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Spin-orbit torque has emerged as a leading strategy for low-power magneti-
sation switching in modern spintronics. To date, most efforts have focused on
boosting spin currents via the spin Hall effect, exploiting only the electron’s
spin while largely ignoring its orbital angular momentum. Meanwhile, deter-
ministic switching of perpendicular magnetic anisotropy layers typically
requires an external in-plane field to break inversion symmetry, adding power
overhead and hindering large-scale deployment. Here, we demonstrate
energy-efficient field-free magnetisation switching enabled by spin reorienta-
tion in a synthetic antiferromagnetic structure and enhanced by orbital torque.
By tuning the exchange coupling field and magnetic anisotropy of the syn-
thetic antiferromagnetic samples, we achieved a magnetisation switching of
96% utilising both spin and orbital torque. Furthermore, increasing the orbital
Hall layer thickness by 15 nm leads to an 85% enhancement of damping-like
torque efficiency compared to the reference sample with a Pt layer as the spin
source. These results demonstrate orbital angular momentum transport as an
efficient torque-generation mechanism in synthetic antiferromagnetic het-
erostructures, offering a scalable route toward low-power spintronic devices.

Spin-orbit torque (SOT) has become a promising technique for energy-
efficient magnetisation switching in spintronic devices. Efforts have
focused on using various materials, including metals, alloys, topolo-
gical insulators, and 2D materials, to boost the efficiency of SOT
switching'~. Meanwhile, the industry favours perpendicular magnetic
anisotropy (PMA) systems for their compactness and thermal stability
in memory applications"*°. However, achieving deterministic SOT
switching in PMA systems still requires an in-plane magnetic field to
break symmetry, which increases power consumption and limits
practical use’ ™. As a result, ongoing research focuses on achieving
field-free switching. Approaches such as interlayer exchange coupling,
tilted magnetic anisotropy, and antiferromagnetic seed layers have
been investigated to enable field-free switching" . Despite substantial
progress, a solution fully compatible with industrial requirements has
yet to be realised.

From another perspective, orbital torque (OT) has recently
emerged as a promising alternative to SOT, offering potential

advantages for improved energy-efficiency’* . In these systems,
orbital torques can be generated through the orbital Hall effect (OHE).
Analogous to the spin Hall effect (SHE), OHE generates a transverse
flow of orbital angular momentum when an electric field is applied to
certain non-magnetic (NM) layers**2°. However, the orbital current
cannot directly interact with the magnetisation of the commonly used
ferromagnetic materials. Therefore, the orbital current generated in
the NM layer must first be converted into a spin current via spin-orbit
coupling before exerting a torque on the adjacent ferromagnet®*,
Materials with a strong OHE, such as certain transition metals and
oxides, can provide an additional mechanism to manipulate magnetic
order, potentially surpassing the efficiency of conventional SHE-based
devices”****3*%38 However, the experimental demonstration of the
advantages of OT over SOT remains limited. In addition, few studies
have explored OT to enhance the field-free switching efficiency at
room temperature. Bridging this gap, both in fundamental under-
standing and device implementation, could enable a new class of low-
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power, scalable spintronic memory and logic devices. In this work, we
utilised the spin-reorientation mechanism in Co/Ru/[Co/Pt]; hetero-
structures - achieved via synthetic antiferromagnetism—to achieve
field-free magnetisation switching in perpendicular magnetic aniso-
tropy samples, driven by OT.

Synthetic antiferromagnets (SAFs) are magnetic layered struc-
tures comprising at least two FM layers coupled antiferromagnetically
through a non-magnetic spacer’®*. SAF structures minimise stray
fields, enabling higher-density chip integration. Sbiaa et al. showed
magnetisation reorientation from in-plane to out-of-plane in an SAF
stack comprising a Co thin film and Co/Pd multilayers*’. Ranjbar et al.
reported magnetisation reorientation for a Co sublayer thickness as
large as 1nm in Co/Pd multilayers*. However, in those studies, spin
reorientation was reported as an observation but was not utilised for
any specific application. Moreover, the spin reorientation was not
observed for a Co thickness exceeding ~ 1 nm.

In our SAF structure, the synergistic effect of exchange coupling
mediated via the Ru spacer layer and perpendicular magnetic aniso-
tropy achieved through the [Co/Pt]; multilayers leads to the spin

Fig. 1| Thin-film characterisation. a Schematic illustration of Series A samples.
b Without the Ru spacer layer, the two ferromagnetic layers would have perpen-
dicular and in-plane magnetic moments. ¢ In the presence of a 1.1-nm Ru spacer
layer, the competition between the RKKY coupling and shape anisotropy leads to
the spin reorientation in the bottom ferromagnetic layer. d Hysteresis loop of

reorientation in the bottom Co layer. By tuning the bottom Co-layer
thickness (tc,), we identify an optimal thickness regime (¢5, =11 to
14 nm) that enables field-free switching. Through micromagnetic
simulations and experiments on three series of samples (A-C), we show
that the spin reorientation generates an in-plane magnetisation com-
ponent that effectively breaks the symmetry for deterministic
switching without an external magnetic field. Series D samples without
SAF further clarify the contribution of Ru to OT and the role of SAF in
enabling field-free switching. Engineering an appropriate SAF stack
with optimised FM and spacer thickness can thus facilitate field-free
switching.

Results

Optimisation of Spin-reorientation

Our first series of samples (series A) has the stack structure Si/SiO,/
Ta(2)/NiW(2)/Ru(3)/Pt(2)/Co(t)/Ru(1.1)/[Co(0.5)/Pt(0.8)]5/Pt(1.2)

(Fig. 1a), deposited via DC/RF magnetron sputtering. The role of the
Ta(2) seed layer is to promote PMA at the Co/Pt interface and to
improve adhesion to the substrate, and NiW(2) is used to enhance the
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sample with ¢, =1.3 nm, measured via VSM in the out-of-plane (OOP) direction.

e Coercivity (H,) of [Co/Pt]; and f Exchange field (H.,) of Co multilayers for ¢c, from
1.0 nm to 1.6 nm. Error bars represent estimated uncertainties derived from the
measurement range and the magnetic field resolution (step size).
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crystallinity of Ru**. The bottom Co thickness was varied from1to 2 nm
in increments of 0.1 nm. The idea behind this series is to investigate the
Co thickness that gives the optimum spin reorientation effect (see
supplementary Note 1). To determine the Ru thickness for optimum
exchange coupling, we varied the Ru thickness from 0.5 nm to 2.0 nm
(see supplementary Note 2). There is no Ruderman-Kittel-Kasuya-
Yosida (RKKY) coupling between Co and [Co/Pt]; when there is no Ru
(Fig. 1b). Although Ru (0.5 nm) gives the largest coupling, we chose Ru
(1.1nm) layer as the optimum spacer layer for switching performance,
to balance spin-reorientation and exchange coupling (Fig. 1c). The Ru
(3 nm) layer, sandwiched between NiW (2 nm) and Pt (2 nm), is used as
the orbital Hall layer to generate orbital current. The Pt (2 nm) is used
for orbital-to-spin current conversion layer to induce magnetisation
switching of the ferromagnetic layer at the top. As Ru exhibits higher
electrical conductivity than Pt, increasing the Ru thickness (shown
later in series B samples) leads to preferential current flowing through
the Ru layer due to its lower resistivity. This redistribution of charge
current reduces the effective current density in Pt and suppresses its
intrinsic spin Hall torque contribution**. Nevertheless, Pt remains
essential as a strong spin-orbit coupling layer that converts the orbital
Hall current generated in Ru into a spin current within the Pt layer,
which is then injected into the FM layers. Accordingly, the total spin-
orbit torque acting on the ferromagnet can be written as

— +OHE—SHE HE
Trotal = TRy + Tf’t

where TQHE—SHE denotes the torque arising from the orbital Hall cur-
rent generated in Ru and converted into spin current in Pt, and t3/¢
represents the torque generated directly by the spin Hall effect in Pt.
Consequently, with increasing Ru thickness, the net spin-torque is
expected to become increasingly dominated by the Ru-derived orbital
Hall contribution, while the direct Pt spin Hall torque plays a
secondary, additive role.

The magnetic properties of all the films were investigated using a
polar magneto-optic Kerr effect (p-MOKE) microscope and a vibrating
sample magnetometer (VSM). We present the hysteresis loops
obtained from the VSM measurements of the SAF sample with
tco=1.3nm in Fig. 1d to provide a clear visualisation (see supplemen-
tary note 1 for the hysteresis loops of the remaining samples). The M-H
loops of tc,=1.3 nm sample show that [Co/Pt]; exhibits a perpendi-
cular magnetic anisotropy (PMA) with coercivity (H,) values of 1543 Oe.
The bottom Co layer is antiferromagnetically coupled and exhibits
switching at about 4.4 kOe in the sample with ¢, =1.3 nm. Figure le, f
represent the H, and exchange field (H,,) as a function of ¢, respec-
tively. In contrast, for the t¢, = 1.8 nm sample, there is a strong slope at
zero field, indicating that the magnetisation is not reoriented com-
pletely in the perpendicular direction. For the details of the other
samples, please refer to the supplementary Note 1.

We fabricated devices using photolithography and ion milling
after thin-film characterisations. The spin reorientation in the SAF
samples depends on the shape anisotropy and RKKY coupling between
the two FM layers. Therefore, instead of making + shaped Hall bars of
magnetic material, we patterned long devices of FM material with
overlapping electrodes to maintain the spin reorientation consistent
throughout the device (Fig. 2a). We performed magnetic and transport
measurements on the Hall bar devices to characterise the SOT
switching efficiency of SAFs.

Current-induced magnetisation switching

We performed magnetisation switching by applying constant current
pulses on Hall bar devices with lateral dimensions of 20 pm x 100 pm
(Fig. 2a). Figure 2b, ¢ show the magnetisation switching from +m, to
-m, and -m, to +m,, respectively, after applying a current pulse of
66 mA for 50 pus in the absence of an external magnetic field for
tco=13nm. The reference Kerr microscopy image was obtained

immediately after saturating the sample with an external out-of-plane
magnetic field (H,) of 4000 Oe. The Kerr image, for switching inves-
tigations, was obtained after applying the current pulse in the absence
of any external field. A clear magnetisation switching to the -m, state
(Fig. 2b) and +m, state can be seen in Fig. 2c. However, we did not
observe -m, to +m, switching simply by changing the polarity of the
current direction. Conversely, when we saturated the device in the -m,
direction (H,=-4000 Oe), the applied current switched the magneti-
sation from -m, to +m,. This dependence on current polarity confirmed
that the magnetisation switching occurred due to the spin-orbit tor-
que. We performed these measurements in all the series A samples and
observed field-free switching for ¢, =1.1,1.2,1.3, and 1.4 nm samples. A
similar experiment performed on a 10 pm x 100 um Hall bar device
likewise exhibits robust field-free switching (supplementary note 6).
Samples with a Co thickness thinner than 1 nm or thicker than 1.5 nm
did not show field-free switching.

Further, we studied the current-induced magnetisation switching
(CIMS) by sweeping direct current (DC) pulses and measuring the
anomalous Hall resistance on all the samples with ¢, =1.0 to 1.6 nm at
H,=00e, as shown in Fig. 2d. Consistent with the results obtained
from constant DC pulse measurements, we observed field-free mag-
netisation switching in series A samples with ¢c,=1.1, 1.2, 1.3, and
1.4 nm, as shown in Table 1. Along with this, we have performed aJoule
heating experiment on the sample with ¢, =1.3nm to rule out the
effect of Joule heating on magnetisation switching (please see the
supplementary note 6).

We calculated the difference in the Hall resistance (AR4ue)
between up and down magnetisation states by sweeping an external
out-of-plane magnetic field from AHE measurements (supplemen-
tary Note 3). Further, we calculated the switching percentage using
the formula ARy /AR e X 100%, where AR ¢ is the anomalous Hall
resistance change measured under an applied out-of-plane field
(H.), and ARy, is measured by sweeping current in the absence of H,.
The values of AR,yr and ARy are given in Table 1. We observed a
maximum field-free switching percentage of 96% in the SAF sample
with tc, =13 nm. The critical switching current density was calcu-
lated at the midpoint of the Hall resistance transition of the ARy
loops. The variation of field-free switching percentage and critical
switching current density with ¢, is shown in Fig. 2e. Further, we
performed the CIMS experiment as a function of in-plane magnetic
fields to show 100% magnetisation switching in the presence of
H, (Fig. 2f).

The robust field-free switching originates from the interplay
between interfacial magnetic anisotropy, RKKY exchange coupling,
and shape anisotropy. For smaller Co thicknesses, interfacial magnetic
anisotropy arising from the Pt/Co interface (Ky/tc,) (here K; is the
surface anisotropy energy density), and the antiferromagnetic cou-
pling (AFC) energy together dominates over shape anisotropy, enfor-
cing an out-of-plane magnetisation with antiparallel alignment driven
by RKKY coupling. As the Co thickness increases, Ky/tc, decreases, and
the shape anisotropy progressively tilts the magnetisation away from
the antiparallel direction. For intermediate thickness values (optimum
regime), the magnetisation tilt produces both out-of-plane and
in-plane components of M. At higher thickness (>1.8 nm), the bottom
Co layer has a larger in-plane component. In the optimised regime, the
resulting canted magnetisation effectively breaks symmetry, enabling
deterministic field-free switching. However, once the in-plane com-
ponent becomes too strong at larger thicknesses, this symmetry-
breaking mechanism is lost, and field-free switching is no longer
observed. Due to the reduced RKKY coupling (reduced J*cosf), the
[Co/Pt],, layers do not switch, and deterministic switching between +z
states is lost, requiring an external field to define the switching direc-
tion. We have performed micromagnetic simulations using MuMax3 to
deepen the understanding, to demonstrate the spin-reorientation
mechanism, and to explain the field-free switching. Details of the
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Fig. 2 | Field Free Switching measurements on series A samples. a The schematic
illustration of the device, b The magnetisation switching from +m, to -m, direction
in the sample with a Co thickness of 1.3 nm. The image at the top (grey) represents
the initial saturated state (+ m). The bottom image represents the magnetisation
(-m,) of the device after applying current pulses. ¢ Magnetisation switching from
-m, to +m, direction. d The anomalous Hall resistance, representing current-
induced magnetisation switching (or its absence) in samples with Co thicknesses
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ranging from 1.0 to 1.6 nm. It is noticed that the samples with Co thickness ranging
from 1.1 nm to 1.4 nm exhibit field-free switching. e The critical current density and
the switching percentage for all Co thicknesses. f Ry, of series A sample with 1.3 nm
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simulation methodology and results are provided in supplementary
note 9.

Furthermore, we performed angular-dependent anomalous
Hall effect (AHE) measurements on samples with varying Co thick-
ness to quantitatively probe the presence of an in-plane magneti-
sation component. Hall bar devices with dimensions of
20 um x 100 um were employed, and a DC of 100 pA was applied to
measure the anomalous Hall voltage (V,,r). An external H, was
swept while an in-plane field H, = 100 Oe was applied at an azimuthal
angle () relative to the applied DC, and ¢ was varied from 0° to
360° in steps of 30°. Figure 3a shows representative AHE loops for a
device with tc,=1.3 nm measured at ¢ =30" and 210°, revealing a
clear loop shift for opposite in-plane field directions. The shift was
quantified as AH=(H;+ H5)/2, where H; and H, are the switching
fields. Figure 3b presents the azimuthal dependence of 4H for
tco=1.0-1.5nm. For ¢, =1.0 and 1.5 nm, AH remains small and sym-
metric, whereas samples with ¢, =1.2-1.4 nm exhibit a pronounced
asymmetry, with the polar plots shifted toward the +x direction. This
behaviour confirms the presence of a finite in-plane magnetisation

component. The sinusoidal dependence of AH on ¢, clearly visible in
Fig. 3¢, is indicative of spin canting and directly reflects the in-plane
symmetry breaking in the system'®*. A finite angle is essential to
resolve the angular dependence of 4H; in the limiting case of H, =0,
the angular variation (and thus its sinusoidal dependence) cannot be
meaningfully extracted.

We also performed a similar experiment for the existence of anin-
plane magnetisation component. The sample was first saturated by
applying a large in-plane magnetic field in the positive direction, fol-
lowed by current-sweeping anomalous Hall effect (AHE) measure-
ments. The same procedure was then repeated after saturating the
sample in the negative direction. This protocol verified the presence of
a finite in-plane magnetisation component at zero applied in-plane
field. If such a component exists, the polarity of the AHE loop is
expected to reverse depending on the initial saturation direction. To
test this, in-plane magnetic fields of +3200 Oe were applied, and the
corresponding AHE responses were recorded. As shown in Fig. 3d, the
observed reversal of the AHE loop polarity provides direct evidence for
the existence of an in-plane magnetisation component.
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Orbital Hall effect optimisation

Having shown field-free switching based on SAF in an orbital Hall
layered system, we investigated another series of samples by varying
the Ru thickness (tz, =0, 3, 5, 7, 10 nm) to enhance the orbital torque
and study its influence. The series B samples consist of the stack
structure - Si/SiO,/Ta(2)/NiW(2)/Ru(t)/Pt(2)/Co(1.3)/Ru(1.1)/[Co(0.5)/
Pt(0.8)]5/Pt(1.2) (Fig. 4b). The bottom Co layer thickness is fixed at
1.3 nm for all the series B samples, corresponding to the sample in
series A where we observed a maximum field-free switching of 96%
(Fig. 2e). Here, we used Ru(¢) as the orbital Hall layer, as Ru has been
theoretically reported and experimentally verified to have a strong
orbital Hall conductivity®*?***, In this setup, the bottom Pt layer acts as
an intermediary layer that converts the orbital current (/o) into spin
current (/s;;), which then interacts with the magnetisation of the Co
layer to induce magnetisation switching (Fig. 4a). We performed VSM

Table 1| Hall resistances and switching efficiency as a func-
tion of tc,

tco ARpne Q) ARL(Q) % Switching Efficiency
(nm) @ 00e (ARy /ARAHE)% (x107°m?A™)
1.0 0.3080 = = =

1.1 0.3135 0.1640 52.31 2.55

12 0.2818 0.213 751 3.79

1.3 0.1954 0.1880 96.2 481

1.4 0.181 0.1463 80.8 413

15 0.2077 0.01016 4.89 0.25

1.6 0.1770 = = =

Here, ARy and ARy, represent the change in AHE resistance measured by sweeping the field
and current, respectively. Efficiency is defined as %switching/critical current density.
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Fig. 3 | Angle-dependent AHE measurements. a AHE loop for angles 30° and 210°
shows a shift. b The shift in the polar loop for various thicknesses of the Co layer.
c angle dependency of the shift. d The change of polarity of the loop occurred when

and MOKE measurements, following similar methods discussed for
series A samples, to characterise the magnetic properties of all the
samples. M-H loops of series B samples are shown in Fig. 4c. The H, of
Co/Pt multilayers and the H,, of Co layers show an increase with the
increase in tg, (Fig. 4e, f). Such results are expected based on the
crystalline texture improvement of the Ru layer.

We performed X-ray diffraction (XRD) measurements using a
Rigaku SmartLab XRD system to characterise the crystal structure of
our samples with tg,.. We observed the XRD peaks corresponding to the
Co/Pt multilayers and the Ru layer to coincide with each other for all
the samples. The shift of the XRD peak from 41.45° to 41.73° with
increasing tg, suggests an improvement in the Ru layer crystallinity
and/or Co/Pt multilayer interface*****’. We also observed that the XRD
peak of the Co layer shifted from 43.28° to 42.73° with increasing gy,
similar to our previous reported work by Bhatti et al.**. For further
information on XRD results, please refer to the supplementary note 4.

We performed a similar current-induced magnetisation switching
experiment on series B samples. All samples showed a clear field-free
switching by sweeping the direct current pulses (Fig. 5a). Additionally,
we performed the experiments with varying in-plane magnetic fields to
show 100% magnetisation switching (Fig. 5b). The reduced switching
Hall resistance in Fig. 5b at £300 Oe originates from partial compen-
sation between the SAF-induced intrinsic in-plane field and the exter-
nally applied assisting field, which weakens chirality selection and
stabilises a mixed multidomain state. At higher assisting fields
(+5000e), the external field dominates, restoring deterministic
switching and increasing ARy,

We also investigated the field-free switching of a reference sample
with Pt (5 nm) as the spin Hall layer, which is the most commonly used
element in spintronics. This sample showed a lower J.in comparison to
a sample with no Ru. However, when the Ru thickness was increased,
we observed a monotonic reduction in critical current density,

b
tCo (nm) 90
—--1.0 120 60
——1.2
-=-1.3 150 30
1.4
15
180 0
210 330
240 300
270
AH (Oe) -120-60 0 60 120
d
045t fco=1.3 M 1
— H,= +3.2 kOe
S 0.30F E
)
I
g
0.15}F H,= -3.2 kOe |
Ooo 1 L 1 L
-2.25 -2.00 2.00 2.25

J, (x10"" Am™?)

the in-plane component of canted magnetisation was saturated under large in-
plane magnetic fields of two different signs.
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Fig. 4 | Orbital Hall effect enhancement. a The schematic Illustration of orbital
current generation in the Ru layer and conversion from orbital to spin current in the
Pt layer. b The SAF stack structure with varying thicknesses of Ru layer. ¢ The M-H
loops - captured using VSM in the out-of-plane (OOP) direction- for various Ru
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thicknesses in samples with a bottom layer of Co 1.3 nm. d The XRD data for various
Ru thickness values. e, f H. of Co/Pt and H,, of Co layer for tg, ranging from 0 nm to
10 nm for series B samples. Error bars represent estimated uncertainties derived
from the measurement range and the magnetic field resolution (step size).

indicating the role of orbital torque arising from Ru. We also calculated
the critical current density through Ru/Pt layers using a parallel con-
ductance model, taking into account the resistivities of individual
layers and the current shunting effect (please refer to supplementary
Notes 7, 8). The maximum percentage reduction in the critical density
through the stack is 12% for g, =10 nm (Fig. 5¢). Most samples with
tre >3 nm exhibited a field-free switching percentage of over 90%
(Fig. 5d). The samples with Ru as the orbital Hall layer (series B sam-
ples) showed a clear reduction in switching current density relative to
the reference sample (Fig. 5d).

Again, we calculated the orbital torque-driven magnetisation
switching efficiency (switching percentage per unit critical current
density) for all the samples (Fig. 5e). We quantified the relative effi-
ciencies of SHE-driven switching to the orbital-torque-assisted
switching by taking the ratios of switching efficiency of samples with
no Ru (Ru(0)/Pt(2) and Ru(0)/Pt(5)) to the samples with tg, =10 nm.
The ratio of orbital-assisted switching to SOT-based switching effi-
ciencies was approximately 1.32 and 1.25, respectively. These values
indicate that the insertion of the Ru orbital Hall layer enhances the
switching efficiency by up to ~25% compared to pure SHE-driven sys-
tems, consistent with the presence of an additional orbital torque
contribution. Moreover, we applied constant current pulses with

opposite polarity to show that the history of the in-plane magnetic
field does not affect field-free switching (Fig. 5f), suggesting that our
samples can be implemented in memory devices and undergo large
repetitions of read-write cycles. We also deposited another set of
samples (series C) in which the Ru layer was deposited on top of the
Co/Pt multilayers, and we observed the same reduction in critical
current density with increasing tz,. (For further information, please
refer to supplementary Note 5).

Furthermore, we have calculated the damping-like torque effi-
ciency (ff,L) as a function of t, to elucidate the role of the Ru layer in
the reduction of critical switching current density. For this purpose, we
have deposited a new series of samples (series D) without SAF: Si/Si02/
Ta(1)/Pt(1)/[Co(0.5)/Pt(0.8)]xs/Pt(1.2)/Ru(t), where tg, =0, 3,5, 7,10, 15,
20 and 30 nm, as shown in Fig. 6a. This stack eliminates the influence
of SAF, NiW seedlayer and uses thin layers of Ta and Pt, mainly for
adhesion and achieving PMA. Such a stack reduces the complexity in
series A, B, and C and helps us to isolate and focus on the role of Ru
clearly. Pt(2nm) at the top serves as an orbital to a spin current
converter.

We carried out anomalous Hall voltage (AHV) loop shift mea-
surements on Hall bar devices with lateral dimensions of 20 pm x

100pm to calculate the &p,**“°. Figure 6b shows an optical
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Fig. 5 | Effect of Ru layer thickness on current-induced magnetisation switch-
ing. a Field-free R,/ data for various Ru thicknesses along with the reference
sample (dark blue), showing a significant decrease in the current density with tg,.
b current-induced magnetisation switching of the tg, =5 nm sample with varying
H,. ¢ The reduction in the critical current density through the stack with respect to

the Ru thickness, d critical current density through the stack and switching per-
centage, e switching efficiency against Ru thickness, and f multiple current pulses
with opposite polarity applied to the sample with ¢z, =3 nm, demonstrating
repeatability switching of the sample. Error bars represent estimated uncertainties
combining the measurement range and the current density resolution (step size).

microscopic image of the device with a schematic of the electrical
setup. Constant DC pulses and an in-plane magnetic field were applied
along the longitudinal direction, and the Hall voltage was recorded as a
function of H,. These samples - because of the absence of SAF-do
not show field-free switching, further confirming the role of SAF
in field-free switching. Figure 6¢c shows representative data for the-
sample with tg,=10nm at /lpc=+17mA and H,=28000e. A
distinct shift in the normalised AHV loop was observed, and it can
be attributed to an effective out-of-plane field generated from the
SOT (Hsop). We calculated Hsor by taking the mean value of the
switching fields [hH;‘Vl +H§,T> /2] (up-to-down, H},,* and down-to-
up, HS;VT) for each Ipc and performed a linear regression to calculate
the slope Hso7/Ipc. The opposite linear dependency of Hsor upon Ipc by
switching the polarity of H, and nearly zero Hsor in the absence of H,-
satisfies the criteria of the SOT mechanism. This behaviour
originates from the opposite alignment of domain wall magnetisation
in the Co layer®.

Next, we calculated the SOT efficiency (current-induced
effective field per unit electric field, Hso1/E) as a function of H,, where E

is the electric field applied to the device. We used the SOT
efficiency to calculate the saturation damping-like torque efficiency
(ff,L) using the formula

o = @

Where e is the electronic charge, 7 is the reduced Planck’s constant, pip
is the free space magnetic permeability, M; and tg, are the saturation
magnetisation and thickness of the magnetic layer, respectively. We
observed negative values for ¢ ZL for this series. The Ru layer on top of
the Co/Pt surface generates an /oy, in the Ru layer and is converted to
an [sy via the top Pt layer. As the Ru and Pt are placed above the FM
layer, they have negative orbital and spin Hall conductivities, respec-
tively. Thus, the net SOT effect in samples is a negative &, contribu-
tion. Figure 6d shows the values of €7, for all the thicknesses of the Ru.
We observed that the |5, | shows an enhancement of 1.9 times via OHE
compared to the reference sample in which only SHE is present (2 nm
Pt layer).
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Fig. 6 | Damping-like torque efficiency measurements in series D. a Schematic of
the stack structure used for the calculation of the damping-like torque contribu-
tion. b Optical microscopic image of the fabricated Hall cross device. The electrical
measurement configuration is overlaid, with the current injection path and trans-
verse voltage detection channels indicated in white as +/ and +V, respectively.

¢ Normalised anomalous Hall voltage (AHV) hysteresis loops for the Ru (10 nm)
sample measured under /pc=+17 mA in the presence of an in-plane bias H,. The

observed current-dependent shift of the AHV loops is subsequently used to cal-
culate the damping-like torque efficiency. d Comparison of the saturated damping-
like torque efficiency (fﬁl) for all investigated samples. A systematic increase in Iffu |
is observed with increasing Ru thickness, indicating an enhancement of the
damping-like torque efficiency. The trend suggests that the orbital Hall effect in Ru
becomes stronger with increasing thickness and saturates at a thickness of 15 nm.
Error bars represent the standard deviation of the measured values.

In summary, we have demonstrated low-current, field-free magne-
tisation switching in orbital torque (OT) systems by exploiting spin
reorientation induced via synthetic antiferromagnetism (SAF). Spin-
reorientation was tuned by varying the Co layer thickness (¢s,) from 1.0
to 1.8 nm, and we observed field-free switching within the range of 1.1-
1.4 nm, reaching a maximum switching percentage of 96% and peak
switching efficiency at ¢, = 1.3 nm. Separately, we tuned the thickness of
the Ru orbital Hall (OH) layer between 3 and 10 nm to enhance the orbital
current injection. Additional experiments in stacks without SAF con-
firmed the dominant orbital contribution of Ru. Damping-like torque was
enhanced by 1.9-fold compared to the reference sample (Pt 2 nm). The
sample with ¢z, =10 nm exhibited a 12% reduction in critical switching
current density through the stack and a 25% increase in switching effi-
ciency compared to reference spin-orbit torque (SOT) devices. This
innovative approach offers a promising pathway for developing next-
generation, energy-efficient spintronic memory and logic devices.

Methods

Device fabrication, Thin-films and electrodes deposition

The SAFs were fabricated in high-vacuum magnetron sputtering
equipment onto thermally oxidised silicon substrates. The base
chamber pressure was maintained below 3.0 x10%Torr, and the
deposition was carried out at room temperature. Throughout the
deposition process, substrates were rotated at 40 revolutions per
minute to ensure film uniformity.

All layers were deposited using a direct current magnetron sput-
tering system at a working argon gas pressure of 3mTorr and a
sputtering power of 50 W. Device patterning, including Hall bar and
straight wire geometries, was accomplished using photolithography,
followed by argon ion-beam etching. Then, electrical contact pads
were prepared using a Ta(5)/Cu(90)/Ta(5) trilayer deposition.

Hall effects measurements

To enable Hall resistance measurements, samples were attached to a
printed circuit board (PCB) using a wire-bonding machine. Room-
temperature Hall resistance measurements were carried out using a
calibrated Quad electromagnet setup. Current pulses were supplied
with a Keithley 6221 source. For field-dependent Hall resistance mea-
surements, a direct current of 0.1 mA was applied. For the investigation
of current-induced magnetisation switching, current pulses with 10 ps
duration were used.

Data availability

The data supporting the findings in this study are provided in the main
text and Supplementary Information. The data are openly available in
the NTU research data repository DR-NTU (Data) at https://doi.org/10.
21979/N9/00DPTQ.
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