nature communications

Article

https://doi.org/10.1038/s41467-024-55437-x

Harnessing orbital Hall effect in spin-orbit

torque MRAM

Received: 18 September 2024

Accepted: 12 December 2024

Published online: 02 January 2025

M Check for updates

Rahul Gupta®' , Chloé Bouard?, Fabian Kammerbauer®",
J. Omar Ledesma-Martin', Arnab Bose', Iryna Kononenko', Sylvain Martin?,
Perrine Usé?, Gerhard Jakob ® '3, Marc Drouard ® 2 & Mathias Kliui>*

Spin-Orbit Torque (SOT) Magnetic Random-Access Memory (MRAM) devices
offer improved power efficiency, nonvolatility, and performance compared to
static RAM, making them ideal, for instance, for cache memory applications.
Efficient magnetization switching, long data retention, and high-density inte-
gration in SOT MRAM require ferromagnets (FM) with perpendicular magnetic
anisotropy (PMA) combined with large torques enhanced by Orbital Hall Effect
(OHE). We have engineered a PMA [Co/Ni]; FM on selected OHE layers (Ru, Nb,
Cr) and investigated the potential of theoretically predicted larger orbital Hall
conductivity (OHC) to quantify the torque and switching current in OHE/[Co/
Ni]s stacks. Our results demonstrate a ~-30% enhancement in damping-like
torque efficiency with a positive sign for the Ru OHE layer compared to a pure
Pt layer, accompanied by a ~20% reduction in switching current for Ru com-
pared to pure Pt across more than 250 devices, leading to more than a 60%
reduction in switching power. These findings validate the application of Ru in
devices relevant to industrial contexts, supporting theoretical predictions
regarding its superior OHC. This investigation highlights the potential of
enhanced orbital torques to improve the performance of orbital-assisted SOT-
MRAM, paving the way for next-generation memory technology.

Data centers account for a substantial portion of global energy con-
sumption, utilizing ~200 terawatt-hours annually, which represents
currently 1% of the world’s energy use'”. To reduce the power con-
sumption in computers, Spin-Orbit Torque (SOT) Magnetic Random-
Access Memory (MRAM) is gaining attention as a potential replace-
ment for static RAM due to its possible enhanced power efficiency,
non-volatility, and superior performance, making it an attractive
option for cache memory applications®>.

The operational principle of SOT MRAM involves current-induced
magnetization switching as the write process®. The efficiency of this
switching, characterized by the product of switching power and
switching time, is a critical determinant of the device’s energy con-
sumption. The switching power relies on the applied current required

to switch the magnetization, which is referred to as the critical
switching current (I.). A lower critical current implies reduced power
consumption in SOT devices. Moreover, the efficiency depends on
three key factors: the conversion efficiency of charge to angular
momentum within the SOT layer, the transfer of angular momentum at
the interface, and the torque efficiency within the free layer of the
magnetic tunnel junction. Another key aspect of SOT MRAM is its long
data retention time, which depends on the thermal stability factor (4).
The industry typically requires 4 to be >60, corresponding to 10 years
of data retention’. Recent advancements have seen the use of f-W asan
SOT layer in SOT MRAM for large-scale integration in ultrafast
embedded memory applications®. Nonetheless, a challenge remains in
the need for high switching current in S-W and its highly resistive
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Fig. 1| Quantification of orbital torques. a Optical image of a device with the
circuit diagram of the second harmonic Hall measurements. b First harmonic Hall
voltage (Vy,,) as a function of yioH,. Inset shows the Anomalous Hall voltage (V) as
a function of yoH.. ¢, d Second harmonic Hall voltage (V,,)as a function of uoH, and
HoH,, respectively.

nature (0, =200-300 uQ-cm®), which combined result in high power
consumption. Consequently, layers with high spin-orbit coupling
(SOC), such as Pt, are currently favored due to their significant
spin Hall angle (6sy=0.05-0.20°"), excellent conductivity
(0 =15-50 uQ cm'®"), and established integration as a standard SOT
layer. Recent proposals include various metallic alloys and multilayers
as SOT layers to improve damping-like torque efficiency. These
alternatives focus on the transfer of spin angular momentum, neces-
sitating materials with high SOC, thereby limiting the options to a few
heavy elements in the periodic table, which are additionally often
expensive and detrimental to the environment.

The Orbital Hall Effect (OHE)" " and the Orbital Rashba Edelstein
Effect (OREE)'*'*'” have been considered as promising mechanisms to
enhance torques tenfold”, without resorting to rare and expensive
high SOC elements'*'**2°, and are even argued as a fundamental
mechanism of the Spin Hall Effect (SHE)'**°. These phenomena lever-
age the generation, transfer, and conversion (from orbital to spin) of
orbital angular momentum within SOT-based stacks. Theoretical stu-
dies suggest that the orbital Hall conductivity (OHC) can be sig-
nificantly larger than spin Hall conductivities (SHC) in metals across
the 3d, 4d, and 5d series*.. Recent experimental findings have cor-
roborated the potential for enhanced torques due to the OHE and
OREE®*%, Previously, distinguishing between SHE and OHE has been
achieved using in-plane magnetized ferromagnets (FM) such as Ni and
FeCoB?®, which, however, are not viable for SOT-MRAM applications. It
is worth noting that many of these studies have involved FM layers
combined with OHE layers, where Rashba-type SOC effects at the
interface?* and self-induced torques within the FM layer cannot be
discounted®**. Nonetheless, the presence of the OHE has been
experimentally confirmed in bare non-FM materials with low SOC, such
as Cr” and Ti*, through magneto-optical Kerr detection. Moreover, it
has been shown that the orbital angular momentum of an electron can
propagate over longer distances than its spin counterpart?®%35-37,

Despite these strong experimental evidence and the notable tor-
ques achieved, harnessing the remarkable properties of OHE in
industrial-scale SOT-MRAM devices poses significant challenges. Pre-
vious research has predominantly focused on oxide systems like Cu/
Cu0,***° and FMs with in-plane magnetization?**>*°, In-plane mag-
netized systems do not lend themselves to high-density memories due
to reduced thermal stability and stray fields, and the use of oxides

results in significant power consumption due to the highly resistive
nature of oxide layers. Oxides furthermore introduce complications in
the fabrication processes due to the metal-oxide interface, thereby
impeding the broad-scale integration of OHE-based technologies in
industrial applications. Thus, reducing power consumption (o< I?pxx)
involves reducing the switching current combined with excellent
conductivity, which can be achieved by harnessing the OHE in
SOT MRAM devices with all-metallic OHE stacks, along with sufficient
perpendicular magnetic anisotropy (PMA) layers for high thermal
stability.

In this article, we harness the OHE in SOT-MRAM devices at an
industrially relevant scale to reduce the switching current when com-
pared to traditional SHE-dominated SOT-MRAM devices (e.g., those
employing Pt as an SOT layer). Our study incorporates fully metallic
OHE layers, such as Ru, Nb, and Cr, alongside [Co/Ni]s as the perpen-
dicularly magnetized FM layer in our SOT-MRAM devices. Through our
industrial-scale fabrication process, we successfully probed more than
250 devices on full Si/SiO, wafers, revealing that Ru based SOT devices
provide a significantly larger torque as compared to Pt based SOT
devices. These experimental findings are consistent with the theore-
tically predicted higher OHC of Ru. Consequently, this leads to a
reduction in the switching current observed in Ru/Pt/[Co/Nil;-based
SOT MRAM devices compared to Pt/[Co/Ni]; devices, especially in
configurations with a thermal stability factor greater than 60. Our
methodology involves the strategic integration of OHE layers into the
writing process of SOT-MRAM devices. This integration includes
ensuring that the stack exhibits sufficient PMA for high thermal sta-
bility, coupled with strong torques from the OHE and efficient con-
version of orbital to spin, offering a promising avenue to reduce power
consumption in data storage devices.

Results and discussion

Perpendicular magnetization on OHE layers for high-density
integration

Achieving PMA in combination with OHE layers is a key requirement
for the architecture of highly dense and efficient SOT-MRAM devices.
Therefore, multilayers of [Co(0.2)/Ni(0.6)], were deposited onto
selected OHE layers, such as Ru(2), Nb(2), and Cr(2), where n denotes
the number of bilayer repetitions and the thickness values in nan-
ometers are indicated in parentheses. A 1.5nm thin Pt layer was
inserted as an interlayer between the [Co/Nil, (with n=3 yielding
optimal PMA) and the OHE layers to facilitate the induction of PMA,
aligning with the requirements for SOT-MRAM devices, and serves as
an efficient orbital-to-spin conversion layer due to its high SOC” (see
Supplementary Material (SM) section I, and the Methods section). This
is crucial for the application of torque and the mechanisms of mag-
netization switching in these experiments.

Enhanced torque due to orbital Hall effect

To measure torques, we employ standard harmonic Hall
measurements*' within a three-dimensional vector cryogenic setup,
under the influence of applied magnetic fields at a temperature of
300 K. Figure 1a shows the schematic diagram of the Hall bar device
and its associated harmonic Hall measurement circuit. We apply a low-
frequency (13.7 Hz) alternating electric current through the device and
record both the first harmonic (V) and second harmonic (V,,) Hall
voltages, systematically varying the magnetic field along the poH,,
HoH,, and uoH; axes. Figure 1b displays Vy, as a function of pioH, for the
Ru/Pt sample, demonstrating a change in the sign of V;, concurrent
with the magnetization reversal. This behavior is consistent across
HoH, and extends to all tested samples. Before conducting these
measurements, the samples were magnetically saturated out-of-plane
by applying a field larger than their coercive field, establishing mag-
netization states denoted as +m (up) and -m (down). The inset of Fig. 1b
depicts the anomalous Hall voltage (V) as a function of the out-of-
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Fig. 2 | Orbital torque efficiency and OHE assisted SOT layer conductivity. a

Damping-like torque efficiency per unit electric field (left Y-axis) and per unit cur-
rent density (right Y-axis) for various OHE-based heterostructures. b State-of-the-
art comparison of damping-like torque efficiency per unit current density (E{JL) vs.
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longitudinal resistivity (0,,) of NM layers. The values are taken for Pt'**°, Pt/Ti", Pt/
Hf*, PtAl alloy*, AuPt alloy*®, and 8-W*"*%, Our data are represented by open square
symbols in red.

plane magnetic field (uoH,), evidencing the PMA of [Co/Nil; for all SOT
layers; here data is specifically shown for the Ru/Pt OHE layer.

Figure 1c, d present V,, as a function of uoH, and uoH, for mag-
netization states +m and -m, respectively. These figures illustrate two
distinct torque mechanisms in the [Co/Nil; layers: (1) Damping-like
(DL) torque, represented by tp; < m x (0 xm), where m is the unit
vector of the Co/Ni magnetization and o represents the angular
momentum polarization due to SHE and/or OHE. (2) Field-like (FL)
torque, denoted by 7y =< m x Hyy, where Her encompasses contribu-
tions from the interfacial spin-orbit field and the Oersted field due to
conductive layers. The data in Fig. 1c is associated with the DL torque,
where V,, maintains its sign regardless of the magnetization direction,
indicating DL torque characteristics. This pattern persists when the
magnetic field and current are aligned (ly || toHy). In contrast, a
change in the sign of V,,, is observed when the field is perpendicular to
the current (L L uoH,), indicating the presence of a FL torque as
depicted in Fig. 1d. However, when the planar Hall effect (PHE)
becomes significant compared to the anomalous Hall effect (AHE), the
efficiencies of DL (§},) and FL (£f,) torques per unit electric field are
defined as follows*,

2e oMty Hyy £ 200H

& ==
bLEh ™y F 1-4n

@

where 2e, h, uoMs, E, and tr, represent the charge of an electron, the
reduced Planck constant, the saturation magnetization of the FM layer,
the applied electric field, and the thickness of the FM layer, respec-
tively. The parameter n (=4ARpye/AR 1) denotes the ratio of the resis-
tance due to the PHE to that of the AHE. The measured fields, Hy,), are

defined as:
av a’v
H =_2 2w 1o
v (dHX(W'“P) / (dH)Z((v). app)

To evaluate the torque efficiencies, we initially measure poM; of
our samples using a Quantum Design Superconducting Quantum
Interference Device (SQUID) (for details, see Supplementary Material
section IlI, and the Methods section). The measured poM; values range
from 0.92 (0.03) to 0.97 (0.04) Tesla across all samples, consistent
with previously reported findings*2. Subsequently, we measure the PHE
as a function of the applied in-plane magnetic field, AHE as a function
of out-of-plane applied field, and calculated the corresponding 7 ratios
for all samples, as described in the SM section II(S2, S3). The resulting
values for Pt, Ru/Pt, Nb/Pt, and Cr/Pt samples are found to be 0.72,
0.65, 0.86, and 1.04, respectively. Utilizing Egs. (1-2), we deduce the
torque efficiencies ffu(m- These efficiencies, when expressed per unit
current density for DL and FL torque components, are denoted as
&) = EburPams Where pyy represents the resistivity of the SOT

(03

layer, consisting of Ta/Ru/Pt layers. The pny, values were determined
employing a van der Pauw geometry, as described in ref. 43 (for details,
see the Methods section). Our findings indicate a predominance of a
DL torque over a FL torque, with the FL torque being -10% of the DL
torque across all samples (see the SM section 11(S1)). As a key finding of
our work, we discover that the torque efficiencies &5, and &, exhibit a
~30% enhancement for the Ru/Pt OHE layer compared to the pure Pt
layer, as illustrated in Fig. 2a. Notably, this enhancement comes with a
positive sign of the torque, indicating the dominant contribution of the
OHE mechanism?. This observation is in accordance with theoretical
predictions suggesting a positive sign for the enhanced OHC in Ru, Nb,
and Cr, as indicated by Salemi et al.*' and Go et al.”>. To determine
whether the enhancement in torque efficiency in the Ru/Pt samples,
compared to our reference Pt sample, is linked to changes in the
magnetic properties of the [Co/Nil; layers, we have measured the
coercivity in our samples and found it to be similar in both the Ru/Pt
and reference Pt samples (see SM section I and Fig. S1f). While higher
torque efficiency is expected in all OHE layers compared to pure Pt, the
predicted OHC values depend on the chosen lattice constants. For
example, an OHC of 8000 (fi/e)(Q-cm)™ was calculated for Ru with
lattice constants a =2.71 A and ¢ =4.28 A%, while another study repor-
ted an OHC of 5545 (#/e)(Q-cm)™ using a = 5.15 A and ¢ = 8.13 A>2. Both
studies assume a hexagonal close-packed (hcp) crystal structure,
typically associated with epitaxial or single-crystal growth. Our films,
deposited at room temperature, are not epitaxial, leading to deviations
from the predicted OHC values. This, along with factors like orbital
transparency or mixing conductance at the interface, may explain the
lower torque efficiency observed in the Nb/Pt and Cr/Pt samples, even
though the sign of OHC remains consistent.

Figure 2b illustrates a comparison of &‘/DL across various SOT lay-
ers, plotted as a function of their longitudinal resistivity (o). Notably,
the Ru/Pt SOT layer exhibits the highest torque efficiency compared to
other investigated SOT materials, such as the Pt/Hf*, the PtAl alloy*,
Pt/Ti, the AuPt alloy*®, and B-W**%, Recent studies have highlighted
the potential of f-W as a material for SOT layer in SOT-MRAM appli-
cations, showcasing large-scale integration and a substantial value of
&,*. Nonetheless, its application is difficult due to the high
power consumption resulting from its highly resistive nature
(P =200-300 uQ cm). Thus, Ru/Pt stands out as a preferable SOT
layer choice, outperforming pure Pt in torque efficiency and offering a
much better conductivity than g-W, as illustrated in Fig. 2b.

Orbital-assisted current induced magnetization switching
experiments: analysis of >250 devices

The primary figure of merit for a device is the critical current required
for magnetization switching. Therefore, to examine the impact of
enhanced torques on the switching current density, we fabricated SOT
channels using bare Pt(3.5), Ru(2)/Pt(1.5), Nb(2)/Pt(1.5), and Cr(2)/
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Fig. 3 | Magnetization switching by orbital torques. a Scanning electron micro-
scope image with circuit diagram of the switching experiment. b Anomalous Hall
resistance (Rqyg) as a function of current density at a 10 ns pulse duration and poH,
=50 mT. The y-axis has been rescaled for better visualization, and rounded arrows
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Pt(1.5) as OHE layers, with dimensions of 200 x 400 nm?. Note that the
volume of the bare Pt layer is deliberately kept the same as the other
SOT layers to ensure that the current density and current are con-
sidered equivalent in our work (refer to the Methods section). Addi-
tionally, [Co/Nil; was employed as a magnetic circular dot, with a
diameter of 100 nm, for conducting switching experiments. The
scanning electron microscopy image of a device, along with the circuit
diagram, is depicted in Fig. 3a. A rectangular pulse was applied in the x-
direction, while the AHE voltage was measured along the y-direction, in
the presence of an applied magnetic field poH, of 50 mT. Figure 3b
illustrates the AHE resistance (R4x¢) as a function of the applied current
density (/) under a 50 mT magnetic field and with a 10 ns pulse dura-
tion. This graph reveals a notable decrease in the critical switching
current density (/.) with the use of Ru/Pt as an SOT layer in comparison
to the bare Pt sample. Importantly, the switching polarity is consistent
across all OHE layers (see Fig. 3b), corresponding to the positive sign
observed in the torque efficiency measurements, indicating a domi-
nant mechanism of OHE. Recognizing the significance of obtaining
robust statistical data for precise analysis, we systematically probed
>250 devices on an industrial scale on Si/SiO, wafers. This extensive
effort has allowed us to attain a statistically significant understanding
of J.in the samples. Subsequently, we graphically represent the J. for all
OHE based devices in Fig. 3c. Our large statistics underpins the relia-
bility and precision of the findings reported in this study. We note that
the overlap between the distributions of switching current densities
can lead to misleading results when characterizing only single devices.
In Fig. 3d we present the average /., computed across hundreds of
devices, as a function of the applied current’s pulse duration. The
details for pulse durations of 3 ns and 5 ns are detailed in the SM
section IV(S1). In this analysis, the Ru/Pt OHE assisted SOT layer
demonstrates a clear reduction of ~20% in the J. for devices scaled to
industrial dimension, relative to those based purely on Pt SOT layer. It

is important to note that J. can be influenced by factors such as the
perpendicular anisotropic field (Hy), poMs, and G/DL”. In our investiga-
tion, we observed that the variation in these parameters across all the
devices was confined to a 1-5% range (see the SM section Ill and IV(S2)),
with the exception of &, , which is ~30%. This observation underscores
that the observed -20% decrease in average J. is predominantly attri-
butable to the roughly ~30% improvement in DL torque efficiency. A
summary of all the parameters is shown in Table ST1 in the SM. To
gauge the key performance indicator of the power consumption, we
ascertain the write switching power for our stacks, utilizing the fra-
mework described in Ref. 50. Notably, the observed switching power in
the Ru-based stack is reduced by 60% compared to that measured for
pure Pt and even a reduction of ~220% compared to S-W taking into
account some published values of resistivity and switching current
density*. Finally and importantly, the thermal stability factors (4) of
our devices are found to be in the industrially acceptable range 4 > 60
(see the SM section IV(S2)).

In conclusion, we have demonstrated the effective harnessing of
the increased orbital Hall conductivity of Ru, Nb, and Cr layers in
combination with a perpendicularly magnetized [Co/Nil; ferromag-
netic layer for Spin-Orbit Torque (SOT) Magnetic Random-Access
Memory (MRAM) devices. This configuration enables efficient mag-
netization switching, suitable for high-density cache memory appli-
cations, for instance. Our findings reveal a significant -~ 30%
enhancement in damping-like torque efficiency with positive sign for
the Ru/Pt OHE layer compared to a pure Pt layer. Remarkably, this
enhancement results in a ~20% reduction in switching current relative
to a pure Pt layer across >250 devices, leading to a switching power
reduction of >60%. These results highlight the promising potential of
leveraging the enhanced orbital Hall effect to propel the performance
of next-generation of SOT MRAM devices for high-density packed
cache memory applications.
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Methods

Thin film deposition

The samples were prepared by DC and RF magnetron sputtering using
a Singulus Rotaris sputtering tool, conducted at room temperature.
The deposition was performed on the Si/SiO, substrates under a partial
Argon pressure of 3.6-4.2 x 10~ mbar, with the system maintaining a
base pressure <5 x 107 mbar. To ensure uniformity of the thin films,
the sample was rotated at a speed of 60 rpm throughout the deposi-
tion process. The constructed sample stack comprised a Si/SiO, sub-
strate followed by Ta(3) seed layer, selected OHE layers, a [Co(0.2)/
Ni(0.6)]s/Co(0.2) multilayer as a FM layer, MgO(2) as a barrier,
CoFeB(0.3), Ta(1), and capped with Ru(5). The thickness values in
nanometers are indicated in parentheses. The OHE layers included in
the study were Pt(3.5), Ru(2)/Pt(1.5), Nb(2)/Pt(1.5), and Cr(2)/Pt(1.5),
with the total thickness of the OHE layers maintained at 3.5 nm. The
final stacks are as Substrate/Ta(3)/OHE(2)/Pt(1.5)/[Co(0.2)/Ni(0.6)1s/
Co(0.2)/MgO(2)/CoFeB(0.3)/Ta(1)/Ru(5) and Substrate/Ta(3)/Pt(3.5)/
[Co(0.2)/Ni(0.6)13/C0(0.2)/MgO(2)/CoFeB(0.3)/Ta(1)/Ru(5) as a refer-
ence sample.

Device fabrication

To fabricate the Hall bar for torque measurements, optical lithography
was used to pattern the device into a Hall bar configuration, with
dimensions of 30 x 45 um? or 20 x 45 um>. This process was followed
by a second step of optical lithography, after which sputtering and a
lift-off process were conducted to establish the coplanar waveguide
contact pads, as depicted in Fig. 1a. These contact pads consist of a
5nm Cr layer capped with an 80 nm Au layer. Prior to the deposition of
the contact pads, a mild argon ion etching was performed to ensure
the establishment of transparent contacts.

For the current-induced magnetization switching experiments,
hard mask crosses in Ti with a dimension of 200 x 400 nm? were
initially patterned using ebeam lithography on wafers where the SOT
layers had already been deposited. This step was followed by sput-
tering of Ti and lift-off. Subsequently, nanopillars (magnetic dots) with
a diameter of 100 nm were created through electron lithography, Ti
evaporation, and another lift-off process. The final step involved pat-
terning and depositing contact pads made of Au (130 nm) on Ti
(30 nm). The sample was then etched to reveal the devices, and pho-
toresist was spin-coated onto the sample to shield the devices from
oxidation.

Resistivity measurements

The resistivity of the OHE assisted SOT layers was determined using
the van der Pauw method. The SOT layers consisted of Ta(3)/Pt(3.5),
Ta(3)/Ru(2)/Pt(1.5), Ta(3)/Nb(2)/Pt(1.5), and Ta(3)/Cr(2)/Pt(1.5). We
applied a current using a Keithley 2400 source meter and measured
resistances. In this procedure, four electrical contacts are placed on
the sample. Current and voltage contacts are cycled through different
switches.

Magnetization measurements

A Quantum Design Superconducting Quantum Interference Device
(SQUID) magnetometer was employed to measure the static magnetic
moments of the samples by applying an in-plane magnetic field. To
derive the magnetization, the measured moment values were nor-
malized to the magnetic volume. This volume was determined by
taking into account the film thickness—which was optimized by
adjusting the deposition rate—and the precise area of the sample,
which was measured using optical microscopy.

Harmonic Hall experiments
For torque efficiency, we utilized the second-harmonic Hall measure-
ment technique at room temperature in a three-dimensional vector

cryostat. Standard wire bonding was used to connect the Hall bar
device with the sample holder. The Hall bar is connected to a 50 Q
resistance in series to measure the input current during the measure-
ment (see Fig. 1a). Before the harmonic measurements, the Hall bar
device is pre-saturated along the z-direction. We applied a sinusoidal
voltage with constant amplitude, V;,(t) =V, cos(2mft), using a lock-in
amplifier (HF2LI by Zurich Instruments) to the Hall bar device with a
reference frequency (f) of 13.7 Hz. Two other lock-in amplifiers (signal
recovery 7265 and 7225) were employed to simultaneously measure
the in-phase first and out-of-phase second harmonic voltage,
while sweeping the applied magnetic field in different orthogonal
directions.

Switching experiment

For the magnetization switching experiment, the devices were placed
on an automated wafer prober outfitted with RF probes and a 3D
magnet. A bias current, administered via a Keithley SMU 2450, was
passed through the OHE-assisted SOT line of the device while sub-
jected to a 50 mT in-plane magnetic field (uoH,) parallel to the bias
current. This setup allowed testing with various pulse durations—3,
5, and 10 ns—using an Active Technologies Pulse Rider AT PG-1047. The
Anomalous Hall resistance was subsequently measured using a Keith-
ley DMM 7510.

Data availability

The data that support the plots within this paper, as well as other data
supporting the findings of this work, are available from the corre-
sponding authors upon request.
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