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Spin-orbit torque (SOT), as a promising writing method for

magnetic random-access memory (MRAM), has garnered

widespread interest for over a decade [1]. Heavy metals,

such as β-W, have been broadly adopted as spin current

sources, but suffer from phase change at a limited thick-

ness, resulting in a dramatic reduction of the charge-to-

spin conversion efficiency θSH [2]. The thickness limitation

leads to stringent etching conditions and large distribution

among devices, posing challenges for simultaneously satisfy-

ing SOT efficiency, etching-stop margins, and back-end-of-

line (BEOL) compatibility.

The recent development of orbitronics brings new oppor-

tunities for addressing these issues by bringing novel mate-

rial options [3, 4]. Orbital Hall effect (OHE) and orbital

Rashba-Edelstein effect (OREE), which involve the exci-

tation of orbital-polarized current JL that carries orbital

angular momentum L without the need for materials of a

strong spin-orbit coupling (SOC), are predicted to be much

stronger than their spin counterparts across diverse mate-

rials. However, the orbital angular momentum cannot di-

rectly interact with the local magnetic moment which is

dominated by spin. A ‘converter’ with strong SOC, capa-

ble of transforming L into spin angular momentum S, is

necessary for utilizing OHE to switch the magnetization,

as shown in Figure 1(a). Different converter layers have

been reported, such as Ni, garnets, and Gd, but it remains

challenging to integrate these materials with magnetic tun-

nel junctions (MTJs). Here, we use Pt as the L-to-S con-

verter, and CoFeB or Co as the ferromagnet in our samples

to show the orbital current-induced magnetic switching that

is energy-efficient and MTJ compatible.

Results. First, we systematically investigate the

effective charge-to-spin conversion efficiency θH in

X(tX)/Pt(tPt)/CoFeB(1.5)/MgO(1.5)/Ta(2) multilayers (X

= Ta, Cr, W, Ru, units in nanometer). After deposition

and annealing, we patterned the multilayers into Hall-bar

devices with a width w = 10 µm, as shown in Figure 1(b).

We then performed second harmonic Hall voltage measure-

ments in these devices to obtain the θH. The measured θH
for samples with X = Ta are shown in Figures 1(b) and

(c). The Ta layer, which is β-Ta or at mixed phase, is

prepared by two different conditions (see Appendix A). In

samples with the tPt fixed to 2 nm, the θH increases with

tTa, and the highest θH of 0.152 ± 0.003 was obtained in

Ta(12)/Pt(2), which is 1.5 times higher than that of Pt(10)

and 5.6 times higher than that of Pt(2) (θH = 0.023 ±

0.001). By fixing tTa = 8 nm and varying the tPt from 0 to

10 nm, the θH firstly changes its sign, increases when the

Pt layer is thin, and then decreases when the Pt layer is as

thick as 10 nm. The highest θH reaches 0.168 ± 0.003 in

Ta(8)/Pt(3) bilayer. Together with the reduced θH in the

control sample with a MgO insertion layer, the analysis of

θH accounting for the current shunting effect and the XRD

measurements, we attribute the underlying mechanism to

the recently discovered OHE (see Appendixes B and E).

In addition to Ta/Pt, we investigated other X/Pt bilayers

as SOT channels (X = Cr, W, Ru) because all of them have

been predicted to present strong orbital Hall conductivity

(OHC) [5]. Consistent with the ab initio calculation results,

all the X/Pt bilayers possess a positive sign of θH, the same

as the Pt sample (Appendix C). However, when fixing the

thickness of the bilayer to X(8)/Pt(2), despite the large θH
discovered in the Ta/Pt bilayer, the quantified θH for all the

other X/Pt SOT bilayers is close to or smaller than that of

Pt(10), as depicted in Figure 1(d). This unexpected result

maybe due to the larger orbital diffusion length λOHE in Cr,
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Figure 1 (Color online) (a) Schematic of OHE-converted SOT schemes. Estimated effective charge-to-spin conversion efficiency

θH in different samples when varying the thickness of (b) Ta and (c) Pt. Inset in (b) is the optical image of a Hall-bar device.

(d) Estimated θH and (e) calculated power consumption of Ta(10), Pt(10), and X(8)/Pt(2) SOT channels. (f) Critical current

density Jc and critical current Ic for Ta/Co/Pt devices with varying tTa after annealing at 300◦C or 400◦C.

Ru and W since the calculated OHCs in these materials are

all larger than that of β-Ta. Adopting ρxx/θ2H as a criterion,

we evaluated the power consumption for these SOT chan-

nels. Normalized by the value of Ta(8)/Pt(2), as shown in

Figure 1(e), the Ta/Pt and Ru/Pt bilayers emerge as the

optimized choice for SOT channels.

Based on our findings, we further investigated the SOT-

induced perpendicular magnetization switching in Ta(8-

12)/Pt(2)/Co(0.65) due to its optimized θH (Appendix D).

The perpendicular anisotropy field µ0HK was validated to

be ∼0.25 T (∼1 T) after annealing at 300◦C (400◦C), we

summarize the critical switching current Ic and current den-

sity Jc, as shown in Figure 1(f). The Jc generally decreases

with the thickness of Ta thanks to the increasing θH in the

Ta/Pt bilayer, and the Jc for the device with tTa = 11.7 nm

is only ∼1.3 × 1011 A · m−2, much lower than that of

the reported Pt/Co bilayers. The Ic for Ta(8)/Pt(2) and

Ta(12)/Pt(2) remains nearly the same, thus helping solve

the etching-stop issue. Further, the SOT-induced switching

remains robust after annealing at 400◦C and the Jc is just

slightly increased despite the µ0HK being substantially en-

hanced, which is of practical interest for the development of

BEOL compatible SOT-MRAM.

Conclusion. In summary, we have systematically inves-

tigated the effective charge-to-spin conversion efficiency θH
in X/Pt/CoFeB/capping layer (X = Ta, Cr, W, Ru). We

achieve an enhanced θH brought by orbital currents, which

reaches 0.168 ± 0.003 in the Ta/Pt/CoFeB/capping layer

and 0.1 in the Ru/Pt/CoFeB/capping layer. We have vali-

dated that the Ta/Pt bilayer is an optimized material choice

for energy-efficient SOT switching, which even withstands

the 400◦C annealing process. Our work paves the way

for the practical implementation of orbitronics, and creates

novel prospects for energy-efficient SOT-MRAM with en-

hanced etch-stop margins and low distribution among de-

vices.
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