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Abstract 
Topological materials (TMs) belong to the class of quantum materials whose physical 

properties, unlike the usual classical materials, cannot be explained by the theory of 

spontaneous symmetry breaking. They are classified based on a topological invariant (𝜈), 

which is defined by the band structure topology. A material is considered topological if it has 

a non-zero value of ν, which can be induced by introducing high spin-orbit coupling (SOC) to 

a previously non-topological material with 𝜈 = 0. This can cause an inversion of conduction 

and valence bands, leading to a quantum phase transition. During this transition, topological 

surface states (TSSs) emerge, which exhibit unique properties such as Dirac Fermionic nature, 

helical spin polarization, and forbidden backscattering of electrons. These states are symmetry 

protected, making them robust against scattering off from the non-magnetic impurities. 

Literature reviews on spin-orbit torque devices based on the heterostructure of TMs and 

ferromagnets (FMs) suggest that TMs possess high values of spin-charge conversion 

efficiency, which can exceed 50%, resulting in much lower values of switching current 

compared to those in the heavy metals. Therefore, TMs have attracted attention for their exotic 

properties and high spin-charge conversion efficiencies, making them promising materials for 

microelectronics and spintronics applications. Heterostructures composed of TMs and other 

materials, such as FMs and superconductors, exhibit interesting phenomena such as the 

quantum anomalous Hall effect, topological superconductivity, and topological 

magnetoelectric effect. These structures can also host quasiparticles associated with Majorana 

bound states, Weyl Fermions, and magnetic monopoles, among other striking features and 

phenomena.  

Even having these many exotic properties, the TMs face several difficulties, which hinder the 

integration of TMs in future microelectronic devices. Some of these difficulties are the absence 

of a growth procedure to synthesize excellent quality and stoichiometric TMs using industrial-

friendly sputtering technique and simple investigation protocol to evaluate topological 

materials using easily accessible magneto-transport measurements. This thesis is aimed to 

possibly explore the solutions to these difficulties. For this, the BixTey (BT) topological system 

is grown on Si(100) using co-sputtering. Firstly, the control of altering the Te composition over 

a wide range in a systematic manner is achieved by closely examining the changes in the 

structural and compositional analyses vis a vis the growth conditions. Then, by using the same 

recipe employed in synthesising BixTey, thin films of varieties of other TMs and 2D FMs such 

as Sb2Te3, Cr2Te3, BiSb, NiTe2, PtTe2, PdTe2 and PdBi2 are successfully synthesized using 

DC-magnetron sputtering technique only. 
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For the second challenge, highly oriented Bi2Te3 thin films are synthesized on the Al2O3 (0001) 

substrate using the same co-sputtering technique. The detailed investigation of the temperature 

and magnetic field dependent transport properties of these high quality Bi2Te3 thin films is 

undertaken. The different models such as modified Hikami-Larkin-Nagoaka (HLN), Lu-Shen 

and modified Al’tshuler-Aronov model are used to analyze the temperature dependent, and in-

plane and out-of-plane magnetic field dependent transport behaviour. From the analyses of 

such data, different topological parameters such as coherency factor (𝛼), decoherence factor 

(𝑝), Berry phase (𝜙஻), mass term (m) are estimated.  

After suggesting possible solutions to challenges that hinder the implementation of TMs in 

future electronic devices, the proposed growth methodology and investigation protocols is 

utilized in this thesis work to find answer to some fundamental questions. Some of these 

questions are – what is the influence of topological properties of TMs by tuning the 

concentration of chalcogenides (Te or Se), and what is the incorporation of magnetic and non-

magnetic elements during the growth of topological materials? To answer these queries, first, 

using the structural properties information on different Te composition BixTey binary alloys 

thin films, the samples are divided into three different Te-concentration phases namely Te-

deficient (TD), Te-stoichiometric (TS), and Te-excessive (TE). It is shown using the magneto-

transport measurement on these three samples that through the tuning of Te-concentration, one 

can manipulate the topological properties of TMs. These experimental findings are further 

supported by first principle theoretical calculations. For the second query, the Bi2Te3 films 

were intercalated with Cr as magnetic element and Au as non-magnetic element. The different 

topological parameters are estimated by performing and analyzing the magneto-transport data 

on pristine, Cr-doped and Au-doped Bi2Te3 films using the modified HLN and Lu-Shen 

models. Based on the estimated parameters, it is demonstrated that the topological properties 

got significantly suppressed in Cr-doped BT films compared to the pristine BT films while 

slightly enhanced in the Au-doped BT films. This study correlates well to the well-established 

phenomenon of suppression of topological properties in the presence of magnetic impurities 

due to the breaking of time reversal symmetry (TRS) in the topological systems.  

After answering these fundamental questions, the thesis work is further extended to examine 

the spin dynamics and spin-charge conversion efficiency in the heterostructure of TMs and 

FMs fabricated using sputtering techniques. The ferromagnetic resonance (FMR) 

measurements are performed on these heterostructure samples and the variation of 𝛼௘௙௙ and 

𝜇଴𝑀௘௙௙ with the change in thickness of the FM films of Co60Fe20B20 (CFB) in them are 

investigated. The spin dynamic results show that the effective spin mixing conductance is 

overestimated in the in-plane FMR due to the two-magnon scattering (TMS) contribution in 
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damping. From the analysis of the out-of-plane FMR, it is found that the effective spin mixing 

conductance at room temperature to be 13.13 nm-2 and 4 nm-2 with and without TMS 

contribution, respectively. Additionally, the effective spin-mixing conductance value gradually 

increases with decreasing temperature, which is in accordance with the surface coherence 

length of BT. These findings show the influence of spin-polarized topological surface states on 

the magnetization dynamics of ferromagnets when placed adjacent to topological materials. 

The excellent quality of the sputter-grown ferromagnet-topological insulator heterostructure 

and its efficient spin-charge conversion performance demonstrate the topological materials' 

importance in future magnetic memory devices. The spin dynamics measurements are also 

performed on the PdTe2/Co60Fe20B20 bilayers. The effective spin mixing conductance and spin 

current density are found to be ~2 × 10ଶ଴ 𝑚ିଶ and 2.5 𝑀𝐴𝑚ିଶ, respectively in 

PdTe2/Co60Fe20B20 bilayers which are quite larger than those observed in HM/FM bilayers, and 

comparable to those reported for MBE-grown TI/FM heterostructures. 

Thus, this thesis work proposes a growth methodology to synthesize TMs by an industry-

friendly sputtering technique which yielded a very good success on making highly oriented and 

good quality films of varieties of TMs. Moreover, this work provides a unified and 

comprehensive account of a detailed interpretation of the magnetotransport data of a 

topological insulator system using different theoretical models available in literature, which is 

important both from the fundamental and technological development of this field in the future. 

Further, this thesis demonstrates an effective way to manipulate quantum properties such as 

topological characteristics of the materials by tuning chalcogenides compositions and by 

incorporating magnetic and non-magnetic elements during the growth of the topological 

system. Finally, this thesis demonstrates the efficient spin-charge conversion performance in 

sputtered grown TMs/FMs bilayers which paves the way to implement topological materials 

in future spintronics devices.  
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सार 

टोपोलॉिजकल मैटेǐरयãस Èवांटम सामͬĒयɉ के वग[ से संबंͬ धत हɇ, िजनके भौǓतक गुण, 
सामाÛय मैटेǐरयãस सामͬĒयɉ के ͪवपरȣत, èपोÛत नेोउस èáàमŧेय ĦेͩकÛग के ͧसɮधांत ɮवारा 
नहȣं समझाए जा सकते हɇ। उÛहɅ टोपोलॉिजकल इनवǐेरएंट (𝜈) के आधार पर वगȸकृत ͩकया 
गया है, िजस े बɇड संरचना टोपोलॉजी ɮवारा पǐरभाͪषत ͩकया जाता है। एक सामĒी को 
टोपोलॉिजकल माना जाता है यǑद इसमɅ 𝜈 का गैर-शूÛय मान है, िजस े𝜈 =  0 के साथ पहले 
गैर-टोपोलॉिजकल मैटेǐरयãस मɅ उÍच िèपन-ऑǒब[ट कपͧलगं पेश करके Ĥेǐरत ͩकया जा सकता 
है। इसस ेकंडÈशन और वैलɅस बɇड मɅ åयु×Đमण हो सकता है, िजससे Èवांटम फेज Ěांिजशन 
हो सकता है। इस Ěांिजशन के दौरान, टोपोलॉिजकल सरफेस èटेɪस उभरते हɇ, जो डायराक 
फͧम[योǓनक ĤकृǓत, हेͧलकल िèपन Ģुवीकरण और इलेÈĚॉनɉ के Ǔनͪषɮध बैकèकैटǐरगं जैसे 
अɮͪवतीय गुणɉ का Ĥदश[न करते हɇ। ये अवèथाएं समǾपता स ेसंरͯ¢त हɇ, जो उÛहɅ गैर-
चुंबकȧय अशुɮͬधयɉ से ǒबखरने के ͨखलाफ मजबूत बनाती हɇ। टोपोलॉिजकल मैटेǐरयãस और 
फेरोमÊैनेɪस के हेटरोèĚÈचर के आधार पर िèपन-ऑǒब[ट टॉक[  उपकरणɉ पर साǑहि×यक समी¢ा 
से पता चलता है ͩक टोपोलॉिजकल मैटेǐरयãस मɅ िèपन-चाज[ Ǿपांतरण द¢ता के उÍच मãूय 
होते हɇ, जो 50% से अͬधक हो सकते हɇ, िजसके पǐरणामèवǾप िèवͬचगं करंट का मान भारȣ 
धातुएँ. कȧ तुलना मɅ बहुत कम होता है। इसͧलए टोपोलॉिजकल मैटेǐरयãस ने अपने अɮभुत 
गुणɉ और उÍच िèपन-चाज[ Ǿपांतरण ¢मता के ͧलए Úयान आकͪष[त ͩकया है, िजससे वे 
माइĐोइलेÈĚॉǓनÈस और िèपंĚोǓनÈस अनĤुयोगɉ के ͧलए आशाजनक सामĒी बन गए हɇ। 
टोपोलॉिजकल मैटेǐरयãस और अÛय मैटेǐरयãस, जैसे फेरोमÊैनेɪस और सुपरकंडÈटस[ से बने 
हेटरोèĚÈचर, Èवांटम ͪवसंगǓतपूण[ हॉल Ĥभाव, टोपोलॉिजकल सुपरकंडिÈटͪवटȣ और 
टोपोलॉिजकल मÊैनेटोइलेिÈĚक Ĥभाव जैसी Ǒदलचèप घटनाएं Ĥदͧश[त करते हɇ। ये संरचनाए ं
अÛय हड़तालȣ ͪवशेषताओ ंऔर घटनाओं के अलावा, मेजराना बाउंड èटेट, वेइल फͧम[यन और 
चुंबकȧय मोनोपोल से जुड़े ÈवाͧसपाǑट[कãस कȧ भी मेजबानी कर सकती हɇ। 
इतनी सारȣ अɮभुत गुणɉ के होते हुए भी, टोपोलॉिजकल मैटेǐरयãस को कई कǑठनाइयɉ का 
सामना करना पड़ता है, जो भͪवçय के माइĐोइलेÈĚॉǓनक उपकरणɉ मɅ टोपोलॉिजकल मैटेǐरयãस 
के एकȧकरण मɅ बाधा बनती हɇ। इनमɅ से कुछ कǑठनाइयाँ औɮयोͬगक-अनुकूल èपटǐरगं तकनीक 
और आसानी से सुलभ मैÊनेटो-Ěांसपोट[ माप का उपयोग करके टोपोलॉिजकल सामͬĒयɉ का 
मãूयांकन करने के ͧलए सरल जांच Ĥोटोकॉल का उपयोग करके उ×कृçट गुणवƣा और 
èटोइकोमेǑĚक टोपोलॉिजकल मैटेǐरयãस को सæंलेͪषत करने के ͧलए ͪवकास ĤͩĐया कȧ 
अनुपिèथǓत हɇ। इस थीͧसस का उɮदेæय संभवतः इन कǑठनाइयɉ के समाधान का पता लगाना 
है। इसके ͧ लए, BixTey (BT) टोपोलॉिजकल ͧ सèटम को सह-èपटǐरगं का उपयोग करके Si(100) 
पर छलरचना ͩकया गया है। सबसे पहले, एक ͪवèततृ Įृंखला मɅ टेãयूǐरयम संरचना को 
åयविèथत तरȣके से बदलने का Ǔनयंğण ͪवकास कȧ िèथǓतयɉ कȧ तुलना मɅ संरचना×मक और 
संरचनागत ͪवæलेषणɉ मɅ पǐरवत[नɉ कȧ बारȣकȧ से जांच करके ĤाÜत ͩ कया गया है। ͩ फर, BixTey 
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को सæंलेͪषत करने मɅ Ǔनयोिजत उसी नुèखा का उपयोग करके, अÛय टोपोलॉिजकल मैटेǐरयãस 
और 2D फेरोमÊैनेɪस जैसे Sb2Te3, Cr2Te3, BiSb, NiTe2, PtTe2, PdTe2 और PdBi2 कȧ ͩकèमɉ 
कȧ पतलȣ ͩफãमɉ को केवल DC-मÊैनेĚॉन èपटǐरगं तकनीक का उपयोग करके सफलतापूव[क 
सæंलेͪषत ͩकया गया है। 
दसूरȣ चुनौती के ͧलए, अ×यͬधक उÛमुख Bi2Te3 पतलȣ ͩफãमɉ को उसी सह-èपटǐरगं तकनीक 
का उपयोग करके Al2O3 (0001) सÞसĚेट पर संæलेͪषत ͩकया गया है। इन उÍच गुणवƣा वालȣ 
Bi2Te3 पतलȣ ͩफãमɉ के तापमान और चुंबकȧय ¢ेğ पर Ǔनभ[र Ěांसपोट[ गुणɉ कȧ ͪवèततृ जांच 
कȧ गई है। संशोͬधत Ǒहकामी-लाͩक[ न-नागोका (एचएलएन), ल-ूशेन और सशंोͬधत अãटशुलर-
अरोनोव मॉडल जैसे ͪवͧभÛन मॉडलɉ का उपयोग तापमान पर Ǔनभ[र, और सतह के समानांतर 
और सतह के लंबवत चुबंकȧय ¢ेğ पर Ǔनभ[र Ěांसपोट[ åयवहार का ͪवæलेषण करने के ͧलए 
ͩकया गया है। ऐसे डेटा के ͪवæलेषण स,े सुसंगतता कारक (𝛼), डीकोहेरɅस कारक (𝑝), बेरȣ 
चरण (𝜙஻), ġåयमान अवͬध (𝑚) जसैे ͪवͧभÛन टोपोलॉिजकल मापदंडɉ का अनुमान लगाया 
गया है। 
भͪवçय के इलेÈĚॉǓनक उपकरणɉ मɅ टोपोलॉिजकल मैटेǐरयãस के काया[Ûवयन मɅ बाधा डालने 
वालȣ चुनौǓतयɉ के संभाͪवत समाधान सुझाने के बाद, कुछ बǓुनयादȣ सवालɉ के जवाब खोजने 
के ͧलए इस थीͧसस काय[ मɅ Ĥèताͪवत ͪवकास पɮधǓत और जांच Ĥोटोकॉल का उपयोग ͩकया 
गया है। इनमɅ से कुछ Ĥæन हɇ - चॉकोजेनाइɬस (टेãयूǐरयम (Te) या सेलेǓनयम (Se)) कȧ 
साġंता को ɪयून करके टोपोलॉिजकल मैटेǐरयãस के टोपोलॉिजकल गुणɉ का Ĥभाव Èया है, 
और टोपोलॉिजकल सामͬĒयɉ के ͪवकास के दौरान चुंबकȧय और गैर-चुंबकȧय त×वɉ का समावेश 
Èया है? इन Ĥæनɉ का उƣर देने के ͧलए, सबसे पहले, ͪवͧभÛन Te संरचना BixTey बाइनरȣ 
ͧमĮ धातु पतलȣ ͩफãमɉ पर संरचना×मक गुणɉ कȧ जानकारȣ का उपयोग करके, नमूनɉ को 
तीन अलग-अलग Te-एकाĒता चरणɉ मɅ ͪवभािजत ͩकया जाता है, अथा[त ्Te-deficient (TD), 

Te-stoichiometric (TS), और Te-excessive (TE)। इन तीन नमूनɉ पर मैÊनेटो-Ěांसपोट[ माप का 
उपयोग करके यह Ǒदखाया गया है ͩक Te-एकाĒता कȧ ɪयूǓनगं के माÚयम से, कोई 
टोपोलॉिजकल मैटेǐरयãस के टोपोलॉिजकल गुणɉ मɅ हेरफेर कर सकता है। इन Ĥयोगा×मक 
Ǔनçकषɟ को Ĥथम ͧसɮधांत सɮैधाǓंतक गणना ɮवारा आगे समͬथ[त ͩकया गया है। दसूरȣ 
िज£ासा के ͧलए, Bi2Te3 ͩफãमɉ को चुंबकȧय त×व के Ǿप मɅ Đोͧमयम (Cr) और गैर-
चुंबकȧय त×व के Ǿप मɅ सोना (Au) के साथ जोड़ा गया था। संशोͬधत एचएलएन और लू-
शेन मॉडल का उपयोग करके ǒबना डोÜड, Cr-डोÜड और Au-डोÜड Bi2Te3 ͩफãमɉ पर मैÊनेटो-
Ěांसपोट[ डेटा का Ĥदश[न और ͪवæलेषण करके ͪवͧभÛन टोपोलॉिजकल मापदंडɉ का अनुमान 
लगाया जाता है। अनुमाǓनत मापदंडɉ के आधार पर, यह Ĥदͧश[त ͩकया गया है ͩक ǒबना डोÜड 
Bi2Te3 ͩफãमɉ कȧ तुलना मɅ Cr-डोÜड Bi2Te3 ͩफãमɉ मɅ टोपोलॉिजकल गुणɉ को काफȧ हद 
तक दबा Ǒदया गया है, जबͩक Au-डोÜड Bi2Te3 ͩफãमɉ मɅ थोड़ा बढ़ाया गया है। यह अÚययन 
टोपोलॉिजकल ͧसèटम मɅ टाइम ǐरवस[ल समǾपता के टूटने के कारण चुंबकȧय अशुɮͬधयɉ कȧ 
उपिèथǓत मɅ टोपोलॉिजकल गुणɉ के दमन कȧ अÍछȤ तरह से èथाͪपत घटना से संबंͬधत है। 
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इन बुǓनयादȣ सवालɉ के जवाब देने के बाद, èपटǐरगं तकनीकɉ का उपयोग करके Ǔनͧम[त 
टोपोलॉिजकल मैटेǐरयãस और फेरोमÊैनेɪस के हेटरोèĚÈचर मɅ िèपन गǓतशीलता और िèपन-
चाज[ Ǿपांतरण द¢ता कȧ जांच करने के ͧलए थीͧसस काय[ को आगे बढ़ाया गया है। इन 
हेटरोèĚÈचर नमूनɉ पर फेरोमैÊनेǑटक रेज़ोनɅस (एफएमआर) माप ͩकए जाते हɇ और उनमɅ 
Co60Fe20B20 (CFB) कȧ रोमÊैनेǑटक ͩफãमɉ कȧ मोटाई मɅ पǐरवत[न के साथ 𝛼௘௙௙ और 𝜇଴𝑀௘௙௙ 

कȧ ͧभÛनता कȧ जांच कȧ जाती है। िèपन डायनेͧमक पǐरणाम बताते हɇ ͩक Ĥभावी िèपन 
ͧमĮण चालन को इन-Üलेन एफएमआर मɅ डिàपंग मɅ दो-मÊैनन èकैटǐरगं (टȣएमएस) योगदान 
का कम करके आंका गया है। आउट-ऑफ़-Üलेन एफएमआर के ͪवæलेषण से, यह पाया गया है 
ͩक कमरे के तापमान पर Ĥभावी िèपन ͧमĮण चालन Đमशः टȣएमएस योगदान के साथ और 
उसके ǒबना 13.13 nm-2 और 4 nm-2 है। इसके अǓतǐरÈत, Ĥभावी िèपन-ͧमĮण चालन मूãय धीरे-
धीरे घटते तापमान के साथ बढ़ता है, जो Bi2Te3 कȧ सतह सुसंगतता लंबाई के अनुसार है। 
ये Ǔनçकष[ टोपोलॉिजकल सामͬĒयɉ के Ǔनकट रख ेजाने पर फेरोमैÊनेɪस के चुंबकȧयकरण 
गǓतशीलता पर िèपन-Ģुवीकृत टोपोलॉिजकल सतह िèथǓतयɉ के Ĥभाव को दशा[ते हɇ। èपटर-
ͪवकͧसत फेरोमÊैनेट-टोपोलॉिजकल इंसुलेटर हेटरोèĚÈचर कȧ उ×कृçट गुणवƣा और इसका कुशल 
िèपन-चाज[ Ǿपांतरण Ĥदश[न भͪवçय के चुंबकȧय मेमोरȣ उपकरणɉ मɅ टोपोलॉिजकल सामͬĒयɉ 
के मह×व को Ĥदͧश[त करता है। िèपन डायनेͧ मÈस मापन PdTe2/Co60Fe20B20 बाइलेयस[ पर 
भी ͩकया जाता है। PdTe2/Co60Fe20B20 बाइलेयर मɅ Ĥभावी िèपन ͧमĮण चालन और िèपन 
धारा घन×व Đमशः ~2 × 10ଶ଴ 𝑚ିଶ और 2.5 𝑀𝐴𝑚ିଶ पाए जाते हɇ, जो HM/FM मɅ देखी 
गई तुलना मɅ काफȧ बड़े हɇ। फेरोमÊैनेट बाइलेयर, और आिÖवक ͩकरण एͪपटैÈसी तकनीक 
Ǔनͧम[त फेरोमÊैनेट- टोपोलॉिजकल मैटेǐरयãस हेटरोèĚÈचर के ͧलए ǐरपोट[ ͩकए गए साǑह×य 
के बराबर है। 
इस Ĥकार, यह थीͧसस काय[ एक उɮयोग-अनुकूल èपटǐरगं तकनीक ɮवारा टोपोलॉिजकल 
मैटेǐरयãस को सæंलेͪषत करने के ͧलए एक ͪवकास पɮधǓत का Ĥèताव करता है िजसस े
टोपोलॉिजकल मैटेǐरयãस कȧ ͩकèमɉ कȧ उÍच उÛमुख और अÍछȤ गुणवƣा वालȣ ͩफãमɅ बनाने 
मɅ बहुत अÍछȤ सफलता ͧ मलȣ। इसके अलावा, यह काय[ साǑह×य मɅ उपलÞध ͪ वͧभÛन सैɮधाǓंतक 
मॉडलɉ का उपयोग करके टोपोलॉिजकल इंसुलेटर ͧसèटम के मÊैनेटोĚांसपोट[ डेटा कȧ ͪवèततृ 
åयाÉया का एकȧकृत और åयापक ͪववरण Ĥदान करता है, जो भͪवçय मɅ इस ¢ेğ के मौͧलक 
और तकनीकȧ ͪवकास दोनɉ के ͧलए मह×वपूण[ है। इसके अलावा, यह थीͧसस चॉकोजेनाइɬस 
रचनाओं को ɪयून करके और टोपोलॉिजकल ͧसèटम के ͪवकास के दौरान चुंबकȧय और गैर-
चुंबकȧय त×वɉ को शाͧमल करके सामĒी कȧ टोपोलॉिजकल ͪवशेषताओं जैस ेÈवांटम गुणɉ मɅ 
हेरफेर करने का एक Ĥभावी तरȣका Ĥदͧश[त करती है। अंत मɅ, यह थीͧसस èपटर ͩकए गए 
ͪवकͧसत फेरोमÊैनेट- टोपोलॉिजकल मैटेǐरयãस बाइलेयस[ मɅ कुशल िèपन-चाज[ Ǿपांतरण Ĥदश[न 
को Ĥदͧश[त करती है जो भͪवçय के िèपंĚोǓनÈस उपकरणɉ मɅ टोपोलॉिजकल सामͬĒयɉ को लाग ू
करने का माग[ Ĥशèत करती है। 
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1.1 Schematic illustrating the flow of (a) pure charge current (b) spin 

polarized current (c) pure spin current densities in conductors. 

These configuration of the different direction of current and spin 

current densities shown in Figure (a-c) under time reversal 

symmetry are depicted in (d-e), respectively. 

4 

1.2 Schematic of magnetization (𝑀ሬሬ⃗ ) behavior under the influence of 

(a) an effective magnetic field (𝐻ሬሬ⃗ ௘௙௙) and (b) radio frequency (rf) 

magnetic field (ℎ௥௙) applied perpendicular along to the 𝐻ሬሬ⃗ ௘௙௙. The 

precession of 𝑀ሬሬ⃗  gradually damps toward 𝐻ሬሬ⃗ ௘௙௙ as shown in Figure 

(a) while damping torque is compensated by ℎ௥௙ such that result 

in ferromagnetic resonance condition as illustrate in Figure (b). 

6 

1.3 Generation of transverse spin current density (𝐽௦) originated from 

charge current density (𝐽௘) due to spin Hall effect. 

8 

1.4 Schematic diagram showing deflection of spin polarized current 

(𝜎⃗) in relativistic magnetic field 𝐵ሬ⃗  generated from polarized 

scattering centre or positive charged nucleus (represent by plus 

symbol). 

8 

1.5 Types of spin dependent scatterings: (a) Intrinsic mechanism 

arises due to finite Berry phase. Extrinsic mechanisms comprise 

of (b) Side jump and (c) Skew scattering. 

9 

1.6 Dispersion relation or band structure (𝐸 vs. 𝑘௫) of (a) spin 

degenerate band or parabolic band (b) Rashba band (c) 

Topological surface states of topological materials. Here, 

𝐸ା 𝑜𝑟 𝐸ି is energy value at positive and negative 𝑘, respectively. 

11 

1.7 Top view of Fermi surface of spin non-degenerate band of (a) 

Rashba band and (c) TSSs band. Under the influence of non-zero 

electric field or finite charge current JC there is a shift in the Fermi 

surface, which results in non-zero spin accumulation or spin 

current in (b) Rashba band and (d) TSS band. (e-h) demonstrate 

the reverse process (spin to charge current) meaning that a non-

12 



xiv 
 

zero spin accumulation or spin current 𝐽𝑠௭
௬ results in finite charge 

current. The shaded region denoted the shifting of Fermi surface 

due to finite charge current in Figure (b and d) and spin current in 

Figure (f and h). 

1.8 A schematic describing the transfer of spin current from FM to 

NM through spin pumping phenomena. The DC (𝐻) and rf 

magnetic field (ℎ௥௙) are applied to achieve FMR condition. A spin 

current deflects into charge current due to inverse spin Hall effect 

and thereby generate open circuit voltage (𝑉ூௌுா). 

13 

1.9 Schematic of spin transfer torque. (a) An unpolarized electron 

beam is polarized after passing RL or fixed layer. The direction of 

the spin polarization of electrons after they have traversed the FL 

is same as that of M1. After passing through the thin spacer layer, 

the spin polarized electrons then enter the FL layer and flip their 

spin state. Consequently, the magnetization state of FL layer (M2) 

gets altered by spin transfer torque. 

15 

1.10 Schematic of spin orbit torque (SOT) effect. A transverse spin 

current (of density JS) is generated and injected into the FM layer 

when a charge current (of density JC) flows through the NM layer. 

The torque on the local magnetic moment in the FM layer can be 

divided into two parts: field like torque (𝜏ி௅), which drives the 

moment into precession around the effective magnetic field, and 

damping like torque (𝜏஽௅), which acts to return the moment to its 

equilibrium position. 

16 

1.11 Schematics of single bit (a) STT-MRAM and (b) SOT-MRAM 

devices 

17 

1.12 A and B are atomic lattice sites with a chemical potential 𝐸 and 

can host only one spinless fermion. When these two lattice sites 

are bring close to each other, the one level system splits into two 

non-degenerate levels (𝐸ା (antibonding) and 𝐸ି (bonding)). (b) N 

number of atomic sites having lattice constant 𝑎. (c) Introducing a 

finite lattice vibration (Δ) results into two possible atomic 

arrangements, namely I and II Vacuum states or ground level 

configurations. Variation of energy density (𝜖) as function of 𝑘𝑎  

for 3 cases: (d) atomic arrangement without any lattice vibration 
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(corresponding to configuration (b)), (f) atomic arrangement with 

lattice vibration (corresponding to configuration (c)), and (e) 

Energy density (𝜖) as a function of order parameter (in present case 

lattice vibration (quantified by Δ)). The atomic arrangement (b) 

lies on the zero energy which is symmetric point, whereas by 

introducing small amount of Δ, the ground state energy level can 

spontaneously undergo transition into either of the two vacuum 

states (I or II) which do not possess any symmetry (i.e., the 

symmetry-breaking). Hence, figure (e) depicts spontaneous 

symmetry breaking concept using 𝜖 𝑣𝑠. Δ relation. 

1.13 Experimental results of (a) Quantum Hall effect (QHE) and (b) 

Fraction QHE in the form of 𝑅௫௫ 𝑜𝑟 𝑅௫௬ 𝑣𝑠. Magnetic field (𝐵) 

data. The filling factor (𝜈) associated with quantum Hall state (i.e., 

𝜎௫௫ = 𝜈 𝑒ଶ/ℎ) in Figure (a) is shown as top horizontal axis 

whereas in case of fraction QHE (Figure (b)), it is represented by 

the boxes and the numbers therein. 

22 

1.14 (a) A one-dimensional curved path with vectors vሬ⃗ ଵ and vሬ⃗ ଶ at 

positions 1 and 2, respectively. (b) Two-dimensional curved 

surface showing how a vector, initially at position 1, is parallel 

transport in cyclic route (via 1->2->3->4->1) to again reach at the 

same position, but with different angle. The difference of the angle 

between the initial and final vector orientation is represented by 𝛼 

which is also known as anholonomy angle. (c) Two-dimensional 

cyclic path on the surface of a three-dimension object, i.e., sphere. 

Here 𝛼 is equal to solid angle subtended by a cyclic two-

dimensional curved path. 

24 

1.15 Atomic arrangements in the two lattice configurations (a) I 

Vacuum (b) II Vacuum. The bond strength of intracell is greater 

than that of intercell in I vacuum (𝑣 > 𝑤) while opposite (𝑤 > 𝑣) 

is true for II vacuum. 

27 

1.16 The trace of tip of vector ℎሬ⃗  when 𝑘 changes from 0 to 2𝜋 for the 

two vacuum states: (a) I (𝑣 > 𝑤) and (b) II (𝑤 > 𝑣). 

29 

1.17 (a) The lattice configuration II Vacuum is sandwiched between 

two I Vacuum type lattice configurations. The interface of I-II or 

II-I is represented by dotted line. (b) Extreme case of Figure (a) 
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where for I Vacuum, the condition changed to 𝑣 > 0; 𝑤 = 0 while 

for II Vacuum, condition 𝑤 > 0; 𝑣 = 0 is imposed. 

1.18 (a) Variation of 𝑚 = 𝑣 − 𝑤 with position 𝑥. (b) Typical band 

structure of a topological insulator. The states between the gap are 

topological surface states having linear or Dirac characteristics. (c) 

The confinement of electrons in presence of high magnetic field 

in 2D quantum Hall system. It illustrates the insulating nature of 

bulk states analogous to the topological bulk states. (d) Spin 

polarized states at the top and bottom edges of 2D quantum Hall 

system. (e) Schematic describing the helical spin polarized 

property of TSS on one of the surfaces of 3D TI (f) Schematic 

illustrating how backscattering in presence of non-magnetic 

impurity is forbidden in TSSs. 

31 

2.1 Actual image of Excel instrument Make sputtering system which 

is used to deposit topological materials. The different components 

associate to sputtering processes are accordingly labelled. (a) 

Inside view of the chamber: Sputtering guns and substrate holder 

inside the chamber (b) Inside view during plasma formation and 

sputtering. 

43 

2.2 The actual inner view of NORDIKO make the ion-beam sputtering 

deposition system (model: 3450). (b) Schematic of the same 

sputtering for better illustrating different components used for 

plasma extraction and sputtering process. The components related 

to the system are accordingly labelled in both figures. 

45 

2.3 (a) Actual image of Malvern PANalytical make x-ray 

diffractometer (Model-Empyrean). The different components 

related to diffractometer such as assembly of x-ray source, 

incident x-ray beam optics, goniometer, 5-axis sample state, 

Diffracted beam optics and x-ray detector assembly. (b) Schematic 

diagram of the interaction of x-ray with atomic planes which act 

as coherent scatters. 
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2.4 (a) Schematic of movement of x-ray source and detector in θ − 2θ 

mode or Gonio mode (b) Schematic of Bragg-Brentano geometry 

in which the x-ray source and detector move over a goniometer 
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circle. magnetization loops recorded along with the EA. Lines 

connecting the data points are guides to the eye. 

2.5 Schematic illustrating penetration of x-ray depth inside the film 

and substrate in case of (a) Gonio scan and (b) GIXRD scan. 

Angular displacement of source and detector in case of (c) Gonio 

and (d) GIXRD scans. 

50 

2.6 (a) Schematic of dislocation defects (b) Texture film in which 

crystallites containing different mosaic blocks (c) Angular spread 

in the normal vector 𝐻ሬሬ⃗ ௛௞௟ (d) Geometry of goniometer and sample 

for the rocking curve (e) Spread in the width of diffracted peaks in 

I 𝑣𝑠 𝜔 spectrum. 

51 

2.7 Schematic of Diffractometer geometry during phi scan 

measurements in which first source and detector kept constant at 

Bragg angle of probed plane and then (a) sample stage is rotated 

to angle 𝜒 and after that (b) rotated full 360 𝜙 angle. 

52 

2.8 (a) Relation between the diffraction vector and the angle of 

incidence and detection. (b) Schematic of diffraction space 

coordinates (𝑄௫, 𝑄௭) representation or RSM plot for case (b) when 

two different phases (or structurally different film and substrate) 

have dissimilar 𝑑௛௞௟ values, and (c) when the mosaic domains of 

different phases have different tilts. In (b) and (c), the two sets of 

circular rings correspond to the two different phases. Different 

colored rings within one such sets represent the spread in dhkl (in 

(b)) and mosaicity (in (c)) in that particular phase. For clarity, the 

spread is assumed only in one direction, due to which the contours 

are circular and the two sets are either one over each other (in (b)) 

and side by side (in (c)). In case of ideal phases, the two sets would 

overlap to show just one small spot. 
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2.9 Schematic of XRR scattering geometry which results in specular 

and diffuse reflection from the rough, thin film surface 

54 

2.10 (a) Sketch showing the angles and indices of refraction along with 

the wave vector directions when x-rays are incident from the air 

on the surface of a sample having a refractive index less than 1. 

(b) Specular XRR profile of 15 nm thick CoFeB film deposited on 

56 



xviii 
 

Si (100) substrate indicating the information provided by x-ray 

reflectivity profile. 

2.11 (a) Schematic of the Raman measurements. (b) Raman spectra 

measured for Bi2Te3 (40 nm) thin film. The spectra is fitted to 

show two E2
g, and A2

1g Raman modes. 

58 

2.12 Schematic diagram showing the working principle of EDX 59 

2.13 (a) Actual image of Quantum Design make PPMS (Model-6000 

Evercool II) (b) Inner view of PPMS probe (c) Actual image of 

Cryogenic Ltd. make CFMS (d) Schematic diagram of VTI 

cooling circuit. 
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2.14 (a) Four probe resistivity measurement geometry (b) Four terminal 

Hall measurement geometry 

61 

2.15 Schematic of magnetoresistance measurement (MR) geometry for 

(a) Out of plane magnetic field configuration and In-plane field 

configuration in (b) Transverse (c) Longitudinal in-plane 

geometry. 

63 

2.16 Schematic of ferromagnetic resonance setup (a) in-plane field 

configuration (IPFMR) and (b) Out-of-plane field configuration 

64 

3.1 Cross-sectional schematic and interior view of the DC/RF Excel 

instrument make DC/RF magnetron sputtering which is used for 

the growth of TMs using the co-sputtering technique. 

69 

3.2 (a) and (b) X ray reflectivity (intensity vs. 2θ) spectra recorded on 

Bi and Te samples deposited at different powers to the Bi and Te 

sputtering targets, respectively keeping deposition time fixed at 5 

mins. The symbols represent the experimental data and solid lines 

are simulated fits. (c) The solid symbols represent growth rate at 

different powers. The data is fitted to straight line to estimate the 

slope (i.e., growth rate per Watt) for both Bi (square) and Te 

(sphere) films (d) Nominal (calculated using Equation 3.1 and 3.2) 

and experimentally determined (observed using EDAX) Te-to-Bi 

atomic concentration ratio (y/x) in BixTey films by co- sputtering 

as a function of power applied to Te sputtering target (Power to 

the Bi-target was kept a constant value of 5W). cross-sectional 
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schematic and interior view of the DC/RF Excel instrument make 

DC/RF magnetron sputtering which is used for the growth of TMs 

using the co-sputtering technique. 

3.3 (a) Atomic schematic corresponding to Te deficient to excessive 

concentration phases in BixTey system. (b) XRD spectra recorded 

in Bragg-Brentano mode (i.e., 𝜃 − 2𝜃 coupled scan) of all the 

BixTey thin films, where x and y are the atomic concentrations. The 

experimental data is represented by symbols and lines represent 

the fit. Different symbols used are ▲ for Bi4Te3, ♦ for Bi50Te50,  

for Bi4Te5 and  for Te. The vertical dotted lines correspond to (0 

0 l) peaks of the Bi2Te3 phase. (c) Raman spectra of the BixTey 

films. The two vertical dotted lines corresponds to the 𝐸௚
ଶ and 𝐴ଵ௚

ଵ  

Raman active modes of Bi2Te3. The peaks identified by symbol  

correspond to the Raman shift of Te. 
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3.4 Variation of (a) lattice parameter ‘c’, (b) crystallite size and strain 

with relative Te atomic percentage in BixTey films. (c) XRR 

spectra (intensity vs. 2θ) of the different BixTey thin films. The 

symbols represent the experimental data and red lines show the 

simulated fittings. Variation of (d) roughness  and (e) density  

with the Te concentration in BixTey films. The model used for 

simulation is shown in the inset of (d). 
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3.5 EDAX elemental mapping of samples (i) Bi49Te51, (ii) Bi34Te66 

and (iii) Bi27Te63. Here, (a) shows mixed homogenous 

composition of Bi (red dots) and Te (green dots). (b) and (c) show 

Bi and Te maps, separately. 
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3.6 X-ray diffraction spectrum of (a) NiTe2 (b) PtTe2 (c) PdTe2 (d) 

PdBi2 (e) BixSb1-x (f) Cr2Te3 

77 

4.1 (a) 𝜃 − 2𝜃 XRD pattern of Bi2Te3 film (b) Rocking curve scan 

along the (0 0 6) Bragg planes. Here symbols are the experimental 

data and lines are fits. (c) The 𝜙-scan along the (0 1 5) Bragg 

planes of Bi2Te3 film and (0 1 -1 2) Bragg planes of Al2O3 

substrate. Inset: Schematic of layered Bi2Te3 on top of Al2O3. (d) 

Reciprocal space mapping of the film is performed along the (0 0 

1 5) planes of Bi2Te3 and (0 0 6) planes of Al2O3. 
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4.2 (a) Raman spectra (Intensity vs. wavenumber ()). The two Raman 

active modes of Bi2Te3, namely E2
g and A2

1g are labelled above the 

corresponding Raman peaks. (b) XRR spectra of the sample. The 

model used for the simulation and the values of the thickness, 

density, and roughness so-obtained from the simulation are also 

presented within the main panel itself. The numbers in the 

parenthesis represent the error. Figure 4.1(a & b) symbols are the 

raw experimental data, and the fitting is represented by solid lines. 

84 

4.3 Elemental mapping of (a) Bismuth and (b) Tellurium elements 

on~50𝜇𝑚ଶ area of the sample (c) EDAX spectrum (counts/sec vs 

keV) for Bi and Te atoms showing the wt.% of Bi2Te3 film (To 

remove the contribution of substrate (Al2O3), EDS spectrum for 

Al and O atoms is excluded while accumulating the spectrum). 

The table in the inset of (c) shows composition in weight and 

atomic percentage of Bi and Te atoms in Bi2Te3 film ( denotes 

the standard deviation in estimation of weight percentage). 

85 

4.4 (a) Sheet resistivity as a function of T (4-300K) of the Bi2Te3 film. 

Inset shows the data at low T (4-15K) (b) Hall resistivity with the 

magnetic field recorded at different T. Sheet carrier concentration 

(solid circle symbols) and mobility (solid square symbols) at 

different T are shown in the inset. The T dependence of 𝜌 of the 

Bi2Te3 film in (c) low T (4-15 K) and (d) High T (25-300K) 

regimes. The low T data (Figure (c)) is fitted using Equation 4.1 

(𝜌 = 𝜌௢ + 𝜌௘ି௣(𝑇) + 𝜌ாாூ(𝑇) and high T data (Figure (d)) is 

fitted using Equation 4.2 (𝜌 = 𝜌௢ + 𝜌௟௜௡௘௔௥(𝑇) +

𝜌௡௢௡ି௟௜௡௘௔ (𝑇)). The experimentally (Expt.) observed data is 

shown by open circle symbols while the fitted data are shown by 

solid lines. The T dependence of individual contribution related to 

different scattering terms (i.e., 𝜌௘ି௣, 𝜌ாாூ, 𝜌௟௜௡௘௔௥ and 𝜌௡௢௡ି௟௜௡௘௔௥) 

which are estimated from the fitting are shown by solid lines. 
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4.5 (a) The out of plane magnetic field (𝐵ୄ) dependence of the sheet 

conductivity correction (in units of 
௘మ

௛
) at different constant Ts (3-

20K). (b) The variation of 𝐿థ corresponding to the surface states 

(filled circle) and bulk states (filled square) with the T. The 
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symbols represent the experimental data, and lines are the fit using 

to Equations (4.5) and power law 𝐿థೞ
 ∝  𝑇ି

೛ೞ
మ  , respectively. 

4.6 (a) Semi-log plot of sheet conductivity (in units of 
௘మ

గ௛
) with the 

logarithmic T at different out-of-plane applied magnetic field 

strengths. The solid lines are the fit to experimental data using 𝜅 =

గ௛

௘మ

ఋఙ

ఋ௟௡்
. (b) The out-of-plane magnetic field dependence of 𝜅 

parameter. The characteristics T of the EEI effect (TEEI) is found 

to be 10K. 
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4.7 (a) Variation of sheet conductivity (in units of 
௘మ

గ௛
) with the applied 

in-plane magnetic field at different constant T (3-15K). (b) The 

variation of surface penetration depth 𝜆 with T and the T 

dependence of the calculated value of ratio (𝑡ଶ/𝑡ଵ) is shown in the 

inset of Fig. (b). 
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5.1 (a) XRD spectra recorded in Bragg-Brentano mode (i.e., 𝜃 − 2𝜃 

coupled scan) for TD, TS and TE samples. The experimental data 

are represented by symbols. While ♦ symbols denotes peaks due 

to Bi50Te50 phase,  represents the peaks due to Te. The vertical 

dotted lines correspond to (0 0 l) peaks of the Bi2Te3 phase. (b) 

XRR spectra (intensity vs. 2θ) of the TD, TS and TE samples. The 

symbols represent the experimental data and red lines show the 

simulated fittings. (c) Raman spectra of the TD, TS and TE 

samples. The two vertical dotted lines correspond to the 𝐸௚
ଶ and 

𝐴ଵ௚
ଵ  Raman active modes of Bi2Te3. The peaks identified by the 

symbol  correspond to the Raman shift due to Te. (d) The atomic 

composition (in at%) for TD, TS and TE samples extracted using 

EDX. 
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5.2 Electron transport behavior in TD, TS and TE samples. (a) 

Resistivity vs. temperature data. (b) Out-of-plane 

magnetoresistance data and (c) Hall resistivity as a function of 

magnetic field (µoH) at 3K temperature. Measurement geometries 

are shown in the insets. 
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5.3 Logarithmic resistivity as a function of 1/T for (a) TD, (b) TS and 

(c) TE samples. Lines represent the fit using the Arrhenius 
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equation, 𝜌௫௫~𝑒𝑥𝑝 (𝐸௔/𝑘஻𝑇) in the high temperature regime 

(200-300K). The temperature dependence of resistivity in the low-

temperature range (3-15K) at 0T (filled circle symbols) and 9T 

(open square symbols) for (d) TD, (e) TS and (c) TE samples. The 

data at 0T and 9T correspond to WL/WAL+EEI and EEI, 

respectively 

5.4 Hall resistivity vs magnetic field at different temperatures for the 

samples (a) TD, (b) TS and (c) TE. Inset in (b) shows the 

schematic of the measurement geometry. Symbols represent the 

experimental data points and the solid lines are the linear fits. 

Sheet carrier concentration and mobility with temperatures for 

samples (d) TD, (e) TS and (f) TE. Note the change in the order of 

magnitude of mobility in the three films, as is evident from the y-

axis title. 
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5.5 Variation of sheet conductivity (Δ𝜎), in units of  
௘మ

௛
, with the 

applied out-of- plane magnetic field (𝐵ୄ) at different constant 

temperatures (3-10K) for the samples (a) TD, (b) TS and (c) TE. 

Solid lines are fit to the experimental data using Equation 5.6. (d-

e) and (g-i) T dependence of the pre-factor (𝛼) and phase 

coherence length (𝑙థ), respectively, calculated using fit to data in 

(a-c) by Equation (5.3). (g-i) also show the variation of the 

calculated 𝑙థ (open circles), le (filled squares) and lso (open 

triangles) with temperature. The solid lines show fitting of the 𝑙థ 

data by power law mentioned explicitly in the insets. 
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5.6 Plots of logarithmic dependence of sheet conductivity (in units of 

௘మ

గ௛
) vs. temperature at different perpendicular magnetic field 

strengths for the samples; (a) TD, (b) TS and (c) TE. The symbols 

represent the experiment data and solid lines show the fits using 

𝜅 =
గ௛

௘మ

ఋఙ

ఋ௟௡்
 . The dependence of 𝜅 parameter on the magnetic field 

for (d) TD, (e) TS and (f) TE samples 
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5.7 Sheet conductivity Δ𝜎  (in units of 
௘మ

௛
) with in-plane magnetic field 

(𝐵‖) recorded at 3K for the TD, TS and TE samples. Lines are fit 

using Equation (5.8). (b) & (c) The variation of pre-factor (𝛼∥) and 
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surface penetration depth (𝜆), calculated from fitting of Δ𝜎 vs oH 

for the range of temperatures. (d) Calculated values of 𝑡ଶ/𝑡ଵ ratio 

as a function of T for the TD, TS and TE samples. 

5.8 Layer slabs for three different compositions of BixTey used in 

calculations and the simulated Brillouin Zones (BZ’s) for bulk and 

surface states. Calculated electronic band structures of (b) BiTe 

(TD), (c) Bi2Te3 (TS), and (d) BiTe3 (TE). Fat bands of surface 

states are plotted with different colors. Insets are the zoomed 

version of the Dirac-cone and surface states near the Fermi level. 

The size of the filled circles is proportional to the weight of the 

surface states. 
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6.1 (a) XRD spectra (Intensity vs. 2𝜃) recorded in the 𝜃 − 2𝜃 coupled 

scan, also known as Gonio mode. The dashed-dotted lines at peak 

positions are used to label Bragg planes of Bi2Te3 identified using 

JCPDS #894302.  The unlabelled peaks belong to Si (100) 

substrate. (b) The peak along (006) Bragg plane is fitted using the 

pseudo-Voigt function, which assumes the peak profile as a linear 

combination of Gaussian and Lorentzian peak curves. The center 

position and FWHM of the peak are extracted using the fitted data. 

The calculated lattice parameter (‘c-axis’) and crystallite size of 

undoped, Au doped and Cr doped samples are mentioned on the 

inset of the graphs.  The symbol represents the raw experimental 

data, and the solid line represents the fitting. 
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6.2 (a) Raman spectra (Intensity vs. wavenumber ()) of undoped, Au 

doped, and Cr doped samples. The three Raman active modes of 

Bi2Te3, namely E2
g, A2

1g, and A1u labeled above the corresponding 

Raman peaks. The pseudo-Voigt function fits the raw 

experimental data (shown by symbol) to extract FWHM and peak 

position information. (b) XRR spectra (Intensity vs. 2𝜃) of the 

undoped, Au-doped, and Cr-doped samples. Here, the symbol 

represents the raw experimental data while the solid line 

represents the fitted data. (c) The model used for simulation of 

XRR data using X’pert reflectivity software and thickness, 

density, and roughness is estimated as shown in Table 6.1 
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6.3 (a) EDAX elemental mapping of samples (i) undoped, (ii) Au 

doped and (iii) Cr doped. Here, (a) shows the mixed homogenous 

composition of Bi (red dots), Te (green dots), and doping element 

(blue dots). (b), (c) and (d) show Bi, Te and Au or Cr maps 

separately 
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6.4 Variation of sheet resistivity with temperature (2-300K) for 

samples (a) undoped, (b) Au doped and (c) Cr doped, respectively. 
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6.5 (a) Variation of sheet conductivity (Δ𝜎), in units of  
௘మ

௛
With the 

applied out-of-plane magnetic field (𝐵ୄ) at different constant 

temperatures (2-20K) for the (a) undoped, (b) Au doped and (c) Cr 

doped samples. Solid lines are fit to the experimental data using 

Equation (6.1). (d-e) Temperature dependence of the pre-factor 

(𝛂) and (g-i) Temperature dependence of the phase coherence 

length (𝑙), respectively, calculated using fit to data in (a-c). (g-i) 

also show the variation of the calculated 𝑙௦ (open circle symbol) 

and lb (open square symbol) with temperature. The solid lines 

show the fitting of the 𝑙௦ data by a power law. 
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6.6 (a) Variation of sheet conductivity Δ𝜎 (in units of 
௘మ

గ௛
) with the 

logarithmic temperature at different out-of-plane applied magnetic 

field strengths. The solid lines are the fit to experimental data 

using 𝜅 =
గ௛

௘మ

ఋఙ

ఋ௟௡்
. (b) The out-of-plane magnetic field dependence 

of 𝜅 parameter. The characteristics temperature of the EEI effect 

(TEEI) is found to be 10 K for undoped and Au doped and 15 K for 

Cr doped samples. 
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7.1  𝜃 − 2𝜃 XRD pattern of Al2O3//BT(10)/CFB(18)/Al(5) sample. 

Diffraction peaks only due to the (00l) family of Bragg planes of 

BT are observed. The peak due to substrate is marked as Al2O3 

(006). The peaks labelled by  symbol arise due to contamination 

in X-ray source and imperfection in crystallographic arrangement 

of Al2O3 (b) The XRR pattern (intensity vs. 2θ) of 

BT(10)/CFB(tCFB) series and reference CFB(10) sample. The open 

symbols represent the experimental data points, while solid lines 

are simulated fits.  
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7.2 (a) Variation in 
଴

𝐻௥ as a function of microwave frequency for 

samples of series (a) CFB (𝑡஼ி஻) (b) BT (10)/CFB (𝑡஼ி஻), 

respectively. The points are the data extracted from the fitting of 

IPFMR spectrum, and the lines are fits corresponding to the in-

plane Kittel Equation (7.2) (b) The variation in 
଴

𝑀௘௙௙ for all the 

samples in series CFB (𝑡஼ி஻) and BT (10)/CFB (𝑡஼ி஻) as a 

function of 𝑡஼ி஻. 

137 

7.3 𝜇଴Δ𝐻 vs. frequency for series (a) CFB (𝑡஼ி஻) and (b) BT (10)/CFB 

(𝑡஼ி஻). The symbols represent the experimentally obtained values, 

which were fitted with Equation (7.3) to obtain the effective 

damping constant (𝛼௘௙௙) and the inhomogeneous linewidth 

(𝜇଴Δ𝐻଴). (c) 𝛼௘௙௙ vs. 𝑡஼ி஻ for BT (10)/CFB (𝑡஼ி஻) (open circle 

symbols) and CFB (𝑡஼ி஻) (open square symbols). 
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7.4 (a) The Effective damping (𝛼௘௙௙) vs. inverse of CFB thickness for 

BT(10)/CFB(10) heterostructure. (b) The dependency of spin 

current density (𝐽௦) of series BT (10)/CFB (𝑡஼ி஻) with the 𝑡஼ி஻ 

layer for different frequency ranges (4-12 GHz) represented by a 

symbol, and solid lines connecting the data points guide the eye. 
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7.5 (a) Out-of-plane FMR signal for BT(10)/CFB(10) heterostructure 

at 5K and 300K. (b) Linewidth vs. frequency for bare CFB(10) 

and BT(10)/CFB(10) heterostructure at 5K and 300K. (c) 

Frequency vs. resonance field for bare CFB(10) and 

BT(10)/CFB(10) heterostructure at 5K and 300K. Inset shows the 

temperature dependence of the effective magnetization. (d) 

Damping parameter (𝛼) as a function of temperature for bare 

CFB(10) and BT(10)/CFB(10) heterostructure.  
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7.6 Temperature dependence curve of 𝛼௘௙௙ (open square symbol), 

𝛼௘ௗௗ௬ (open rhombohedral symbol), 𝛼௥௔ௗ (open hexagonal 

symbol), and 𝛼 (open circle symbol), for sample (a) CFB (10) and 

(b) BT (10)/ CFB (10). 
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7.7 (a) The real part of effective spin mixing conductance as a function 

of temperature for BT(10)/CFB(10) heterostructure. (b) The 

magnetic field (𝜇଴𝐻) dependent magnetoconductance (MC) 

correction (Δ𝜎) (in units of 
௘మ

௛
) response of BT sample at different 
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constant temperatures (3-10K). The symbols represent the 

experimental data, and lines are the fits using the modified HLN 

model. (c) Temperature dependence of 𝐿థ corresponding to the 

surface states (filled circles) and bulk states (filled squares). The 

solid lines are fits using the power law 𝐿థೞ
 ∝  𝑇ି௡. (d) Δ𝜎 (in 

units of 
௘మ

௛
) vs. magnetic field (𝜇଴𝐻) of BT(10)/CFB(10) 

heterostructure at 2K, 4K, 6K and 10K 

8.1 (a) XRD spectra (Intensity vs 2𝜃) recorded in the Gonio mode 

(i.e., 𝜃 − 2𝜃 mode) for PT (10), PT (20) and PT (50) films. The 

Bragg planes are labelled for the corresponding diffraction peaks. 

For clarity and clear comparison, a break is inserted in the x-axis 

from 36-45 degrees to hide the highly intense (006) Bragg peak 

originating from the single crystalline Al2O3 substrate. (b) Omega 

(𝜔) scan or rocking curve scan (Intensity vs 𝜔) on PT (10), PT 

(20) and PT (50) films. (c) Raman spectra (Intensity vs. Raman 

shift) for the PT (10), PT (20) and PT (50) films with the 

corresponding Raman modes (Eg and A1g) mentioned adjacent to 

the Raman peaks. (d) X-ray Reflectivity (XRR) spectra (Intensity 

vs 2𝜃) for PT (10), PT (20) and PT (50) films. The open square 

symbols, open circle symbols and open triangle symbols are used 

to illustrate the experimental data of PT (10), PT (20) and PT (50) 

films, respectively while solid lines show the fitting of data with 

mentioned functions and models. 
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8.2 Unit cell along and the side views of 4×4 superlattice structure of 

(a) PtTe2 and (d) NiTe2 where Pt and Ni atoms occupy corner 

positions while Te sits at the body diagonal of the unit cell. XRD 

spectra in the Gonio mode (𝜃 − 2𝜃) for (b) PtTe2 and (e) NiTe2 

films The Bragg planes are labelled corresponding to the observed 

diffraction peaks. Raman spectra (Intensity vs. Raman shift) 

recorded on the (c) PtTe2, and (f) NiTe2 films. The corresponding 

Raman modes are mentioned above the respective Raman peaks. 

The filled circles symbols represent the experimental data whereas 

the solid lines are the fit using the respective peak functions 
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(pseudo-Voigt peak function for XRD, and Lorentzian function 

for Raman). 

8.3 (a) Temperature-dependent resistivity (𝜌 𝑣𝑠 𝑇) curves from 2-300 

K of (a) PT (10) (b) PT (20) and PT (50) samples, where open data 

symbols represent the experimental data while the solid lines 

represent the fitted 𝜌 𝑣𝑠 𝑇 curves using Equation (8.1) from ~15-

300K. The inset of the figures shows 𝜌 𝑣𝑠 𝑇 curves from 2-10 K. 

The Tonset and TC temperatures correspond to superconductivity 

temperatures mentioned in the inset of the figures (The solid lines 

connecting the data points in the inset s are guide to the eye). 
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8.4 Variation of magnetoresistance (MR(%) =
ୖ (୆)ିୖ(୆ୀ଴)

ୖ(୆ୀ଴)
× 100) 

with magnetic field (𝜇଴𝐻 in units of 𝑇) between -3T to 3T at 3K, 

5K, 7K and 10K for (a) PT (10) (b) PT (20) and (c) PT (50) 

samples, respectively. In figures (a-b), while the open symbols 

represent the experimental data, the solid lines show the fitting of 

high field MR data using 𝑀𝑅(%) = 𝐴𝐵௡. The insets in figures (a-

c) show the MR(%) 𝑣𝑠 𝜇଴𝐻 curve at 2K for samples PT (10), PT 

(20) and PT (50), respectively. (d) and (e) show the variation in 

the correction in the sheet conductivity (Δ𝐺 =
ଵ

ఘೞ(ఓబு)
−

ଵ

ఘೞ(଴)
 in 

units of 𝑒ଶ/𝜋ℎ) with the magnetic field (𝜇଴𝐻) at 3K, 5K, 7K and 

10K for samples PT (10) and PT (20), respectively. Here the 

experimental data are represented by open symbols while the solid 

lines depict the fitting of Δ𝜎 𝑣𝑠 𝜇଴𝐻 curve using the modified 

HLN model given by Equation (8.2). (f) Schematic of 

measurement geometry for MR. Here, V, Ix and Hz imply the 

voltmeter, source current flowing along the samples surface and 

transverse magnetic field applied along the z axis. 
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8.5 (a) Temperature-dependent variation of coherency prefactor (𝛼) 

for samples PT (10) and PT (50). The open square and open circle 

symbols represent the estimated values of 𝛼 for PT (10) and PT 

(50) films, respectively at different temperatures between 3-10 K. 

(b) Temperature-dependent variation of phase coherence length 

(𝐿థ in units of nm) for samples PT (10) and PT (50). The open 

square and open circle symbols represent the calculated values of 
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𝐿థ for PT (10) and PT (50) films, respectively at different 

temperatures between 3-10 K while solid lines describe the fits 

using the power law equation (𝐿థ ∝ 𝑇ି
೛

మ) where 𝑝 is the dephasing 

parameter. For the PT (10) sample, 𝑝 is 1.46 while for PT (20), 𝑝 

is 1.66, respectively. 

8.6 (a) Magnetic field dependent variation of FMR signal collected at 

7 GHz for (a) series-I (PT (0)/CFB (tCFB)), (b) series-II (PT (10)/ 

CFB (tCFB)), (c) series-III (PT (20)/ CFB (tCFB)) and (d) series-IV 

(PT (50)/ CFB (tCFB)) samples, where tCFB = 10, 15 and 20 nm. 

Here, the open square, open circle and open triangle symbols 

denote experimentally obtained data of PT (tPT)/ CFB (10), PT 

(t)/CFB (20) and PT(tPT)/CFB (50) films (t = 0, 10, 20 and 50 nm), 

respectively. The solid lines represent the fitted derivative 

FMR signal 𝑣𝑠 𝜇௢𝐻 curve using Equation (8.3). 
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8.7 Variation of resonance field (𝜇௢𝐻௥ in units of mT) as a function of 

microwave frequency (𝑓 in units of GHz) for (a) series-I (PT (0)/ 

CFB (𝑡஼ி஻)), (b) series-II (PT (10)/ CFB (𝑡஼ி஻)), (c) series-III (PT 

(20)/ CFB (𝑡஼ி஻)) and (d) series-IV (PT (50)/ CFB (𝑡஼ி஻)) 

samples, respectively. Here the open square, open circle and open 

triangle symbols are the data extracted from the fitting of the FMR 

spectrum of PT (tPT)/CFB (10), PT (tPT)/CFB (20) and PT 

(tPT)/CFB (50) films (where tPT = 0, 10, 20 and 50 nm), 

respectively, and lines are the fits corresponding to the Kittel 

Equation (8.4). 
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8.8 (a) The variation in 
଴

𝑀௘௙௙ for all the series I-IV as a function 

of 𝑡஼ி஻.  Here the open square, open circle, open triangle and open 

diamond symbols are the values of 
଴

𝑀௘௙௙ estimated from the 

fitting of the FMR spectrum of the series-I (PT (0)/ CFB (tCFB)), 

series-II (PT (10)/ CFB (tCFB)), series-III (PT (20)/ CFB (tCFB)) and 

series-IV (PT (50)/ CFB (tCFB)) samples, (tCFB = 10, 15 and 20 nm) 

respectively, using Equation (8.4). The solid lines are provided as 

a visual aid to demonstrate the overall variation. (b) 1/𝑡஼ி஻ 

dependence of 
଴

𝑀௘௙௙ for all the series I-IV, here solid line 

depicts the fitting of 
଴

𝑀௘௙௙ 𝑣𝑠 1/𝑡஼ி஻ curve using Equation (8.5) 
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(c) Histogram plot of the thickness-dependent variation of 

anisotropic field (𝐻௞) for series I-IV samples. Here, bars 

correspond to the values of 
଴

𝐻௞ as calculated using the fitting of 

the FMR spectrum for all series I-IV samples using Equation (8.4). 

8.9 Variation of linewidth (𝜇଴Δ𝐻 in units of mT) with frequency (𝑓 in 

units of GHz) for (a) series-I (PT (0)/ CFB (tCFB)), (b) series-II (PT 

(10)/ CFB (tCFB)), (c) series-III (PT (20)/ CFB (tCFB)) and (d) 

series-IV (PT (50)/ CFB (tCFB)) samples, respectively. Here the 

open square, open circle and open triangle symbols are the values 

of 𝜇଴Δ𝐻 estimated from the fitting of the FMR spectrum of PT (tPT 

)/CFB (10), PT (tPT )/CFB (20) and PT (tPT )/CFB (50) samples 

(tPT = 0, 10, 20 and 50 nm), respectively. The solid lines are the 

fits corresponding to the linewidth given by Equation (8.6). 
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8.10 (a) CFB layer thickness dependent (𝑡஼ி஻) variation of Gilbert 

damping constant (𝛼 × 10ିଷ) of the different samples of series I-

IV. Here, the open square, open circle, open triangle and open 

hexagonal symbols represent the values of 𝛼 × 10ିଷ estimated 

from the fitting of 𝜇௢Δ𝐻 𝑣𝑠 𝑓 using linewidth Equation (8.6) for 

series-I (PT (0)/ CFB (tCFB)), series-II (PT (10)/ CFB (tCFB)), 

series-III (PT (20)/ CFB (tCFB)) and series-IV (PT (50)/ CFB 

(tCFB)) samples, (where tCFB = 10, 15 and 20 nm) respectively. The 

solid lines are provided as a visual aid to demonstrate the overall 

dependency.  (b) The variation of Δ𝛼 × 10ିଷ with respect to 1/ 

𝑡஼ி஻. Here Δ𝛼 is the finite-size contribution to damping, and is 

obtained from subtracting the respective 𝛼 value of the samples of 

series-I (PT (0)/CFB (𝑡஼ி஻)) series from the corresponding values 

of 𝛼 obtained for samples of the series PT (tPT )/CFB (𝑡஼ி஻). The 

open circle, open triangle and open diamond symbols correspond 

to Δ𝛼 × 10ିଷ values for series-II (t =10 nm), series-II (t=20 nm) 

and series-III (t=50 nm), respectively and 𝑡஼ி஻ =

10, 15 and 20 nm. Additionally, the solid lines are the fit of the 

observed Δ𝛼 × 10ିଷ 𝑣𝑠 1/𝑡஼ி஻ variation using Equation (8.7). (c) 

Histogram plot showing the FM thickness dependent (𝑡஼ி஻) 

variation in the inhomogeneous broadening of the all the sample 

of series I-IV. 
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8.11 The dependency of spin current density (𝐽௦) estimated using 

Equation (8.8) of the PT (10)/ CFB (tCFB) series (open circle 

symbols), PT (20)/ CFB (tCFB) series (open triangle symbols) and 

(c) PT (50)/ CFB (tCFB) series (open diamond symbols) samples 

on 𝑡஼ி஻ at 4 GHz. The solid lines connecting the data points are 

guide to the eye. 
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