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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 Bi>Ses, CoFeB was used as the
FM layer, with various thin insertion layers of Pt, Ta, and Cu placed between the Bi>Se; and
FM films. We developed these multilayer Bi>Ses/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.



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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2nm(pink), NiO-15nm(green), and NiO-30nm (blue) at Hx=-300
Oe respectively. This switching loop indicates multiple
intermediate Ryan states

Memristive behavior and intermediate magnetization states in
terms of Ruan 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 = -
3000e. 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 Ruan. The blue line represents the reset states and pink, violet,
magenta & orange correspond to different Ruan states at a
particular current for each device respectively

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 Ryan
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 ps,
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 ps.
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(d), (e) and (f) present the 250 Ruan response with pulse number
(LTD and LTP response) under Hx = -300 Oe, for samples NiO-
2nm, NiO-15nm, and NiO-30nm respectively.

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 Rpan data points in the
shaded region. (b) The optimal Ruan 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

Sigmoidal activation function derived from experimental SOT
switching loop. (a) The sigmoid activation function of NiO2nm
device. The pink circle represents the Rmuan 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. Ruan 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 Ruan of each device.

Artificial neural network for MNIST digits recognition
accuracies. (a) ANN consists of 784 input layers, and 2 hidden
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5.10

layers each consists 10 neurons and the output layer consists of
5 neurons. (b) and (d) depict test accuracies of MNIST digits:
“17, ©“27, “4”, “6” and “07, “27, “3”, “6”, “9” respectively. (c)
and (e) show corresponding training accuracies. The ANN
utilized 150 Ryan 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.

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
() 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.
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.

(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.

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

XX

113

116

117

119



5.11

5.12

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

Ruan vs pulse number (LTD/LTP) response of NiO-based SOT
device. (a), (b), and (c) illustrates the 300 Rpuan response of
NiO2nm, NiO15nm, and NiO30nm respectively. This 300 Ryan
vs pulse number experimental data was utilized as an artificial
synapse for the Fashion MNIST pattern recognition task
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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