 𝜆𝑑: No spin back flow from the 

NM/Air interface as spin angular momentum gets relaxed before 

reaching the NM/Air interface. (c) Shaw et al. model where the 

FM thickness is varied (i.e., spin back flow from the two surfaces 

of FM is considered) and NM thickness is kept constant (𝑡𝑁𝑀 ≫

𝜆𝑑) and hence negligible possibility of spin back flow from 

18 



xiii 
 

NM/Air interface. While the red arrow represents the motion of 

the spin angular momentum that relaxes in the NM, the green 

arrow represents the spin back flow from different interfaces. 

1.7 Materials horizon for spintronic memories. 20 

1.8 Different structural orderings of full Heusler alloy (Co2FeAl here). 

(a) Fully ordered L21, (b) Partially ordered B2 with Y-Z 

disordering, (c) Fully disordered A2 with random position 

swapping. 

 

22 

2.1 (a) The inner view of the vacuum chamber of NORDIKO make 

(Model 3450) dual ion-beam sputter deposition system. (b) 

Schematic of the inside view of the chamber. 

31 

2.2 Schematic for Bragg law (equation 2.1) of X-ray Diffraction. 

Geometry of the diffraction from the atomic planes. The incident 

beam penetrates into the lattice and scatters from atoms (solid 

sphere) lying in its path. 

33 

2.3 Different angles, indices and wave vector directions of refraction, 

when X-rays are incident from the air on the surface of a sample 

with refractive index less than 1. 

36 

2.4 A representative XRR spectra of CFA (10 nm) thin film on Si 

(100) showing the different information that can be obtained from 

XRR spectra. 

37 

2.5 Energy diagram of the different incident scattering processes (a) 

Infrared spectroscopy, (b) Rayleigh scattering (elastic scattering), 

(c) Stokes shift (inelastic scattering), and (d) anti-Stokes shifts 

(inelastic scattering), respectively. 

38 

2.6 Schematic of the AFM measurement setup. 39 

2.7 Schematic of the SIMS measurement setup. 42 

2.8 (a)PPMS: 6000 Evercool II, (b) PPMS probe, which is placed 

inside Dewar, (c) Sample space inside the magnet where VSM 

coil, and sample puck for transport measurements is placed during 

measurement. Courtesy of Quantum Design, Inc for figure 2.8(c). 

43 



xiv 
 

2.9 Schematic of homebuilt MOKE measurement setup in 

longitudinal geometry. 

45 

2.10 Schematic of the homebuilt in-plane FMR measurement setup. 47 

2.11 (a) Berry curvature contribution to AHE. (b) Skew scattering 

contribution to AHE. (c) Side jump contribution to the AHE. The 

red and green balls with opposite arrow represent the electrons of 

opposite spin-polarity. (d) Different kinds of sideway 

displacement for skew scattering and side jump. 

52 

3.1 (a, b) GIXRD spectra of all the films, (c, d) XRD spectra 

corresponding to the θ-2θ scans. Black and red lines represent the 

recorded and fitted spectra, respectively 

58 

3.2 Variation in (a) crystallite size and (b) lattice constant of CFA 

films with TA and TS. The dotted line in the figure (b) represents 

the bulk lattice parameter of CFA. The coloured lines connecting 

the points are guide to the eye. 

59 

3.3 XRR spectra of the two series of CFA films: (a) Deposited at RT 

followed by in situ post annealing at different TA, and (b) Grown 

at high substrate temperature TS. The symbols represent the 

experimental data and the red and blue lines show the simulated 

fittings of the experimental data. 

60 

3.4 Variation in (a) density and (b) interface width of the two series of 

CFA films: (black symbol) Deposited at RT followed by in-situ 

post annealing at different TA, and (red symbol) Grown at high 

substrate temperature TS. The coloured lines connecting the points 

are guide to the eye. 

62 

3.5 (a & b) Frequency dependent OPFMR spectra for the A-573 and 

S-773. Frequency dependent (c & d) resonance field and (e & f) 

linewidth for all the samples. Symbols are the experimental data 

and the red colour lines represent the fitted curves. 

63 

3.6 Variation in αeff, αeddy, αrad and αint in CFA thin films with change 

in (a) TA and (b) TS. The coloured lines connecting the points are 

guide to the eye. 

65 



xv 
 

3.7 The variation in (a) effective magnetization μ0Meff and (b) ‘g’ 

factor in the CFA films with changes in TA and TS. The coloured 

lines connecting the points are guide to the eye. 

66 

3.8 The intrinsic damping (αint) is plotted against (g-2)2 for all the CFA 

films. As is evident, there exists no proportionality between them. 

66 

4.1 (a) GIXRD spectra (black) and the fitted curves (red line) using 

equation (1) and (b) XRR spectra (coloured points) and the fitted 

spectra (red line) of the CFA thin films as a function of annealing 

temperature (TA). 

72 

4.2 Variation in (a) crystallite size (d) & lattice parameter (a), (b) 

Density (D) & Interface width (ri) of the CFA thin films as a 

function of annealing temperature (Ta). The red dashed line in 

4.2(a) shows the lattice parameter of bulk CFA. The coloured lines 

connecting the points are guide to the eye. 

73 

4.3 (a-d) VSM hysteresis loops recorded along in-plane easy and hard 

axes directions of the CFA thin films annealed at different 

indicated annealing temperature (TA). In the inset, the hysteresis 

loops recorded using MOKE are shown. For clarity, the hysteresis 

loops in a magnetic field range of ±7 mT is shown. (e & f) 

Variation in coercivity (Hc), anisotropy field (Hk) and saturation 

magnetization (Ms) as a function of TA. The coloured lines 

connecting the points are guide to the eye. 

75 

4.4 (a)The frequency-dependent FMR spectra recorded for T-573 

sample. (b) & (c) Frequency dependence of the resonance field 

(μ0Hr) and linewidth (μ0ΔH) for all the samples. The colored 

symbols are the recorded data or extracted data and the lines are 

the fitted line. Variation in (d) effective damping constant (αeff) (e) 

effective magnetization (𝜇0𝑀𝑒𝑓𝑓), (f) Anisotropy field (𝜇0𝐻𝑘) & 

inhomogeneous linewidth (𝜇0𝛥𝐻0) as a function of annealing 

temperature (TA). The dashed line in 4.4(e) represents the bulk 

saturation magnetization value of CFA. The coloured lines 

connecting the points are guide to the eye. 

77 



xvi 
 

4.5 The ρxx vs T curves for all the CFA films over the temperature 

range 2-250 K. While the inset at the top-right corner shows the 

upturn in resistivity observed below ~35 K for the NA sample, the 

inset at the left-bottom corner shows the schematic of the 

measurement geometry. 

78 

4.6 (a) and (b) The ρxx vs T curves in the regime I and II. The Red lines 

are fittings using equations (4.2) and (4.3), respectively. (c) and 

(d) variations in different effective scattering contributions in 

regime I and regime II, respectively as a function of TA. 

80 

4.7 (a) Hall resistivity as a function of the applied magnetic field at 

different measurement temperatures T of the as-deposited film 

(NA). The schematic of the measurement geometry is shown in 

the inset. (b) Temperature dependence of AHE resistivity (ρAHE) 

of all the films annealed at different temperatures. (c) ρAHE vs. ρxx 

for all the samples fitted with equation (4.8) to extract the 

coefficient parameters of different contributions to AHE. (d) The 

variation in the coefficient parameter of different contributions to 

AHE with TA. The coloured lines connecting the points are guide 

to the eye. 

82 

5.1 (a) GIXRD spectra of (a) β-W (3, 4, 6 and 10 nm)/CFA (8 nm)/Al 

(4 nm) heterostructures. (b) Variation in resistivity as a function 

of thickness in single layer W thin films. The coloured lines 

connecting the points are guide to the eye. 

89 

5.2 Recorded (data points) and fitted (lines) XRR spectra of (a) W 

(tW)/CFA (8 nm)/Al (3.5 nm), (b) W (6 nm)/CFA (tCFA)/Al (4 nm), 

(c) W (6 nm)/Al (tAl)/CFA (8 nm)/Al (4 nm), (d) W (6 nm)/Mg 

(tMg)/CFA (8 nm)/Al (4 nm), (e) W (6 nm)/ Mo (tMo)/CFA (8 

nm)/Al (4 nm), and (f) W (6 nm)/ Ta(tTa) /CFA (8 nm)/Al (4 nm) 

heterostructures. 

90 

5.3 SIMS depth profile of different elements (Al, Fe, Co, Mo and Ta) 

in (a) W (6    nm)/Al (4 nm)/CFA (8 nm)/Al (4 nm) (b) W (6 

91 



xvii 
 

nm)/Mo (4 nm)/CFA (8 nm)/Al (4 nm), (c) W (6 nm)/Ta (4 

nm)/CFA (8 nm)/Al (4 nm as a function of depth (film thickness 

from the top). Black, Red, Blue and Wine-coloured points in all 

the figures (a, b, and c) represent the Al, Fe, Co and W elements, 

respectively while the Olive coloured points in figure (b and c) 

represents the Mo and Ta elements, respectively. 

5.4 (a) A representative FMR spectrum of CFA (8 nm)/Al (4 nm) and 

W (2 nm)/CFA (8 nm)/Al (4 nm) heterostructure recorded at 8 

GHz. Coloured points are the data, while red dashed and blue lines 

are the fittings using equation (1). Variation in (b) μ0Hr and (c) 

μ0ΔH0 as a function of microwave frequency (f). The points are the 

extracted data from FMR fittings and the lines are fittings 

corresponding to the Kittel equation and linewidth equation, 

respectively. For brevity, the fittings of only a few samples are 

shown. Variation in (d) αeff, (e) μ0Meff, (f) μ0HK and μ0ΔH0 for all 

the samples as a function of tW. The red line in Fig. 5.5(d) is the 

fitted line according to equation (5.1). The gray dashed line in 

figure 5.4(e) represents the bulk saturation magnetization of CFA. 

The coloured lines connecting the points are guide to the eye. 

93 

5.5 Variation in (a)  μ0ΔH0 and (d) μ0Hr as a function of microwave 

frequency (f) for all the samples a few selected samples from series 

III and IV. The points are the extracted data from fittings of FMR 

spectra and the lines correspond to the fittings using linewidth 

equation (1.8) and Kittel equation (1.7). Variation in αeff  as a 

function of (b) tCFA  and (c)1/tCFA. The redline in figure 5.6 (c) is 

the fitting using equation (1.11). Variation in  μ0Meff  as a function 

of (e) tCFA  and (f)1/tCFA. The redline in figure 5.6 (f) is the fitting 

using equation (5.1) 

94 

5.6 Variation in αeff of W (6 nm)/ILs (AL, Mg, Ta and Mo)/CFA (8 

nm)/Al (4 nm) heterostructures as a function of (a) Al thickness 

(tAl), (b) Mg thickness (tMg), (c) Mo thickness (tMo) and (d) Ta 

thickness (tTa). The wine and gray dashed lines are guide to the 

eyes for the αeff values of CFA (8 nm)/Al (4 nm) and β-W (6 

98 



xviii 
 

nm)/CFA (8 nm)/Al (4 nm), respectively. The dark gray dashed 

lines in figure (c) and (d) are simulated variation of effective 

damping constant as a function of Mo (Ta) thickness in the thicker 

ILs (> 4 nm), assuming no spin-pumping contribution from the W-

layer, i.e., considering only the IL. In this simulated variation, the 

assumed value of spin diffusion length of Mo (Ta) is taken as 2.5 

(2.2) nm to provide best fit to the data. 

6.1 a) GIXRD spectra of Ta(5 nm)/CFB(9 nm) bilayer.  The olive and 

blue dashed line at 33.5° and 38.5° represent the Bragg reflection 

positions of the (002) and (110) diffractions from the β and α 

phases of Ta, respectively. The broad hump marked by the brown 

circle reveals the amorphous growth of CFB. (b) The XRR spectra 

of (b) Ta(5 nm)/CFB(tCFB) bilayers with tCFB= 4, 7, 9, 11 and 24 

nm. (c) CFB (4 nm)/ Ta (2, 4, 6 nm), (d) CFB (6 nm)/ Ta (2, 4, 6 

nm) and (e) CFB (8 nm)/ Ta (2, 4, 6 nm). Coloured points are the 

recorded data and red lines represent the fitted spectra. 

105 

6.2 (a) M-H hysteresis loops of Ta (5 nm)/ CFB (tCFB) bilayers with 

tCFB= 2, 4, 7, 9, 11, and 17 nm. (b) Variation in saturation 

magnetization (Ms) and Coercivity (Hc) as a function of tCFB. The 

coloured lines connecting the points are guide to the eye. (c) 

Variation in saturation moment per area (ms/S) as a function of 

tCFB, linearly fitted using equation (6.1) to extract the magnetic 

dead layer (td) and real saturation magnetization (Ms). 

107 

6.3 FMR spectra recorded on (a) CFB(4nm)/Ta(2nm), (b) 

CFB(6nm)/Ta(2nm) and (c) CFB(8nm)/Ta(2nm) bilayer thin 

films. Filled circles are the experimental data points and red lines 

shows the fitting using equation (4.1). (d, e, f) 𝜇0𝐻𝑟  vs. f plot and 

(g, h, i) 𝜇0Δ𝐻 vs. f plot of the CFB(4, 6, 8 nm)/Ta(0,2,6 nm) 

bilayers. Symbols are the extracted data from the FMR spectra and 

the lines are fitted data according to Kittel (1.7) and linewidth (1.8) 

equations, respectively. 

109 

6.4 (a) Ta layer thickness dependent 𝜇0𝑀𝑒𝑓𝑓 of CFB(4, 6, 8 nm)/Ta 

(tTa) bilayers. Variation in 𝛼𝑒𝑓𝑓 as a function of Ta thickness (tTa) 

110 



xix 
 

in (b) CFB(4 nm)/Ta(tTa), (c) CFB(6 nm)/Ta(tTa), (d) CFB(8 

nm)/Ta(tTa) bilayers. The red lines are the fitting according to 

equation (1.10).   

6.5 (a) Variation between frequency (f) and resonance field (μ0Hr) for 

a few selected samples from both the series. The coloured symbols 

are the resonance field values extracted from the FMR spectra, 

while lines are the fit to the Kittel’s equation. Variation in effective 

magnetization (μ0Meff) as a function of (ba) tCFB and (c)1/tCFB. The 

red lines in (c) is the fitting using equation (5.1). (e) Frequency (f) 

dependent linewidth (μ0ΔH) for a few selected samples. The 

coloured symbols are the linewidth values extracted from the FMR 

spectra and the coloured lines are the fitting linewidth equation. 

Variation in effective damping constant (αeff) as a function of (e) 

tCFB and (f)1/tCFB. The red lines in (f) is the fitting using equation 

(1.11). 

111 

7.1 a and b) Representative Raman spectra of 1 and 4 ML WS2, 

respectively. Points are the experimental data and the lines are 

multiple peak fitting using PsdVoigt1 function. (c) Peak 

separations (A1g-2LA and A1g-E2g) of the different layers of WS2. 

The coloured lines connecting the points are guide to the eye. (d 

and e) AFM image of WS2 layer of different thicknesses (1 and 2 

ML) with rms roughness.  (f) Line scan along the SiO2/ WS2 (1 

ML) boundary showing a height of ~ 0.95 nm for 1 ML WS2. In 

the inset the region of which the line scan is taken is shown. 

118 

7.2 XRR spectra of (a) Si/CFA (6, 12, 15 nm)/Al (4 nm), (b) SiO2/WS2 

(1, 2, 3 ML)/CFA (8 nm)/Al (4 nm), and (c) SiO2/WS2 (1 

ML)/CFA (6, 12, 15 nm)/Al (4 nm) heterostructures, respectively. 

GIXRD spectra of (a) CFA (8 nm) and (b) WS2 (1 ML) and CFA 

(8 nm). The black lines are the recorded data and the red lines are 

the fitted line using Psd Voigt function. 

120 

7.3 (a) Representative FMR spectra of CFA (8 nm)/Al (4 nm) and 

WS2 (1ML)/CFA (8 nm)/ Al (4) heterostructures recorded at 8 

GHz. The coloured points are the recorded data and the lines are 

122 



xx 
 

the fitting according to equation (1). (b and c) Variation in μ0Hr 

and linewidth μ0ΔH as a function of f. Points are the extracted data 

from FMR spectra fitting and the lines are fits corresponding to 

Kittel and linewidth equation, respectively. For clarity, data of 

only a few selected samples are shown. (d-f) Variation in αeff, 

μ0Meff, μ0ΔH0 and μ0Hk as a function of WS2 thickness in WS2 (n 

ML)/CFA (8 nm)/ Al (4) heterostructures. The dashed gray line in 

figure 7.3(e) represents the bulk saturation magnetization of CFA. 

The coloured lines connecting the points are guide to the eye. 

7.4 (a) linewidth (d) resonance field variation with frequency in CFA 

(tCFA)/Al (4 nm) and WS2 (1 ML)/CFA (tCFA)/Al (4 nm) 

heterostructures. For clarity data for a few selected samples are 

shown. Data points are the extracted data from corresponding 

FMR spectra and the lines are fitted lines according to linewidth 

equation (equation 1.8) and Kittel equation (equation 1.7), 

respectively. Variation in αeff in the above-mentioned 

heterostructures as a function of (b) tCFA and (c) 1/tCFA. The red 

fitted lines according to equation (5.1). The variation in μ0Meff is 

shown as a function of (e) tCFA and (f) 1/tCFA. 

124 

 

  



xxi 
 

List of Tables 

 

Table no. Table caption Page no. 

2.1 
Specifications of different deposition parameters of NORDIKO 

3450. 

32 

3.1 
Details of the growth parameters for the grown layers. 57 

3.2 
Simulated values of thickness, interface width and density of the 

layers 

61 

4.1 
Details of the growth parameters for the grown layers. 71 

4.2 
Simulated values of thickness, interface width and density of the 

layers 

74 

4.3 
Coefficients of different scattering contributions in regime I (2-70 

K) and regime II (70-250 K) for all the CFA films. The values are 

also compared to the values reported for different Heusler alloys. 

79 

5.1 
Stack details of the grown series of heterostructures 87 

5.2 
Growth parameters for the different individual layers in the 

heterostructures. 

88 

5.3 
Thickness (t), density (D) and interface width (ri) of the different 

layers of the grown heterostructures. For clarity, only the results 

of the main stack (excluding the substrate and capping layer) are 

presented 

90 

5.4 
The different parameters, namely the  𝑔↑↓, 𝑔𝑒𝑓𝑓

↑↓ , T, λd and KS, 

regarding spin flow in CFA and/or W based heterostructures. 

96 

6.1 
Stack details of the grown series. 

103 

6.2 
The growth parameters used for the individual layers 

103 



xxii 
 

6.3 
Stimulated parameters (t, ri and D) of each layer extracted by 

simulating the XRR spectra for all the samples of series V. 

106 

6.4 
The stimulated values of density (D), thickness (t) and interface 

width (ri) of each layer of few samples of series II, III and IV, are 

shown. In the sample column, the number in the parenthesis is film 

thickness expressed in nm. 

106 

6.5 
Reported values of KS, 𝑔↑↓, 𝜆𝑑, 𝑔𝑒𝑓𝑓

↑↓  and T for Ta/CFB 

heterostructures with different Co and Fe concentrations. 

112 

7.1 
Stack details of the grown series of heterostructures 

116 

7.2 
Growth parameters for the different individual layers in the 

heterostructures. 

116 

7.3 
Thickness (t), density (D) and interface width (ri) of the different 

layers of the grown heterostructures. For clarity, only the results 

of the main stack (excluding the Si and capping layer) are 

presented. 

121 

7.4 The different parameters, namely the   𝑔𝑒𝑓𝑓
↑↓ ,  and KS, regarding 

spin flow in CFA and/or TMD based heterostructures. 

125 

 

  


