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Spin-orbit torques (SOTSs) generated through the conventional spin Hall effect and/or Rashba-
Edelstein effect are promising for manipulating magnetization. However, this approach typically
exhibits non-deterministic and inefficient behaviour when it comes to switching perpendicular
ferromagnets. This limitation posed a challenge for write-in operations in high-density magnetic
memory devices. Here, we determine an effective solution to overcome this challenge by
simultaneously leveraging both a planar Hall effect (PHE) and an orbital Hall effect (OHE).
Using a representative Co/PtGd/Mo trilayer SOT device, we demonstrate that the PHE of Co is
enhanced by the interfacial coupling of Co/PtGd, giving rise to a finite out-of-plane damping-
like torque within the Co layer. Simultaneously, the OHE in Mo layer induces a strong out-of-
plane orbital current, significantly amplifying the in-plane damping-like torque through orbital-
to-spin conversion. While either the PHE or OHE alone proves insufficient for reversing the
perpendicular magnetization of Co, their collaborative action enables high-efficiency field-free
deterministic switching. Our work provides a straightforward strategy to realize high-speed and

low-power spintronics.
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Spintronics employs spontaneous magnetic states in materials for encoding information in
nonvolatile memories, logic devices, and neuromorphic computing™2. A high-performance spintronic
device requires the efficient manipulation and detection of magnetic states, which is crucial for write-
in and read-out operations. The ferromagnets with perpendicular magnetizations are desirable for high-
density applications. So far, the efficient electric manipulations of perpendicular ferromagnets remain
a challenging problem. A promising approach is the spin-orbit torque (SOT), where an in-plane charge
current J (x direction) generates a nonequilibrium spin polarization p, which exerts a damping-like
torque T~m x (m X p) on the magnetization m of a ferromagnetic layer (FM) in a SOT device®®.
In the conventional spin Hall effect (SHE)3* or the Rashba-Edelstein effect (REE)®® that is widely
used in the SOT devices, the generated p is usually aligned to the direction of J x z, i.e. the p,, due
to the symmetry constraint, where z is a direction normal to the film plane. However, the switching
by the associated in-plane damping-like torque t,~m X (m X p,) is inefficient and non-
deterministic. First, a large current is required to generate a sufficiently strong p, and the associated
T,, since 7, need to overcome the precession induced by the anisotropy field. Second, the 7, can
only pull m toward y direction while applying the current, and the relaxation of m cannot be controlled
when the current is released’. Experimentally, an external assisting magnetic field along the x direction
(Hx) is usually required to assist the switching by ry3'7, which eventually generates additional energy
consumption harmful to low-power applications. The need for Hy can be eliminated by an exchange
bias field or a stray field induced by an adjacent magnetic layer®!!, the device structure
engineering*®134  or the localized laser annealing®®. Recently, a straightforward solution has been
proposed to introduce an additional z-spin component in p (p,), as the generated out-of-plane
damping-like torque t,~m X (m X p,) can directly reverse the m without the assisting Hx
magnetic field*®1"18 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 ferromagnets®”8, Extensive efforts have been made to generate the
p, in SOT devices, such as using a spin source with low crystal symmetry*®2%2! and/or an additional
magnetic order'®2¢, the competing spin currents?”° or the interface engineering via combined actions
of spin-orbit filtering, spin precession, and scattering®3*,

Despite these advancements, generating a strong p, for t,-dominated switching in SOT devices

remains quite challenging. However, it is possible to design a straightforward strategy for an efficient
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7,,-dominated SOT switching. This can be achieved by leveraging the collaborative action of moderate
p, and a significantly enhanced p,,. The moderate p, enables field-free functionality acting similar
to an assisted external field, while the enhanced p, effectively reduces the switching current
necessary for switching. This approach holds the potential to offer a scalable solution for the practical
implementation of field-free SOT devices, characterized by low power consumption. Here, we present
an effective method for achieving field-free switching of perpendicular magnetization by combining a
planar Hall effect (PHE) and an orbital Hall effect (OHE). The former enables the generation of a finite
p, Within the perpendicular ferromagnet itself, while the latter 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. We show that in a Co/PtGd/Mo heterostructure, the PHE in the Co layer
is significantly enhanced by interfacing with a PtGd layer, resulting in a moderate p,. Simultaneously,
the Mo layer contributes a strong OHE, amplifying p, generation through efficient orbital-to-spin
conversion. While these effects individually prove insufficient for reversing the perpendicular
magnetization of Co, their synergistic cooperation efficiently realizes deterministic switching without
the need for an external magnetic field.

The PHE is a transport phenomenon in magnetic materials where a longitudinal current J,
generates a transverse current J, when m is lying withinthe J,-J, plane. It arises from the intrinsic
anisotropic magnetoresistance (AMR) in the ferromagnets and the generated J, is spin-polarized
along m. Therefore, PHE can generate an out-of-plane spin current carrying p, in a perpendicular
ferromagnet®, eliminating the requirement of special spin sources or low symmetric interfaces in
conventional mechanisms for p, generation. This p, maybe employed in a conventional SOT device
to assist the switching by p,,. However, this approach has not been demonstrated yet, possibly due to
that PHE in common ferromagnetic metals is not sufficient to assist the switching by SHE or REE with
an achievable current density. To realize this approach in practice, one needs to find a strategy to
efficiently enhance PHE for a moderate p,, and use a new mechanism beyond SHE or REE to boost
py. We propose 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 in the SOT device to generate OHE.

We begin by highlighting the enhancement of PHE in the SOT devices illustrated in Fig. la-1c.

A 0.8 nm ferromagnetic Co layer was deposited atop the commonly employed spin source Pt layer
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with a thickness of 2 nm (denoted as Co(0.8)/Pt(2), as shown in Fig. 1a). The good perpendicular
magnetic anisotropy (PMA) of the Co layer is confirmed by the measurement of AHE resistance (Rn),
as shown in Fig. 1d. Since PHE is proportional to AMR, we measure the longitudinal resistance of this
device under a magnetic field rotating within the x-y and x-z plane. We find the AMR is relatively
small in Co(0.8)/Pt(2), since AMR originates from spin-orbit coupling (SOC), which is small for Co
even interfaced with the heavy metal Pt. Considering that the AMR may be enhanced in the presence
of a stronger interfacial coupling, we replace the Pt layer with a PtGd alloy layer with the stoichiometry
of PtossGdoss. Gd is an element with a significant effective magnetic moment and strong SOC.
Although the magnetic order in PtGd alloy is absent?3, a thin Pt-Gd-Co alloy intermediate layer may
appear across the interface between the Co and PtGd layer, which may be ferromagnetic and strongly
coupled with the top Co layer®, and thus may introduce substantial enhancement of AMR in Co layer.
This is clearly shown in Fig. 1d-1f, where the AMR for Co(0.8)/PtGd(2) sample is much stronger than
that of Co(0.8)/Pt(2). We notice that the AMR can be further enhanced in the presence of a Mo layer
underneath the PtGd, which may be due to the introduction of electrons carrying orbital angular

momentum that can enhance the anisotropic scattering.
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Figure 1: Schematic of Co/PtGd/Mo SOT devices and their basic magneto-transport properties.
(a) A Co/Pt bilayer SOT device. The Co layer has perpendicular anisotropy. A current J along

the x direction generates a negligible out-of-plane z-polarized spin current by PHE (Jpyg) in



Co layer and a moderate out-of-plane y-polarized spin current by SHE (Jsyg) in Pt layer. The
Jsuge enters Co layer and exerts a moderate 7,,. (b) A Co/PtGd bilayer SOT device where PtGd
supports a moderate Jsyg, and the Jpug in Co layer is enhanced due to the Co/PtGd interface
coupling. The Jpyg can exert an additional 7, in Co layer besides t, due to Jsyg. (C) A
Co/PtGd/Mo trilayer SOT device. In addition to a not-too-small Jpyr in Co layer and a
moderate Jsyg in PtGd layer, there is a strong orbital current due to OHE (Jogg) in Mo layer
flowing along the out-of-plane direction, which will be converted into an additional-y-polarized
strong spin current when passing through PtGd layer, and will significantly boost 7, in Co
layer. (d) The anomalous Hall resistance Rn 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, respectively.
(e-f) Anisotropic magnetoresistance (Apamr) for Co(0.8)/Pt(2), Co(0.8)PtGd(2), and
Co(0.8)/PtGd(2)/Mo(2) samples in the x-y plane (e) and x-z plane (f), where the large scanning
field of 1.2 T is applied and the variation of resistances (Ramr) as a function of the rotational

angle of the magnetic field direction are measured.

The strongly enhanced AMR may result in notable z-polarized planar Hall current (Jpyg) in the
Co layer. To show this, we measure the hysteresis loop of the Ry versus the out-of-plane magnetic
field H; in the presence of a bias dc current J, along the x direction. If there was a finite p, in Jpyg,
the associated 7, would cause an abrupt shift of the Ry-H; hysteresis loop when t, is sufficiently
strong to overcome the intrinsic damping of Co. This approach has been widely used to verify the
existence of p, in SOT devices?®212>37 We find negligible shift of the loop in the Co(0.8)/Pt(2)
sample even for a large J,., as shown in Fig S3 in supplemental section 3. For Co(0.8)/PtGd(2) sample,
we find negligible shift for small J,, while sizable positive and negative shifts emerge when J, is

large (Fig. 2a), indicating the existence of p, in Co(0.8)/PtGd(2) sample. We define the shift of the
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is the centre of the hysteresis loop determined by the difference of positive and negative magnetization-
reversal fields HX(J¥), and Jf are the current density of positive and negative currents. Figure 2b
shows the AH, as a function of J,, where the AH, is negligible when /. is small and increases
linearly when J, > 12 x 10 A/cm™. This phenomenon cannot occur in conventional SOT devices

supporting only p,,, where AH, can only be generated in the presence of an Hx field®%2. The
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effective SOT field n, = 4H,/], contributed by p, is then determined with H, = 0 Oe (Fig. 2b
and 2c). Subsequently, using a standard harmonic Hall voltage measurement technique, we evaluate
the SOT effective field n,, as described in Fig. S4d in supplemental section 4. The contribution of p,

from Jpug results in an out-of-plane SOT field efficiency 7, = 0.16 x 107¢ Oe A cm?, while the
p, attributed to the spin Hall current (Jsyg) yields in-plane SOT field efficiency 7, = 2.01 x 107°

Oe Al cm? (Fig. 2c). Despite these contributions, both n, and n, may not be strong enough in the
device, as evident from the absence of field-free switching of m in Co/PtGd under an achievable J,
(Fig. 3a). This is in agreement with our previous finding in similar Co/PtGd SOT devices with a thin

PtGd layer?.

We then engineer the spin source to enhance p,, and thus the associated 7,, using the recently
discovered OHE, which generated a current of electron orbital angular momentum (Jogg) that flows
transverse to a longitudinal current®4!, OHE can exist in materials with weak SOC, such as Mo, Ru,
Ti, and Nb®42, The Joug can be converted to a spin current when passing through a layer with strong
SOC which can be significantly stronger than Jsyg, promising for spin-orbit torque generation®3. We
thus insert a Mo layer in the bottom of the PtGd layer in the SOT device, where an out-of-plane Joug
is generated by an in-plane charge current ], in Mo layer and transformed to a spin current via spin-
orbit coupling when flowing through PtGd layer (Fig. 1c). We find the n,, is enhanced by 2 times and
4 times in the presence of the Mo underlayers with the thickness of 2 nm and 4 nm, respectively. Such
significant enhancement of 7n,, clearly proves the efficiency of OHE in the generation of p,,. We also
measure the Ru-H; hysteresis loop shifts for Co(0.8)/PtGd(2)/Mo(a) devices and find that the n, is
slightly increased in the presence of Mo layer. This is consistence with the enhancement of AMR

shown in Fig. le-1f, proving that the generation of p, is associated with PHE.
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Figure 2: Finite p, due to PHE and enhanced p, due to OHE. (a) Ru vs Hz curves for

Co(0.8)/PtGd(2) SOT devices measured by a bias current J,. (b) The Ru loop shifts AHz as
a function of J, for Co(0.8)/PtGd(2) SOT devices in the absence of Hx. (c) The drive t,,-
associated SOT effective field n, and 7, - associated SOT effective field n, for

Co(0.8)/PtGd(2)/Mo(a) SOT devices.

We then prepare Co(0.8)/PtGd(2)/Mo(a) SOT devices with the top Co layer fabricated as pillars
to examine the switching behaviour. The thickness of the PtGd layer is fixed to 2 nm to enhance Jpyg

and facilitate the conversion of Joug into a spin current Joyg. Figure 3 shows the changes in

normalized Ry (R{;‘/RSZ(S)) as a function of an in-plane current J, applied to these SOT devices.

Here, the Rgz(s) signifies the saturation magnetization resistance, induced by an out-of-plane

magnetic field as shown in Fig. S3 supplemental section 3. In contrast to the flat Ru-/,, curve observed
in the absence of Mo (a = 0) (Fig. 3a), a hysteretic behaviour and a sign change in Rn-/, curve
emerges when the Mo layer is introduced (a > 0) (Figs. 3b and 3c). Notably, we observed about
~100% field-free magnetization switching in the Co pillar for both a = 2 nm and 4 nm (Fig. 3b-3c).
This observation reflects a substantial y-polarized Jogg and afinite z-polarized Jpyg canresultin the

field-free switching of perpendicular magnetization.
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Figure 3: Field-free current-induced magnetization switching in Co(0.8)/PtGd(2)/Mo(a) SOT
pillar-shaped SOT devices. (a-c) The changes of Ry (normalized) as a function of an in-
plane current J, applied of Co(0.8)/PtGd(2)/Mo(a) SOT devicesfor a =0 nm(a), a = 2
nm (b), and a = 4 nm (c). The blue and red arrow shows the SOT switching direction as

the switching current sweeps from negative to positive and vice versa.



In conclusion, we have successfully demonstrated the efficient current-induced field-free
switching of a perpendicular magnetization in a Co/PtGd/Mo SOT device through the collaborative
action of PHE and OHE. The PHE in Co layer is notably enhanced by the Co/PtGd interfacial coupling,
resulting in a moderate p, that contributes to a finite out-of-plane damping-like torque.
Simultaneously, the OHE in Mo layer contributes a strong p,,, generating a significant in-plane
damping-like torque. With the combined influence of these SOTS, the perpendicular magnetization of
Co is efficiently switched without the need for an external magnetic field. Importantly, this approach
does not require additional symmetry breaking or particular epitaxy growth for SOT devices, making
it particularly attractive for practical applications. Our findings underscore the promising potential of
PHE and OHE in magnetic switching and provide a straightforward strategy for the construction of

high-performance, and energy-efficient spin-orbitronic devices.

Methods

Thin Film Preparation: The Pt(1.5)/Co(0.8)/Ptos5Gdo.35(2)/Mo(a)/Ta(0.5) and the comparative
Pt(1.5)/Co(0.8)/Pt(2)/Ta(0.5) (layers from top to down, thicknesses in nanometers) stack structures
were grown on thermally oxidized Si/SiO substrate through magnetron sputtering, where a is0, 2, 3,
and 4 nm. The thin films were fabricated at room temperature under a base pressure of better than
3 x 1078 Torr. The PtogsGdo.ss alloy films’ stoichiometry was achieved by co-sputtering Pt and Gd-
targets using direct current (DC) sputtering powers of 30 and 21 W, respectively. Further details of the
stoichiometry PtossGdo.ss alloy preparation and designs can be found in our prior work?. All metal
layers were deposited using DC sputtering power without breaking the vacuum chamber. A 1.5 nm Pt
layer acts as a capping layer to protect against oxidation of the stack structures. The bottom Mo layer
served as a source of orbital Hall current and a 0.5 nm Ta layer is an adhesive layer to promote the
PMA of the Co layer. Cr (10 nm)/Au (60 nm) thick electrical contacts were deposited after the second
lithography into a pillar-shaped device. No magnetic field was applied during the thin film deposition
process.

Fabrication of Devices and Measurements: Before fabrication into the Hall bar device, the stacks
are subjected to pre-annealing at 350 °C for 10 min to persuade PMA. The stacked layers are then

patterned into Hall bar devices with a current channel width of 6 um and a voltage arm width of 3 pym



through photolithography followed by Ar ion milling and a lift-off technique. By applying a 50 pA
current along the Hall bar, the anomalous Hall resistances of the devices as a function of the out-of-
plane magnetic field are determined. Finally, the Hall bar is further patterned into a pillar-shaped
device with a diameter of 3 um through Ar ion milling to realize field-free SOT switching when the
stacks downscaling. Keithley 2602B current source and Keithley 2182 nanovoltmeters were used to
measure the current-induced deterministic switching loops by injecting pulsed current along the x-axis.
The harmonic Hall voltage was performed using a Stanford Research SR830 DSP lock-in amplifier
with a frequency amplitude of 1327 Hz. All measurements of magnetic and electrical properties were

conducted at room temperature.
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