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ABSTRACT

Spin-orbit torques (SOTs) generated through the conventional spin Hall effect (SHE) and/or Rashba-Edelstein effect offer potential for
magnetization manipulation. However, deterministic switching of perpendicular ferromagnets via SOTs requires a strong symmetry-
breaking perturbation, typically an external magnetic field. Here, we demonstrate that field-free SOT switching of perpendicular magnetiza-
tion can be facilitated with the assistance of the orbital Hall effect (OHE). Using a representative Co/PtGd bilayer SOT device, we find that
while the planar Hall effect (PHE) generates a finite out-of-plane damping-like torque, representing a lateral symmetry-breaking effect, the
SHE-induced torque achievable at practical current densities is insufficient to switch the perpendicular magnetization. Incorporating a Mo
underlayer and exploiting its strong OHE can amplify the in-plane damping-like torque via orbital-to-spin conversion, enabling efficient
field-free deterministic switching without complex device geometries or low-symmetric spin sources, providing a straightforward, scalable

strategy for high-speed, low-power spintronics.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0343786

Spintronics uses spontaneous magnetic states in materials to
encode information, which underpin non-volatile memories, logic
devices, and neuromorphic computing."” High-performance spin-
tronic devices can efficiently manipulate (write) and detect (read out)
magnetic states. Ferromagnetic materials exhibiting perpendicular
magnetic anisotropy (PMA) are particularly advantageous for high-
density applications due to their thermal stability and scalability.” °
However, efficient electrical manipulation remains a challenging
problem.

A promising approach is spin-orbit torque (SOT), in which an
in-plane charge current J (x direction) generates a nonequilibrium
spin polarization p, exerting a damping-like torque ©~ m X (m X p)
on the magnetization m of a ferromagnetic (FM) layer.”” In conven-
tional SOT devices, the spin polarization p is generated via the spin
Hall effect (SHE)™" or the Rashba-Edelstein effect (REE).” Due to
symmetry constraints, the generated p is aligned with the direction of
J X z, i.e, the p,, where z is the film normal, resulting in an in-plane
damping-like torque 1, ~ m x (m x p,). However, switching SOT

devices with T, is inefficient and non-deterministic. First, a large cur-
rent is required to generate a sufficiently strong p, and the associated
7, since 1, needs to overcome the precession induced by the anisot-
ropy field. Second, the 7, can only pull m toward the y direction while
applying the current, and the relaxation of m cannot be controlled
when the current is released.” This is because the states of m pointing
along 4z or —z directions are degenerate in a perpendicularly magne-
tized FM film. These degeneracies are the root cause of the need for
an external magnetic field to break the symmetry and achieve deter-
ministic switching.

Although an in-plane electric field breaks most symmetry opera-
tions connecting the two states, a mirror symmetry M parallel to the
electric field and perpendicular to the film plane may be preserved.
Therefore, an additional perturbation is required to break M and real-
ize deterministic switching. Two paradigms exist to break this sym-
metry: using an in-plane assisting magnetic field (an external field*”
or an exchange bias)'”'" or introducing lateral asymmetry (such as
wedged FM," composition glradient,m’14 or an unconventional spin
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source layer with low crystal or magnetic symmetry)."” >’ A lateral

asymmetry is typically accompanied by an additional spin current
with a z-spin component in p (p,), generating out-of-plane damping-
like torque 7, ~ m x (m x p,) that can directly reverse the m.”’ >~
Moreover, when p;, is sufficiently strong, the switching current can be
significantly reduced since the associated 7, does not compete with
magnetic anisotropy but directly changes the effective damping in
FMS.SIJZ

Studies suggest that asymmetric boundary conditions in a
single-layer ferromagnetic film can generate finite p, by breaking M
symmetry via reorienting m to the direction oblique to the film
plane.”™* This symmetry breaking manifests in spin-dependent
transport properties, notably the planar Hall effect (PHE) and aniso-
tropic magnetoresistance (AMR),”** which serve as the measure of
the M symmetry breaking and can induce a spin current flowing and
polarized along m direction, generating a finite p,. However, this
approach has not yet been used to switch the perpendicular m, possi-
bly due to the out-of-plane PHE current (Jpyg) only occurring during
the thermal fluctuations of SOT-driven dynamics, and thus is insuffi-
cient to generate strong p, to assist SOT switching. Field-free deter-
ministic switching mediated by SOT shows significant potential for
advancing next-generation numerical computing architectures.”

In this work, we present an effective method for field-free
switching of perpendicular magnetization by synergistically combin-
ing the orbital Hall effect (OHE) and an enhanced PHE. The OHE
produces a transverse orbital current, capable of being converted into
a y-polarized spin current with greater strength than that generated
by conventional SHE and REE. In a Co/PtGd/Mo heterostructure, the
Mo layer contributes a strong OHE, amplifying p, generation through
efficient orbital-to-spin conversion in a PtGd layer. The Co/PtGd
interface yields a moderate p, by an enhanced PHE. The combination
of large 7, and finite 7, enables efficient field-free deterministic
switching. This approach does not rely on complex device geometries
or low-symmetry crystals, making it highly promising for practical
high-density spintronics.

The Pt(1.5)/Co(0.8)/PtGd(2)/Mo(a)/Ta(0.5) and Pt(1.5)/Co(0.8)/
Pt(2)/Ta(0.5) thin films were grown on thermally oxidized Si sub-
strates using magnetron sputtering (layers from top to down, thick-
nesses in parentheses are in nm), where a can be 0, 1, 2, 3, and
4nm. A 0.5nm Ta seed layer was used to promote adhesion, and a
1.5nm Pt capping layer was used to prevent oxidation. The
PtossGdgss alloy films’ stoichiometry was achieved by co-
sputtering Pt and Gd-targets at powers of 30 and 21 W, respectively.
The bottom Mo layer served as a source of orbital Hall current.
After deposition, the stacks were pre-annealed at 350 °C for 10 min
to enhance PMA. The annealing treatment may not only improve
the quality of the crystalline phase™” but also promote the segrega-
tion of Co and Gd atoms at the interface,"** which will be respon-
sible for the presence of PMA.

Devices were fabricated using a two-step process. First, Hall bars
(6 um width, 3 um voltage arms) were patterned for standard
magneto-transport measurements. Second, to isolate the SOT switch-
ing behavior and avoid contributions from spin currents in the top Pt
capping layer, the device was further patterned into a 3 yum-diameter
pillar using Ar ion milling.

The PHE is a magneto-transport phenomenon [Jpyg
= Aoayrm(m - E)] in magnetic materials associated with AMR,

Applied Physics Letters ARTICLE pubs.aip.org/aip/apl

where Ao apmr is the conductivity associated with AMR, and E is the
electric field. The Jpyg is then polarized collinear to m and flows along
the direction of m(m - E).”> > The out-of-plane component Jpyp
(Jpre, 1) can introduce a net spin accumulation in the FM film under
an asymmetric boundary condition.”* We note that for a FM film
with m perfectly pointing along the z direction, the Jpyg , is vanish-
ing. However, m may be pulled away from the z-direction by thermal
fluctuation or during the SOT-driven dynamics, allowing a nonvan-
ishing p, in any ferromagnetic films. However, the deterministic
switching of perpendicular magnetization associated with PHE has
not yet been demonstrated, possibly because PHE in common ferro-
magnetic metals is insufficient to assist SHE- or REE-driven switching
at achievable current densities. To realize this approach in practice,
one needs to find a strategy to enhance efficiency Ao mr and hence
the Jpyg for a moderate p, and use a new mechanism beyond SHE or
REE to boost p,, as reflected by our magnetic dynamics simulations
in supplementary material Sec. 1. We propose that the PHE can be
enhanced by engineering the interfacial exchange coupling between
the perpendicular ferromagnet layer and a suitable adjacent layer, and
the sufficiently large p, can be generated by including an additional
layer to the SOT device to generate OHE.

We begin by highlighting the interfacial PHE enhancement in
the SOT devices illustrated in Figs. 1(a)-1(c). A 0.8 nm ferromagnetic
Co layer was deposited atop the commonly employed spin source Pt
layer with a thickness of 2 nm [denoted as Co(0.8)/Pt(2)], as shown in
Fig. 1(a). The good PMA of the Co layer is confirmed by the measure-
ment of the anomalous Hall effect (AHE) resistance (Ry), as shown
in Fig. 1(d).

Since PHE is closely related to AMR and shares the same
physical origin,"”>** both effects are governed by the same
magnetization-dependent resistivity anisotropy. A direct measure-
ment of the out-of-plane PHE would provide the most direct evidence
for the PHE-induced z-spin polarized current. However, this mea-
surement is experimentally challenging in a conventional Hall-bar
geometry, because the out-of-plane PHE corresponds to a transverse
response along the film-normal direction. We measure the transverse
PHE and longitudinal AMR anisotropic magnetoresistive response of
this device as a magnetic field rotates in the x-y and x-z planes. We
find that the PHE/AMR is relatively small in Co(0.8)/Pt(2), as it origi-
nates from spin-orbit coupling (SOC), which is small for Co even
when interfaced with the heavy metal Pt. Considering that PHE/AMR
may be enhanced by stronger interfacial coupling, we replace the Pt
layer with a PtGd alloy with the stoichiometry Pty 65Gdy35. We find
that the perpendicular anisotropy is well maintained with the pres-
ence of the PtGd layer, where the Ry is enhanced, as shown in
Fig. 1(d). Although the magnetic order in PtGd alloy is absent,”* a
thin Pt-Gd-Co alloy intermediate layer may appear across the inter-
face between the Co and PtGd layers, which may be ferromagnetic
and strongly coupled with the top Co layer,”” and thus may lead to
the different Ry and introduce a substantial enhancement of PHE/
AMR. This is clearly shown in Figs. 1(e) and 1(f), where the PHE/
AMR for the Co(0.8)/PtGd(2) sample is much stronger than that of
Co(0.8)/Pt(2), and is qualitatively consistent with our first-principles
calculations (see Fig. S2 in supplementary material Sec. 2). The PHE/
AMR can be further enhanced in the presence of a Mo layer under-
neath the PtGd. Recent studies suggest that PHE/AMR may also be
contributed by the orbital magnetic moments of Bloch electrons.® **

Appl. Phys. Lett. 129, 072402 (2026); doi: 10.1063/5.0343786
Published under an exclusive license by AIP Publishing

129, 072402-2

21:62:20 9202 1890100 L}


https://doi.org/10.60893/figshare.apl.c.8631005
https://doi.org/10.60893/figshare.apl.c.8631005
pubs.aip.org/aip/apl

Applied Physics Letters

o A" 8%

l Jsue PtGd

b
Co tm ﬁJPHE

ARTICLE

pubs.aip.org/aip/apl

¢ m Jpne
Co t
PtGd %Jsue

JSHE Mo JOHE
d P PtGd(2) e ® Pt20) @ PtGd(2.0) f @ Pi20) @ PtGd(2.0)
| y— 1.0 O Mo(2)/PtGd(2) _ O Mo(2)/PtGd(2)
2 @ g Mo(2)/PtGd(2) 2 T
a T SS=—_ Pt(2) = =
9, 0 .Ix l , e X%
T o 2
b 3
2 Q &
-3
-150 -75 0 75 150 0 90 180 270 360 0 90 180 270 360
H, (Oe) O (degree) @ (degree)

FIG. 1. (a) A Co/Pt bilayer SOT device. The Co layer has perpendicular anisotropy. A current J along the x direction generates a negligible z-polarized Jpye in the Co layer
and a moderate y-polarized spin current by SHE (Jsue) in the Pt layer. The Jgue enters the Co layer and exerts a moderate t,. (b) A Co/PtGd bilayer SOT device where
PtGd supports a moderate Jsye, and the Jpye in the Co layer is enhanced due to the Co/PtGd interface coupling. The Jpye can exert an additional <, in the Co layer besides
7y due to Jsye. (¢) A Co/PtGd/Mo trilayer SOT device. In addition to a not-too-small Jpe in the Co layer and a moderate Jge in the PtGd layer, there is a strong orbital cur-
rent due to OHE (Jone) in the Mo layer flowing along the out-of-plane direction, which will be converted into an additional Jsue when passing through the PtGd layer, and
will significantly boost z,.. The purple light arrow represents the side view of the magnetization vector m deflected in the x- and y-directions. (d) R as a function of an out-
of-plane magnetic field H, for Co(0.8)/Pt(2), Co(0.8)/PtGd(2), and Co(0.8)/PtGd(2)/Mo(2) Hall bar devices by applying a 50 A current. (e) The planar Hall effect resistivity
ratio (ppug/Pxc) for Co(0.8)/Pt(2), Co(0.8)/PtGd(2), and Co(0.8)/PtGd(2)/Mo(2) heterostructure along the x-y plane. (f) Anisotropic magnetoresistivity ratio (p e/ Pxxc) for
Co(0.8)/Pt(2), Co(0.8)PtGd(2), and Co(0.8)/PtGd(2)/Mo(2) samples in the x-z plane. Both PHE and AMR were measured at a large scanning field of 1.2 T, which is signifi-
cantly larger than the anisotropy field Hx of about 0.72 T (supplementary material Sec. 3). p, is the electrical resistivity (supplementary material Sec. 4).

However, all the PHE/AMR measurements for our devices show a
twofold symmetry, indicating that the PHE and AMR can be
explained by a conventional phenomenological picture. Notably, finite
interlayer diffusion is commonly observed in multilayer systems and
can introduce strong disorder scattering, thereby enhancing the PHE
and, consequently, the z-polarized spin current.

Theoretical and experimental advancements have demonstrated
that asymmetric spin transport across interfaces between magnetic
and nonmagnetic layers can generate a substantial z-polarized spin
current, a phenomenon supported by measurements of surface-
interface PHE.”****" Wang et al. demonstrated that a pronounced
PHE, predominantly influenced by contributions from the orbital
Hall effect, can occur even in systems characterized by weak SOC.”
This enhanced PHE mediates z-spin polarization p,, which is critical
for breaking symmetry and enabling field-free switching. To better
understand the role of PHE in inducing z-component spin accumula-
tion and enabling symmetry breaking in the Co/PtGd/Mo trilayer, we
describe a simple analysis as shown in Fig. S6 in supplementary
material Sec. 5. This analysis demonstrates that the PHE-induced
z-spin accumulation is even in the current direction, thereby generat-
ing a symmetry-breaking contribution.

A strong magnetic anisotropy in Gd, which may significantly
enhance the magnetic anisotropies, leads to a strong AMR/PHE. The
introduction of a bottom Mo layer further amplifies the orbital
moment of Gd (see Fig. S8 in supplementary material Sec. 6), thereby

increasing the magnetic anisotropy. In the Co/PtGd/Mo trilayer, the
orbital current from the Mo layer leads to a markedly enhanced inter-
facial PHE. This effect is consistent with our experimental evidence,
which shows strongly enhanced PHE and AMR [Figs. 1(e) and 1(f),
and S3(b) in supplementary material Sec. 3]. This may lead to a nota-
ble z-polarized Jpyy in the Co layer.

To show the phenomenon of symmetry breaking, we measure the
hysteresis loop of the Ry-H, in the presence of a bias DC J. If there
were a finite p, in Jpyg, the associated 7, would cause an abrupt shift
in the Ry-H, hysteresis loop when 1, is sufficiently strong to overcome
the intrinsic damping of Co, verifying the existence of p, in SOT devi-
ces.'™'7?"! We find negligible shift of the loop in the Co(0.8)/Pt(2)
sample even for a large J, [Fig. S11(a) in supplementary material Sec.
10]. For the Co(0.8)/PtGd(2) sample, we find negligible shift for small
Jx» while sizable positive and negative shifts emerge when J, is larger
[Fig. 2(a)], indicating the existence of p,. We define the shift of the
Ry-H, hysteresis loop as AH, = Hepper (]j ) — Heenter (J)» where

Heonter (]xi) M is the center of the hysteresis loop
shifts determined by the difference between positive (negative)
magnetization-reversal fields, H,'(H; ) is the rightward (leftward)
coercivity field that corresponds to a positive (negative) H, field, and
] are the current densities of positive/negative currents. Figure 2(a)
inset curve shows the AH, as a function of J, where the AH, is negligi-
ble when J is small and increases linearly when ], > 11 x 10° A cm >
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FIG. 2. (a) and (b) Ry vs H- curves for Co(0.8)/PtGd(2) and Co(0.8)/PtGd(2)/Mo(4) Hall bar SOT devices measured by a bias current Jy. For the Co(0.8)/PtGd(2) sample
(a). For the Co(0.8)/PtGd(2)/Mo(4) sample (b). The inset diagram shows the AH; as a function of Jy for the Co(0.8)/PtGd(2) and the Co(0.8)/PtGd(2)/Mo(4) sample in the
absence of Hy. (c) The drive t,-associated SOT effective field 77, and z,- associated SOT effective field 1, for Co(0.8)/PtGd(2)/Mo(a) samples.

for the Co(0.8)/PtGd(2) sample. Similarly, the Ry-H, hysteresis loop
shift is observed for the Co(0.8)/PtGd(2)/Mo(4) sample; we found siz-
able Ry-H, hysteresis loop shifts emerge when J, is large [Fig. 2(b)].
AH, is negligible when J is small and increases linearly when J, > 2
x 10° A cm™? [inset of Fig. 2(b)], indicating the enhancement of p,.
The Ry-H, loops are shifted to the opposite field direction in the
absence of H, field, corresponding to the SOT-induced out-of-plane
effective field.'® This phenomenon cannot occur in conventional SOT
devices supporting only p,, where AH; can only be generated in the
presence of an H, field.'*”"*’ The effective SOT field 5, = AH, /],
contributed by p, is then determined with H, = 0 Oe [Figs. 2(a)-2(c)].
Subsequently, using a standard harmonic Hall voltage measurement
technique, we evaluate the SOT effective field 1> as described in
Fig. $13(c) in supplementary material Sec. 11. For the Co(0.8)/PtGd(2)
sample, the contribution of p, from Jpyg results in SOT field efficiency
1, = 0.17 x 107 Oe A~ cm? while the p, attributed to Jp yields
SOT field efficiency 77, = 2.01 x 107° Oe A" cm? [Fig. 2(c)]. Despite
these contributions, both 7, and 7, may not be strong enough in the
device, as evident from the absence of field-free switching of m in
Co/PtGd [Fig. 3(a)]. This is in agreement with our previous finding in
similar Co/PtGd SOT devices with an ultrathin 2 nm PtGd layer.”*

To enhance p, and its associated 1, we utilize the recently discov-
ered OHE, which generates a transversal current Jopug that flows per-
pendicular to the longitudinal current.”” *” OHE can exist in materials
with weak SOC, such as Mo, Ru, Ti, and Nb.”>°° The Joug can be
converted into Jsyr when passing through a layer with strong SOC,
which can be significantly stronger and promising for spin-orbit

torque generation.”” We thus introduce a Mo layer under the PtGd
layer in the SOT device, where Joyg is generated by J, in the Mo layer
and transformed to a spin current via SOC when flowing through the
PtGd layer [Fig. 1(c)]. We find that the 7, is enhanced by two times
and four times in the presence of the Mo underlayers with a thickness
of 2 and 4 nm, respectively, as shown in Fig. 2(c). Such a significant
enhancement of 1, clearly proves the efficiency of OHE in the genera-
tion of py. Due to the synergy between the substantial orbital current
generated by Mo and its effective conversion to a spin current via the
strong SOC PtGd interface, this result is in agreement with the previ-
ous report.”” *® We also measure the Ry-H, hysteresis loop shifts for
Co(0.8)/PtGd(2)/Mo(a) devices and find that the 1, is slightly
increased in the presence of the Mo layer, as shown in Fig. 2(c). This is
consistent with the PHE enhancement [Fig. S3(b) in supplementary
material Sec. 3].

We then fabricated pillar-shaped Co(0.8)/PtGd(2)/Mo(a) SOT
devices to examine the switching behavior. Figure 3 shows the changes

in normalized Ry (R};/ Rgl(s)) as a function of J, applied to these

SOT devices. Here, the RgZ(S) signifies the saturation Ry; of the pillar-
shaped devices, induced by the H, field as shown in Figs. S9(a) and
S9(b) in supplementary material Sec. 7. In contrast to the flat Ry-J,
curve observed in the absence of Mo (a = 0) [Fig. 3(a)], a hysteretic
behavior and a sign change in Ry-J, curve emerges when the Mo layer
is introduced (a > 0) [Figs. 3(b) and 3(c)]. In the regime of high Jc,
the sample undergoes heating and exhibits non-uniform magnetiza-
tion switching behavior, as shown in Figs. 3(b) and 3(c). This phe-
nomenon has been commonly observed in previous studies of
deterministic magnetization switching.” ' The device’s temperature
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FIG. 3. (a)-(c) The changes of Ry (normalized) as a function of an in-plane current Jy applied to Co(0.8)/PtGd(2)/Mo(a) pillar-shaped SOT devices without an in-plane field
fora=0nm (a), a=2nm (b), and a = 4nm (c). The red and blue arrows indicate the direction of the SOT switching.
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rise due to Joule heating is anticipated to be smaller than 37 K at SOT
switching current density of 22.52 MA ¢cm ™2, as illustrated in Fig, S14
in supplementary material Sec. 12, where Joule heating is unlikely to
play a dominant role. The high thermal stability and conductivity of
the Mo layer ensure efficient heat spreading,”*” effectively mitigating
the modest Joule heating generated in the Co/PtGd/Mo SOT devices
across the operating current density. Notably, we observed about
~100% field-free magnetization switching in the Co pillar-shaped
SOT devices for both a =2 and 4nm [Figs. 3(b) and 3(c)]. This
observation reflects that a substantial y-polarized Jour and a finite
z-polarized Jpyg can result in field-free switching.

In conclusion, we have successfully demonstrated efficient
current-induced field-free switching of perpendicular magnetization
in a Co/PtGd/Mo SOT device assisted by OHE. In the presence of a
PHE-induced moderate p, and hence the finite out-of-plane
damping-like torque in the Co/PtGd bilayer, an additional Mo bot-
tom layer contributes a strong p, via OHE, generating a significant in-
plane damping-like torque. With the combined influence of these
SOTs, the perpendicular magnetization of Co is efficiently switched
without an external magnetic field. Importantly, this approach does
not require strong symmetry breaking, typically induced by engineer-
ing the device geometry or by using a low-symmetric spin source,
making it particularly attractive for practical applications.

See the supplementary material for additional information,
including macro-spin simulation and micromagnetic simulation
results, electrical resistivity, x-ray absorption spectroscopy measure-
ment, Joule heating effect, harmonic measurements, and quantitative
analysis of the effective SOT torque term.
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