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Introduction

Multilayer ferromagnetic spintronic devices for
neuromorphic computing applications¥}

Aijaz H. Lone, {2 *2 Xuecui Zou,? Kishan K. Mishra, {22 Venkatesh Singaravelu,”
R. Sbiaa, =) © Hossein Fariborzi*® and Gianluca Setti*®

Based on ferromagnetic thin film systems, spintronic devices show substantial prospects for energy-
efficient memory, logic, and unconventional computing paradigms. This paper presents a multilayer ferro-
magnetic spintronic device's experimental and micromagnetic simulation-based realization for neuro-
morphic computing applications. The device exhibits a temperature-dependent magnetic field and
current-controlled multilevel resistance state switching. To study the scalability of the multilayer spintro-
nic devices for neuromorphic applications, we further simulated the scaled version of the multilayer
system read using the magnetic tunnel junction (MTJ) configuration down to 64 nm width. We show the
device applications in hardware neural networks using the multiple resistance states as the synaptic
weights. A varying pulse amplitude scheme is also proposed to improve the device's weight linearity. The
simulated device shows an energy dissipation of 1.23 fJ for a complete potentiation/depression. The
neural network based on these devices was trained and tested on the MNIST dataset using a supervised
learning algorithm. When integrated as a weight into a 3-layer, fully connected neural network, these
devices achieve recognition accuracy above 90% on the MNIST dataset. Thus, the proposed device
demonstrates significant potential for neuromorphic computing applications.

dynamics in different magnetic materials and their interface
with other heavy metals.”?®° Also, recently, some of the works

Spintronic devices have gained a lot of interest for their appli-
cation in high-integration data storage and energy-efficient
computing applications."® In particular, owing to different
operating behaviors such as binary deterministic,””’
stochastic,’® ™ and analog resistance,'"'® these devices are
proving to be quite promising for neuromorphic computing
applications. Magnetic domain wall and skyrmion devices as
alternate analog memory'®™® and logic technology'®*® have
been explored for their applications in neuromorphic
computing.>'>* To stabilize room temperature skyrmions and
domains, spintronic perpendicular magnetic anisotropy PMA-
based magnetic multilayer systems have been extensively
studied from materials and physical perspectives.>*>” These
systems are used to study the domain wall and skyrmions
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have shown discrete resistance in different ferromagnetic
systems®'* Considering the interesting physical phenomenon
in these systems and, thus, the associated emerging device
characteristics, it becomes interesting to explore these systems’
magnetic and electrical characteristics for unconventional
computing and memory applications. This paper presents a
spintronic device’s experimental and micromagnetic realiz-
ation exhibiting discrete resistance states. The discreteness of
the device behavior increases as we lower the temperature, and
for 100 K temperature, 15 resistance states are observed. We
attribute this discrete resistance behavior to the magnetic
domain wall pinning/depinning and gradual switching of
different magnetic layers at low temperatures. The discrete re-
sistance behavior is also observed in the micromagnetic simu-
lations of similar crossbars of different widths. Furthermore,
we show the multi-step resistance switching with current
pulses, which generate the spin transfer and spin-orbit torque
on the domain walls. Using the multi-level resistance state of
the device, we propose its applications as a synaptic device in
hardware neural networks and study the linearity performance
of the synaptic devices. We map these resistance states to the
weights of a neural network architecture. The network
based on these devices was trained and tested on the MNIST
dataset using a supervised learning algorithm. The system
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shows accuracy performance up to 90%, comparable to most
beyond CMOS synaptic devices. Furthermore, the discrete re-
sistance states at low temperatures also open the possibility of
these devices being applied in cryogenic electronics for
quantum computers.

Results and discussion

The fabricated crossbar spintronic devices based on the mag-
netic heterostructure are shown in Fig. 1(a). The device con-
sists of the [Ta(2)/CoFeBt(0.9)/MgO(2)],o-based multilayer mag-
netic hall bar devices patterned on Si/SiO, with gold contacts.
The area of these fabricated devices is in the 2 pm x 50 pm-
3 pm x 50 pm range. The contacts were put on the lateral sides
of the magnetic crossbar to provide the voltage from the pulse
generator into one of the crossbar legs. At the same time, the
resistance was measured across the transverse arm using a
standard PPMS set-up and an oscilloscope. The 2 nm thick
MgO dielectric allows a tiny tunneling current. The multilayer

(@

(c)

Fig. 1
force microscopy (MFM) image at 0 Oe and 300 K.
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device structure can be considered 20 magnetization-depen-
dent resistors in parallel, as shown by the equivalent resistor
model in Fig. 1(b). The scanning electron microscopy image of
the Hall bar is shown in Fig. 1(c). The magnetization of the
magnetic layers is changed by the external magnetic ranging
from —650 mT to 650 mT. Fig. 1(d) shows the MFM image of
the device at room temperature and 0 Oe field; we observed an
unperturbed multi-domain magnetic texture with stripe
domains. Since the width of the Hall bar is 2 pm and based on
the thin film magnetic stack, we expect stabilization of the
Néel-type domain wall having a width of around 20 nm as
revealed by micromagnetic simulations shown in Fig. 4. MFM
was performed on the full stack, but we believe that in
Fig. 1(d), the major contribution to the observed magnetiza-
tion texture is coming predominantly from the top layer,
which is closer to the MFM tip. Hall measurements were per-
formed using the standard lock-in technique. As shown in
Fig. 2, we observed discrete anomalous Hall resistance. The
magnetic anisotropy and saturation magnetization are small
for room temperature samples. Thus, all magnetic layers

(b)

(d)
Hall Resistor Model

(a) Domain wall crossbar devices. (b) Equivalent resistor model. (c) Scanning electron microscopy (SEM) image of the device. (d) Magnetic

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 (a—c) Discrete anomalous Hall resistances at different temperatures (2 K to 300 K). (d) Longitudinal and anomalous Hall resistances at

different temperatures.

switch at lower fields. At 300 K, the magnetization switches at
21 mT for the positive and 19 mT for the negative magnetic
fields.

As the temperature is lowered, the switching field increases,
and switching becomes more gradual, with each resistance
state separated by discrete steps. The discrete behavior and
gradual switching are attributed to the saturation magnetiza-
tion and anisotropy increases upon lowering the temperature.
This increases the stray field effects and the domain wall
pinning to the edges. The thermal effects are high, which
reduces the domain wall pinning effect at this temperature.
We observed discrete resistance states as all magnetic layers
switch simultaneously at a 40 mT magnetic field. As we lower
the temperature, the anisotropy and saturation magnetization
increase, which increases the switching field and the stray
field effect on different layers. Moreover, the thermally acti-
vated depinning is lowered, resulting in more discrete states,
as shown in Fig. 2(a-c). For the temperature T = 120 K, we
obtained 11 discrete resistance states, as shown in Fig. 2(b). In
the anomalous Hall measurement technique, the ON/OFF
ratio or memory window obtained for the devices is around 66,
which is quite better compared to other spintronic devices
where the ON/OFF ratio is around 3.

In Fig. 2(a-c), we show the magnetic hysteresis loop
measurement at varying temperatures with a magnetic field
step size of 60 Oe. The measurements reveal interesting temp-
erature-dependent characteristics; the discrete resistance states
increase with lowering temperature. At 300 K, 2 binary resis-

This journal is © The Royal Society of Chemistry 2024

tance states are observed; at 250 K, 3 resistance states were
observed; 4 states at 200 K, 8 states at 150 K, and 11 states at
120 K were observed. Below 120 K temperature, the value of
net Hall resistance decreases significantly; thus, the number
of resistance states decreases. However, the resistance step
width is increased at lower temperatures, making the states
more stable. We measured 8 states for 80 K, then again 11
states for 20 K and 6 for 2 K, as shown in Fig. 2(c and d). This
behavior can be explained by lowering temperatures that lower
the thermal effects and increase saturation magnetization.
This results in discrete switching due to pinning/depinning
effects added to individual layers switching independently.
However, anisotropy is also found to increase; thus, on the one
hand, the number of states should increase, but the increased
anisotropy stabilizes the multilayer structure; therefore, mag-
netic layers start switching together, which results in a
reduced number of states as observed in Fig. 2(c). In Fig. 2(d),
the temperature dependence of R,, and R,, is shown. In
Fig. 2(d), we have shown the temperature dependence of the
longitudinal resistivity R, and Hall resistivity R,,. The resistiv-
ities were measured by passing a current (70 pA) through the
longitudinal arm of the device, and the Hall voltage/resistance
was measured simultaneously across both the arms (R,, and
R.y). The magnetic field was kept at 1000 Oe and the tempera-
ture was varied from 2 K to 300 K. This measurement helps in
determining the role of different physical scatterings in the
anomalous Hall conductivity of the sample. The approximate
6 = 4.22 kQ cm™' indicates a bad metal behavior.

Nanoscale, 2024, 16, 12431-12444 | 12433
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Furthermore, in our device measurements, R,, increases with
lowering temperature, which is expected in Ta/CoFeB/MgO
systems, but the temperature vs. R,, characteristics are
different from normal single Ta/CoFeB/MgO systems. Overall,
we observed that R,, increases with lowering temperature,
which is expected as shown in ref. 35. In addition to normal
characteristics, we observed this increasing trend in discrete
steps. We attribute this behavior to the increasing stray field
effects with lowering temperature, which results in strong DW
pinning, as also observed in Fig. 2(a-c). Please note that apart
from the DW pinning effects, we can’t rule out other localiz-
ation and scattering effects in the system.

To investigate the scalability of the proposed device for neu-
romorphic computing applications. We furthermore simulated
similar and scaled crossbars in the micromagnetic software
MuMax.***” The simulation parameters, such as saturation
magnetization and anisotropy, were taken from the experi-
mental results (VSM). Table 1 in the Methods section gives the
parameters and simulation details, we considered the
crossbar nanotrack width from 100 nm to 300 nm in intervals
of 50 nm. When perturbed by an external magnetic field
ranging from —5000 Oe to 5000 Oe, we observed discrete mag-
netization switching for all the nanotrack widths. The discrete
magnetization behavior is most dominant for the lowest width
W = 100 nm. Five stable discrete magnetization states were
observed for the nano track length L = 1 pm, as shown in
Fig. 3(a). As the width increases, the magnetization discrete
switching behavior starts fading. Although four discrete states

Table 1 Details of simulated parameters

View Article Online
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are observed for W = 250 nm, the switching field gap between
the states is reduced. In 250 nm, the magnetization switching
is gradual, whereas in the 100 nm nanotrack, the magnetiza-
tion switches in sharp steps, as shown in Fig. 3(a).

In the corresponding magnetization textures obtained from
the simulations, we observed switching from stipe domains to
stable skyrmions as the field changes. Fig. 4(a) shows the mag-
netization profile of the single FM layer at the different switch-
ing points. At zero magnetic field, the stripe domains are
pinned to the track edges; by applying the external magnetic
field in the Z-axis, we observed the depinning and stabilization
of the skyrmions. The numbers [(1)-(6)] show the discrete
switching points, as shown in Fig. 4(a). For cases (1), (2), and
(3), we see normalized magnetization switching from 0 to 0.7,
while from (4) to (6), the normalized magnetization reaches a
value of 0.9. Corresponding to switching points (1), (2), and
(3), we observed the depinning and conversion of stripe
domains into the skyrmions. This accounts for the maximum
change (about 77%) in the magnetization of the device. After
switching point (3), the skyrmions are stable, and the external
field reduces the size of the skyrmions as seen in the corres-
ponding texture in Fig. 4(a)[(4)-(6)] and (b). This increases
the magnetization linearly, and the overall change is about
23%. The skyrmion radius calculated using nearest linear
interpolation reduces gradually from R = 10.92 nm to R =
4.64 nm.

A magnetic field ranging from —5000 Oe to 5000 Oe was
applied perpendicular to the device. The Néel skyrmions with

Cell size Anisotropy, Saturation mag, Exchange stiffness, DMI, IEC,
Grid size (nm) Ko (J m™?) M;(Am™) A(Jm™) D (Jm™) J (Jm™) ay
256, 64, X* 2,2,0.8 0.9 x 10° 0.8 x 10° 1.5x 107 1.0 x 1072 5x 107 0.15

X is the number of layers.
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Skyrmions/Domain pinned to edges: MuMax MFM

4 5 6 7 8 9

Skyrmions/Domain pinned to edges: Experimental MFM

(b)

(a) Discrete magnetization switching of the crossbar of different widths. (b) MFM images showing DW pinning to edges.
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(a) Repeatability of the discrete magnetization behavior with applying one ns magnetic field pulses. (b) Magnetization texture through the

hysteresis loop shows switching occurring via stripe domain conversion into skyrmions.

polarity +1 are stabilized from the stripe domain phase in the
favorable field regime. While reducing the field from high to
low, skyrmioniums are stabilized in the Hall bar, stabilizing to
skyrmion polarity —1 as we increase the field in the z-direction.
Depending on the direction of the magnetic field, the sky-
rmions change the polarity from +1 to —1 and vice versa (see
ESI SV1t and Fig. 4). The experimental MFM images of the
fabricated device and the micromagnetic MFM images of the

This journal is © The Royal Society of Chemistry 2024

scaled device are shown in Fig. 3(b) (bottom). Clearly sky-
rmion/domains are pinned to the device’s edges in both cases.

Multilayer spintronic synapse

We repeated the hysteresis simulation to check the feasibility
of using these multilayer spintronic devices as synapses. As

Nanoscale, 2024, 16, 12431-12444 | 12435
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Fig. 5

(a) Micromagnetic texture of the 20-layer stack.

shown in Fig. 5, the measurement was repeated three times for
different temperatures to check the repeatability of the discrete
resistance behavior shown by the crossbar. We observed the
pinning/depinning behavior; thus, discrete resistance states
are shown in Fig. 6(a) for temperatures 300 K, 250 K, and
120 K. Apart from a minor deviation in the value of depinning
fields, discrete states are observed during all the measurement
cycles. In neuromorphic computing applications, repeated
potentiation/depression of a synaptic device is needed. For
temperature T = 120 K, Fig. 6(b and c) shows a repeated
increase (depression) or decrease (potentiation) of device resis-
tance by the magnetic field. We observed the repeated and
reliable discrete resistance switching. These results show the
possibility of employing this device as a multi-bit memory or
synapse for neuromorphic computing applications. However,
controlling a spintronic device with a magnetic field is not
scalable. Thus, realizing a device with current-controlled resis-
tance states for circuit and system-level neuromorphic comput-
ing implementation becomes imperative. In Fig. 6(d), we show
the magnetic field-assisted current-controlled switching of the
multilayer stack. We applied the current pulses with a pulse
width of 500 ps across the terminals T1 and T2. After each
current pulse, the resistance was measured 4 times during
each cycle across the terminals T3 and T4. We obtained up to

12436 | Nanoscale, 2024, 16, 12431-12444

4 discrete resistance states at 300 K by biasing the device at a
particular point on RH hysteresis. Thus, the device provides
transistor-like behavior, qualifying it as a memtransistor.
Combining the dual (field and current) control ability allows
the device to be used as a memristor with transistor properties
in a crossbar array. We also simulated the repeatability
measurement for the nano-track width W= 100 nm in MuMax.
The measurement was repeated six times when the magnetic
field was limited to 0 to 3000 Oe, and the discrete behavior
was observed throughout six cycles. The devices show hyster-
esis, indicating a memory effect, but we observed some ran-
domness in the hysteresis cycles as shown in ESI (a)f [cycles 1
to 6].

The repeatability of the discrete resistance indicates the
potential application of the device as a synapse in neural net-
works. Where the probability of the stochastic behavior is con-
trolled by the (a) temperature, (b) pinning distribution, and (c)
external field/current. We also show the evolution of skyrmion
topological charge during the different phases. For the first
two cycles of pulse number (50), the topological charge
increases from 0 to —28; skyrmion density varies between —28
and —20. This shows the magnetization contribution from the
skyrmions during the potentiation/depression. We observed
the conversion of labyrinth domains into skyrmions through-

This journal is © The Royal Society of Chemistry 2024
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out the cycles, as shown in the ESI video [SV1].T For a futuristic
application in neuromorphic computing, the scalability of
these devices will play a crucial role in increasing storage
density and simultaneously reducing energy consumption.
Also, to increase the output signal, the best reading method is
tunnel magnetoresistance. So, to demonstrate these devices’
scalability and improve the output signal, we further simulated
the current response of the multilayer devices with 15 layers
and 20 layers. The device was pulsed with current pulses of a
width of 1 ns and a current density of 5 x 10'" A m~2. The SOT
generated by these pulses drives the domain wall motion,
resulting in the free layer magnetization switching. We
observed the synaptic potentiation/depression emulated by the
device regarding the magnetization profile. The resistance of
the device depends on the magnetization profile

pry =p° +p* +p" = RoB + RspoM + RoPB" (1)

where p° is the ordinary Hall resistivity, which has negligible
contribution in the magnetic materials, and the second is the
anomalous Hall resistivity. The third term represents the topo-

This journal is © The Royal Society of Chemistry 2024

logical Hall resistivity added by the skyrmions and it can be
considered to have a minimal contribution.
The emergent magnetic field is given by,*®

5 h{1 om Om
e Dz _ ML, (om, om
B2=7 eAllan™ <ax x 6y)dXdy @)
leading to topological resistivity
hl1
T o_
Py = PRo E‘ A 3)

The other method of reading the device is by tunnel magne-
toresistance TMR. Depending on the magnetization profile,
the resistance of the MT]J is given by*’

[1— - )

1+m-m
Ryt = Rap 2 +RP[ vl

2

(4)

where R,p/Rp are the antiparallel/parallel resistances and #/mp
is the free layer/pinned layer normalized magnetization.

In micromagnetic simulations, the current pulses with
amplitude J. = =5 x 10'* A m~? push the domain wall in the +x
direction, whereas the DW motion direction is reversed for J. =
+5 x 10" A m™>. Depending on the DW position, the device’s

Nanoscale, 2024, 16, 12431-12444 | 12437
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net magnetization varies, leading to a variation in its resis-
tance. Depending on the reading mechanism AHE [eqn (1)],
we computed the resistance by mapping magnetization to
the measured resistance. We further consider the TMR [eqn
(4)] reading to compute the synapse conductance evolution.
The magnetization potentiation/depression of the 15-layer
and 20-layer synaptic device with current pulses is shown in
Fig. 7(a and b). When the DW starts moving away from the
left edge, we observed fast magnetization evolution at the
beginning because the DW is going away from the edge,
which results in reduced demagnetization energy density,
thus increasing the DW velocity. As the DW reaches the
center it reaches a minimum and with a more current pulse,

X (nm)

the demagnetization energy starts gradually increasing until
we reverse the current; this results in a sudden decrease in
the demagnetization energy due to the formation of a full
Bloch DW in the perpendicular direction, as shown in Fig. 7
(d and e). On the application of J. = =5 x 10" A m™?, the
demagnetization energy is minimized by the twist in the per-
pendicular axis, and we observed that the bottom 10 layers
are stable. In contrast, the top 10 layers form an incomplete
Bloch DW. For J. = +5 x 10" A m™>, the DW gains full
rotation, and more layers flip such that the first 6-7 bottom
layers are stable and the remaining 13 layers form a full
Bloch DW, as clearly depicted in the contour plot of the
cross-section in Fig. 8.

J.=+5x 10" A/m?

Fig. 8 Contour depiction of the magnetization vector within the magnified cross-sectional region of (a) 10 layers and (b) 20 layers.
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This results in a reduced demagnetization energy and an
increased DW velocity. Furthermore, for the 20-layer device, we
observed fast switching, which indicates increased DW vel-
ocity, in comparison with the 15-layer device [see Fig. 7(b)].
This phenomenon is explained by the inset Fig. 7(b); interest-
ingly, we observed the lowering of the demagnetization energy
with increasing number of FM layers. Due to the increased
number of layers, the spins vertically rotate almost by =, thus
forming the Bloch domain wall, which reduces the demagneti-
zation energy. Compared to the case of 15 layers, the rotation
is by about 7, resulting in higher demagnetization energy.
Fig. 7(c) shows the measured current-controlled device oper-
ation; here, we applied 200 ps voltage pulses with an ampli-
tude of 5V and a time period of 500 ps across the length of the
device. The oscilloscope collects the signal generated across
the transverse arm. We observed potentiation of the transverse
voltage, which we attribute to the change in the magnetization
due to the SOT and STT. The anomalous Hall resistance and
planner Hall resistance depend on the net magnetic moment
of the device. As shown in Fig. 7(c) and 9(d), the resistance
change leads to a variation in the voltage drop across the
device. We observed an increasing voltage drop with respect to
the number of current pulses (200 ps) being applied across the
X-axis. As shown in Fig. 1(b), the observed resistance can be
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seen as the combined effect of AHE (lateral), planar Hall effect
PHE (lateral), and tunnel magnetoresistance (TMR) (vertical).

Fig. 9(a) shows the synaptic conductance potentiation/
depression by applying current pulses in 15-layer and 20-layer
devices. As discussed above, compared to the 15-layer device,
the conductance evolves faster for the 20-layer device due to
reduced demagnetization energy. For the same writing current
density and time, the performance of a 20-layer device is
better. Thus, the demagnetization energy can reduce the dissi-
pation of writing energy in these multilayer devices. As seen in
Fig. 9(a), the conductance/resistance switches sharply at the
beginning of the positive current due to reduced demagnetiza-
tion energy density, followed by gradual switching as the DW
approaches the edges. This leads to an increased non-linearity
NL of the synapse. We computed the NL by using the following
methodology:

GLTP(ng Vd) = ﬂ[l - ei(P/@] + Gmin(vgy Vd) (5)
Grro(Vy, Va) = ﬂ[l - ei(#)} + Gmax(Vg, Va) (6)
_ [Gmax(Vg7 Vd) - Gmin(ng Vd)] (7)

¢ (1 - e*%)

Writing Pulse Scheme
---- =5x 10*A/m?, +2 x 10*A/m?
---- =5x10"A/m?, +3 x 10*'A/m?
---- —5x101A/m?, +5 x 10*A/m?
---- =9 x 10*A/m?, +9 x 10*A/m?
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(a) SOT-controlled multilayer DW synapse: conductance (potentiation/depression) in 15 layer and 20 layer devices (micromagnetic). (b)

Writing pulse scheme for synaptic linearity improvement. (c) Magnetization evolution for different nano-track widths. (d).Current pulses vs. Vxy

measured using the oscilloscope.
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where Gprp is the synaptic conductance, G, is the
minimum conductance, Gy, iS the maximum conductance
achieved by the device, a is the non-linearity fitting para-
meter, Py is the maximum pulse number, and « is the func-
tion of Gminy Gmax, @ and Py. To improve the linearity of the
device, we propose varying pulse schemes as shown in
Fig. 9(b). The current density is reduced during the
depression cycle, for Jo = +2 x 10" A m™?, the non-linearity
(NL) @ = =3.19, for Jc = +3 x 10" A m™2, the NL a = —3.36,
for Jo = +5 x 10" A m™2, the NL a = —3.8 and for Jc = F9 X
10" A m™2, the NL a = +2.29/-3.19. Thus, we can reduce the
NL by either reducing the write current density during the re-
sistance depression or increasing the current density to a
much higher value where it dominates the demagnetization
effect as seen for Jc = F9 x 10" A m™. Fig. 9(c) shows the
scaling of the synapse behavior with the scaling nanotrack
width; the magnetization potentiation/depression for the
64 nm device shows better linearity compared to the 128 nm
device due to reduced demagnetization energy. We believe
that the devices could be scaled below 64 x 100 nm nano-
wires. Especially with advanced EBL techniques, there is
scope for even 10 nm wide nanotracks. The measured poten-
tiation of multilayer devices is shown in Fig. 9(d). The appli-
cation of a 5 V (200 ps) voltage pulse results in a voltage
drop V,, across the transverse arm (short-term potentiation
(STP)). The voltage drop relaxes back to 0V without the V,,
pulse. As the device is stressed with more voltage pulses, we
observed gradual long-term potentiation (LTP). This phenom-
enon is linked to the magnetization switching and relaxation
in the device. The pinning of DWs during the relaxation
phase can account for the long-term potentiation. These
measured and simulated results promise the potential of
multilayer device-based neuromorphic computing. Please
note that there are two possible ways to integrate the pro-
posed ferromagnetic multilayer device in a crossbar array: (1)
the array of Hall bars as shown in the following ref. 40;
however, we need extra circuitry to amplify the weak Hall
signal and summing amplifiers as shown in ref. 40 and (2)
in the DW-MT]J configuration, we can consider the multilayer
stack as a single free layer and add MgO and a fixed layer
CoFeB. The writing can be done laterally while reading verti-
cally. However, to realize this MTJ, we might have to reduce
the Ta and MgO thickness to below 1 nm. We can consider a
full stack to be a synthetic ferromagnet.

Multilayer spintronics synapse ANN for
MNIST data recognition

The performance of the FM multilayer synapse was evaluated
using the MLPNeuroSim** integrated framework for on-chip
training and inference. The simulator provides the benchmark
from the device to the circuit level. We considered a simple
3-layer feedforward neural network (FNN) having 784 input
neurons, 100 hidden neurons, and 10 output neurons, as
shown in Fig. 10(a). The architecture was trained and tested to
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classify the handwritten MNIST digits using the stochastic gra-
dient descent (SGD) algorithm. The input to the network is the
pixel value from the 28 x 28 matrix representing the handwrit-
ten digit. The synaptic conductance values act as the weight of
the neural network. Here, the weights are mapped to the
devices’ conductance values. Fig. 10(b) shows the crossbar
matrix of the DW devices and the peripheral circuitry, such as
the read circuit, adder, and shift registers.

As shown in Fig. 10(c), the classification accuracy of the
devices with different write pulse schemes indicates that the
proposed devices can learn and recognize the MNIST dataset
with up to 90% accuracy. Which is very well in the range for
acceptable recognition performance benchmarked for other
memristors and ideal software-based 3-layer FCNN. The system
level read and write energies are 1.47 x 10™* J and 4.8 x 107° J.
The read latency and write latency are 1.98 x 107> s and 2.38 X
107" s. These results provide a clear benchmark for realizing
hardware neural accelerators based on the DW-MTJ devices.
Lastly, the MNIST dataset for classification performance evalu-
ation is more convenient for the presented devices. At this
stage, for a realistic integration of the measured devices in a
hardware neural network, it is important to visualize how the
devices will operate in the neural network. So, a 3-layer feedfor-
ward network for MNIST data classification is the best choice
with 79400 devices. Additionally, the training and testing of
the 3-layer neural network with the presented devices is quite
clear and intuitive compared to the more data-intensive data-
sets such as CIFAR-10.

Fabrication and characterization

The Rotaris magnetron sputtering system deposited the mag-
netic thin films at room temperature on a 4-inch thermally oxi-
dized Si wafer. A 300 nm bottom layer of SiO, was deposited
before stack deposition by using thermal oxidation. Then, the
multilayer stack was grown using ultrahigh vacuum magnetron
sputtering at room temperature in 5 x 10”® mbar. The multi-
layer structure consists of, from the substrate side, a 300 nm
SiO, insulating layer. Finally, a stack of SiO, (300 nm)/[Ta
(5 nm)/CoFeB (x)/MgO (2 nm)] x 20 was formed, where MgO
layers were deposited by RF magnetron sputtering, and the
other layers were deposited by DC magnetron sputtering. After
the film deposition, we spin-coated an AZ5214 photoresist
with a thickness of 1.6 pm and performed a hard bake for
2 min at 110 °C for positive tone use. We then patterned the
crossbars on the resist using conventional photolithography.
Ion beam etching using Ar gas removed the exposed magnetic
stacks outside the resist mask. During the etching, we moni-
tored the conductivity of the etched region and stopped the
etching when the signal from the 300 nm thick silicon oxide
layer appeared. To form electrical contacts, Ti (10 nm)/Au
(100 nm) was deposited on the sides of the crossbars through
sputtering at a rate of 0.8 nm s™. The electrical contact pads
were defined using photolithography and lifted off by immer-
sion in acetone with ultrasonic processing for 5 min.

This journal is © The Royal Society of Chemistry 2024
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epochs and different write pulse schemes is above 89% for all cases.

Characterization and imaging

The magnetic characterization of the samples for thickness
optimization was performed using normal vibrating sample
magnetometry (VSM) at room temperature. After VSM, we per-
formed imaging of the samples with multi-domain magnetic
characteristics using magnetic force microscopy (MFM) based

This journal is © The Royal Society of Chemistry 2024
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(a) llustration of the 3-layer FCNN architecture for MNIST data recognition. (b) Crossbar array in a circuit. (c) Recognition accuracy for 125

on dimension icon SPM. We used the Colr-coated MFM tip
provided by Bruker Inc. for probing. Hall measurements were
performed using a standard Hall measurement system,
quantum design PPMS, capable of applying DC magnetic
fields. We measured the crossbar devices at temperatures
ranging from 2 K to 300 K and at different magnetic fields
depending on the temperature. To measure the electrical
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characteristics, such as pulse current response, we used a stan-
dard 4-probe station with external magnetic field capability.
The current pulses were applied using a Keithley 6221 current
source and voltage was measured using a Keithley 2182A nano-
voltmeter. Lastly, a signal generator was used to supply voltage
pulses through the MTJ, and an oscilloscope was used to
measure the output voltage response of the devices.

Micromagnetics

Micromagnetic simulations were performed using the micro-
magnetic software framework MuMax.’” Two devices with 15
ferromagnetic layers and 20 ferromagnetic layers coupled with
ferromagnetic inter-layer exchange coupling IEC were simu-
lated. We varied the current amplitude, pulse width, and nano
track width to study the linearity and scalability of the devices.
The free layer was discretized considering varying grid sizes
from 128, 64, and 1 to 256, 128, and 1 and cell sizes of 2, 1,
and 0.8. The simulation parameters are given in Table 1. For
synaptic device simulation, DWs were initiated in each of the
ferromagnetic layers, and energy minimization was performed
on eqn (13), followed by the time integration of the LLG
equation (eqn (11)). Magnetic skyrmions are described using
their topological or skyrmion number Q calculated as follows:

1 om Om
Q:Eﬂm-(axa—y)dxdy (8)

The spins projected on the XY-plane and the normalized
magnetization vector m can be determined by the radial func-
tion 6, vorticity Q, and helicity Qy:

m(r) = [sin(6)cos(Qvp + Qn), sin(d)sin(Que + Qn),cos(8)] (9)
The vorticity number is related to the skyrmion number as
follows:

0= % [lim cos(6(r)) — cos(6(0))] (10)

r—00

The LLG equation describes the magnetization evolution as
follows:
dm  —y
dt  1+a?

[m X Hegr +m X (m X Hegr)] (11)
where m is the normalized magnetization vector, y is the gyro-
magnetic ratio, a is the Gilbert damping coefficient, and

—1 OF

Heyp = ——— 12
eff ,MOMs(Sm ( )

is the effective MF around which the magnetization process
occurs. The total magnetic energy of the free layer includes
exchange, Zeeman, uniaxial anisotropy, demagnetization, and
DMI energies.
E(m) = J [A(Vm)2 — UoM - Hext —%m~Hd —Ky(d-m)+ sDM] dv
14

(13)
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where A is the exchange stiffness, i, is the permeability, K, is
the anisotropy energy density, Hy is the demagnetization field,
and He is the external field; moreover, the DMI energy

density was then computed as follows:
eom = Dm(V -m) — (m - V) - m] (14)

The spin-orbit torque was then added as a modified STT
term to the LLG equation as:

— {1 + Eaym x (m x p) + (£ — a)(m x p)]

Tsot = 1+ a2
h sy . ,
@ = ‘ZMseﬂo STH]‘ andp = sign(fsu)j x n

(15)

where 6sy is the spin Hall coefficient of the material, j is the
current density, and d is the free layer thickness. The resis-
tance of the proposed skyrmion MTJ synapse was then com-
puted using the compact model presented in the main discus-
sion (eqn (4)). We then consider the magnetization profile of
the free layer and feed it to our model, which computes the re-
sistance of the MT] device as follows:

Vsyn

Rgyn = (16)

I syn
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