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Abstract 

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

of the electron are not capable of possessing non-volatile memory feature. Additionally, there 

is a problem of performance and speed gap between the different memory stages. Spintronics-

based memory devices, such as Magnetoresistive random access memories (MRAMs), utilize 

the spin attribute of the electron along with the charge for storing and processing the 

information. These MRAMs are very fast and non-volatile in nature, and hence can operate as 

‘Universal memory’. In these devices, the data is stored in a materials stack in which dominate 

role is played by ferromagnetic layer (FMs) 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 operations. There also exit a few promising 

MRAM structures typically formed by Ferromagnetic/high spin orbit coupled (SOC) 

nonmagnetic (FM/NM) heterostructures which are used for efficient generation, propagation, 

and manipulation of spin current for the fast and low power consumption memory operations. 

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

Hence, in this thesis work, we have grown and studied thin films of Co-based FM amorphous 

alloy i.e., Co60Fe20B20 (CoFeB). The study includes structural, magnetic (static as well as 

dynamic) and transport properties on these grown films. Along with this, the spin dynamic 

properties of tw different types of heterostructures of CoFeB/NM are also explored by utilizing 

the spin pumping measurements. Molybdenum Mo (as NM) with different varying of its two 

crystalline phases is used. In addition, a Mo-based dichalcogenide (MoS2) is also explored as 

potential NM in FM/NM heterostructures. First, we have optimised the growth of high quality 

CoFeB thin films and then focussed on the tuning in the magnetic properties of CoFeB layer 

with the growth parameter (specifically the Ar-pressure (𝑃𝐴𝑟) during the sputtering). The 

ferromagnetic resonance measurements revealed that 𝑃𝐴𝑟 has a direct impact on the 

inhomogeneous linewidth, anisotropy, and the damping constant (𝛼). The low value of 𝛼 ~ 

(4.16 ± 0.10) × 10−3 is achieved in film grown at 𝑃𝐴𝑟 = 1.1 mTorr with negligible 

inhomogeneity and low anisotropy. At this optimum value of 𝑃𝐴𝑟, the surface roughness of the 

films is found to be lowest (~4 Å). The study demonstrated that to achieve a desired low value 

of 𝛼, the parameter 𝛼 can be fine-tuned by controlling the 𝑃𝐴𝑟. After optimizing good quality 

of CoFeB, we have systematically investigated the influence of the annealing temperature (𝑇𝐴) 

on the structural and magnetic properties of the Ta/CoFeB/Ta heterostructures. The 

dependence of 𝛼, saturation magnetization, exchange constant, and coercive field on 𝑇𝐴 is 
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thoroughly studied. Notably, these parameters show abrupt changes with 𝑇𝐴, which are strongly 

correlated with the changes in the structural properties of CoFeB. Interestingly, the 𝛼 is initially 

found to decrease with 𝑇𝐴≤400℃, followed by a sharp enhancement at 415℃, at which the 

crystallizaiton of CoFeB gets completed. The 𝛼 variation is found to be robust in the range of 

thicknesses from 28nm to 5nm of CoFeB. A record low value of 𝛼~3.46(0.06) × 10−3 even 

at high 𝑇𝐴 (~400°C) is achieved which is so far not reported in CoFeB related studies. 

Occurrence of a sharp transition in electrical resistivity at 400°C also validates the onset of 

significant modification in the microstructure of CoFeB. The crystallite size, surface 

roughness, and magnetic anisotropy are all found to be highly sensitive to the choice of 𝑇𝐴.  

Followed by successful optimization of high quality CoFeB thin films and annealing 

temperature (i.e., 400°C), we explored the utility of CoFeB/Mo heterostructures (here Mo as 

an heavy metal HM) in spintronics applications. It is found that while in both the as-deposited 

and annealed CoFeB/Mo heterostructures, Mo crystallizes in the form of mixed phases i.e., 

body centered cubic (bcc) and face centered cubic (fcc), the dominance, however, changes from 

fcc to bcc on annealing. The FMR measurements reveal that despite of relatively low spin orbit 

coupling of Mo, the spin pumping efficiency and magnetic properties in both the as-deposited 

as well as in the annealed heterostructures was comparable with those reported in similar 

CoFeB based heterostructures comprising of other heavy nonmagnetic HMs such as W and Ta. 

The spin efficiency parameters are, however, slightly better when Mo film is predominantly in 

the fcc phase as compared to the case when Mo film dominantly comprises of the bcc phase. 

Importantly, the study shows that despite the weak spin-orbit interaction, the 4d transition metal 

Mo could be a suitable choice as a non-magnetic material for spin generation and generation 

for the case when the thermal stability of different layers in the CoFeB based spintronic devices 

is of paramount concern. After exploring the HM Mo as the NM, a 2D transition dichalcogenide 

material (i.e, MoS2) is also explored as another HM layer for its potential use in CoFeB/NM. 

Different numbers of layers (1-4 monolayers) of MoS2 were grown and its effect on spin 

pumping in MoS2/CoFeB heterostructures is observed. The as grown heterostructures are 

annealed at optimised temperature (400°C) followed by spin dynamics investigation by 

performing the spin pumping measurements. The spin pumping study in these heterostructures 

revealed 49% (51%) enhancement in damping with monolayer compared to bare CoFeB in the 

as-deposited (annealed) series.  

Thus, this thesis work links the relation between the growth, annealing temperature and spin 

dynamic properties of ferromagnetic Co60Fe20B20 and different Co60Fe20B20/NM 
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heterostructures (NM -: Mo & MoS2), and provides the fundamental understanding about the 

interfacial effects on the spin transport phenomena in FM/NM interfaces. This will be crucial 

for the performance optimization in practical spintronic memory applications comprising of 

CoFeB based FM/NM heterostructures. 
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सार 

 

पारंपररक इलेक्ट्र ॉनिक्स-आधाररत मेमोरी निवाइस जो केवल इलेक्ट्र ॉि की चाजज नवशेषता के माध्यम से 

संचानलत होते हैं, गैर-वाष्पशील मेमोरी सुनवधा रखिे में सक्षम िही ंहैं। इसके अनतररक्त, नवनिन्न मेमोरी 

चरणो ंके बीच प्रदशजि और गनत अंतर की समस्या िी है। स्पंट्र ोनिक्स-आधाररत मेमोरी निवाइस, जैसे 

मैगे्नट्ोरनसस्िव रैंिम एके्सस मेमोरी (MRAMs), जािकारी को संग्रहीत करिे और संसानधत करिे के 

नलए चाजज के साथ-साथ इलेक्ट्र ॉि की स्पि नवशेषता का उपयोग करते हैं। ये एमआरएएम प्रकृनत में बहुत 

तेज़ और गैर-वाष्पशील हैं, और इसनलए 'यूनिवसजल मेमोरी' के रूप में काम कर सकते हैं। इि उपकरणो ं

में, िेट्ा को सामग्री के ढेर में संग्रहीत नकया जाता है नजसमें प्रमुख िूनमका फेरोमैगे्ननट्क परत (FMs)  

द्वारा नििाई जाती है और इसनलए एफएम के आवश्यक गुण जैसे उच्च कू्यरी तापमाि (𝑇𝑐), कम नगल्बट्ज 

पैरामीट्र (𝛼), उच्च स्पि तेज़ और ऊजाज-कुशल संचालि के नलए धु्रवीकरण (𝜂), आनद महत्वपूणज हो जाते 

हैं। कुछ आशाजिक एमआरएएम संरचिाएं िी हैं जो आमतौर पर फेरोमैगे्ननट्क/हाई स्पि ऑनबजट् कपल्ड 

(SOC) िॉिमैगे्ननट्क (FM/NM) हेट्रोिरक्चर द्वारा बिाई जाती हैं, नजिका उपयोग तेज और कम नबजली 

खपत वाले मेमोरी संचालि के नलए स्पि करंट् के कुशल उत्पादि, प्रसार और हेरफेर के नलए नकया 

जाता है। ऐसे मामलो ंमें, NM और इंट्रफेस की गुणवत्ता महत्वपूणज हो जाती है। 

इसनलए, इस थीनसस कायज में, हमिे सह-आधाररत FM अिाकार नमश्र धातु यािी, Co60Fe20B20 (CoFeB) 

की पतली नफल्ो ंका नवकास और अध्ययि नकया है। अध्ययि में इि नवकनसत नफल्ो ंपर संरचिात्मक, 

चंुबकीय (स्थथर और साथ ही गनतशील) और पररवहि गुण शानमल हैं। इसके साथ ही, स्पि पंनपंग मापो ं

का उपयोग करके CoFeB/NM के दो अलग-अलग प्रकार के हेट्रोिरक्चर के स्पि गनतशील गुणो ंका 

िी पता लगाया जाता है। मोनलब्िेिम Mo (NM के रूप में) का उपयोग इसके दो नििलीय चरणो ंके 

नवनिन्न निन्नता के साथ नकया जाता है। इसके अलावा, FM/NM हेट्रोिरक्चर में संिानवत NM के रूप में 

एक Mo-आधाररत िाइक्लोजेिाइि (MoS2) का िी पता लगाया गया है। सबसे पहले, हमिे उच्च गुणवत्ता 

वाली CoFeB पतली नफल्ो ंके नवकास को अिुकूनलत नकया है और नफर नवकास पैरामीट्र (पट्ररंग के 

दौराि नवशेष रूप से Ar-दबाव (𝑃𝐴𝑟) के साथ CoFeB परत के चंुबकीय गुणो ंमें टू्यनिंग पर ध्याि कें नित 

नकया है। लौहचंुबकीय अिुिाद माप से पता चला नक 𝑃𝐴𝑟 का अमािवीय नलनिनवथ, अनिसोट्र ॉपी और 

अवमंदि स्थथरांक (𝛼) पर सीधा प्रिाव पड़ता है। 𝛼~4.16(0.10) × 10−3 का निम्न माि िगण्य 

अमािवीयता और कम अनिसोट्र ॉपी के साथ 𝑃𝐴𝑟 = 1.1 mTorr पर नवकनसत नफल् में प्राप्त नकया जाता 

है। 𝑃𝐴𝑟 के इस इष्टतम मूल्य पर, नफल्ो ंकी सतह का खुरदरापि सबसे कम (~4 Å) पाया जाता है। 

अध्ययि से पता चला नक 𝛼 का वांनछत निम्न माि प्राप्त करिे के नलए, पैरामीट्र 𝛼 को 𝑃𝐴𝑟 को नियंनित 
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करके ठीक नकया जा सकता है। CoFeB की अच्छी गुणवत्ता को अिुकूनलत करिे के बाद, हमिे 

Ta/CoFeB/Ta हेट्रोिरक्चर के संरचिात्मक और चंुबकीय गुणो ंपर एिीनलंग तापमाि (𝑇𝐴) के प्रिाव की 

व्यवस्थथत रूप से जांच की है। 𝑇𝐴 पर 𝛼, संतृस्प्त चंुबकत्व, नवनिमय स्थथरांक और अवपीड़क के्षि की 

नििजरता का गहि अध्ययि नकया गया है। नवशेष रूप से, ये पैरामीट्र 𝑇𝐴 के साथ अचािक पररवतजि 

नदखाते हैं, जो CoFeB के संरचिात्मक गुणो ंमें पररवतजि के साथ दृढ़ता से संबंनधत हैं। नदलचप बात यह 

है नक शुरुआत में 𝛼  𝑇𝐴≤400℃ के साथ घट्ता हुआ पाया जाता है, इसके बाद 415℃ पर तेज वृस्ि होती 

है, नजस पर CoFeB का नििलीकरण पूरा हो जाता है। CoFeB की 28nm से 5nm तक की मोट्ाई की 

सीमा में 𝛼 निन्नता मजबूत पाई गई है। उच्च 𝑇𝐴 (~400°C) पर िी 𝛼~3.46(0.06) × 10−3 का ररकॉिज 

निम्न माि प्राप्त नकया जाता है, जो अब तक CoFeB से संबंनधत अध्ययिो ंमें ररपोट्ज िही ंनकया गया है। 

400°C पर नवद्युत प्रनतरोधकता में तीव्र पररवतजि की घट्िा िी CoFeB की सूक्ष्म संरचिा में महत्वपूणज 

संशोधि की शुरुआत को मान्य करती है। नििलीय आकार, सतह खुरदरापि और चंुबकीय अनिसोट्र ॉपी 

सिी 𝑇𝐴 की पसंद के प्रनत अत्यनधक संवेदिशील पाए जाते हैं। 

उच्च गुणवत्ता वाली CoFeB पतली नफल्ो ंऔर एिीनलंग तापमाि (यािी, 400°C) के सफल अिुकूलि के 

बाद, हमिे स्पंट्र ोनिक्स अिुप्रयोगो ंमें CoFeB/Mo हेट्रोिरक्चर (यहां िारी धातु HM के रूप में Mo) की 

उपयोनगता का पता लगाया। यह पाया गया है नक जमा और एिील्ड CoFeB/Mo हेट्रोिरक्चर दोिो ंमें, 

Mo नमनश्रत चरणो ंके रूप में नििलीकृत होता है, यािी body centered cubic (bcc) और face centered 

cubic (fcc), प्रिुत्व, हालांनक, fcc से बदलता है एिीनलंग पर bcc बीसीसी करिे के नलए। FMR माप से 

पता चलता है नक Mo के अपेक्षाकृत कम स्पि कक्षा युग्मि के बावजूद, जमा नकए गए और साथ ही 

एिील्ड हेट्रोिरक्चर दोिो ंमें स्पि पंनपंग दक्षता और चंुबकीय गुण अन्य िारी गैर-चंुबकीय से युक्त समाि 

CoFeB आधाररत हेट्रोिरक्चर में ररपोट्ज नकए गए लोगो ंके साथ तुलिीय थे। HM जैसे W और Ta। 

हालााँनक, स्पि दक्षता पैरामीट्र थोडे़ बेहतर होते हैं जब मो नफल् मुख्य रूप से fcc चरण में होती है, उस 

स्थथनत की तुलिा में जब Mo नफल् मुख्य रूप से bcc चरण में शानमल होती है। महत्वपूणज रूप से, अध्ययि 

से पता चलता है नक कमजोर स्पि-ऑनबजट् इंट्रैक्शि के बावजूद, 4d  संिमण धातु Mo  स्पि पीढ़ी और 

पीढ़ी के नलए गैर-चंुबकीय सामग्री के रूप में एक उपयुक्त नवकल्प हो सकता है जब CoFeB आधाररत 

स्पिट्र ॉनिक में नवनिन्न परतो ंकी थमजल स्थथरता होती है। उपकरण सवोपरर नचंता का नवषय है। NM के 

रूप में HM Mo की खोज के बाद, एक 2d संिमण िाइक्लोजेिाइि सामग्री (यािी, MoS2) को 

Co60Fe20B20/NM में इसके संिानवत उपयोग के नलए एक अन्य HM परत के रूप में िी खोजा गया है। 

MoS2 की अलग-अलग संख्या में परतें (1-4 मोिोलेयर) उगाई गईं और MoS2/CoFeB हेट्रोिरक्चर में 

स्पि पंनपंग पर इसका प्रिाव देखा गया। नवकनसत हेट्रोिरक्चर को अिुकूनलत तापमाि (400°C) पर 
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एिील्ड नकया जाता है, नजसके बाद स्पि पंनपंग माप करके स्पि गनतशीलता जांच की जाती है। इि 

हेट्रोिरक्चर में स्पि पंनपंग अध्ययि से जमा (एिील्ड) शंृ्रखला में िंगे Co60Fe20B20 की तुलिा में मोिोलेयर 

के साथ निगोिे में 49% (51%) वृस्ि का पता चला। 

इस प्रकार, यह थीनसस कायज फेरोमैगे्ननट्क Co60Fe20B20 और नवनिन्न Co60Fe20B20/NM हेट्रोिरक्चर 

(NM -: Mo & MoS2) के नवकास, एिीनलंग तापमाि और स्पि गनतशील गुणो ंके बीच संबंध को जोड़ता 

है, और स्पि पररवहि घट्िा पर इंट्रफेनशयल प्रिावो ंके बारे में मौनलक समझ प्रदाि करता है। FM/NM 

इंट्रफेस में। यह CoFeB आधाररत FM/NM हेट्रोिरक्चर वाले व्यावहाररक स्पंट्र ोनिक मेमोरी 

अिुप्रयोगो ंमें प्रदशजि अिुकूलि के नलए महत्वपूणज होगा। 
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Lorentzian functions (green: cumulative fit, red & blue: 

deconvoluted fits). It is noted that there is no peak /hump observed 

around 44-45°, which reveals the amorphous nature of CoFeB. 

The filled spade and diamond symbols marked next to the 

deconvoluted peaks correspond to the fcc-Mo and bcc-Mo phases, 

respectively. The number in the bracket to CoFeB or Mo represent 

the thickness in nm. 

5.2 (a-c) X-ray reflectivity profiles recorded on S2 and S2A series 

samples. The symbols represent the experimental data, and solid 

lines are the simulated fits. (d) Variation in the estimated values 

of the roughness (CoFeB) of the CoFeB/Mo interface for series S2 

(open triangles) and series S2A (solid triangles) in the 

heterostructure evaluated from XRR simulation, respectively. 

99 

5.3 (a) M-H hysteresis loops of selected (5, 10, 15, 25 nm) samples of 

series S1” (others (4, 6, 8, 20 nm) and all the samples of series 

S1A are not shown for brevity). (b) & (c) Variation in 𝜇0𝐻𝑐 and 

the saturation magnetization (𝑀𝑠) as a function of 𝑡𝐶𝑜𝐹𝑒𝐵. Open and 

filled symbols correspond to the series S1 and S1A samples, 

respectively. (d) Variation in 𝑀𝑠× 𝑡𝐶𝑜𝐹𝑒𝐵 as a function 𝑡𝐶𝑜𝐹𝑒𝐵, 

which is linearly fitted (solid lines) to extract the magnetic dead 

layer of CoFeB in the samples from series S1 and S1A, 

respectively. 
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5.4 a) FMR spectra recorded for CoFeB (4nm)/Mo(5nm)/Al(4nm) 

(from series S1) over different constant microwave frequencies in 

the range of 4-12 GHz. Symbols are the experimental data, and the 

solid lines are fit to equation (5.1). (b) Visualization of the bilayer 

structure portrayed to illustrate the generation and flow of spin 

current density at the CoFeB/Mo interface because of spin 

pumping. 
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5.5 (a) & (d) Variation in 
0
𝐻𝑟 and 

0
∆𝐻 as a function of microwave 

frequency, respectively for four representative samples of series 

S2. The points are the data extracted from the fitting of FMR 

spectrum, and the lines are fits corresponding to the Kittel 

equation (5.2) and linewidth equation (5.3), respectively. For 

brevity, the fitting of only a few representative samples of series 

S2 are shown. (b) & (c) Variation in 
0
𝐻𝑘 and 

0
𝑀𝑒𝑓𝑓 for all the 

samples of series S2 and S2A as a function of 𝑡𝑀𝑜. The dashed 

black and blue horizontal lines in (b) & (e) correspond to the 

anisotropy field of the reference CoFeB(10 nm/Al(4 nm) film in 

the as-grown and annealed state, respectively (indicated as 

CoFeB/Mo(0) and CoFeB/Mo(0)A). (e) Variation in 
0
𝛥𝐻0 for 

series S2 and S2A as a function of  𝑡𝑀𝑜. (f) Variation in change in 

effective damping (∆𝛼𝑒𝑓𝑓) with the change in  𝑡𝑀𝑜 for all the 

samples from both the series, i.e., S2 and S2A. The orange lines in 

(f) represent the fit according to equation (5.4). 
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5.6 (a) Variation in effective damping constant with 𝑡𝐶𝑜𝐹𝑒𝐵for samples 

of the series S1, S1A, S3 and S3A. (b) Dependence of ∆𝛼𝑒𝑓𝑓 on 

1/𝑡𝐶𝑜𝐹𝑒𝐵, ∆𝛼𝑒𝑓𝑓 defined as the difference between the damping 

value of as grown samples from series S1 and annealed samples 

from S2 series such as (∆𝛼𝑒𝑓𝑓 =  𝛼 (𝑆1 𝑠𝑒𝑟𝑖𝑒𝑠) −

𝛼 (𝑆1𝐴 𝑠𝑒𝑟𝑖𝑒𝑠) , the solid orange lines represent best fits of the 

data to equation (5.5) including the TMS contribution. (c) 1/𝑡𝐶𝑜𝐹𝑒𝐵 

dependence of 
0
𝑀𝑒𝑓𝑓, fitted using equation 𝜇0𝑀𝑒𝑓𝑓 = 𝜇0𝑀𝑠 −

2𝐾𝑠

𝑀𝑠𝑡𝐶𝑜𝐹𝑒𝐵
 for series S1 and S1A samples. Inset shows 

0
𝑀𝑒𝑓𝑓 vs 

𝑡𝐶𝑜𝐹𝑒𝐵 for samples from series S1 and S1A. (d-f) Determination 

of  𝑔𝑒𝑓𝑓
↑↓  from the FMR measurement (These figures are adapted 

from (d) [1] (e)[2](f)[3], are used here for the purpose of 

comparison of Mo with different heavy meatls :Ta, W, Pt,  only) 
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6.1 (a & b) Representative Raman spectra of 1 and 4 ML MoS2 from 

each of the different series, namely the TMD (1 & 4 ML MoS2), 

TMDA (1 & 4 ML MoS2), TMD1 (1, 4 ML MoS2/CoFeB (8 nm), 
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and TMD1A (1, 4 ML MoS2/CoFeB(8 nm) annealed at 400ºC for 

1 hour), respectively. Symbols are the experimental data and solid 

lines connecting the data points are guide to the eyes. Insets in 

figure 6.1(a) depict the modes of vibration of 1- ML MoS2.  The 

filled circles in navy blue and yellow colour represent the Mo and 

S atom, respectively. Insets of figure 6.1(b) show the variation of 

wave number difference (𝛿) as a function of number of 

monolayers nML in MoS2. (c) AFM image of MoS2 layer of 1-ML 

thicknesses showing the rms roughness. (d) Line scan along the 

SiO2/ MoS2 (1 ML) boundary showing a height of ~ 0.83 nm for 

1 ML MoS2. In the inset, the region on which the line scan is 

recorded is shown. 

6.2 (a-b) X-ray reflectivity profiles recorded on representative 

samples of TMD1 and TMD2 heterostructures. The symbols 

correspond to the experimental data, and the solid lines are the 

simulated fits. (c) Variation of the extracted values of the 𝜎𝑑 of the 

MoS2/CoFeB interface for TMD2 (open triangles) and TMD2A 

(solid triangles) in the heterostructure estimated from XRR 

simulation, respectively. (d) GI-XRD spectra of few select 

samples, namely the (CoFeB (8 nm)/Al (4 nm), CoFeB (8 nm)/Al 

(4 nm) annealed at 400°C for 1 h, MoS2(1 ML)/CoFeB (8 nm)/Al 

(4 nm), and MoS2(1 ML)/CoFeB (8 nm)/Al (4 nm) of the series 

TMD0, TMD0A, TMD1, and TMD1A, respectively. It is noted 

that there is no peak/hump observed around 44-45° in all samples, 

which reveal the amorphous nature of CoFeB. For clarity, only the 

main stack {excluding the substrate (SiO2) and capping layer (Al)} 

are labelled in the graph panel. 
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6.3 (a) Variation in the saturation magnetization (𝑀𝑠) as a function 

of 𝑡𝐶𝑜𝐹𝑒𝐵 for TMD1 and TMD1A series samples, respectively. (b) 

Variation in 𝑀𝑠× 𝑡𝐶𝑜𝐹𝑒𝐵 as a function 𝑡𝐶𝑜𝐹𝑒𝐵, which is linearly fitted 

(solid lines) to extract the thickness of the magnetic dead layer 

(𝑡𝑀𝐷𝐿) of CoFeB in the samples of the TMD1 and TMD1A series, 

respectively Open and filled symbols correspond to the as grown 
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TMD1 (as deposited) series and TMD2A (annealed at 400°C) 

series, respectively. (c) The normalized saturation magnetization 

versus temperature curves fitted using equation (6.1) and thick 

solid lines (red colour) represent the fit to Bloch’s law. (d) 

Changes in the exchange stiffness constant (𝐴𝑒𝑥) values for the 

TMD2 and TMD2A series samples, respectively. The open 

(orange colour) and solid (dark yellow colour) triangles in (c) & 

(d) correspond to the normalized saturation magnetization versus 

temperature curves and 𝐴𝑒𝑥 of the reference CoFeB(8 nm)/Al(4 

nm) film in the as-deposited and annealed state, respectively 

(indicated as Ref. for TMD2 and Ref. TMD2A). The connecting 

solid lines are guided to the eye. 

6.4 (a) & (d) Variation in 
0
𝐻𝑟 and 

0
∆𝐻 as a function of microwave 

frequency (f), respectively for the representative samples of 

TMD0 and TMD2 series, respectively. The points are the data 

extracted from the fitting of FMR spectrum, and the lines are fits 

corresponding to the Kittel equation (6.3) and linewidth equation 

(6.4), respectively. For clarity, the fitting of only representative 

samples of series TMD0 and TMD2 are shown here. (b) & (c) 

Variation in 
0
𝐻𝑘 and 

0
𝑀𝑒𝑓𝑓 for all the samples of series TMD2 

and TMD2A as a function of 𝑛𝑀𝐿. (e) Variation in 
0
𝛥𝐻0 for 

series TMD2 and TMD2A as a function of  𝑛𝑀𝐿. However, the 

 𝑛𝑀𝐿 = 0 data point in (b), (c) & (e) correspond to value of the 


0
𝐻𝑘, 

0
𝑀𝑒𝑓𝑓 and 

0
𝛥𝐻0 of the reference CoFeB(8 nm/Al(4 nm) 

film in the as-grown and annealed state, respectively. (f) Variation 

in change in effective damping (∆𝛼𝑒𝑓𝑓) with the change in  𝑛𝑀𝐿 

for series TMD2 and TMD2A, respectively. The change in 

effective damping is defined as ∆𝛼𝑒𝑓𝑓=𝛼 ( 𝑛𝑀𝐿 > 0) − 𝛼 (𝑛𝑀𝐿 =

0) 
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6.5 (a) Frequency dependent resonance field (
0
𝐻𝑟) for select samples 

from the TMD0 and TMD1-series. The coloured symbols 

represent the resonance field values extracted from the FMR 
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spectra, and the corresponding-coloured lines show the fit with the 

Kittel’s equation. (b) Variation in 
0
𝐻𝑘 as a function of 𝑡𝐶𝑜𝐹𝑒𝐵 for 

samples of the TMD1 and TMD1A-series. Data points in green 

(open star symbol) and red colour (filled star symbol) represent to 

the reference samples (CoFeB(8)/Al(4)) of TMD0 series and 

TMD0A series, respectively. (c) 1/𝑡𝐶𝑜𝐹𝑒𝐵 dependence of 
0
𝑀𝑒𝑓𝑓, 

fitted using equation 𝜇0𝑀𝑒𝑓𝑓 = 𝜇0𝑀𝑠 −
2𝐾𝑠

𝑀𝑠𝑡𝐶𝑜𝐹𝑒𝐵
 for series TMD1 

and TMD1A samples. Inset shows 
0
𝑀𝑒𝑓𝑓 vs 𝑡𝐶𝑜𝐹𝑒𝐵 for samples 

from series TMD1 and TMD1A, respectively (d) Typical 

frequency dependent linewidth (
0
𝛥𝐻) plots for a selected sample 

of the TMD0 and TMD1-series. The coloured symbols indicate 

the linewidth values extracted from fitting the FMR spectra using 

equation (6.1), and the corresponding-coloured lines represent the 

fit using equation (6.3). (e) Dependence of ∆𝛼𝑒𝑓𝑓 on 1/𝑡𝐶𝑜𝐹𝑒𝐵, 

∆𝛼𝑒𝑓𝑓 defined as the difference between the damping value of as 

grown samples from series TMD1, which contains MoS2 and 

TMD0 (which does not contain MoS2) such as (∆𝛼𝑒𝑓𝑓 =

 𝛼 (𝑇𝑀𝐷1 𝑠𝑒𝑟𝑖𝑒𝑠) − 𝛼 (𝑇𝑀𝐷0 𝑠𝑒𝑟𝑖𝑒𝑠). The solid orange lines 

represent the best fits of the data to equation (6.5) including the 

TMS contribution. (f) Dependence of spin current density (𝐽𝑠) on 

𝑡𝐶𝑜𝐹𝑒𝐵 for the selected frequencies (namely 4, 6, 8,10, and 12 

GHz) for samples of both the series TMD1 and TMD1A series. 

The symbols and solid lines connecting the data points are guide 

to the eye. Note that the open circle corresponds to the data point 

from the as-grown series sample, whereas the solid circle 

represents the data point from the annealed series sample. 

A1 Combined EDS maps of  

(a) Si/SiO2/CoFeB(4nm)/Mo(5nm)/Al(4nm), 

(b) Si/SiO2/CoFeB(10nm)/Mo(0.5nm)/Al(4nm), 

(c) Si/SiO2/CoFeB(10nm)/Mo(1nm)/Al(4nm)(4nm), 

(d) Si/SiO2/CoFeB(10nm)/Mo(1.5nm)/Al(4nm) heterostructures. 

The 5 panels (bottom row) are the individual elemental EDS maps 
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of Co, Fe, B, Mo and Al, which are shown with different dots of 

yellow, red, green, blue and sky blue, colours, respectively 

A2 a) Variation in effective damping (𝛼𝑒𝑓𝑓) with the change in  𝑡𝑀𝑜 

for all the samples from both the S2 and S2A series. The orange 

line in is the fitt according to equation (4). The two dashed lines 

in black and blue colour depict the effective damping of the as-

grown CoFeB (10nm)/Al(4nm) sample of S3-series and the 

annealed CoFeB (10nm)/Al(4nm) sample from S3A-series, 

respectively, and represent the reference for S2 and S2A series 

samples, respectively. (b) Frequency dependent resonance field 

(
0
𝐻𝑟) for select samples of S1-series. The coloured symbols are 

the resonance field values extracted from the FMR spectra and the 

corresponding-coloured lines are the fit to the Kittel’s equation. 

Variation in (c) 
0
𝐻𝑘 as a function of 𝑡𝐶𝑜𝐹𝑒𝐵 for samples of the S1 

and S1A-series. Black and red dashed lines represent the reference 

sample (one of the sample CoFeB/Mo(0)and CoFeB/Mo(0)A, 

which do not have the Mo ) of S3 series and S3A 

series,respectively. (d) Typical frequency dependent linewidth 

(
0
𝛥𝐻) plots for a selected sample of the S1-series. The coloured 

symbols are the linewidth values extracted from the fitting of the 

FMR spectra (using equation (1)), and the corresponding-coloured 

lines are the fitted using equation (3). (e) 
0
𝛥𝐻0 as a function of 

𝑡𝐶𝑜𝐹𝑒𝐵 for samples of S1 and S1A series. (f) GI-XRD diffraction 

pattern of as deposited and 400° annealed CoFeB (10 nm)/Al(4) 

heterostructures thin films. 
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B1 Combined EDS maps of (a) MoS2 

(1ML)/CoFeB(8nm)/Al(4nm).The filled circles with different 

colour i.e., sky blue, green, light maroon, pink, navy blue and 

yellow represent the atoms of Co, Fe, B, Al, Mo and S, 

respectively. 
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B2 M-H hysteresis loops of some of the representative t samples of 

the different series: TMD1{MoS2(1ML)/CoFeB(4nm) and 
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MoS2(1ML)/CoFeB(8nm)} and TMD1A 

{MoS2(1ML)/CoFeB(4nm) and MoS2(1ML)/CoFeB(8nm)}. 

B3 (a) Variation in the effective damping (𝛼𝑒𝑓𝑓) as a function of  𝑛𝑀𝐿 

for all the samples from the TMD2 and TMD2A series. The two 

dashed lines in black and blue colour depict the effective damping 

of the as-grown CoFeB (8nm)/Al(4nm) sample of TMD0-series 

and the annealed CoFeB (8nm)/Al(4nm) sample from TMD0A-

series, respectively. These represent the reference for TMD2 and 

TMD2A series samples, respectively. (b) Variation in effective 

damping constant with 𝑡𝐶𝑜𝐹𝑒𝐵 for various samples of the TMD0, 

TMD0A, TMD1 and TMD1A, series respectively 
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