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Abstract 
 

The spin-orbit torque (SOT) generated by materials with significant spin-orbit coupling offers 

a promising avenue for developing energy-efficient and fast SOT-based memory and 

neuromorphic computing (NC) devices. SOT magnetization switching in ferromagnets (FM) 

with large perpendicular magnetic anisotropy (PMA) is particularly promising for next-

generation non-volatile magnetoresistive random access memory (MRAM). This technology 

requires a high-performance pure spin current source with a large spin Hall angle and high 

electrical conductivity, achievable through mass production techniques. While SOT-induced 

switching typically needs an external magnetic field to break symmetry, achieving field-free 

switching (FFS) in perpendicularly magnetized FM layers is crucial for advancing high-density 

memory technology. 

In the first part of this thesis, we utilized a new class of quantum material as a spin-density 

generator source, specifically topological insulators (TIs) like Bi2Se3, CoFeB was used as the 

FM layer, with various thin insertion layers of Pt, Ta, and Cu placed between the Bi2Se3 and 

FM films. We developed these multilayer Bi2Se3/insertion-layers/CoFeB structures using 

magnetron sputtering at room temperature. The study examined how the intermixing chemical 

state and additional Co-Pt interface influence the damping-torque efficiency of these sputtered 

TI-based SOT devices. A significant enhancement in SOT efficiency was observed in Pt 

insertion-based SOT devices.  

In the next part, we developed sputtered heterostructures of W/Pt/Co(FM)/NiO/Pt samples with 

varying NiO thicknesses. Grazing incidence wide-angle X-ray scattering measurement 

confirmed that thick NiO (30nm) exhibited robust antiferromagnetic (AFM) ordering. Current-

induced perpendicular magnetization switching of the Co layer was observed under the SOT 

scheme. FFS under minimal current density was achieved in thick NiO cases due to the 

exchange bias effect.  
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In the last part, we examined the neuromorphic characteristics of NiO-based SOT devices for 

NC applications. We observed the memristive behavior and intermediate magnetization state 

of W/Pt/Co/NiO/Pt devices. Using the experimental results from these NiO-based SOT devices, 

we constructed artificial synapses and sigmoidal neurons. We then implemented an artificial 

neural network in Python, based on these synapses and neurons, achieving remarkable pattern 

recognition accuracy on the Modified National Institute of Standard and Technology (MNIST) 

dataset.    
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साराशं 
 

िèपन -ऑǒब[ट कपͧलगं वाले सामͬĒयɉ ɮवारा उ×पÛन िèपन -ऑǒब[ट टॉक[ (SOT) ऊजा[ -कुशल और तजे 

SOT-आधाǐरत ममेोरȣ और Ûयरूोमोͩफ[ क कंÜयǑूटगं (NC) उपकरणɉ के ͪवकास के ͧलए एक आशाजनक 

माग[ Ĥदान करता है। बड़ी परेपɅͫडकुलर मÊैनेǑटक एनीसोĚॉपी (PMA) वाले फेरोमैÊनेɪस (FM) मɅ SOT 

मÊैनटेाइजशेन िèवͬचगं अगलȣ पीढ़ȣ कȧ नॉन -वोलाटाइल मÊैनटेोरेͧसिèटव रɇडम एÈससे ममेोरȣ (MRAM) 
के ͧलए ͪवशषे Ǿप स ेआशाजनक है। इस तकनीक के ͧलए बड़ ेिèपन हॉल एगंल और उÍच ͪवɮयुत 
चालकता वाले उÍच -Ĥदश[न शɮुध िèपन करंट İोत कȧ आवæयकता होती है, िजस ेबड़ ेपमैान ेपर उ×पादन 
तकनीकɉ के माÚयम स ेĤाÜत ͩकया जा सकता है। जबͩक SOT-Ĥेǐरत िèवͬचगं को आमतौर पर 
समǾपता तोड़न ेके ͧलए एक बाहरȣ चुबंकȧय ¢ğे कȧ आवæयकता होती है, पेरपɅͫडकुलरलȣ मÊैनेटाइÏड 
FM लेयरɉ मɅ फȧãड -ĥȧ िèवͬचगं (FFS) ĤाÜत करना उÍच -घन×व ममेोरȣ तकनीक को आगे बढ़ान ेके ͧलए 
मह×वपूण[ है। 

इस शोध Ĥबधं के पहले भाग मɅ, हमन ेएक नई Įेणी कȧ Èवाटंम सामĒी का उपयोग िèपन -डɅͧसटȣ जनरेटर 

İोत के Ǿप मɅ ͩकया, ͪवशषे Ǿप स ेटोपोलॉिजकल इंसलेुटस[ (TIs) जैस ेBi2Se3। CoFeB को FM लेयर 

के Ǿप मɅ इèतमेाल ͩकया गया, िजसमɅ ͪवͧभÛन पतलȣ इंसश[न लेयरɅ Pt, Ta, और Cu को Bi2Se3 और 

FM ͩ फãमɉ के बीच रखा गया। हमन ेइन बहुèतरȣय Bi2Se3/इंसश[न -लेयर/CoFeB सरंचनाओ ंको कमरे 
के तापमान पर मÊैनĚेॉन èपटǐरगं का उपयोग करके ͪवकͧसत ͩकया। अÚययन न ेजाचं कȧ ͩक इन èपटर 
TI-आधाǐरत SOT उपकरणɉ कȧ डिैàपगं -टॉक[ द¢ता पर इंटरͧमिÈसंग केͧमकल èटेट और अǓतǐरÈत 

Co-Pt इंटरफेस का Èया Ĥभाव पड़ता है। Pt इंसश[न -आधाǐरत SOT उपकरणɉ मɅ SOT द¢ता मɅ 
मह×वपूण[ वɮृͬध देखी गई। 

अगले भाग मɅ, हमन ेW/Pt/Co(FM)/NiO/Pt नमूनɉ के èपटर ͩकए गए हेटरोèĚÈचस[ को ͪवकͧसत 
ͩकया, िजनमɅ NiO कȧ मोटाई ͪवͧभÛन थी। Ēेिज़गं इिÛसडɅस वाइड -एंगल एÈस - रे èकैटǐरगं मापन न ेपिुçट 

कȧ ͩक मोटे NiO (30nm) न ेमजबतू एटंȣफेरोमैÊनेǑटक (AFM) Đम Ǒदखाया। SOT योजना के तहत Co 

लेयर कȧ करंट -Ĥेǐरत परेपɅͫडकुलर मÊैनेटाइजेशन िèवͬचगं देखी गई। एÈसचɅज बायस Ĥभाव के कारण 
मोटे NiO मामलɉ मɅ Ûयनूतम करंट घन×व के तहत FFS ĤाÜत हुआ। 

अǓंतम भाग मɅ, हमन ेNC अनुĤयोगɉ के ͧलए NiO-आधाǐरत SOT उपकरणɉ कȧ Ûयरूोमोͩफ[ क 
ͪवशषेताओ ंका परȣ¢ण ͩकया। हमन ेW/Pt/Co/NiO/Pt उपकरणɉ का ममेरेͧसव åयवहार और 
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इंटरमीͫडएट मÊैनटेाइजेशन èटेट देखा। इन NiO-आधाǐरत SOT उपकरणɉ स ेĤाÜत Ĥायोͬगक पǐरणामɉ 
का उपयोग करत ेहुए, हमन ेकृǒğम ͧसनैÜस और ͧसÊमॉइडल ÛयरूॉÛस का Ǔनमा[ण ͩकया। इसके बाद, 
हमन ेइन ͧसनÜैस और ÛयरूॉÛस पर आधाǐरत एक कृǒğम Ûयरूल नटेवक[ को Python मɅ लाग ूͩकया, िजसस े
मॉͫडफाइड नशेनल इंèटȣɪयूट ऑफ èटɇडɬ[स एडं टेÈनोलॉजी (MNIST) डटेासेट पर उãलेखनीय पटैन[ 
पहचान सटȣकता ĤाÜत हुई। 
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up. (c) and (d) represent the RH (I, α) of Bi2Se3/CoFeB and 

Bi2Se3/Pt(0.5)/CoFeB(5) samples at ± 5.0mA respectively 

68 

3.10           Angle-dependent Hall resistance measurements, and SOT 

Characterization. (a) and (b) illustrate the RDH (I, α) variation of 

Bi2Se3/CoFeB and Bi2Se3/Pt (0.5)/CoFeB (5) samples at 

different input currents respectively. (c) and (d) represent the 
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variation of Hoop versus JBS of both structures, respectively. The 

SOT efficiency of Bi2Se3/CoFeB and Bi2Se3/Pt (0.5)/CoFeB (5) 

samples were determined by their respective slope 

3.11          (a) The RH (I, α ) of Bi2Se3(7)/Pt(1)/CoFeB(5) samples at ± 

5.0mA. (b) RDH (I, α)  variation of Bi2Se3/Pt(1)/CoFeB(5) 

samples at different input currents (3.0mA to 6mA). (c)The 

variation of the out-of-plane effective field with current density. 

72 

3.12 Resistance versus magnetic field at 1 mA input current for  

(a) Bi2Se3(7)/CFB, (b) BS/Pt (0.5)/CFB, and  

(c) BS/Pt (1.0)/CFB respectively 

73 

3.13         The variation of the out-of-plane effective field with current 

density, (b) benchmark diagram[172] 

73 

3.14         SOT efficiency of Bi2Se3(7)/Ta (0.5)/CoFeB (5) system. (a) and 

(b) depicted the RH (I, α ) and RDH (I, α)  of 

Bi2Se3/Ta(0.5)/CoFeB samples at ± 5.0mA and at different input 

currents respectively. (c) represents the variation of Hoop versus 

JBS of Bi2Se3(7)/Ta (0.5)/CoFeB structures. The SOT efficiency 

of Bi2Se3(7)/Ta (0.5)/CoFeB samples was determined by their 

slope. 

74 

4.1           Crystallographic analysis of NiO-based samples with various 

thicknesses of NiO layers: (a) illustration of NiO-based samples, 

(b), (c), and (d) represents the GIWAXS patterns of NiO-2nm, 

NiO-15nm, and NiO-30nm samples respectively. All three 

samples revealed textured Pt and NiO crystallographic planes of 

(111), (200), (220), and (311). NiO-2nm sample presented the Pt 

crystallographic plane characteristics, whereas NiO-15nm and 

NiO-30nm samples exhibited NiO planes.  

80 

4.2          The extracted 2- profile of each NiO-based sample from their 

GIWAXS pattern: (a), (b), and (c) illustrate the ARXRD spectra 

of NiO-2nm, NiO-15nm, and NiO-30nm samples respectively at 

different polar angle ( 𝛹 = 0°, 29.5°, 35.3°, 54.7°) . (d) show the 

82 
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combined ARXRD profile of NiO-2nm, 15nm, and 30nm at  𝛹 

= 0°. The transformation from the q-space to the 2- profile was 

achieved using a wavelength of 1.5418 Å. 
4.3          Schematic device structure and perpendicular exchange bias 

effect. (a) NiO-based device structure with spin configuration 

(left) and set-up for Hall bar electrical measurements (right). (b) 

Hall resistance response under variation of perpendicular 

magnetic field (Hz), highlighting the PMA nature and switching 

properties of the NiO structure. (c),(d), and (e) show the 

hysteresis loop of Nio-2nm, NiO-15nm, and NiO-30nm samples 

under Hz respectively 

83 

4.4          Anomalous Hall effect measurements at Hx = 0 Oe;  (a),(b), and 

(c) represent the AHE loop of NiO-2nm, NiO-15nm, and NiO-

30nm devices respectively, under different bias currents. These 

AHE loops are used to calculate  𝐻௭
௘௙௙ field 

85 

4.5         Anomalous Hall effect  measurements (a),(b), and (c) represent 

the in-plane AHE loop of NiO-2nm, NiO-15nm, and NiO-30nm 

devices respectively, under different bias currents 

86 

4.6         Current-induced out-of-plane effective field (  𝐻௭
௘௙௙ ) of NiO-

based devices: (a),(b), and (c) depicted the variation of Hc
+, Hc

-, 

and  𝐻௭
௘௙௙ field with bias current density (Jc) for the NiO-2nm,-

15nm, and NiO-30nm devices, respectively. The blue and pink 

respectively indicate positive (Hc
+) and negative (Hc

-) switching 

fields while the light green indicates the average ( 𝐻௭
௘௙௙) of the 

devices 

88 

4.7          Current-induced magnetization switching loop of NiO-based 

SOT device: (a), (b), and (c) respectively illustrate the current-

induced SOT switching loop of NiO-2nm, NiO-15nm, and NiO-

30nm devices with Hx varied from + 70 Oe to -70 Oe (bottom to 

top). The positive and negative Hx values, respectively, indicate 
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the clockwise and anticlockwise rotation of the switching loop. 

The purple denotes the switching loop under Hx = 0 Oe for each 

device. (d) The FFS loop of NiO-based devices: the pink color 

(bottom) represents an incomplete switching loop corresponding 

to NiO-2nm, while the deterministic switching loops shown in 

green (middle) and blue (top) represent NiO-15nm and NiO-

30nm devices, respectively 

4.8         Switching phase diagram of NiO-based SOT devices; (a) 

illustration of clockwise and anticlockwise rotation of 

magnetization switching of Co layer under Jc and Hx. (b), (c), 

and (d) represent the NiO-2nm, NiO-15nm, and NiO-30nm 

devices respectively. The blue and pink color balls represent up-

to-down and down-to-up switching current variation under 

different Hx for each device respectively 
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4.9         Switching percentage of our NiO-based devices; (a), (b), and (c) 

illustrate the switching percentage of NiO-2nm, NiO-15nm, and 

NiO-30nm devices respectively. (d) illustrate the switching ratio 

(%) of NiO2nm, NiO15nm, and NiO30nm samples under the in-

plane field. The pink, green, and blue colors represent the 

NiO2nm, NiO15nm, and NiO30nm respectively 

93 

4.10       Loop shift results of NiO-based SOT device under Hx =  3kOe 

and bias current of  12 mA. (a), (c), and (e) show the AHE loop 

shift at Hx = 3kOe, (b), (d), and (f) illustrate the AHE loop of 

NiO2nm, NiO15nm, and NiO30nm device respectively at Hx = 

-3kOe. The blue and pink colour corresponds to +12mA and -

12mA bias currents respectively 

96 

4.11       The variation of out-of-plane effective field ( 𝐻௭
௘௙௙) with bias 

current (Idc) under Hx =  3kOe. (a),(b), and (c) represent the 

 𝐻௭
௘௙௙  response with bias current for NiO2nm, NiO15nm, and 
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NiO30nm devices respectively. (d) illustrate the  𝐻௭
௘௙௙/𝐼ௗ௖ 

response under Hx. 

5.1        SOT-based NiO samples and their current-induced switching 

loop. (a) schematic diagram of sample structure (left), with Hall-

bar electrical measurement setup. (b) SEM image of Hall-bar 

device. (c) illustrates the current-induced switching loop of NiO-

2nm(pink), NiO-15nm(green), and NiO-30nm (blue) at Hx= -300 

Oe respectively. This switching loop indicates multiple 

intermediate RHall states 

102 

5.2        Memristive behavior and intermediate magnetization states in 

terms of RHall of our NiO-based SOT devices. (a), (c), and (e) 

illustrate the memristive characteristics of NiO-2nm, NiO-15nm, 

and NiO-30nm hall bar devices, respectively, under Hx = -

300Oe. Different pulse current amplitudes (20 mA to 45 mA for 

NiO-2nm, 40 mA to 54 mA for NiO-15nm, and 29 mA to 45 mA 

for NiO-30nm) indicate the maximum pulse current amplitude 

during the switching loop. Figures (b), (d), and (f) depict the 

stable intermediate magnetization states of these devices in terms 

of RHall. The blue line represents the reset states and pink, violet, 

magenta & orange correspond to different RHall states at a 

particular current for each device respectively 

103 

5.3 LTD/LTP characteristics of our NiO-based SOT devices under 

applied pulse current: (a) schematic of biological neurons and 

synaptic connections; (b) schematic of fabricated Hall bar device 

under the setup of electrical measurements; (c) tuning of RHall 

using a sequence of 25 positive current pulses (blue and dark blue 

lines) with an amplitude of +40 mA (NiO-15nm) and +30 mA 

(NiO-2nm and NiO-30nm) and a pulse duration of 500 µs, 

followed by a corresponding set of 25 negative pulses (red and 

pink lines) with an amplitude of -40 mA (NiO-15nm) and -30 

mA ( NiO-2nm and NiO-30nm) and a pulse duration of 500 µs. 
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(d), (e) and (f) present the 250 RHall response with pulse number 

(LTD and LTP response) under Hx = -300 Oe, for samples NiO-

2nm, NiO-15nm, and NiO-30nm respectively.  

5.4 Sigmoidal artificial neuron (a) Normalized switching loop 

observed in NiO-based devices under Hx = -300 Oe. The pink, 

green, and blue circles, respectively, indicate the switching loop 

of samples NiO-2nm, NiO-15nm, and NiO-30nm. The activation 

function for an artificial neuron in the hidden layer is derived 

using the sigmoid function from the RHall data points in the 

shaded region. (b) The optimal RHall data points for NiO-2nm, 

NiO-15nm, and NiO-30nm devices were extracted from the 

shaded region of switching loop measurements as shown in 

Fig.5.4(a). These points were used to construct sigmoid 

functions represented by pink (NiO-2nm), green (NiO-15nm), 

and blue (NiO-30nm) circles, with their corresponding sigmoid 

fits depicted by lines of the same colors 
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5.5 Sigmoidal activation function derived from experimental SOT 

switching loop. (a) The sigmoid activation function of NiO2nm 

device. The pink circle represents the RHall intermediate 

multistate of the NiO-2nm SOT switching loop as shown in 

Figure 5.4(a). The pink line shows the fitted sigmoid function, 

and the inset box illustrates the fitted parameters, which were 

used in our Python code for NiO2nm neuromorphic recognition 

performance. (b), (c), and (d) represent the exp. RHall data point 

with respective fitted sigmoid functions of NiO2nm, NiO15nm, 

and NiO30nm respectively under repeated SOT switching loop. 

The different circles of each NiO-based device represent the 

repeated intermediate magnetization states (Exp. Data) in terms 

of the RHall of each device. 
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5.6 Artificial neural network for MNIST digits recognition 

accuracies. (a) ANN consists of 784 input layers, and 2 hidden 
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layers each consists 10 neurons and the output layer consists of 

5 neurons. (b) and (d) depict test accuracies of MNIST digits: 

“1”, “2”, “4”, “6” and “0”, “2”, “3”, “6”, “9” respectively. (c) 

and (e) show corresponding training accuracies. The ANN 

utilized 150 RHall states of each NiO-based device as an artificial 

synapse, with their respective fitted sigmoid activation function. 

Orange color indicates the ideal case, while pink, green, and blue 

represent the exp. case results. 

5.7 Artificial neural network for MNIST characters recognition 

accuracies. (a) ANN consists of 784 input layers, and 2 hidden 

layers each consisting of 10 neurons, and the output layer 

consists of 4 neurons. (b) and (d) depict test accuracies of 

MNIST characters: “NYCU” and “DKYC” respectively. (c) and 

(e) show corresponding training accuracies. Purple colour 

indicates the ideal case, while pink, green, and blue depict the 

exp. case results for NiO2nm, NiO15nm, and NiO30nm devices. 

113 

5.8 Nonlinearity analysis of NiO-based devices (a), (c), and (e), 

demonstrate the normalized LTD and LTP behavior of NiO-

2nm, NiO-15nm, and NiO-30nm devices respectively. (b), (d), 

and (f) correspond to the nonlinearity analysis of NiO2nm,15nm, 

and NiO30nm devices under normalized conductance versus 

pulse number respectively. 

116 

5.9 (a) MNIST digits and (b) MNIST characters recognition 

accuracy of our NiO-based neuromorphic devices under case 1 

and case 2 respectively. The pink, green, and blue colors 

illustrate the recognition accuracy of the NiO-2nm,15nm, and 

30nm devices respectively. 

117 

5.10 ANN for three MNIST Digits and characters recognition 

accuracy. (a) ANN consists of a 3-layer, input layer consisting of 

784 neurons, (b) and (d) illustrate the MNIST digits and 

characters recognition accuracy of our NiO-based SOT devices 

119 



xxi 
 

respectively. (c) and (e) present the corresponding training 

accuracy of the devices. The purple circle represents the ideal 

case, while the pink, green, and blue colors correspond to the 

exp. case of NiO-2nm,15nm, and 30nm respectively 

5.11 RHall vs pulse number (LTD/LTP) response of NiO-based SOT 

device. (a), (b), and (c) illustrates the 300 RHall response of 

NiO2nm, NiO15nm, and NiO30nm respectively. This 300 RHall 

vs pulse number experimental data was utilized as an artificial 

synapse for the Fashion MNIST pattern recognition task 
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5.12 Artificial Neural Network for Fashion MNIST pattern 

recognition accuracy. (a) ANN consists of the input layer, two 

hidden layers, and an output layer. (b), and (c) shows the test and 

train accuracy of NiO-based SOT devices respectively. Pink 

color represents the ideal case while red, green, and blue 

correspond to NiO2nm, NiO15nm, and NiO30nm exp. case 

respectively 
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