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ABSTRACT

Topological insulators offer unique properties for generating high spin-orbit torque (SOT), promising to revolutionize magnetoresistive
random-access memory with a low power consumption. In this work, BiSb is integrated into perpendicular magnetic tunnel junctions
(pMT]Js) to enable efficient SOT switching. By optimizing the BiSb thickness and introducing a Ta buffer layer, a threefold enhancement in
damping-like SOT efficiency and a 60% reduction in switching current are achieved compared to the BiSb-free sample. X-ray diffraction mea-
surements confirm the improved crystalline quality with increasing BiSb thickness, contributing to the enhanced spin current generation.
The fabricated BiSb-pMT]Js exhibit key neuromorphic functionalities, including gradual long-term potentiation/depression and sigmoidal
resistance modulation under pulsed current. Utilizing these features, a three-layer artificial neural network is implemented based on experi-

mentally extracted device behavior, achieving over 90% accuracy in handwritten digit recognition.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0275455

Magnetoresistive random-access memory (MRAM) is regarded
as a reliable nonvolatile emerging memory technology due to its long
data retention and robust endurance. The functionality of MRAM
relies on magnetic tunnel junction (MTJ) structures, which store data
in parallel or anti-parallel magnetization states of ferromagnetic (FM)
layers, thereby exploiting tunneling magnetoresistance (TMR) for
binary data representation.” * Recent advances in MRAM technology
have shifted toward spin-orbit torque (SOT) mechanisms to induce
magnetization switching, presenting a compelling alternative to the
conventional spin-transfer torque (STT) methods.” ” SOT exploits the
spin—orbit coupling (SOC) in certain materials, where an applied
charge current generates a transverse spin current, exerting torque on
the adjacent FM layers without the need for the current to pass
through the insulating barrier of the MTJ. This mechanism enhances
switching efficiency, reduces energy consumption, and mitigates device
degradation.m’” Conventional heavy metals such as Pt, Ta, and W
have been widely used as spin current sources due to their strong
spin-orbit coupling. However, their spin Hall angles are typically lim-
ited to values below ~0.3, which limits the achievable reduction in
switching current density and power consumption.'* '® To address

this constraint, topological insulators (TIs) have emerged as promising
alternatives, offering highly efficient spin-charge conversion enabled
by their characteristic electronic structure comprising an insulating
bulk and spin-momentum-locked surface states.'” *' Recent studies
have reported that TT materials such as Bi,Se; and (Bi;_,Sb,),Te; can
deliver significantly enhanced SOT efficiencies, typically in the range
of ~0.8-1.5, thereby outperforming conventional heavy metals in spin
current generation capability.'””> Among TIs, bismuth antimonide
(BiSb) stands out due to its small bulk bandgap (~20 meV), high elec-
trical conductivity, and the coexistence of multiple Dirac surface states
that enhance spin current generation.”””* However, the integration of
TIs into spintronic devices faces several challenges. First, most demon-
strations rely on epitaxial growth on lattice-matched substrates such as
GaAs or AlO;, which are incompatible with CMOS processes.'”*”
Second, the crystalline quality and interfacial properties of TIs degrade
significantly during standard fabrication steps, limiting their practical
adoption in large-scale memory architectures.”” Third, most existing
TI-based SOT devices are configured with in-plane magnetic anisot-
ropy, which offers lower thermal stability and packing density
compared to perpendicular magnetic tunnel junctions (pMTJs).”* **
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Meanwhile, spintronic devices, particularly MTJs have attracted
increasing attention for neuromorphic computing applications. Owing
to their non-volatility, scalability, and current-driven switching
dynamics, MTJs have been explored not only as memory elements but
also as functional components in artificial neural networks (ANNs).
Specifically, spintronic implementations of synapses and neurons have
been demonstrated through mechanisms such as domain wall motion
and spin-orbit torque-induced magnetization switching. These
approaches enable tunable conductance and nonlinear transfer charac-
teristics, including sigmoidal activation and spiking behavior, which
are essential for hardware-based ANN inference and training.* '
These developments underscore the potential of MTJ-based spintronic
platforms for building efficient, integrated, and energy-conscious neu-
romorphic systems.

In this work, we explore the integration of BiSb into pMTJ stacks
using sputtering to enhance SOT efficiency. By optimizing the BiSb
thickness and introducing a Ta buffer layer, we demonstrate a three-
fold increase in damping-like SOT efficiency and a 60% reduction in
switching current compared to control devices without BiSb. X-ray dif-
fraction (XRD) analysis reveals an improvement in crystalline quality
with increasing BiSb thickness, which contributes to enhanced spin
transparency and more efficient spin current generation at the inter-
face. Importantly, the entire device is fabricated using industrially via-
ble magnetron sputtering on thermally oxidized Si substrates, ensuring
compatibility with back-end-of-line (BEOL) processing. Beyond mem-
ory applications, we further extend the functionality of BiSb-based
PMTTs to neuromorphic computing. Modern computing systems face
energy bottlenecks due to the separation of memory and logic units
(the von Neumann bottleneck), especially in AI workloads involving
large-scale matrix operations. Neuromorphic computing seeks to
address this by employing memory elements that directly emulate the
behavior of biological neurons and synapses.”” " In this context, we
show that BiSb-pMTJs can mimic both synaptic weight modulation
via long-term potentiation/depression (LTP/LTD) and sigmoidal neu-
ron activation behavior through current-induced nonlinear switching.
Using experimentally extracted device characteristics, we construct an
artificial neural network (ANN) for handwritten digit recognition and
achieve recognition accuracy of over 90%, validating the potential of
these devices for energy-efficient, in-memory computing. These results
demonstrate that sputtered BiSb is not only a scalable and CMOS-
compatible spin current source but also a versatile platform for multi-
functional spintronic applications integrating memory, logic, and neu-
romorphic computing.

The TI-MT] stacks of BiggsSby 5 (40nm)/Ta (3 nm)/CoFeB
(1.4nm)/MgO (1.5nm)/CoFeB (1.6nm)/Ta (1nm)/[Co (0.6 nm)/Pt
(0.6nm)]¢/Co (0.6nm)/Ru (0.5nm)/Co (0.6 nm)/[Pt (0.6 nm)/Co
(0.6nm)]¢/Ta (3nm)/Ru (3nm)/Ta (3nm) were deposited on ther-
mally oxidized Si substrates by using a magnetron sputtering system at
room temperature with a base pressure of 5 x 10~ Torr. The thickness
of each layer was controlled based on pre-calibrated sputtering rates
obtained under fixed DC or RF power, Ar gas flow rate, working pres-
sure, and sputtering time. The film thicknesses were measured using a
Park NX10 atomic force microscope (AFM) operated in non-contact
mode, and the deposition rates were calculated accordingly to deter-
mine the sputtering duration for each layer. The TI-MTJ devices were
fabricated using photolithography, electron beam lithography (EBL),
and Ar ion milling steps. Initially, an AR-N4340 negative-tone resist

pubs.aip.org/aip/apl

was utilized to pattern the TI underlayer, followed by etching of all
layers using Ar ion milling and subsequent removal of the photoresist
with acetone. Subsequently, MT] pillars with circular shapes and diam-
eters of 5 um were patterned using electron beam lithography with an
ma-N 2403 negative-tone resist and etched down to the MgO layer. A
layer of 40 nm thick HfO, was then sputtered to electrically isolate the
top and bottom contacts of the tunnel junctions. Top electrodes were
patterned using a photolithography step with AZ5214 positive-tone
photoresist, followed by a 60 nm thick Ta layer deposition. Another
photolithography and Ar ion milling step was performed to define and
open the bottom electrodes, which succeeded by sputtering another
60 nm thick Ta layer. Finally, the fully patterned TI-MTJ devices were
annealed at 260 °C for 30 min in a vacuum.

The magnetic properties of the TI-MTJ stack were measured
using the vibrating sample magnetometer (VSM). The magnetic prop-
erties of the Hall bar devices were determined through electrical char-
acterization via anomalous Hall effect (AHE) measurements. The SOT
efficiency was determined by measuring the harmonic Hall voltages
using a Keithley 6221 AC source and a 7265 Dual-Phase DSP Lock-In
Amplifier.”” The SOT switching in the 3-terminal TI-MTJ devices was
measured using a Keithley 2400 source meter to apply the current and
measure the resistance and a LakeShore electromagnet to provide the
bias magnetic field. All these measurements were conducted at room
temperature.

Figure 1(a) shows the schematic of the BiSb/Ta/CoFeB/MgO/Ta
thin film stack. Figure 1(b) shows magnetic hysteresis (M-H,) loops of
the thin films with the BiSb thicknesses varying from 10 to 50 nm by
sweeping the magnetic field (H,) along the out-of-plane direction. The
hysteresis loops with the square shape indicate the presence of PMA.
As shown in Fig. 1(c), the coercivity (H,) increases with BiSb thickness,
ranging from 35 to 145 Oe. The inset illustrates the variation of root
mean square roughness (Rg) as a function of BiSb thickness, showing a
progressive increase with thickness (three-dimensional AFM images of
films with different BiSb thicknesses are provided in supplementary
material S1). This increase in Ry is closely linked to the observed
changes in H.. The enhanced roughness introduces additional pinning
sites for magnetic domain walls. These pinning sites impede domain
wall motion, thereby increasing the magnetic field required for magne-
tization reversal. As a result, the observed enhancement in H_. with
BiSb thickness can be attributed to the increased domain wall pinning
effect induced by the rougher interface. In-plane hysteresis measure-
ments show that the effective anisotropy field Hy slightly increases
with BiSb thickness, confirming that PMA is preserved (see supple-
mentary material S2). Interlayers such as Ru and Ti were employed in
previous research,'”*>*° whereas, in this work, we have explored the
use of Ta as another alternative interlayer material. As shown in
Fig. 1(d), the 3 nm Ta interlayer is thick enough for PMA to manifest
and serves as a buffer to prevent the exchange interaction between
BiSb and CoFeB and to block the diffusion of elements during anneal-
ing, which could otherwise degrade the topological surface states.
However, as the Ta layer decreased below 2 nm, we observed a signifi-
cant reduction in PMA. This effect became even more pronounced
when the Ta layer was further reduced to 1 nm, at which point PMA
was completely absent, undermining the required film properties. This
underscores the critical balance required, while a thinner Ta layer
could theoretically improve spin current transmission, excessively thin
layers compromise the magnetic stability necessary for the effective
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FIG. 1. (a) Schematic illustration of the BiSb/Ta/CoFeB/MgO/Ta film. (b) Out-of-plane magnetic hysteresis loops of the size of 1cm x 1cm BiSb (x nm)/Ta (3 nm)/CoFeB
(1.4 nm)/MgO (2 nm)/Ta (3 nm) stack films with varying BiSb thicknesses. (c) The coercivity H as a function of BiSb thickness. The inset depicts the variation of root mean
square roughness R, with BiSb thickness. (d) Out-of-plane magnetic hysteresis loops of the size of 1cm x 1.cm BiSb (10 nm)/Ta (x nm)/CoFeB (1.4 nm)/MgO (2 nm)/Ta (3 nm)
stack films, demonstrating the influence of varying the thickness of the sandwiched Ta layer between BiSb and CoFeB on the magnetic properties.

PMA. Therefore, maintaining the Ta layer at 3 nm ensures an optimal
trade-off, optimizing spin current efficiency while preserving the mag-
netic properties essential for reliable pMT]J functionality. Consequently,
subsequent investigations were conducted with an intermediate Ta layer
maintained at 3 nm thickness.

The BiSb (fg;s,)/Ta/CoFeB/MgO/Ta films, as well as a control
sample without the BiSb layer (tgis, =0nm), were fabricated into
10 um x 100 um Hall cross device structures. Figure 2(a) shows the
anomalous Hall resistance Rypr—H, loops of the measured Hall cross
devices with varying BiSb thicknesses. Introducing the BiSb layer
increased the interfacial roughness, leading to an impact on the H, of
the devices. Specifically, the devices without BiSb layers exhibited a
smaller H. compared to those with the BiSb layers. Subsequently, the
current-induced magnetization switching (CIMS) for devices with dif-
ferent BiSb thicknesses was investigated, as shown in Fig. 2(b). The
CIMS loops were measured using a series of DC pulses under an exter-
nal in-plane magnetic field of —300 Oe. The pulse current was applied
along the x-direction with a maximum magnitude of 30mA and a
duration of 5ms. To evaluate the damping-like effective field efficiency
(yp1) as a function of BiSb thickness, harmonic Hall voltage measure-
ments were carried out. Figure 2(c) shows the dependence of the yp;,
and switching current I, on the BiSb thickness. The yp; shows an
increase with increasing fp;g,, saturating at around (15.9 % 0.4)
x 107" Oe/(A/m?) (fpis, = 40 nm), which is almost three times higher

than the control sample (¢g;5, = 0 nm) of (5.5 = 0.1) X 10~ 0e/(A/m?).
The average switching current for the 40 nm BiSb sample was 8 mA,
approximately 60% lower than the control sample at 20mA. The
enhanced SOT efficiency in BiSb can be attributed to its large spin
Hall angle and high electrical conductivity, which significantly
improve charge-to-spin current conversion efficiency. BiSb’s topologi-
cal surface states enable spin-momentum locking, which facilitates
robust spin current generation and efficient magnetization switching.
Furthermore, as demonstrated by the x-ray diffraction (XRD) 0-20
spectra in Fig. 2(d), increasing BiSb thickness enhances the crystalline
quality, as evidenced by the increase in diffraction peak intensities
without significant peak shifts, indicating stable lattice parameters
(additional XRD 0-20 spectra of BiSb heterostructures with varying
thicknesses on thermally oxidized Si substrates over the broader
20=20°-80° range are provided in supplementary material S3).
Although AFM results show increasing surface roughness with BiSb
thickness, this roughness mainly reflects morphological evolution of
the BiSb surface. The comparatively low R, values confirm that the
overall height variation remains modest (see supplementary material
S1). The enhanced crystallinity observed in XRD is therefore identified
as the dominant factor contributing to the improved SOT efficiency.
Notably, the improvement in crystallinity saturates at tp;g, =40 nm,
with negligible changes observed for tgis, =50nm, suggesting that
further thickness increase does not lead to significant structural or
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FIG. 2. (a) Anomalous Hall resistance loops measured in BiSh/Ta/CoFeB/MgO/Ta Hall cross devices with different BiSb thicknesses under an out-of-plane field. (b) Current-
induced magnetization switching in devices with different BiSb thicknesses under an external in-plane magnetic field of —300 Oe. (c) The damping-like field SOT efficiency yp.
and switching current I, as a function of BiSb thickness for the devices. (d) XRD 0-20 spectra of BiSb heterostructures with different BiSb thicknesses in the range of

20 =20°-30°. The (003) and (012) diffraction peaks are indicated.

electronic improvements. This saturation in crystalline quality corre-
lates with the plateau observed in yp;, indicating that optimal SOT
efficiency is achieved at tg;g, = 40 nm, making it the ideal thickness for
maximizing spin—-charge conversion while maintaining minimal
energy dissipation. The Ta buffer layer thickness is fixed at 3 nm in all
devices and functions primarily to preserve PMA and maintain a clean
interface, rather than to serve as a variable spin current source.
Control experiments varying Ta thickness from 3 to 5nm at fixed
BiSb thickness show negligible change in ypy, indicating a constant Ta
contribution (see supplementary material S4). Therefore, subsequent
investigations focus on BiSb with fp;g, = 40 nm, highlighting the criti-
cal role of BiSb thickness engineering in optimizing charge-to-spin
conversion efficiency and achieving efficient SOT-driven magnetiza-
tion switching.

Figure 3(a) illustrates the out-of-plane magnetic hysteresis loops
of BiSb-based MTJ films with the incorporation of a synthetic antifer-
romagnetic (SAF) structure. The SAF structure, comprising two
[Co/Pt]s multilayers coupled antiferromagnetically, induces notable
modifications in the magnetic behavior of the film. This effect is pri-
marily attributed to the antiferromagnetic exchange coupling within
the SAF, which stabilizes the magnetic orientation of the reference
layer by counteracting thermal fluctuations and external magnetic field
disturbances.” Figure 3(b) demonstrates a schematic overview of the
layered structure within the BiSb-based perpendicular MTJ device.
The schematic structure in Fig. 3(c) illustrates a 3-terminal SOT-driven
TI-pMT] device, where the 40nm thick BiSb layer, optimized for
enhanced SOT efficiency, serves as the SOT channel. The strong spin-
momentum locking at the surface states of the BiSb layer generates
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FIG. 3. (a) Out-of-plane magnetic hysteresis loops of the BiSb-based MTJ film with a synthetic antiferromagnetic (SAF) layer. The SAF structure comprises two antiferromag-
netically coupled [Co/Pt]s multilayers. The minor hysteresis loops were measured under a small magnetic field. (b) Schematic of the sputtered BiSh-based perpendicular mag-
netic tunnel junction. (c) Schematic of a 3-terminal SOT-driven TI-pMTJ device. (d) Current-induced magnetization switching in pMTJ devices with and without a BiSb layer (Ta-
based reference). The inset shows the optical micrograph of the patterned MTJ device with a diameter of 5 um. (e) Current-induced magnetization switching in all-sputtered

BiSb-pMTJ devices under different external in-plane magnetic fields.

spin-polarized currents, which exert torques on the magnetic moments
of the free layer, facilitating magnetization switching. Subsequently,
current-induced SOT switching was performed in the BiSb-based
pMT] device. Figure 3(d) shows current-induced magnetization
switching in pMT]J devices with and without a BiSb layer (Ta-based
reference). The inclusion of a BiSb layer significantly reduces the
switching current, decreasing from 21 mA in the Ta-based reference
device to 11 mA in the BiSb-based device, corresponding to a 48%
reduction. The optical micrograph of the patterned MT] device is
shown in the inset, where the BiSb layer serves as the bottom electrode
contact and the TI-MT] pillar with a 5 um diameter size is located at
the intersection region between the bottom electrodes (BE) and top
electrodes (TE). Here, we demonstrate a TI-pMT]J film fabricated
entirely by magnetron sputtering on a Si/SiO, substrate, in contrast to
conventional TI thin films, which are often single-crystalline and epi-
taxially grown on specific III-V semiconductor substrates like GaAs
and Al,O; using molecular beam epitaxy, making them unsuitable for
mass production.”” Figure 3(e) demonstrates the current-induced
magnetization switching for the all-sputtered BiSb-pMT] devices

under different external in-plane magnetic fields. During operation,
the 5ms writing current pulses were applied in the BiSb channel to
provide the SOT for magnetization switching of the bottom free
CoFeB layer with an in-plane magnetic field. The magnetization state
of the free CoFeB layer is subsequently read by measuring the resis-
tance of the MTJ using a small DC reading current of 100 A between
the top and bottom electrodes. TMR curves measured as a function of
out-of-plane magnetic field for different batches of BiSb-based pMT]
devices are provided in supplementary material S5. Moreover, current-
induced magnetization switching in all-sputtered BiSb-based pMT]J
devices with a BiSb thickness of 40nm for various MT] diameters
(800 nm, 1 um, 3 um, and 5 um) is presented in supplementary mate-
rial S6. These results demonstrate stable TMR behavior across all MT]
devices, with the 800 nm diameter device exhibiting the highest TMR
of 40%. The incorporation of a BiSb layer, leveraging its strong spin-
momentum locking, significantly enhances SOT efficiency in pMT]
devices. The BiSb thickness of 40 nm is optimized to maximize spin
current generation while minimizing the switching current, highlight-
ing its critical role in advancing SOT-MTJ technology.
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Following the demonstration of enhanced SOT in BiSb-pMTJ
devices, their direct application in neuromorphic computing architec-
tures is explored. As shown in Fig. 4(a), a three-layer artificial neural
network (ANN) architecture is constructed for digit recognition tasks,
comprising 784 input neurons (corresponding to 28 x 28 pixels of
MNIST images), 300 hidden neurons with sigmoid activation func-
tions, and 10 output neurons representing the classification out-
comes.”® The implementation leverages the multi-resistance states of
BiSb-pMT]Js to emulate both neuronal and synaptic functionalities.
Figure 4(b) presents the resistance modulation behavior of a BiSb-
pMT]J device as a function of pulse current amplitude. The resistance
exhibits a nonlinear, S-shaped dependence, analogous to the sigmoid
activation function commonly used in ANN models.”” This behavior
enables direct hardware implementation of analog neuronal activation
using current-induced magnetization switching. The inset shows the
full hysteresis loop of current-driven switching, confirming the device’s
robust switching capability. Figure 4(c) demonstrates synaptic plastic-
ity through long-term potentiation (LTP) and long-term depression
(LTD), achieved by applying a sequence of 40 current pulses with an
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amplitude of 10 mA. The normalized Hall resistance Ry, is gradually
modulated in opposite directions for LTP and LTD, resembling the
weight update mechanism in biological synapses. Both the experimen-
tal data (Exp_LTP and Exp_LTD) and their corresponding fits
(Fit_LTP and Fit_LTD) show smooth, monotonic behavior, support-
ing reliable incremental programming suitable for hardware-based
learning algorithms. Figure 4(d) presents the evolution of digit recog-
nition accuracy using the MNIST dataset, comparing an ideal ANN
with the one implemented using experimentally measured BiSb-pMT]
synaptic weights. Despite the nonidealities in resistance modulation,
the BiSb-pMTJ-based ANN achieves over 90% classification accuracy,
validating the potential of BiSb-pMTJs as spintronic synaptic devices
for in-memory neuromorphic computing. These results highlight the
feasibility of integrating BiSb-based spintronic devices for both synap-
tic and neuronal functions in future energy-efficient, scalable neuro-
morphic hardware systems.

In conclusion, we have demonstrated the integration of BiSb into
perpendicular magnetic tunnel junctions using a CMOS-compatible
sputtering process. By optimizing the BiSb thickness and incorporating
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FIG. 4. (a) Schematic of the artificial neural network for pattern recognition, consisting of 784 input neurons, 300 hidden neurons, and 10 output neurons. Nodes represent neu-
rons, and connections represent synapses with synaptic weights. (b) The resistance (R) in the BiSb-pMTJ as a function of pulse current amplitude exhibits an S-shaped nonlin-
ear relationship, demonstrating its use as neurons with sigmoid activation functions. The inset shows the full loop of current-induced magnetization switching in the device. The
measurement was performed on a device with a diameter of 10 um. (c) Demonstration of long-term potentiation (LTP) and long-term depression (LTD) in the synaptic device.
Experimental data (Exp_LTP and Exp_LTD) and corresponding fitting curves (Fit_LTP and Fit_LTD) are presented. (d) Evolution of pattern recognition accuracy for digit identifi-
cation based on the resistance values in the synaptic devices. The plot compares the performance of the ideal synaptic device with the BiSb-pMTJ device.
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a Ta buffer layer, we achieved a threefold enhancement in damping-
like SOT efficiency and a 60% reduction in switching current
compared to control samples. XRD analysis confirmed improved crys-
talline quality with increasing BiSb thickness, contributing to the
enhanced spin current generation. Additionally, BiSb-pMTJs were
shown to emulate key neuromorphic functionalities, including long-
term potentiation/depression and sigmoidal activation behavior.
When applied in a neural network for digit recognition, the devices
achieved over 90% accuracy, validating their suitability for in-memory
computing. This work highlights sputtered BiSb as a scalable, high-
efficiency spin source for next-generation spintronic devices, enabling
unified memory and neuromorphic computing functions.

See supplementary material for details on the AFM roughness
analysis, magnetic anisotropy evaluation, XRD spectra, Ta buffer effect,
TMR reproducibility, and switching behavior in BiSb-pMT] devices.
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