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साराांश 

मगै्नेटिकली कपल्ड बाईलेयर हिेरोस्ट्रक्चर्स में इिंरफेर् रं्रचना और मगै्नेटिज़्म की टिशेषता और टनयमन आधटुनक टस्ट्पनरोटनक्र् 

उपकरणों, जैरे् टक टिशाल मगै्नेिो-रेटर्स्ट्िेंर् (GMR) आधाररत टस्ट्पन िाल्ि (SVs), िनल मगै्नेिो-रेटर्स्ट्िेंर् (TMR) आधाररत 

मगै्नेटिक िनल जंक्शन (MTJs), नॉन-िोलेिाइल मगै्नेटिक रैंडम-एक्रे्र् मेमोरीज़ (MRAMs), र्ेंर्र और लॉटजक टडिाइरे्ज़ 

के टिकार् के टलए अत्यंत महत्िपूणस हैं। एक्र्चेंज बायर् (EB) प्रभाि एक मगै्नेटिक एक्र्चेंज कपटलगं घिना ह ै जो 

एंिीफेरोमगै्नेटिक/फेरोमगै्नेटिक (AF/FM) बाईलेयर्स के इिंरफेर् पर होती ह।ै इर् टिटर्र् का उद्दशे्य तकनीकी रूप रे् महत्िपूणस 

AF/FM बाईलेयर्स में EB रे् रं्बंटधत कुछ अनर्लुझे मदु्दों को रं्बोटधत करना ह।ै Ir7Mn93/Co2FeAl और 

Ir7Mn93/Ni80Fe20 की अल्राटिन बाईलेयर्स को आयन-बीम स्ट्पिररंग तकनीक का उपयोग करके जमा टकया गया ह ैताटक 

AF/FM इिंरफेर् पर AF ग्रेन र्ाइज की टनभसरता के महत्िपूणस प्रभाि को र्मझा जा र्के। इर्के अटतररक्त, एक्र्चेंज बायर् 

को AF ग्रेन र्ाइज और टस्ट्िफ्ि हिेी आयन बीम (SHI) आयनीकरण के प्रभाि के माध्यम रे् महत्िपूणस रूप रे् िेलडस टकया 

गया ह।ै SHI आयनीकरण का उपयोग AF/FM इिंरफेर् पर दोष, ग्रेन र्ाइज, डोमेन र्ाइज और इिंरफेर् टमटक्रं्ग के प्रभाि 

का अध्ययन करने के टलए टिशेष रूप रे् टकया गया ह।ै इर् प्रकार, हमने AF/FM इिंरफेर् का अध्ययन टकया ह ैऔर इर्के 

महत्िपूणस भूटमका को इिंरफेटर्यल टस्ट्पन टडर्ऑडसर और EB के टिशेषणों पर नकारात्मक प्रभाि के रं्दभस में र्मझने का प्रयार् 

टकया ह,ै ताटक इरे् उन्नत मगै्नेटिक उपकरणों में लागू टकया जा र्के।  

कमरे के तापमान (RT) और कम तापमान (20K) पर पॉटज़टिि एक्र्चेंज बायर् (PEB) और नेगेटिि एक्र्चेंज बायर् 

(NEB) की जांच और ट्यूटनंग की ररपोिस की गई ह,ै क्रमशः, Ni80Fe20 (tFM = 5, 8, 11, 14, 17, 20nm)/Ir7Mn93 

(10nm) पॉलीटक्रस्ट्िलाइन हिेरोस्ट्रक्चर पतली परतों की एक श्रंखला में, जो 1kOe इन-टर्िू मगै्नेटिक फील्ड की उपटस्ट्िटत में 

जमा टकया गया हैं। मोिाई, इिंरफेर् रफनेर्, और टक्रस्ट्िलाइि/ग्रेन र्ाइज जैरे् माइक्रोस्ट्रक्चरल पैरामीिर्स को व्यिटस्ट्ित रूप रे् 

टनयंटित करके। NiFe की मोिाई (रफनेर्) को 20nm (0.49nm) रे् 5nm (0.28nm) तक घिाने पर, RT और 20K पर 

PEB और NEB में क्रमशः +12Oe रे् +22Oe और -300Oe रे् -556Oe तक र्धुार देखा गया ह।ै यह देखा गया ह ै

टक दोनों एक्र्चेंज बायर् और कोरटर्टििी इिंरफेर् की एिॉटमक स्ट्केल रफनेर् पर काफी टनभसर करते हैं। रांर्टमशन इलेक्रॉन 

माइक्रोस्ट्कोपी (TEM) के प्रटतटनटध पे्लन-व्यू न ेFM की मोिाई घिाने पर AF ग्रेन र्ाइज में िरटि को उजागर टकया, जबटक 

क्रॉर्-रे्क्शनल TEM अध्ययन न ेमगै्नेटिक एटनटलगं के बाद बाईलेयर र्ैंपल्र् में तीक्ष्ण इिंरफेर् को दशासया। रेटनगं मकेैटनज़्म 

और अर्मटमटत के स्ट्तर के बीच एक अनूठा रं्बंध स्ट्िाटपत टकया गया ह।ै इर्के अटतररक्त, रेटनगं मापन डेिा को टिटभन्न 

थ्योररटिकल मॉडलों के र्ाि टफि टकया गया ह,ै जो र्मिसन करता ह ैटक न केिल इिंरफेटर्यल बटल्क बल्क AF टस्ट्पन भी 

एक्र्चेंज बायर् में महत्िपूणस भूटमका टनभाते हैं। इर् प्रकार, ितसमान अध्ययन न ेNiFe की मोिाई को बदलकर माइक्रोस्ट्रक्चरल 

इनर्ाइट्र् को उजागर टकया ह ैताटक EB के अनर्लुझे मदु्दों को इिंरफेर् रफनेर् और AF के टक्रस्ट्िलाइि/ग्रेन र्ाइज के र्ाि 

र्ीधे रं्बंध के माध्यम रे् रं्बोटधत टकया जा र्के, टजरे् मगै्नेिोरेटर्स्ट्िेंर् तकनीक का उपयोग करके जांचा गया ह।ै 

RT पर 1kOe की इन-टर्िू मगै्नटेिक फील्ड की उपटस्ट्िटत में और 250°C पर 3.5 kOe की उपटस्ट्िटत में मगै्नेटिक एटनटलगं 

द्वारा AF ग्रेन र्ाइज को ट्यूटनंग करके बनाई गई एक श्रंखला के िॉप-टपन्ड Ni81Fe19/Ir7Mn93 बाईलेयर र्ैंपल्र् में ट्यूनबल 

एक्र्चेंज बायर् की भी जाचं की गई ह।ै इन बाईलेयर्स न ेRT पर मजबूत PEB प्रदटशसत टकया ह,ै टजर्में MH-लपू (यानी, 
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एक्र्चेंज बायर् फील्ड, HEB) के कें द्र का पॉटज़टिि टशफ्ि ~30 Oe देखा गया ह,ै जो ~7.2 nm के र्बरे् बडे और्त AF 

ग्रेन र्ाइज िाले बाईलेयर्स में दखेा गया। हालांटक, 15 K पर 3 kOe की उपटस्ट्िटत में फील्ड-कूटलगं के दौरान, MH लपू न े

पारंपररक NEB का प्रदशसन टकया। PEB और NEB को AF के ग्रेन र्ाइज को व्यिटस्ट्ित रूप रे् बदलकर क्रमशः ~2.5 

और ~2 द्वारा टनयंटित तरीके रे् िेलडस टकया गया ह।ै रेटनगं मापन में, र्बरे् बडे AF ग्रेन िाले र्ैंपल्र् के टलए HEB की मािा 

में अपके्षाकर त धीमी कमी देखी गई। इर् कमी को िमसल ररलेक्रे्शन मॉडल के ढाचंे में र्मझा नहीं जा र्का। हालांटक, HEB 

की कमी को टस्ट्पन ररलके्रे्शन मॉडल द्वारा रं्तोषजनक रूप रे् टफि टकया गया ह,ै जो मगै्नेिाइजेशन ररिर्सल के दौरान मगै्नटेिकली 

फ्रस्ट्रेिेड इिंरफेर् पर मगै्नटेिक टडर्ऑडसर में कमी को मानता ह।ै 

बॉिम-टपन्ड Ir7Mn93/Co2FeAl बाईलेयर हिेरोस्ट्रक्चर्स में बडे और अनकूुलन योग्य एक्र्चेंज एनीर्ोरॉपी (HEA) और 

कोरटर्टििी (HC) की भी जांच की गई ह।ै यह अनकूुलन AF (IrMn) लेयर के माइक्रोस्ट्रक्चरल पैरामीिर (यानी, ग्रने 

डायमीिर) को टनयंटित करके प्राप्त टकया गया ह।ै इन बाईलेयर्स न ेRT पर मजबूत पॉटज़टिि एक्र्चेंज एनीर्ोरॉपी (PEA) 

प्रदटशसत की, जबटक नगेेटिि एक्र्चेंज एनीर्ोरॉपी (NEA) 15K पर 3 kOe की उपटस्ट्िटत में स्ट्पष्ट हो गई। र्बरे् अटधक 

PEA (NEA) ~ +32 Oe (-176 Oe) देखी गई, जो बाईलेयर्स में और्त AF ग्रेन डायमीिर 7.12 (±0.04) nm के 

र्ाि िी। AF ग्रेन डायमीिर को 5.62 nm रे् 7.12 nm तक व्यिटस्ट्ित रूप रे् बदलने पर, PEA और NEA क्रमशः 

~2.1 और ~1.8 द्वारा बदलती पाई गई।ं हालांटक, एक बार AF ग्रेन डायमीिर न ेिमसल स्ट्िेटबटलिी के टलए आिश्यक 

थ्रेर्होल्ड को पार कर टलया, तो ग्रेन डायमीिर को 7.12 nm रे् अटधक बढाने पर HEA और HC दोनों में कमी आई। इर् 

कमी को AF/FM इिंरफेर् पर टपटनगं र्ेंिर्स की कमी के टलए टजम्मेदार ठहराया गया। प्रटशक्षण डेिा को टिटभन्न थ्योररटिकल 

मॉडलों, जैरे् टक िमसल ररलेक्रे्शन, टबनेक का मॉडल और टस्ट्पन ररलेक्रे्शन मॉडल का उपयोग करके टफि टकया गया। टस्ट्पन 

ररलेक्रे्शन मॉडल को पूरे प्रटशक्षण डेिा की रेंज को टफि करने के टलए लाग ूटकया गया, टजर्में िमसल और एिमसल कमी दोनों 

शाटमल हैं, टजरे् जम ेहुए और घमुाए जा र्कने िाल ेटस्ट्पन के रं्दभस में देखा गया। गणुात्मक मूल्याकंन न ेमगै्नेिाइजेशन ररिर्सल 

प्रटक्रया के दौरान गैर-र्मटमत मगै्नेटिकली फ्रस्ट्रेिेड इिंरफेर् डायनेटमक्र् को देखा। 

SHI आयटनतरण प्रयोग को HEA और HC को अनकूुटलत करने के टलए शीषस-टपन्ड SiOx/Cu/Ni81Fe19/Ir7Mn93/Ta 

बाईलेयर रे्ि पर टकया गया। Au आयन फु्लएंरे्र् को टप्रस्ट्िाइन रे् 3.3×1011 आयन/cm² तक व्यिटस्ट्ित रूप रे् बढाने पर, 

PEA और NEA में क्रमशः ~10 Oe और ~178 Oe का र्धुार पाया गया। हालांटक, एक बार जब आयन डोज़ न ेAF 

लेयर में दोष टनमासण/टपटनगं र्ेंिर्स के टलए आिश्यक थ्रेर्होल्ड 3.3×1011 आयन/cm² को पार कर टलया, तो इिंरफेटर्यल 

टमटक्रं्ग के कारण HEA और HC दोनों में कमी दखेी गई। PEA और NEA में िरटि को आयन आयटनतरण के पररणामस्ट्िरूप 

AF लेयर में दोषों या हाइपरिमसल हीटिंग के टनमासण रे् जोडा जाता ह।ै ये प्रयोगात्मक पररणाम टडल्यूिेड एंिीफेरोमगै्नेटिक मॉडल 

के ढांच ेके अनरुूप हैं। टनरंतर प्रटशक्षण प्रभाि, जो आयटनतरण के बाद भी देखा गया, NiFe/IrMn लेयर के बीच एक 

अत्यटधक मेिास्ट्िेबल इिंरफेर् की उपटस्ट्िटत की पटुष्ट करता ह।ै 

एक र्मान अध्ययन एक श्रंखला के बॉिम-टपन्ड Si/SiO2/Cu/Ir8Mn92/Co2FeAl/Ta हिेरोस्ट्रक्चर र्ैंपल्र् पर भी टकया 

गया, जो र्मान पररटस्ट्िटतयों में उगाए गए िे। Au8+ आयन फु्लएंरे्र् को टप्रस्ट्िाइन रे् 3.3×1011 आयन/cm² तक व्यिटस्ट्ित 

रूप रे् बढाने पर, PEB और NEB में क्रमशः +6 Oe और -36 Oe का र्धुार देखा गया। हालांटक, एक बार जब आयन 
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डोज़ न ेAF लेयर में दोष टनमासण/टपटनगं र्ेंिर्स के टलए आिश्यक थ्रेर्होल्ड 3.3×1011 आयन/cm² को पार कर टलया, तो 

इिंरफेटर्यल टमटक्रं्ग के कारण HE और HC में कमी दखेी गई। क्रॉर्-रे्क्शनल रांर्टमशन इलके्रॉन माइक्रोस्ट्कोपी मापन 

FM/AF बाईलेयर्स में इिंरफेटर्यल टमटक्रं्ग का प्रमाण ह।ै PEB और NEB में िरटि को आयन आयटनतरण के पररणामस्ट्िरूप 

AF लेयर में दोषों या हाइपरिमसल हीटिंग के टनमासण के टलए टजम्मेदार ठहराया गया। िमसल स्ट्पाइक मॉडल का उपयोग प्राप्त 

प्रयोगात्मक पररणामों को स्ट्पष्ट करने के टलए टकया गया। पोस्ट्ि-आयटनतरण के बाद भी देखा गया टनरंतर प्रटशक्षण प्रभाि 

IrMn/CFA लेयर्स के बीच एक अत्यटधक मेिास्ट्िेबल इिंरफेर् की उपटस्ट्िटत की पटुष्ट करता ह।ै पररणामस्ट्िरूप, आयन 

आयटनतरण बाईलेयर्स के HE और HC को र्िीक रूप रे् ट्यनू करन ेके टलए एक रं्भाटित उपकरण के रूप में उभरता ह,ै 

आयन डोज़ को व्यिटस्ट्ित रूप रे् टनयंटित करके। 

र्ारांश में, EB प्रभाि रे् रं्बंटधत कई अटद्वतीय टिशेषताएँ, जैरे् AF ग्रेन र्ाइज टनभसरता, मोिाई टनभसरता, SHI आयटनतरण 

का प्रभाि, ररिर्सल अर्मटमटत और प्रटशक्षण प्रभाि की अंतरं्बंधता का ट्यूटनंग, इिंरफेटर्यल टस्ट्पन टडर्ऑडसर और फ्रस्ट्रेशन, 

और आयन-बीम स्ट्पिरड AF/FM बाईलेयर्स में टकर्ी भी फील्ड कूटलगं प्रोिोकॉल की आिश्यकता के टबना PEB की 

उपटस्ट्िटत, को प्रमाटणत और चचास की गई ह,ै टजरे् व्यापक रूप रे् स्ट्िीकार टकए गए EB मॉडलों के ढांचे में देखा गया ह।ै 

टिशेष रूप रे्, ितसमान प्रयोगात्मक प्रटशक्षण मापन टिटभन्न थ्योररटिकल मॉडलों, जैरे् टक िमसल ररलके्रे्शन, टबनेक का मॉडल, 

और टस्ट्पन ररलेक्रे्शन मॉडल के ढांच ेमें अच्छी तरह रे् टफि टकए गए हैं। 
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Abstract 

Characterizing and regulating the interface structure and magnetism in magnetically coupled 

bilayer heterostructures are crucial for developing an advanced generation of spintronics 

devices, such as giant magneto-resistance (GMR) based spin valves (SVs), tunnel magneto-

resistance (TMR) based magnetic tunnel junction (MTJs), non-volatile magnetic random-

access memories (MRAMs), sensors, and logic devices. The exchange bias (EB) effect is a 

magnetic exchange coupling phenomenon that occurs at the interfaces of 

antiferromagnetic/ferromagnetic (AF/FM) bilayers. This thesis aims to address some of the 

unresolved issues related to the EB phenomenon in technologically significant AF/FM bilayers. 

Ultrathin bilayers of Ir7Mn93/Co2FeAl and Ir7Mn93/Ni80Fe20 are grown using the ion-beam 

sputtering technique to gain new insights into the critical influence of AF grain size dependence 

at the AF/FM interfacial spin structure. In addition to that, the exchange bias has been 

significantly tailored by means of the AF grain size and impact of the swift heavy ion beam 

(SHI) irradiation. The SHI irradiation is particularly employed to study the effect of defects, 

grain size, domain size, and interfacial mixing at the AF/FM interface. Thus, we have attempted 

to study the AF/FM interface and its critical role in interfacial spin disorder and frustration on 

the characteristic EB manifestations for their eventual implementation in advanced magnetic 

devices. 

The investigation and tunning of positive exchange bias (PEB) and negative exchange bias 

(NEB) are reported at room temperature (RT) and low temperature (20K), respectively, in a 

series of top-pinned Ni81Fe19(𝑡𝐹𝑀=5,8,11,14,17,20nm)/Ir7Mn93(10nm) polycrystalline 

heterostructure thin films grown in the presence of 1kOe in situ magnetic field by 

systematically controlling the microstructural parameters such as thickness, interface 

roughness, and crystallite/grain size. On decreasing the thickness (roughness) of NiFe from 

20nm (0.49nm) to 5nm (0.28nm), an enhancement in PEB and NEB is observed from +12Oe 

to +22Oe and -300Oe to -556Oe at RT and 20K, respectively. It is observed that both exchange 

bias and coercivity substantially depend on the atomic scale roughness of the interface width 

(NiFe/IrMn). The representative plane-view of transmission electron microscopy (TEM) 

measurements revealed the enhanced AF grain size on decreasing the thickness of FM, whereas 

cross-sectional TEM studies exhibited sharp interfaces in the bilayer samples after magnetic 

annealing. A unique correlation between the training mechanism and the degree of asymmetry 

is established. Further, the training measurement data are fitted with various theoretical models 

that support that not only interfacial but also bulk AF spins play a vital role in the exchange 

bias. Thus, the present study reveals the microstructural insights by varying the thickness of 
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NiFe to address the unresolved issues of the EB by directly correlating it with interface 

roughness and the crystallite/grain size of AF in it, which are probed using the 

magnetoresistance technique.   

The tunable exchange bias in a series of top-pinned Ni81Fe19/Ir7Mn93 polycrystalline bilayer 

samples fabricated at RT in the presence of in situ magnetic field of 1kOe followed by magnetic 

annealing at 250 C in the presence of 3.5 kOe by tuning the grain size of the antiferromagnetic 

IrMn layer is also investigated. These bilayers exhibit robust PEB at RT, with a reasonably 

large positive shift of the center of MH-loop (i.e., exchange bias field, HEB) by ~30 Oe which 

is observed in bilayers having the largest median grain size of ~7.2 nm. However, on-field 

cooling to 15 K in the presence of 3 kOe, the MH loops exhibited the conventional NEB. The 

PEB and NEB are found to be tailored in a controlled manner by a factor of ~2.5 and ~2, 

respectively, by systematically varying the grain size of the AF. In the training measurements, 

a relatively slower decay is observed in the magnitude of HEB on field cycling for the samples 

that possessed the largest-sized AF grains. This decay could not be understood within the 

framework of the thermal relaxation model. However, the decay in HEB is satisfactorily fitted 

by the spin relaxation model which considers decay in the metastable magnetic disorder at the 

magnetically frustrated interface during magnetization reversals.  

The examination of the substantial large and customizable exchange anisotropy (HEA) and 

coercivity (𝐻𝐶) in a set of bottom-pinned Ir7Mn93/Co2FeAl bilayer heterostructures are also 

probed. This customization is achieved by controlling the microstructural parameter (i.e., grain 

diameter) of the AF (IrMn) layer. These bilayers revealed strong positive exchange anisotropy 

(PEA) at RT, while negative exchange anisotropy (NEA) became evident when field-cooled to 

15K in the presence of 3 kOe. The maximum observed PEA (NEA) was ~ +32 Oe (−176  Oe) 

in bilayers having an average AF grain diameter of 7.12 (± 0.04) nm. By systematically 

controlling the AF grain diameter from 5.62 nm to 7.12 nm, the PEA and NEA were found to 

be altered by a factor of ~2.1 and ~1.8, respectively. However, once the AF grain diameter 

exceeded the necessary threshold for thermal stability, further enhancement in grain diameter 

above 7.12 nm led to a reduction in both 𝐻𝐸𝐴 and 𝐻𝐶. This decrease was attributed to a 

reduction in pinning centers at the AF/FM interface. The training data are fitted by utilizing 

various theoretical models, such as thermal relaxation, Binek’s model, and spin relaxation 

model. The spin relaxation model was found to be applicable to fit the complete range of 

training data, encompassing both thermal and athermal decay, within the context of frozen and 

rotatable spins. The qualitative assessment revealed the observation of non-equilibrium 

magnetically frustrated interface dynamics during the magnetization reversal process. 
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The SHI irradiation experiment was performed to tailor the HEA and HC in a set of top-pinned 

SiOx/Cu/Ni81Fe19/Ir7Mn93/Ta bilayers. By systematically increasing the Au ion fluences from 

pristine to 3.31011 ion/cm2, the PEA and NEA were found to be enhanced by ~10 Oe and 

~178 Oe, respectively. However, once the ion doses surpassed the necessary threshold of 

3.31011 ion/cm2 required for defect creation/pinning centers in the AF layer, a reduction in 

both 𝐻𝐸𝐴 and 𝐻𝐶 was observed due to the interfacial mixing. The enhancement in PEA and 

NEA is attributed to the creation of defects or hyperthermal heating in the AF layer as a 

consequence of ion irradiation. These experimental results align with the framework of the 

diluted antiferromagnetic model. The persistent training effect, which is observed even after 

irradiation, confirms the existence of a highly metastable interface between the NiFe/IrMn 

layer.  

A similar study was also conducted on a series of bottom-pinned 

Si/SiO2/Cu/Ir8Mn92/Co2FeAl/Ta heterostructure samples grown under identical conditions. On 

systematically increasing the Au8+ ion fluences from pristine to 3.31011 ion/cm2, the PEB and 

NEB experienced enhancements of +6 Oe and -36 Oe, respectively. Nevertheless, once the ion 

doses exceeded the critical threshold of 3.31011 ion/cm2 required for creating defects/pinning 

centers in the AF layer, a decrease in both HE and HC was observed due to interfacial mixing. 

The cross-sectional transmission electron microscopy measurements are evidence of the 

interfacial mixing in the FM/AF bilayers. The augmentation in PEB and NEB is ascribed to the 

generation of defects or hyperthermal heating in the AF layer resulting from ion irradiation. 

The thermal spike model is employed to elucidate the observed experimental results. The 

enduring training effect, observed even after post-irradiation, substantiates the existence of a 

highly metastable interface between the IrMn/CFA layers. Consequently, ion irradiation 

emerges as a potential tool for precisely tailoring the HE and HC of the bilayers by methodically 

regulating the ion dose.  

In summary, several remarkable features associated with the EB effect such as AF grain size 

dependence, thickness dependence, impact of SHI irradiation, tunning of the interdependence 

of reversal asymmetry and training effect, interfacial spin disorder and frustration, and 

occurrence of PEB without requiring any field cooling protocol in ion-beam sputtered AF/FM 

bilayers are evidenced and discussed within the framework of widely accepted EB models. In 

particular, the present experimental training measurements are well fitted within the framework 

of the various theoretical models, such as thermal relaxation, Binek’s model, and spin 

relaxation model. 
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thickness (tNiFe). Whereas average grain size (DIrMn) is measured 

and analyzed on GR1 to GR6 samples using TEM concerning to 

the function of tNiFe.  
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4.7. (a) Magnetization hysteresis loop (at 2 Oe field-intervals) recorded 

on the magnetic annealed Ta/NiFe/IrMn/Ta sample (BL5MA) at 

RT (The 3 arrows in purple, shown in the 4th quadrant, indicate the 

directions of different magnetic fields applied during the 

deposition (HDep), annealing (HAnn), and the magnetization 

measurement (HMeas)), (b) Derivative of hysteresis loop (MH) 

shown in Fig. 4.7(a). The inset in Fig. 4.7(b) shows a zoomed view 
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of the suppressed peak to better divulge the asymmetry in the peak 

depth/height for the BL5MA sample.   

4.8. Magnetization hysteresis loops of the BL5MA sample recorded at 

20K after zero-field cooling from RT. (The 3 thick arrows in blue, 

shown in the first quadrant, indicate the directions of different 

magnetic fields applied during the deposition (HDep), annealing 

(HAnn), and measurement (HMeas).  

52 

4.9. Magnetization hysteresis loops recorded on BL5MA at 20K after 

field cooling from RT in the presence of 3kOe (HCF).  (The 3 thick 

arrows in blue, shown in the first quadrant, show the directions of 

different magnetic fields applied during the deposition (HDep), 

annealing (HAnn), and measurement (HMeas). Six consecutive 

hysteresis loops have been recorded to study the training effect.  
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4.10. (a) Representative MR loops of the magnetically annealed 

Ta/NiFe(8-20nm)/IrMn/Ta heterostructures recorded at 20K after 

field cooling in the presence of 3kOe magnetically field from RT. 

(b) Variation of exchange bias (HEB) (solid blue square data 

symbols) and coercivity (HC) (solid red circle data symbols) as a 

function of FM-thickness from 8 nm to 20 nm in the steps of 3 nm. 

The inset in Fig. 4.10(a) shows a zoomed view of the suppressed 

peak to better divulge the asymmetry in the height of the peak for 

a series of samples.  
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4.11. Consecutive MR loops (at 6 Oe field-intervals), recorded at 20K 

after field cooling from RT in the presence of 3kOe for the series 

of bilayer samples (BL8MA-BL20MA) to exhibit the training 

effect and to investigate the correlation of the training mechanism 

with the change in FM-thickness, (a) 8nm, (b) MH loop for 8nm 

sample at 20K (for validation of MR data), (c) 11nm, (d) 14nm, 

(e) 17nm, and (f) 20nm. 10 field cycles are shown (i.e., from n=1 

to n=10).  Insets in Figs. a & c-f show a zoomed view of the 

suppressed peak to better divulge the asymmetry in the peak height 

for a series of samples.                                
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4.12. Variation of HEB (represented by black open circles) and degree of 

asymmetry, ζ (represented by blue open triangles) as a function of 

loop index at a different thickness of ferromagnet, (a) 8nm, (b) 

11nm, (c) 14nm, (d) 17nm, and (e) 20nm, are recorded at 20K after 

field cooling from RT in presence of 3kOe for the series of bilayer 

samples (BL8MA-BL20MA) to investigate the correlation 

between training mechanism and degree of asymmetry. Solid lines 

are guided to the eyes. Inset shows a nearly linear dependence of 

training effect (HEB) on the degree of asymmetry (ζ).   
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4.13. Fitting of training measurement data recorded at 20K after field 

cooling from RT in the presence of 3kOe for a series of bilayer 

samples (BL8MA-BL20MA), using thermal (equation (4.6)) and 

spin relaxation (equation (4.7)) models. The correlation behavior 

of training measurement data with FM-layer thickness is 

investigated for (a) 8 nm, (b) 11 nm, (c) 14 nm, (d) 17 nm, and (e) 

20 nm. The error bars in the HEB are of ±6 Oe. 
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4.14. Illustration of training effect data (i.e., decrease in HEB normalized 

w.r.t. to HEB (n=1) at large loop index, n) of the MR loops 

(T=20K) for all the 5 heterostructure samples exhibiting the effect 

of changes in FM-layer thickness. 
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5.1. (a) The GIXRD spectrum of the as-deposited heterostructure 

sample (BL90). The solid red line is the fit using Fityk1, and (b) a 

comparison of the GIXRD spectra recorded on the as-deposited 

sample BL90 (deposited at RT in the presence of 1000 Oe) with 

that recorded after its magnetic annealing at 250°C/3500 Oe 

(BL90MA).  

74 

5.2. The X-Ray reflectivity profiles of all the 

Cu(20)/NiFe(10)/IrMn(10)/Ta(5) samples of the series (BL60-

BL120). The inset shows a zoomed view of the overlapped spectra 

in a narrow 2θ range to better reveal the effect on the interface 

roughness in the series samples.   
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5.3. Effect of sputtering power applied to the IrMn (PIrMn) during thin 

film growth; (a) Effect of sputtering power on the growth rate 

(GIrMn). The solid line is the straight line that fits the data. (b) 

Effect of sputtering power on the density of the AF layer and 

interface roughness (σI). Lines connecting the data points are a 

guide to the eye.  
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5.4. Simulated fits to experimentally recorded XRR data of all the 

samples of the SL-series (SL60-SL120) sputtered at different 

growth rates. A systematic correlation can be seen between the 

surface roughness (σs) value determined from the simulations and 

the growth rate. The symbol represents the experimentally 

recorded XRR data whereas the solid lines indicate the simulated 

data. 
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5.5. AFM images recorded on the single layer IrMn(10nm) samples 

(SL60-SL120) obtained by varying the growth rate of IrMn films; 

(a) 1.30 nm/min, (b) 2.26 nm/min, (c) 2.73 nm/min, (d) 3.29 

nm/min, and (e) 3.60 nm/min.  
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5.6. Comparative study of the effect of the growth rate of single layer 

IrMn thin films (SL-series, samples SL60-SL120) on the surface 

roughness inferred using AFM and XRR techniques.  
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5.7. High-resolution TEM images of IrMn(10nm) films deposited 

directly on the TEM grids (GR60-GR120) by sputtering the IrMn 

target at different growth rates showing the changes in the 

distribution of grain size; Growth rates are (a) 1.30 nm/min, (b) 

2.26 nm/min, (c) 2.73 nm/min, (d) 3.29 nm/min, and (e) 3.60 

nm/min, which correspond to the PIrMn of 60W, 75W, 90W, 105W, 

and 120W, respectively. All samples in (a) to (e) are as-grown 

samples, i.e., sputtered at RT in the presence of 1000 Oe in situ 

static magnetic field. (f) The TEM image of the IrMn film 

(GR120MA) deposited at the highest growth rate of 3.6 nm/min at 

RT followed by its magnetic annealing at 250°C. The scale bar is 

5nm in length. 
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5.8. Variation of the median grain size (Dm) as a function of the growth 

rate (GIrMn) maintained during the growth of AF IrMn film. 

82 

5.9. Magnetization hysteresis loops of the magnetic annealed 

Cu/NiFe/IrMn/Ta sample (BL120MA) recorded at RT: (a) 

Deposited in the presence of in situ magnetic field of 1 kOe 

strength, (b) Deposited in the absence of any in situ magnetic field. 
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5.10. Magnetization hysteresis loops of the magnetic annealed 

Cu/NiFe/IrMn/Ta sample (BL60MA) recorded at 15K after field 

cooling (FC) from RT in the presence of 3000 Oe (HCF).   
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5.11 Grain size-dependent PEB and NEB on magnetic annealed 

Cu/NiFe/IrMn/Ta samples (BL60MA-BL120MA) at (a) RT and 

(b) 15K. 
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5.12. (a) The magnitude of positive (PEB) and negative (NEB) 

exchange bias fields as a function of median grain size (Dm) in the 

AF layer. The open circle and square symbols represent the PEB 

and NEB, respectively, (b) Variation in the coercivity (HC) at RT, 

and 15 K as a function of the median grain size (Dm) in the AF 

layer. The open circle and square symbols represent the 𝐻𝐶 at RT 

and 15 K respectively, and the line connecting the data points are 

guided to the eye. 

86 

5.13. Cyclic MH loops, recorded (at 20 Oe field intervals) at 15 K after 

field cooling from RT in the presence of 3000 Oe for the series of 

heterostructure samples (BL60MA-BL120MA) to investigate the 

correlation of the training mechanism with the change in the mean 

grain size in them, (a) 5.28 nm, (b) 5.68 nm, (c) 5.88, (d) 6.69, and 

(e) 7.21 nm. For brevity, 8 field cycles are shown (i.e., from n=1 

to n=8).   

89 

5.14. Fitting of training measurement data (for 10 field cycles i.e., from 

n=1 to n=10) using thermal [Eqn 5.5)] and spin relaxation [Eqn 

(5.6)] models, recorded at 15 K after field cooling from RT in the 

presence of 3000 Oe for the series of samples (BL60MA-
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BL120MA) to investigate the correlation of the training 

mechanism with the different mean grain sizes in the AF layer, (a) 

5.28 nm, (b) 5.68 nm, (c) 5.88, (d) 6.69, and (e) 7.21 nm. The error 

bars in the HEB are of ±10 Oe. 

5.15 Visualization of training effect (i.e., decrease in HEB normalized 

w.r.t. to HEB at large loop index n) of the different hysteresis loops 

for all the 5 bilayers samples showing the effect of changes in the 

median grain size (Dm) of AF. 

93 

6.1. (a-e) GIXRD spectra of all the five as-deposited 

Cu(20)/IrMn(10)/CFA(10)/Ta(5) heterostructure samples (HS70-

HS130) from the first series of samples having different grain sizes 

in the AF IrMn layer. The solid red lines represent the fits obtained 

using Fityk1.  (f) A comparison is presented between the GIXRD 

spectra recorded on the as-deposited sample (HS130) and obtained 

after magnetic annealing in the presence of a 3 kOe field at 523 K 

for 1 hour within a high vacuum environment. 
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6.2. (a) X-ray reflectivity (XRR) profiles of all the five 

Cu(20)/IrMn(10)/CFA(10)/Ta(5) samples (HS70-HS130) 

belonging to the first series. (b) The impact on the film-deposition 

rate or film-growth rate (GIrMn) of the power (PIrMn) applied to the 

antiferromagnetic (IrMn) target during sputtering. The solid 

straight line represents the linear fitting of the data. (c) The 

influence of the PIrMn on the interface roughness (σI) and density 

of the AF layer (dIrMn) in the five samples is depicted. Lines 

connecting the data points are merely guides to the eye. 
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6.3. The impact of the growth rate (GIrMn) on the interface roughness 

of the antiferromagnetic IrMn layer ( I) is inferred from the 

simulation of the experimentally observed XRR profiles. 
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6.4. High-resolution TEM images were captured in plane-view on 

IrMn films (10nm) directly deposited onto TEM grids, of the GR 

series samples (i.e., GR70-GR130). These films were sputtered 

from the IrMn target at various sputtering power levels, 
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corresponding to different growth rates. The growth rates are as 

follows: (a) 0.32 Å/s, (b) 0.43 Å/s, (c) 0.48 Å/s, (d) 0.58 Å/s, and 

(e) 0.65 Å/s, corresponding to the PIrMn values of 70W, 85W, 

100W, 115W, and 130W, respectively. All samples shown in (a) 

to (e) were imaged in their as-grown state, i.e., sputtered in the 

presence of 1 kOe in situ static magnetic field at RT. (The scale 

bar is 5 nm in length). 

6.5. Illustrating the impact of growth rate (GIrMn) on mean grain 

diameter (Da) using this graphical representation. The solid line 

indicates the fitted data using the Johnson Mehl equation as 

discussed below.  
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6.6. Representative EDS mappings recorded on (a) the CFA and (b) 

IrMn films, grown on the Si substrate, suggesting uniform growth 

throughout the entire scanning area of 100 μm.  

105 

6.7. The first cycle of the magnetization versus applied field (MH) loop 

recorded on the magnetic annealed Cu/IrMn/CFA/Ta sample 

(Da=6.94 nm). The inset shows the decay in the absolute value of 

exchange anisotropy (HEA) with the loop index (n).  
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6.8. The first cycle of the magnetization hysteresis loop of the 

magnetic annealed Cu/IrMn/CFA/Ta sample (i.e., Da=6.94 nm). 

This measurement was conducted at 15K after cooling the sample 

from RT in the presence of a 3 kOe magnetic field (HCF).  
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6.9. Tuning of PEA and NEA in response to variation in AF grain 

diameter was explored across all heterostructure samples, denoted 

as Cu/IrMn/CFA/Ta samples (HS70MA-HS130MA). (a) PEA at 

RT and (b) NEA at 15K. (c) PEA and NEA as a function of 

average grain diameter (Da) in the AF layer. The open square and 

circle symbols represent the NEA and PEA, respectively. (d) 

Variation of HC at RT, and 15K as a function of the Da in the AF 

layer. The open circle and square symbols represent the 𝐻𝐶 at RT 
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and 15K respectively. The lines connecting the data points merely 

serve as a visual guide. 

6.10. Consecutive hysteresis loops recorded (n value ranging from 1 to 

7, at 15K after field cooling the heterostructure samples (i.e., 

Da=5.39 nm to Da=7.55 nm) from RT in the presence of 3 kOe 

magnetic field to investigate the decay in training mechanism and 

its dependence on the changes in average AF grain diameter: (a) 

5.39 nm, (b) 5.94 nm, (c) 6.13 nm, (d) 6.94 nm, and (e) 7.55 nm. 

The solid line connecting the data points is intended for visual 

guidance.  
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6.11. Fitting analysis of training data recorded at 15K after field cooling 

from RT in the presence of 3 kOe (encompassing 7 field cycles 

i.e., from n=1 to n=7) using thermal relaxation (Eq. 6.2), spin 

configuration relaxation (Eq. 6.3), and spin relaxation (Eq. 6.4) 

models for the HS70MA-HS130MA samples to investigate the 

relationship between the training mechanism and loop index n at 

different grain diameters within the AF layer, (a) 5.39 nm, (b) 5.94 

nm, (c) 6.13, (d) 6.94, and (e) 7.55 nm.  
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7.1. (a) GIXRD spectra recorded on the pristine 

Si/SiOx/Cu(20)/NiFe(10)/IrMn(15)/Ta(3) heterostructure 

samples. (b) A systematic comparison is presented between the 

GIXRD spectra recorded on the pristine and irradiated (from ion 

fluence f1 to f6) samples. (c) The qualitative assessment of the 

impact of the ion fluence on the heterostructure samples by 

presenting the intensity counts of the most prominent peaks versus 

fluence. (d) X-ray reflectivity (XRR) profiles observed on the 

pristine sample along with fitted profile using X’pert reflectivity 

software by considering the stack of 

SiOx/Cu(20)/NiFe(10)/IrMn(15)/Ta(3). 
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7.2. Representative EDS mappings obtained on the (a) NiFe and (b) 

IrMn samples grown on the Si substrate, suggesting uniform 

growth throughout the entire scanning area of 1μm.  
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7.3. Magnetization hysteresis loop recorded on the magnetic annealed 

Cu/NiFe/IrMn/Ta pristine sample (a) at RT, (b) at 10K, followed 

by field cooling from RT under the impact of the 3 kOe (HCF). The 

text in parenthesis ‘1st’ in the figure panels indicates the cycle 

number of the indicated hysteresis-loop. 
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7.4. Ion fluence-dependent exchange anisotropy and coercivity in the 

magnetic annealed heterostructure samples of Cu/NiFe/IrMn/Ta at 

RT and 10K. (a) Variation of the PEA at RT with ion fluences 

ranging from f1 to f6, (b) Variation of the NEA at 10K with ion 

fluences ranging from f1 to f6, (c) Quantitative assessment of the 

variation of the PEA and NEA with ion fluences, (d) Quantitative 

analysis of the variation of the coercivity with ion fluences. 
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8.1. (a) Magnetic field sample holder in-compatible with the ion beam 

sputtering system to grow the thin films under the influence of 1 

kOe. (b) A bar magnet is used to create the in-plane uniform 

magnetic field. (c) A magnetic field sample holder is in-

compatible with the ladder of the swift heavy ion irradiation which 

enables us to perform the ion irradiation under the impact of a 1 

kOe magnetic field.   
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8.2. (a) GIXRD spectra recorded on the as-deposited and magnetic 

annealed Si/SiO2/Cu(20)/IrMn(15)/CFA(10)/Ta(3) 

heterostructure samples. (b) A systematic comparison is presented 

between the GIXRD spectra recorded on the pristine and irradiated 

(from ion fluences f1 to f6) samples. (c) The quantitative 

assessment of the impact of the ion fluences on the heterostructure 

samples by presenting the intensity counts of the most prominent 

peaks versus fluence. (d) XRR profiles observed on the magnetic 

annealed pristine sample along with fitted profile using X’pert 

reflectivity software by considering the stack of 

Si/SiO2/Cu(20)/IrMn(15)/CFA(10)/Ta(3). 
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8.3. Magnetization hysteresis (MH) loop recorded on the magnetic 

annealed Cu/IrMn/CFA/Ta pristine sample (a) at RT, (b) at 10K 
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followed by zero field cooling from RT, (c) at 10K, followed by 

field cooling from RT under the impact of the 3.5 kOe (HCF).  

8.4. Illustration of the exchange anisotropy and coercivity with ion 

fluence in magnetically annealed heterostructure samples of 

Cu/IrMn/CFA/Ta at both RT and 10K. Subfigures depict (a) the 

changes in PEB at RT for ion fluences ranging from f1 to f6, (Only 

4 loops are shown for clarity). (b) the alterations in NEB at 10K 

with ion fluences ranging from f1 to f6, (Only 4 loops are shown 

for clarity). (c) a quantitative analysis showcasing the variation of 

both PEB and NEB with ion fluences, and (d) a quantitative 

assessment of the changes in coercivity with ion fluences. 
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8.5. Consecutive hysteresis loops recorded (n value ranging from 1 to 

6, and shown with different data symbols) at 10 K after field 

cooling the heterostructure samples (i.e., HSf6) from RT in the 

presence of 3.5 kOe magnetic fields to investigate the training 

behaviour after ion irradiation.  The 3 thick violet arrows in the 1st 

quadrant, show the directions of different magnetic fields applied 

during the growth (HDep), annealing (HAnn), and ion beam 

irradiation (Hirr.) whereas the solid line connecting the data points 

is intended for visual guidance.  
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