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Spin-orbit torque driven by a planar Hall current
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Spin-orbit torques (SOTs) in multilayers of ferromagnetic
(FM) and non-magnetic (NM) metals can manipulate the
magnetization of the FM layer efficiently. This is employed,
for example, in non-volatile magnetic memories for energy-
efficient mobile electronics? and spin torque nano-oscilla-
tors®*” for neuromorphic computing®. Recently, spin torque
nano-oscillators also found use in microwave-assisted mag-
netic recording, which enables ultrahigh-capacity hard disk
drives®. Most SOT devices employ spin Hall'*"" and Rashba'"
effects, which originate from spin-orbit coupling within
the NM layer and at the FM/NM interfaces, respectively.
Recently, SOTs generated by the anomalous Hall effect in
FM/NM/FM multilayers were predicted™ and experimentally
realized'. The control of SOTs through crystal symmetry was
demonstrated as well™. Understanding all the types of SOTs
that can arise in magnetic multilayers is needed for a formula-
tion of a comprehensive SOT theory and for engineering prac-
tical SOT devices. Here we show that a spin-polarized electric
current known to give rise to anisotropic magnetoresistance
(AMR) and the planar Hall effect (PHE) in a FM'¢ can addition-
ally generate large antidamping SOTs with an unusual angu-
lar symmetry in NM,/FM/NM, multilayers. This effect can be
described by a recently proposed magnonic mechanism'. Our
measurements reveal that this torque can be large in multilay-
ers in which both spin Hall and Rashba torques are negligible.
Furthermore, we demonstrate the operation of a spin torque
nano-oscillator driven by this SOT. These findings signifi-
cantly expand the class of materials that exhibit giant SOTs.

We measured SOTs in substrate/NM,/FM/NM, nanowire devices
(Methods), shown in Fig. 1a, along with the coordinate system used
in this letter. Ta/Au, Ta/Pt and Ta/Pd bilayers were chosen as NM,,
and Ta, Au/Ta and Au/AlO, were employed as NM, (Supplementary
Notes 1 and 2). We used a [Co(0.85 nm)/Ni(1.28 nm)],/Co(0.85nm)
superlattice as the FM layer to take advantage of the perpendicular
magnetic anisotropy in this system'®" that nearly cancels the demag-
netizing field of the FM film. The AMR curves shown in Fig. 1b
demonstrate that the magnetization of the Ta(3nm)/Au(3.9nm)/
FM/Ta(4nm) nanowire easily saturates for both the in-plane and
out-of-plane magnetic fields.

We characterized the SOTs by field-modulated spin torque fer-
romagnetic resonance (ST-FMR) (Methods, Supplementary Note 3
and Supplementary Fig. 2)*°. The ST-FMR spectra of the Ta/Au/FM/
Ta device for a magnetic field H applied in the xz plane (Fig. 1c)
exhibited several spin wave resonances. Figure 1d demonstrates
that the linewidths of these resonances are altered by a direct cur-
rent I;.. The blue symbols in Fig. 1e show the linewidth AH of the
lowest-frequency mode (labelled M,) versus sheet current density
Ky.=IL,/w, where w is the nanowire width (Methods). The line-
width, proportional to the FM magnetic damping a, was found to
be a linear function of K., which reveals the presence of a SOT in
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the xz plane that can tune a (here referred to as an antidamping
SOT). We also found the magnitude of the spin Hall torque (SHT)
to be small in this system, as evidenced by the weak dependence
of AH on K, for magnetization nearly parallel to the y axis, where
the strongest antidamping effect of SHT is expected (red symbols
in Fig. 1e)".

Figure 1f shows the angular dependence of the slope of AH as a
function of K, which quantifies the strength of the an antidamp-
ing SOT. For magnetization that lies in the xy plane (red symbols),
dAH/dK,. is small and is consistent with the 360° periodicity
expected for SHT. In contrast, dAH/dKj. in the xz plane (blue sym-
bols) is 180° periodic and islarge when the magnetization makes a 45°
angle with respect to the sample normal. The angular dependence of
dAH/dK, inFig. 1fisfitted well by (i - X) (1 - Z) = cos(8)sin(8)cos(¢)
(blue curve), where m is the unit vector in the direction of the
FM magnetization.

The data in Fig. 1e show that AH extrapolates to zero at a criti-
cal sheet current density K, beyond which the FM magnetization
is expected to auto-oscillate. Figure 2 shows spectra of the micro-
wave signal generated by the sample (Methods) as a function of K
for a magnetic field applied along the four quadrant bisectors of the
xz plane. The sample generates a microwave signal for one current
polarity when |K, | exceeds a critical value |K|. The data in Fig. 2
reveal that K. <0 for H parallel to the x=z bisectors, whereas K.>0
for H parallel to the x=—z bisectors, in agreement with the ST-FMR
data in Fig. 1f. Several auto-oscillatory modes are excited above K,
with the highest-amplitude mode M, generating up to 60pW of
microwave power (Supplementary Note 4 and Supplementary Fig. 3).

To understand the effect of the NM layers on antidamping SOTs, we
studied a set of NM,/FM/Ta(4nm) nanowires that employed differ-
ent NM, layers with similar sheet resistances, Ta(3 nm)/Au(3.9nm),
Ta(3nm)/Pt(7.0nm) and Ta(3nm)/Pd(8.0nm) (Supplementary
Note 2). The angular dependence of dAH/dK,, which quantifies an
antidamping SOT, was measured in the xy and xz planes. Figure 3a
shows that the magnitude of the 360° periodic antidamping SHT in
the xy plane strongly depends on the NM, material, in agreement
with previous studies”. The data in Fig. 3b demonstrate that the mag-
nitude of the 180° periodic antidamping SOT in the xz plane is simi-
lar for all three NM, layers. Figure 3a,b reveals that the magnitudes of
SHT and the 180° periodic antidamping SOT in the xz plane are not
correlated and thus the mechanisms that give rise to these SOTs are
different. In Supplementary Note 5, we show that the observed 180°
periodic SOT does not arise from the Rashba mechanism?™.

As the existing models of SOT at FM/NM interfaces do not
explain our experimental data in their entirety, a new approach
is needed. We argue that the observed 180° periodic antidamping
SOT in the xz plane arises from the planar Hall current'*'® gener-
ated by spin-orbit coupling in a FM conductor and absorbed by
the adjacent NM layers, and thus this SOT can be called a planar
Hall current driven spin-orbit torque (PHT). In this model,
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Fig. 1| Sample geometry and ST-FMR measurements. a, Schematic of a NM,/FM/NM, metallic nanowire device, as well as the Cartesian (x, y, z) and
spherical (0, ¢) coordinate systems employed here. b, Magnetoresistance of the Ta/Au/FM/Ta device for a magnetic field applied along the principal

axes. ¢, ST-FMR rectified voltage

/ix as a function of frequency f and magnetic field H applied in the xz plane at =225° (¢ =0). d, Effect of current

bias I;. on ST-FMR spectra for f=9 GHz and §=225° (¢ =0). e, Linewidth AH of the lowest-frequency mode M, as a function of the sheet current
density K. for magnetization in the xy (red) and xz (blue) planes (f=9 GHz). f,g, Angular dependence of dAH/dK,. in the xy (red) and xz (blue) planes
for the Ta/Au/FM/Ta (f) and Ta/Au/FM/Au/Ta (g) devices. Error bars show the standard error of least squares fit (Methods). Measurements in

b-g were made at room temperature.
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Fig. 2 | Microwave generation. Normalized power spectral P density of a
microwave signal generated by the Ta/Au/FM/Ta device as a function of
frequency f and applied sheet current density K,.. a-d, A 1.7 kOe magnetic
field H is applied in the xz plane at four angles, =315° (a), §=45°

(b), 9=225° (¢) and #=135° (d). The insets show the side view of the device
and the applied field direction. The measurements were made at T=77K.

the antidamping SOT originates from the exchange of angular
momentum between the FM and NM layers via spin currents. For
this exchange to occur, the NM layer must behave as a good spin
sink, that is, it must both allow the transfer of spin current across
the FM/NM interface and efficiently flip spins. The PHE results in a
current of spin-polarized electrons of density Jpyp = Aoy (i - E)i

flowing in the FM parallel to its magnetization, where E ~ EX is the
applied electric field and Ao,y is the anisotropic part of the FM
conductivity'>'®. Only the component of J,,;; normal to the NM/FM
interface can transfer spin and contribute to the SOT:

Joue = Aoy E(i - X) (i - 2) (1)

The angular dependence of J5;;, is identical to the measured angu-
lar dependence of the antidamping SOT in Fig. 3b. When [, <0, the
planar Hall current drives electrons with magnetic moments aligned
with the FM magnetization from the FM layer into the bottom NM,
layer's, as shown in Fig. 3¢ (black ball and arrows). In a steady state,
the net electron current across the NM,/FM interface is zero, which
implies a backflow of electrons from the NM, layer to the FM layer.
The backflow current density from a NM, layer with strong spin-flip
scattering (a good spin sink) is weakly spin polarized, which results
in a net pure spin current density Q5 polarized along m that flows
in the —Z direction across the NM,/FM interface. A spin current may
also flow across the NM,/FM interface. If pure spin currents across
the NM,/FM and FM/NM, interfaces differ, a net spin transfer to the
FM layer takes place. For example, our spin pumping measurements
(Supplementary Note 7) reveal that NM, =Ta/Au is a good spin sink
but NM,="Ta is a poor spin sink, which gives rise to large net-spin
transfer to the FM layer in the Ta/Au/FM/Ta nanowire device and
is consistent with the large value of PHT measured for this sample
(Fig. 1f). The action of PHT changes from negative to positive damp-
ing under the reversal of I, as shown in Fig. 3d, where Qg now
flows in the +Z direction across the NM/FM interface. As Qi
changes sign on a 90° rotation of m in the xz plane (equation (1)),
the effect of PHT changes from a positive to a negative damping on
such a rotation, in agreement with Figs. 1f and 2.

The spin-polarization direction p of Qg is collinear with rh,
and thus Qp}y cannot give rise to the conventional SOTs propor-
tional to t X P or m X (P X i) that are generated by the component
of spin current transverse to the magnetization””. However, the
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Fig. 3 | Angular symmetry and material dependence of SOTs. a,b, dAH/dK,. measured at room temperature for different NM, layers characterizes the
stgength of the antidamping SHT in the xy plane (@) and that of the antidamping PHT in the xz plane (b). c-e, Schematics of the flow of pure spin current
Qe driven across the NM/FM interface by spin-polarized planar Hall current density Jy in the FM layer for I,.> 0 (¢) and I,. < 0 (d) in the Ta/Au/FM/Ta
device and for I, > 0 in the Ta/Au/FM/Au/Ta device (e). The red and blue arrows labelled +/,. show the direction of the electric current I, applied to the
nanowire. The red arrows labelled M show the direction of magnetization. The black ball and arrows represent an electron of J,,, and its spin polarization.
The grey arrows show the direction of Jy. f, Schematic of the angular dependence of antidamping SOTs at a NM/FM interface, biaxial PHT and uniaxial
SHT. Here red (blue) corresponds to negative (positive) damping when [, > 0. Error bars show the standard error of least squares fit (Methods).

absorption of a longitudinal spin current (p||h) by the FM can give
rise to an antidamping torque. An example of such a mechanism
is the magnonic torque initially discussed and demonstrated in the
context of the spin Seebeck torque in FM/NM bilayers'”*. In this
mechanism, electrons that carry a longitudinal spin current across
the FM/NM interface undergo inelastic spin-flip scattering either in
the FM or at the FM/NM interface and thereby generate magnons
in the FM. Rapid magnon-magnon relaxation processes within the
non-equilibrium cloud of magnons created by the longitudinal spin
current transfer the injected angular momentum from high-energy
magnons to the low-energy spin wave modes and thereby reduce
the damping of these modes'”. Recent spectroscopic measurements
directly confirmed the generation of a non-equilibrium magnon
cloud by the injection of spin currents into a FM as well as by a rapid
relaxation of the injected angular momentum to the low-energy
spin waves that exhibit a current-induced damping reduction**.
Further theoretical work is needed for a quantitative understanding
of the antidamping torque that arises from the planar Hall current.
The PHT model not only predicts the correct angular dependence
of the observed antidamping SOT, but also explains the effect of the
NM material on the SOT magnitude. For a given FM layer, the PHT
magnitude is controlled by the degree of spin polarization of the back-
flow current from the NM layer into the FM layer. Our spin pumping
measurements (Supplementary Note 7) show that Ta/Au, Ta/Pd and
Ta/Pt are good spin sinks and thus generate weakly spin-polarized
backflow currents, which leads to similar magnitudes of PHT in all
three multilayers shown in Fig. 3b. The PHT model also explains
the large differences in the antidamping SOT magnitude observed
for multilayers with identical top and bottom FM/NM interfaces, for
example, the Ta/Au/FM/Au/AlO, system exhibits a large antidamping
SOT (Supplementary Note 6), whereas SOT in the Ta/Au/FM/Au/Ta
multilayer is zero (Fig. 1g). AsNM, = Au/Tais a good spin sink, equally
large spin currents Qp; flow across the top and bottom Au/FM
interfaces in the Ta/Au/FM/Au/Ta nanowire, which results in a zero

net angular momentum transfer to the FM and zero PHT, as illus-
trated in Fig. 3e. In contrast, we found that Au/AlO, is a poor spin
sink and thus Q 5};; across the FM/Au top interface is nearly zero while
the Q 5y, across the Au/FM bottom interface is large, which results in
significant angular momentum transfer to the FM and strong PHT
in the Ta/Au/FM/Au/AlO, system. The angular dependences of the
antidamping PHT (rn - X)(1h - Z) and SHT (1 - ) are shown in Fig. 3f,
where the biaxial angular symmetry of PHT is apparent.

Itis expected from equation (1) that the magnitude of PHT is pro-
portional to the magnitude of AMR in the FM layer. We found that
the AMR ratio in our Ta/Au/FM/Ta multilayer increased by a factor
of 1.8 on cooling the sample from 295K to 77K (Supplementary
Note 8 and Supplementary Fig. 7). At the same time, the critical sheet
current density K_decreased by a factor of 1.8 (from —4.4x 10* Am™
at 295K to —2.5x10* Am™ at 77K, as measured by ST-FMR at
9 GHz (Supplementary Fig. 7). As K_ is inversely proportional to the
PHT magnitude, these data support the proportionality of PHT and
AMR. Furthermore, the analysis in Supplementary Note 9 reveals
that the measured absolute value of PHT is consistent with that
expected from the measured absolute value of AMR.

Recently, SOTs that arise from planar and anomalous Hall effects
were predicted in FM/NM/FM trilayers, where the planar and anom-
alous Hall currents generated in one FM apply spin transfer torques
to magnetization of the other FM". Experiments show that current-
driven coupling between two FM layers in a FM/NM/FM trilayer
can be achieved via SOTs generated at the NM/FM interfaces™”.
Our work reveals that a strong antidamping SOT that originates
from planar Hall current in the FM layer and acts on magnetization
of the same FM layer can arise in a NM/FM/NM multilayer when
the efficiency of the spin transfer at one of the NM/FM interfaces
is large and the NM is a good spin sink. We expect this SOT to play
a significant role in the spin torque switching of magnetization® as
well as in current-driven domain wall*® and skyrmion® motion in
magnetic multilayers.
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Methods

Sample preparation. The multilayers were deposited by d.c. magnetron sputtering
on Al,0;(0001) substrates in 2mtorr of Ar process gas. The highly resistive Ta seed
and cap layers were employed to reduce the roughness and to prevent oxidation of
the multilayers, respectively. The multilayers were patterned into 40-50 nm wide,
40 pm long nanowires via electron-beam lithography using negative resist HSQ and
subsequent ion mill etching. The electrical leads to the nanowire were patterned via
electron-beam lithography using a methyl methacrylate/poly(methyl methacrylate)
positive resist bilayer followed by the sputter deposition of Ta(5nm)/Au(40 nm)/
Ta(5nm) and liftoff. The spacing between the leads defined an active region

80-190 nm long in the central part of the nanowire.

ST-FMR. The application of a microwave current to the sample excites the
magnetization and sample resistance oscillations at the frequency of the
drive. These resistance oscillations mix with the applied microwave current
and generate a rectified voltage V, .. Resonances in V,,, were observed at the
frequency and field values that corresponded to the spin wave eigenmodes of

NATURE NANOTECHNOLOGY | www.nature.com/naturenanotechnology

LETTERS

the system. To improve the sensitivity of the method, we modulated the applied
magnetic field and measured Vmix (H)=dV,_, (H)/dH. To determine the
resonance field and linewidth AH of the spin wave modes, we fit the resonances
inV,; (H) by the magnetic field derivative of the sum of Lorentzian and anti-
Lorentzian functions®.

Microwave emission measurements. The microwave power emitted from the
nanowire was detected using a spectrum analyser. A direct current was applied to
the sample through the d.c. port of a bias tee. The microwave port of the tee was
connected to a low noise microwave amplifier with a gain of 45 dB, and the signal
was then recorded by the spectrum analyser.

Data availability

All data supporting the findings of this study are available within the article and the
Supplementary Information and are available at the University of California Data
Repository at https://doi.org/10.15146/R3H09M. All the data are available from the
authors on request.
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