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Abstract

This dissertation investigates the development and characterization of novel spintronic devices for
neuromorphic computing applications. We focus on optimizing spin-orbit torque (SOT) switching
and demonstrating synaptic behavior in various material systems. We explore the synaptic behavior
in two types of perpendicularly magnetized materials and field-free SOT switching using a quantum

material.

In the thesis, first, we optimized the PMA in (Pt/Co/Si0O,) and demonstrated spin-orbit torque (SOT)
switching. Following this, we revealed the presence of multiple mixed states in Pt/Co/SiO,. These
mixed states correspond to intermediate magnetization configurations between two saturated states:
all magnetic moments aligned vertically up and all moments aligned vertically down (with the
ferromagnetic layer exhibiting PMA). These mixed states are modulated through in-plane current
pulses, inducing SOT at the heavy-metal-ferromagnet interface. This allowed us to demonstrate
long-term potentiation (LTP) and long-term depression (LTD) in the device, mimicking synaptic
behavior. Experimentally, the synaptic bit resolution was determined to be 5 (approximately 30
distinguishable states) by measuring the stability of the mixed states. Additionally, the non-linearity
and asymmetry in the obtained LTP and LTD are quantified experimentally and qualitatively
explained through micromagnetic modeling. Micromagnetic Modelling is carried out for two
scenarios: one without defects and another with edge defects. In the absence of defects, domain-
wall motion causes non-linearity in the synaptic behavior, whereas edge defects restrict domain-
wall motion, resulting in linear and symmetric synaptic behavior. Achieving high linearity and
symmetry in the synaptic weight-update characteristic is critical for attaining high classification or

regression accuracy in on-chip learning simulations.

Subsequently, we explored new heterostructures with high thermal stability and comparable
switching current densities. SOT switching is experimentally demonstrated in a heavy-metal
(Pt)/ferromagnetic metal (Co) gradient multilayer device, where the thickness of each Co layer
remained fixed at 0.5 nm, while the Pt layer thickness increased from bottom to top (1 nm to 3 nm
in increments of 0.4 nm). Using the thermally assisted SOT switching model on pulse-duration-
dependent switching measurements, the thermal stability factor was determined to be 65 (across
multiple devices), significantly higher than that of single-Pt-Co-layer-based devices ( 30). Notably,
the switching current density remained similar for both types of devices. Additionally, the synaptic
behavior of the gradient multilayer device was experimentally demonstrated, with 30 stable and
distinguishable states controlled through positive current pulses (LTP) and 24 such states through

negative pulses (LTD). Using non-ideality coefficients extracted from the experimentally obtained



LTP and LTD plots, the on-chip inference and learning performance of neuromorphic crossbar

arrays composed of such devices are simulated.

In the final part, we explored quantum materials possessing y- and z-spin polarization due to
the SHE and MSHE, respectively. The z-spin polarization is particularly useful for achieving
field-free switching. Nearly 100 % field-free switching is demonstrated at a current density of
6.1 x 10° A/em? with a pulse width of 200 us. These results pave the way for energy-efficient

SOT-MRAM and zero-field synapse devices for future neuromorphic computing systems.

Overall, the thesis advances the understanding and development of energy-efficient spintronic

devices for neuromorphic computing.
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(a) Schematic of the hysteresis loop shift measurements (b) Hysteresis loop shift
under opposite current polarities: under 10 mA, hysteresis loop shifts towards
positive Hz, and under -10 mA, hysteresis loop shifts towards negative Hz (c)

Effective perpendicular magnetic field HS; as a function of current under H, =

(a) In the presence of a constant -3000 G in-plane field (H, ), the following sequence
of write current pulses is applied to the device: 5 initialization pulses (-55 mA)
are applied (pulse number n = 1 to 5), then 80 positive pulses of magnitude 20
mA, or 2 x 10" A/em® (n =6 to 85) to cause synaptic potentiation/ LTP (increase
of R,), and then 80 negative pulses of magnitude 20 mA (n = 86 to 165) to cause
depression/ LTD (decrease of Ry\). Some of the states are labelled based on the
pulse numbers (n) at which they are obtained. (b) R xy VS time for the states labeled
in (a) shows their stability. Average fluctuation of R, over time for each state is
also mentioned next to the corresponding plot as . (c) Difference in R, (A
R xy) between two consecutive states, numbered n+ 1 and #, is plotted as a function

of n. Since o, is in the order of 107 Q in (b), any state with A R, one order

y
higher than that (i.e, above the red dashed line) is considered as a synaptic state;

any state below that lineis discarded. . . . . . . . . ... ... ... ... ...
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3.7

4.1

(a) Instead of applying a negative pulse, if we apply two negative pulses (-20 mA
each) and a +20 mA pulse as a single negative pulse unit (labelled as ‘LTD pulse
unit’” here), the downward jump after the first -20 mA pulse in Fig. 3.6(a) can be
cancelled by an equal upward jump. After carrying out this adjustment on the
experimental data for 30 positive and 30 negative pulses, we plot R, vs pulse
number (n) (n =0 to 29: positive/ LTP pulses, n =30 to 59: LTD pulse units). (b)
Non-linearity of the LTP curve is quantified as ¢ p and that of the LTD curve as
ap. After curve-fitting using the method provided in the text, we obtain ap =
3.875, ap =-3.84. Asymmetry= |ap — ap|=7.715 (¢c) R, vs pulse number (n)

when the pulse sequence in (a) is repeated over 10 cycles. . . . . . . . ... ...

(a) Schematic of the ferromagnetic free layer for the device without defects, red
colour corresponds to magnetic moments pointing vertically down (m, = -1) and
blue colour corresponds to moments pointing up (m,=1) (b) Schematic of the
ferromagnetic free layer for the device with defects, which are essentially triangular

regions with modified PMA (more details inthe text) . . . . . ... .. ... ..
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4.2 (a) Device without defects: For positive weight update/ long-term potentiation or

4.3

LTP (red plot), positive pulses of current density 1x10” A/em? have been applied
in the presence of a 3000 G in-plane magnetic field. For negative weight update/
long-term depression or LTD (black plot), 20 negative pulses of current density
1x10” A/em’ have been applied under the same 3000 G field. Both for LTP
and LTD, each such programming current pulse is of 1 ns pulse width. We have
allowed 100 ns delay between any two consecutive pulses. Device with defects:
For positive weight update/ long-term potentiation or LTP (pink plot), positive
pulses of current density 3x 107 A/em? have been applied in the presence of a 3000
G in-plane magnetic field. For negative weight update/ long-term depression or
LTD (brown plot), 20 negative pulses of current density 3x10” A/em? have been
applied under the same 3000 G field. Same pulse width and delay between pulses
are used as in (a). For both devices, average out-of-plane (OOP) magnetization
(m,) at the end of the delay is plotted as a function of pulse number. Thus, m,
here includes domain-wall motion both during the pulse and during the delay. (b)
For non-linearity and asymmetry quantification of the device without defects, m,
in (a) is first converted to conductance (through TMR effect) and then normalized
(minimum conductance =0, maximum conductance =1 ). Then, by fitting curves
based on the equations provided with the NeuroSim simulator [108, 118, 123], the
following numbers are obtained. Device without defects: non-linearity factor of
LTP ), = 2.47 (red plot), non-linearity factor of LTD a = - 2.45 (black plot) ,
and asymmetry= |ap — ap| = 4.92. Device with defects: LTP (pink plot) and
LTD (brown plot) curves are extremely linear, so the synaptic characteristic can be

considered ideal with ¢ ,= ; = 0, and hence asymmetry also 0. . . . . ... ..

Device without defects: (a) Magnetization configuration images ‘just after’ pro-
gramming pulse n is applied for LTP and ‘before’ the next pulse (n + 1) pulse is
applied for LTP (the time gap between the two is the delay time between pulses:
100 ns). Here, n =2, 3, 10, 11. The cyan colour represents vertical up magnetic
moments i.e., m,= 1, and red represents vertically down state m = - 1. (b) Magne-
tization configuration images ‘just after’ programming pulse 7 is applied for LTD
and ‘before’ the next pulse (n + 1) pulse is applied for LTD (the time gap between
the two is the delay time: 100 ns). Here, n = 22, 23, 30, 31. (More details are

providedinthe text.) . . . . . . . . . . ..o
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4.4

4.5

4.6

4.7

5.1

Device with defects: (a) Magnetization configuration images ‘just after’ program-
ming pulse n is applied for LTP and ‘before’ the next pulse (n + 1) pulse is applied
for LTP. Here, n = 2, 3, 10, 11. The cyan colour represents vertical up magnetic
moments i.e., m,= 1, and red represents vertically down state m = - 1. (b) Magne-
tization configuration images ‘just after’ programming pulse 7 is applied for LTD
and ‘before’ the next pulse (n + 1) pulse is applied for LTD. Here, n = 22, 23, 30,

31. (More details are provided inthe text.) . . .. ... ... ... .......

Domain wall (DW) velocity vs current density for the device without defects (black

plot) and the one with defects (redplot) . . . . . ... ... ... .. ......

(a) For a device without defects, after initiating the domain wall at one end of
the device, like in Fig. 4.3, average out-of-plane (OOP) magnetization (m,) of
the ferromagnetic layer increases steadily in the absence of programming pulses,
suggesting that the domain wall moves towards the center to minimize the energy
due to dipole interaction between moments. This is true at different temperature
values. (b) The same simulation as in (a) is carried out for the device with defects.
This time m, changes very little in the beginning but then attains a steady value.
This is true across a wide range of temperature values (0 K to 300 K). (c) Standard
deviation/ fluctuation in m , proportional to the domain-wall motion, is plotted as

a function of temperature for the device without defects and the one with defects.

Domain wall (DW) velocity vs. current density for different gap lengths between

consecutive defects. . . . . . . . L e

(a) Schematic showing occurrence of spin current (J,) in a stack with a single layer
of ferromagnetic metal (shown with light green colour here) and a single layer of
heavy metal (shown with orange colour). (b) Schematic showing occurrence of
spin current (J,) in a stack with multiple repetitions of heavy metal (HM) (orange)
-ferromagnetic metal (FM) (green) bi-layers, with the thickness of the heavy metal
increasing from bottom to top. In the stack of (a), an extra oxide layer is needed to

promote PMA, which is not the case with the multi-layer stack of (b). . . . . ..
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53

(a) Gradient heavy-metal-and- ferromagnet multi-layer stack, in which the thick-
ness of the heavy metal (Pt) increases from bottom to top layer in increments of 0.4
nm, while the thickness of each ferromagnetic layer (Co) is fixed. (b) XRR spectra
of our gradient Pt/Co multi-layer stack; black circle corresponds to the measured
data, and the red solid line is fitted data. From fitting, we have extracted the thick-
ness of every layer of our gradient-Pt/Co multilayer, which is shown in (c). The Pt
layer’s thickness is increased from bottom to top, as confirmed by this XRR-based
thickness analysis. (d) XRD spectra of the same multi-layer thin stack. (e) SQUID
magnetometry: Normalized out-of-plane magnetization vs out-of-plane magnetic
field (H,). (f) Normalized in-plane magnetization vs in-plane magnetic field (H,).

The anisotropy field (corresponding to PMA): H;=12Tor 12kG. . . . . . . ..

(a) Schematic of SOT-switching measurements on the device: both read and write
current pulses are applied along x axis, Hall voltage is measured in the y-direction
(V). and constant in-plane assisting field along x axis. (b) Read current is applied
in the x-direction (/y), and Hall voltage (V) is measured along y direction, with
magnetic field swept in z direction. Anomalous Hall resistance (R,,), which
is the ratio of V| to I, and is proportional to the out-of-plane magnetization
component (M), is plotted as a function of out-of-plane magnetic field (H,). (c)
and (d) Anomalous Hall resistance (ny) vs applied current density (write pulse)
for different pulse widths at H,=-500 G (c) and 500 G (d) (out-of-plane field H,=0

throughout). (e) Critical current density for switching vs In(#,../7) for H,= -

pulse
500 G (out-of-plane field H,=0 throughout). Black plot: positive current pulses,
Red plot: negative current pulses. Thermal stability factor (A) is calculated to be
65 from this measurement, as explained in text. (f) MOKE images corresponding
to intermediate states between saturated up and down states as current pulses of
different magnitudes are applied under a fixed in-plane magnetic field (H,= -500

G and 500 G) and zero out-of-plane field (H,=0). All these measurements are

carried out at room temperature of device D1. . . . . . . ... ... ...,
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5.5

5.6

5.7

5.8

SOT switching and thermal stability of device D2: (a) and (b) Anomalous Hall
resistance R, vs current density plots for in-plane field H, = -500 G and +500
G respectively. The out-of-plane field H, is zero throughout. The duration of

each SOT-generating pulse (¢ )is 1 ms for (a) and (b). (¢) The critical current

pulse

density for switching vs In(7, ../ 7o) for H,= - 500 G. Here ¢ varies from 100

pulse pulse

us to 5 ms. From the linear fitting of this plot usingEq. 1 of the main manuscript,

we have determined the thermal stability factor to be 62 for device D2. . . . . . .

SOT switching and thermal stability of device D3: (a) and (b) Anomalous Hall
resistance R,y vs current density plots for in-plane field -500 G and +500 G
respectively. The out-of-plane field H, is zero throughout. The duration of each
SOT-generating pulse is 1 ms for (a) and (b). (c) The critical current density for
/7o) for H, = - 500 G. Here, t

switching vs In(z ranges from 100 us to 10

pulse pulse

ms, and obtained thermal stability from (c) for device D3is65. . . . . . . .. ..

SOT switching and thermal stability of device D4: (a) and (b) Anomalous Hall
resistance R,y vs. current density plots for H,= - 500 G and +500 G, respectively,
using 1 ms pulse-width SOT pulses. (c) The critical current density for switching

Vs In(7 /7o) for Hy=- 500 G, where 7, ranges from 60 us to 10 ms. Thermal

pulse

stability factor obtained thereby from (c) for device D4is64. . . . . . .. .. ..

Summary of the thermal stability and critical current density measured for the four

devices. . . . ... e

(a) Schematic of Harmonics Hall measurements: AC current applied in the x-
direction and harmonics voltage measured in y-direction (b) First and second
harmonic resistance vs longitudinal magnetic field (H,) for current density =
6.8 % 106A/ cm? (c) Second harmonic resistance (R,,,) vs longitudinal magnetic
field (H,) for different densities ranging from 0.67 to 10.3 X 106A/ cmz.(d) Hp; as
a function of current density and from linear fitting we obtained ygo1 = Hp./J =

480X 1070 0ecm/A. . ..
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6.1

6.2

(a) LTP and LTD plots of the gradient-Pt/Co-multi-layer device: 30 identical
positive pulses of current density 3.03x 107 Alem? are applied for LTP (R,
increases with pulse number), and 30 identical negative pulses of current density
-3.24 x 10" A/em? are applied for LTD (R, decreases with pulse number) under
in-plane magnetic field: H, = 500 G (out-of-plane field H, = 0 G). (b) Difference
between R, of two consecutive states (AR, ) plotted as a function of pulse number.
(c), (d): the stability/ retention of 30 consecutive LTP states and 24 consecutive
LTD state (from (a)) over time. (e) Standard deviation of RXy over time, obtained
from (c), (d) for each LTP/ LTD state, plotted as a function of pulse number (1)
to obtain each state. (f) Ry from (a) is normalized between 0 and 1 and plotted
against normalized pulse number, and values of non-linearity coeflicients ap and
ap are extracted. (g) Average and standard deviation (error bar) of ny for each
LTP and each LTD state over 20 full LTP-LTD cycles. All these measurements are

carried out at room temperature. . . . . . . ... ... e e e e e

Switching mechanism due to SOT and crystal structure Mn;Sn. (a) A schematic
for the switching of the perpendicular magnetization using conventional SOT; a
charge current is injected in the x-direction, which generates the spin current in the
z-direction via SHE, having y-spin polarization. Due to spin-current, damping-like
torque (Mx(MXy)) is exerted on the magnetization. To obtain the SOT switching,
an in-plane assisting magnetic field is required in the case of conventional SOT.
(b) A schematic for the switching utilizing the unconventional SOT: a charge cur-
rent injected in the x-direction, which generates a spin current having out-of-plane
spin polarization (z-spin polarization). This spin current exerts an out-of-plane
damping-like torque, which is given (M X (M X z)), which helps in field-free

switching. . . . . . . .

(a) The crystal structure of non-colinear antiferromagnet Mn;Sn having c¢—plane
orientation.(b) Material stack for Mn;Sn-based sample, Mn;Sn acts as a spin
current source, and Pt(1.25 nm)/Co(1.2 nm)/Pt(1.25 nm) multilayer for PMA;
(c) X-ray diffraction spectra of the Ru(5 nm)/Mn;Sn (25 nm)/Pt(1 nm) thin film
deposited on c—plane sapphire, which confirm the c—plane growth of the Mn;Sn
and (d) X-ray reflectivity (XRR) spectra of the thin film; measured XRR data (wine

circle) with simulated data (dark yellow line). . . . . .. ... ... ... ....
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6.3

6.4

6.5

6.6

6.7

6.8

(a) Polar MOKE measurements: normalized MOKE intensity vs. the out-of-
plane magnetic field for reference (black solid line with circle) and Mn;Sn-based
(red solid line with circle) samples. (b) Normalized out-of-plane magnetization
(M, /M) vs. out-of-plane magnetic field (H,) for reference and Mn;Sn-based
samples. (c) Normalized in-plane magnetization (M,/M,) vs. in-plane magnetic
field (H,) for reference and Mn;Sn samples. (b) and (c) confirm the presence
of PMA in both the samples, reference and Mn;Sn-based samples having an

anisotropy field. Hg =0.75T. . . . . . . .. ... . o o oo

(a) Material stack with Mn;Sn (b) SEM image of the Hall bar in which current ap-
plied at 120 w.r.t. [1100] direction and magnetization states were determined using
MOKE microscopy (¢) MOKE images for different current densities, confirms the
magnetization switching from +z to —z state for H, = +500 G. (d) Magnetization
switching from —z to +z state for H, =-500 G.All measurements performed using

pulsed current of pulsed width = 50 us and at room temperature. . . . . .. . . .

(a) SEM image of the Hall bar device (b) MOKE images of field-free switch-
ing measurements: as current density increases, the switching % also increases.

During these measurements, H, = 0 and H, =0, pulse width=200 us.. . . . . . .

MOKE images of the reference sample initially saturated in +z state. (a) and (b)
MOKE images for the different current densities in the presence of the assisting
magnetic field +500 G and -500 G, respectively. In these measurements, a 500 us
pulse width is utilized for the pulsed current at room temperature. The reference

sample does not exhibit any SOT switching. . . . . ... ... ... ... . ...

MOKE images of the reference sample initially saturated in —z state. (a) and (b)
MOKE images for assisting field +500 G and -500 G, respectively. A 500 us pulse
width is used for the pulsed current at room temperature in these studies. There is

no SOT switching in the reference sample, which is consistent with the Fig. 6.6. .

103

105

105

Temperature dependence coercivity and exchange bias of the Mn;Sn-based sample. 106
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