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Supplementary Material for
Spin-orbit torque driven by a planar Hall current

Chris Safranski, Eric A. Montoya, Ilya N. Krivorotov

Supplementary Note 1: Multilayer deposition

The multilayers are deposited by magnetron sputtering on Al2O3 (0001) substrates in 2 mTorr Ar with a base
pressure ≤ 3.0 × 10−8 Torr. The film stacks consist of ferromagnetic metal (FM) and non-magnetic metal (NM)
layers and have the following structure types:

1. Al2O3 (0001)/NM1/FM/Ta(4 nm)

2. Al2O3 (0001)/Ta(3 nm)/Au(2.5 nm)/FM/Au(1.5 nm)/Ta(4 nm)

3. Al2O3 (0001)/Ta(3 nm)/Au(3.9 nm)/FM/Au(1 nm)/AlOx(2 nm)

For all samples, a 3 nm Ta seed layer is employed to promote growth of a smooth multilayer [1] and the Ta or AlOx

capping layer prevents the multilayer oxidation. Here, AlOx(2 nm) is a 2 nm layer of Al that is allowed to naturally
oxidise. The composite FM layer is a superlattice of exchange coupled Co and Ni layers: Co(0.85 nm)/Ni(1.28
nm)/Co(0.85 nm)/Ni(1.28 nm)/Co(0.85 nm). We have chosen the Co/Ni superlattice due to its large planar Hall
effect (PHE) and anisotropic magnetoresistance (AMR) [2] as well as its significant perpendicular magnetic anisotropy
(PMA) [3, 4]. The thicknesses of the Co and Ni layers in the composite FM are chosen to nearly balance the easy
plane magnetic shape anisotropy of the FM film by PMA in order to be able to saturate the FM magnetization in any
direction by a small magnetic field. In type 1 multilayers, we use NM1 = Ta(3 nm)/Pt(7.0 nm), Ta(3 nm)/Pd(8.0 nm),
or Ta(3 nm)/Au(3.9 nm), with the Au, Pd, and Pt thickness chosen to keep the NM1 layer sheet resistance nearly
the same. Type 1 samples allow us to explore effects due the bottom NM1 and NM1/FM interface. Type 2 and 3
multilayers allow us to explore the role of the top FM/NM2 interface in comparison to type 1 multilayers. The thin
top Au layers in type 2 and 3 multilayers are known to form continuous film due to the excellent wetting of Co by
Au [5, 6]. For type 2 multilayer, the thickness of the top and bottom Au layers are chosen to be different in order
to generate a non-zero microwave Oersted field applied to the FM magnetization in ST-FMR measurements, which
strongly enhances the amplitude of the magnetic oscillations and the signal-to-noise ratio of the ST-FMR signal. For
type 3 multilayer, we use the bottom NM1 = Ta(3 nm)/Au(3.9 nm), as in type 1, but replace the Ta cap by Au/AlOx.

Supplementary Note 2: Sheet resistance measurements
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Supplementary Figure 1: Schematic of 4-point probe measurement.

We make sheet resistance measurements of magnetic multilayers by the collinear four point probe technique [7].
Four equidistant probes make contact along the symmetry axis of film samples, as shown in Supplementary Fig. 1.
The resistances RA = V23/I14, RB = V24/I13, and RC = V43/I12 are measured by means of 4 terminal source-meter.
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The subscripts on I and V indicate the probes where current is supplied and voltage is measured; for example, for
RA, a direct current I is supplied between points 1 and 4 and the voltage is measured at points 2 and 3. RA, RB ,
and RC must satisfy the following two relations [8]:

exp

(
−2πRA

RS

)
+ exp

(
−2πRC

RS

)
= 1 (S1)

and

exp

(
2πRA
RS

)
− exp

(
2πRB
RS

)
= 1, (S2)

where RS is the sheet resistance of the film. Small deviations in probe spacing are corrected by averaging a symmetric
measurement for the Rs, and thermal voltages/offsets are accounted for by switching voltage leads, therefore:

RA = (V23/I14 + |V32|/I14) /2
RB = (V24/I13 + V13/I24 + |V42|/I13 + |V31|/I24) /4
RC = (V43/I12 + V12/I43 + |V34|/I12 + |V21|/I43) /4.

(S3)

The measured sheet resistances of various multilayer films are summarized in Supplementary Table I. The current
densities in each layer can be determined from the parallel resistor model. The top Ta(4 nm) is taken to have the same
resistivity as the bottom Ta(3 nm) because approximately 1 nm of the top Ta layer oxidises under ambient conditions
[9]. The data in Table I demonstrate that the Ta layers have much higher sheet resistances than other layers in the
multilayer stack and thus the electric current density in the Ta layers is small in all our measurements.

Supplementary Table I: Summary of film level sheet resistances determined by 4 point probe measurements. Numbers in
parenthesis are layer thickness in nm. All measurements are performed at room temperature unless indicated otherwise.

Sample RS (Ω)

Ta(3.0) 929

Ta(3.0)/Au(3.9) 27.0

Ta(3.0)/Au(3.9) [77 K] 24.5

Ta(3.0)/Pt(7.0) 28.2

Ta(3.0)/Pd(8.0) 27.9

Ta(3.0)/Au(3.9)/[Co(0.85)/Ni(1.28)]2/Co(0.85)/Ta(4.0) 19.3

Ta(3.0)/Au(3.9)/[Co(0.85)/Ni(1.28)]2/Co(0.85)/Ta(4.0) [77 K] 15.4

Ta(3.0)/Pt(7.0)/[Co(0.85)/Ni(1.28)]2/Co(0.85)/Ta(4.0) 20.5

Ta(3.0)/Pd(8.0)/[Co(0.85)/Ni(1.28)]2/Co(0.85)/Ta(4.0) 17.3

Ta(3.0)/Au(2.5)/[Co(0.85)/Ni(1.28)]2/Co(0.85)/Au(1.5)/Ta(4.0) 22.2

Supplementary Note 3: Spin torque ferromagnetic resonance

We measure the ferromagnetic resonance linewidth as a function of direct current bias in the nanowire devices by
spin-torque ferromagnetic resonance (ST-FMR) [10–12]. In this method, a rectified voltage Vmix generated by the
sample in response to the applied microwave current is measured as a function of the drive frequency and external
magnetic field [13]. Resonances in Vmix are observed at the frequency and field values corresponding to spin wave
eigenmodes of the system [14]. To improve the sensitivity of the method, we modulate the applied magnetic field
and use lock-in detection to measure ac voltage Ṽmix generated by the sample at the frequency of the magnetic field
modulation as illustrated in Supplementary Fig. 2 [15]. This signal is proportional to magnetic field derivative of the
rectified voltage Ṽmix (H) ∼ dVmix (H) /dH.
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Supplementary Figure 2: Schematic of the setup for ST-FMR measurements with magnetic field modulation.

Supplementary Note 4: Generated microwave power and the critical current

−1.6 −1.4 −1.2 −1 −0.8 −0.6
0

10

20

30

40

50

60

70

Idc (mA)

P
in

t (
pW

)

−3 −2.5 −2 −1.5

0

2

4

6

8

10

Kdc (
 x 104 A/m)

1/
P

in
t (

pW
-1

)

0 0.5 1 1.5 2 2.5 3
0

0.2

0.4

0.6

0.8

1

1.2

1.4

0

0.5

1

1.5

2

2.5

Field (kOe)

|I c|
 (

m
A

)

|K
c|

 (
 x

 1
04 

A
/m

)

1.6 kOe
θ = 225°

 

θ = 225°

 

a b

Ic

Supplementary Figure 3: The microwave emission properties of the Ta(3 nm)/Au(3.9 nm)/FM/Ta(4 nm) nanowire
device. a, Integrated power Pint emitted by the lowest frequency spin wave mode M1 at T = 77 K (blue symbols) as a function
of current bias measured in a 1.6 kOe magnetic field applied at θ = 225◦. The inverse power 1/Pint is shown by red symbols.
b, Absolute value of the critical current for the onset of the auto-oscillations |Ic| as a function of magnetic field applied at
θ = 225◦.

When direct current Idc applied to the nanowire spin torque nano-oscillator (STNO) exceeds a critical value Ic, the
magnetization of the FM layer enters an auto-oscillatory state, which gives rise to microwave power generation by the
STNO device. We find that several spin wave eigenmodes of the nanowire enter the auto-oscillatory state, however most
of the microwave power is generated by auto-oscillations of the lowest-frequency spin wave mode M1. The integrated
power Pint (blue symbols) emitted by mode M1 in the Ta(3 nm)/Au(3.9 nm)/FM/Ta(4 nm) nanowire device is shown
in Supplementary Fig. 3a. Here the power delivered to a 50 Ω load and corrected for frequency dependent attenuation
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and amplification in the microwave measurement circuit is given [16]. The data in Supplementary Fig. 3a are collected
at T = 77 K in a 1.6 kOe magnetic field applied at θ = 225◦ in the xz plane. We observe a large increase in the
emitted microwave power above the background level for Idc < −0.7 mA. A more precise evaluation of Ic can be
obtained by fitting the inverse of the integrated power (red symbols in Supplementary Fig. 3a) to a straight line for
sub-critical values of Idc [17]. The critical current obtained via such a procedure from the data in Supplementary
Fig. 3a is Ic = −0.73 mA.

Supplementary Figure 3b shows the dependence of Ic on magnetic field H applied at θ = 225◦ in the xz plane.
Apart from the low field regime, this dependence is well fit by a straight line. This linear dependence of Ic on H
is expected for our devices because magnetic anisotropy of the nanowire is relatively small [17, 18]. In the low field
regime, magnetization of the nanowire starts to deviate from the applied field direction that maximizes the PHT
efficiency (θ = 225◦), which leads to an increase of Ic.

The microwave power emitted by this STNO in the M1 mode is approximately 60 pW at Idc = −1.3 mA, which
significantly exceeds the output power of spin Hall STNOs measured at higher currents [19]. The reason for the
improved efficiency of PHT STNO is the angular dependence of AMR, which maximizes the amplitude of resistance
oscillations for magnetization making a 45◦ angle with respect to the electric current direction. This magnetization
direction in the xz plane is also the direction of maximum efficiency of the PHT. This is to be contrasted with
SHT STNOs, for which the direction of maximum negative damping efficiency (ŷ) minimizes the amplitude of AMR
oscillations.

Supplementary Note 5: Comparison to Rashba SOT models

Rashba SOC at a FM/NM interface can give rise to field-like and damping-like SOTs. Therefore, it is important to
understand if the biaxial antidamping torque reported in this manuscript can be of Rashba origin. Rashba torque at
the interface between FM and NM metals originates from an electric field perpendicular to the interface that arises
from inversion symmetry breaking at the interface. In the presence of a non-zero SOC at the interface, such an electric
field gives rise to an interfacial SOT [20]. The Rashba interaction is strongly localized to the vicinity of the FM/NM
interface due to very efficient electric field screening in metals. Calculations show that the Rashba SOT for the FM
and NM materials considered here is localized to a few atomic layers at the FM/NM interface [21, 22]. The magnitude
of the Rashba SOT is determined by a material-specific interfacial Rashba coupling constant αR that increases with
increasing interfacial electric field and interfacial SOC coupling [20].

The dependence of the Rashba SOT on the direction of magnetization m̂(θ, φ) can be a function of many parameters
such as αR, exchange coupling in the FM [23–25] and anisotropy of spin relaxation induced by Rashba SOT [26].
Quite complex angular dependences of the Rashba SOT were predicted in various theoretical models of this effect
[23–26]. Here we review some of the angular dependences of Rashba SOTs and compare them to our data. For easy
comparison to ST-FMR data, SOTs can be decomposed into conservative and non-conservative components. The
non-conservative components can dynamically add or remove magnetic energy to the system and thus can act as
damping and antidamping (and thus modulate ST-FMR linewidth). The conservative components can modify the
magnetic energy landscape (and thus modulate ST-FMR resonance frequency). Here we concentrate on evaluation of
the non-conservative components of Rashba SOTs. The angular dependence of a current-induced effective magnetic
damping αst(θ, φ) arising from a SOT vector ~τst(θ, φ) is proportional to divergence of the SOT vector on the unit sphere

[27]: ~∇θ,φ · ~τst(θ, φ) = 1
sin(θ)

[
∂(sin(θ)τθ)

∂θ +
∂τφ
∂φ

]
, where (τθ, τφ) are the components of ~τst(θ, φ) in spherical coordinates.

Therefore, αst(θ, φ) ∼ ~∇θ,φ · ~τst(θ, φ) is a convenient quantity for characterization of the angular dependence of
the non-conservative component of a SOT and for direct comparison to the measured angular dependence of the
current-induced variation of the ST-FMR linewidth d∆H/dKdc(θ, φ).

Kurebayashi et al. [24] considered the limit in which Rashba coupling is much weaker than the FM exchange. In
this limit, the interplay between the Rashba coupling and exchange interaction results in a current-driven effective
Rashba field ~HR ∼ cos(θM−E)ẑ = sin(θ) cos(φ)ẑ in the film normal direction (ẑ), where θM−E is the angle between

magnetization (m̂) and the applied electric field (x̂). In this case, the SOT is ~τst ∼ m̂ × ~HR, and evaluation of

the divergence of this SOT gives: αst(θ, φ) ∼ ~∇θ,φ · ~τst(θ, φ) ∼ sin(θ) sin(φ). This uniaxial angular dependence of
the antidamping SOT is identical to that of SHT shown in Fig. 3f of the main text. Therefore, the observed biaxial
antidamping SOT cannot be explained by the model of Kurebayashi et al.

When Rashba SOC and FM exchange interaction become of comparable magnitude, the Rashba SOT can acquire a
more complicated angular dependence [23, 25, 26]. In this case, the Rashba SOT can be expressed as a sum of several
terms with different angular symmetries. In a Rashba model taking account of anisotropic spin relaxation [26], one
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term in the Rashba SOT expansion gives rise to a 180◦-periodic antidamping SOT in the xz plane. This SOT term
~τst ∼ cos(θM−E)m̂× (ẑ×m̂) results in the angular dependence of current-driven damping αst(θ, φ) ∼ ~∇θ,φ ·~τst(θ, φ) ∼
cos(θ) sin(θ) cos(φ), which has the same biaxial symmetry as that observed for the samples studied in this work.

Although one term in the Rashba SOT expansion can reproduce the angular dependence of the observed biaxial
antidamping torque, a number of experimental observations are inconsistent with the Rashba origin of this torque:

• The magnitude of PHT is not correlated with αR. The Rashba coupling constant αR at the Co/Pt
interface (αPt

R ≈ 0.10 eV nm) [28, 29] exceeds that at the Co/Pd and Co/Au interfaces (αAu
R ≈ αPd

R ≈ 0.03 eV nm)
[30, 31] by approximately a factor of three, which is inconsistent with similar values of the torque magnitude
measured for these three interfaces (see Fig. 3b of the main text).

• The Rashba model that can provide the antidamping torque with PHT symmetry in the xz
plane, necessarily implies an antidamping torque in the xy plane. The Rashba models with exchange
[20, 23, 24, 26] predict an antidamping SOT term with symmetry identical to that of SHT (~τst ∼ (m̂× (ŷ× m̂))
and magnitude proportional to αR. In such models, a non-zero biaxial antidamping SOT in the xz plane implies
the presence of a non-zero antidamping torque with the SHT symmetry, which is inconsistent with the data for
the Ta(3 nm)/Au(3.9 nm)/FM/Ta(4 nm) sample shown in Fig. 3a and Fig. 3b of the main text.

• Under Rashba model, samples with identical NM/FM and FM/NM interfaces should ex-
hibit similar torques. Rashba SOC does not explain large differences in the SOT magnitude observed
for samples with identical FM/NM interfaces such as Ta(3 nm)/Au(2.5 nm)/FM/Au(1.5 nm)/Ta(4 nm) and
Ta(3 nm)/Au(3.9 nm)/FM/Au(1 nm)/AlOx(2 nm). The data in Supplementary Note 6 show that the biax-
ial antidamping SOT in the xz plane of the Ta(3 nm)/Au(3.9 nm)/FM/Au(1 nm)/AlOx(2 nm) sample is as
strong as that measured in the Ta(3 nm)/Au(3.9 nm)/FM/Ta(4 nm) sample, while this torque is zero in the
Ta(3 nm)/Au(2.5 nm)/FM/Au(1.5 nm)/Ta(4 nm) sample (see Fig. 1g of the main text). Given the screening
length in Au is well below the Au layer thickness in our samples, Rashba SOTs arising from electric field at
the FM/Au interface [20] are expected to be nearly independent of the cap layer material (Ta versus AlOx). In
contrast, the above samples show the magnitude of PHT depends strongly on NM layers that are not in direct
contact with the FM layer.

• Rashba torque is expected to generate large field-like components. Such large field-like components
would result in ST-FMR resonance frequency line shifts that are linear in current [32]. The ST-FMR data
in Supplementary Figure 4 reveal that ST-FMR resonance frequency shifts are nearly quadratic in current (as
expected from ohmic heating) with negligible components linear in current.
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of bias.
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Supplementary Note 6: Effect of NM layers on PHT
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Supplementary Figure 5: Microwave generation at T = 77 K. Normalized power spectral density of microwave signal
generated by the Ta/Au/FM/Au/AlOx device in a 1.7 kOe magnetic field applied in the xz plane at four angles a, θ = 315◦,
b, θ = 45◦, c, θ = 225◦, and d, θ = 135◦.

The majority of samples studied in this work are capped with a 4 nm thick Ta layer. In order to
examine the role of the FM/Ta interface in generation of the biaxial antidamping SOT, we replace the
Ta(4 nm) cap with a Au(1 nm)/AlOx(2 nm) bilayer. Our measurements reveal that the biaxial antidamp-
ing SOT in the Ta(3 nm)/Au(3.9 nm)/FM/Au(1 nm)/AlOx(2 nm) nanowire device is as strong as that in the
Ta(3 nm)/Au(3.9 nm)/FM/Ta(4 nm) device, which reveals that SOC at the FM/Ta interface is not the origin of
the observed torque.

Supplementary Fig. 5 shows our measurements of the microwave signal generation by the
Ta(3 nm)/Au(3.9 nm)/FM/Au(1 nm)/AlOx(2 nm) nanowire device at T = 77 K as a function of magnetic field
angle in the xz plane and direct current density. The angular symmetry of the antidamping torque in this device is
identical to that of the Ta(3 nm)/Au(3.9 nm)/FM/Ta(4 nm) device shown in Fig. 2 of the main text. Furthermore,
the sheet critical current density Kc for excitation of auto-oscillatory dynamics is approximately equal for both
devices, which demonstrates that the torque magnitude in these devices is nearly the same.

It is instructive to compare the enhancement of damping induced by spin pumping (Supplementary Note 7) to the
magnitude of PHT for samples with different NM layers. As shown in Supplementary Note 7, damping enhancement
due to spin pumping in the Ta/FM/Ta sample is small and thus Ta does not behave as a good spin sink in direct
contact with Co in our samples. Changes in the top and bottom NM layer materials modify the damping due to spin
pumping and the PHT magnitude in a systematic manner:

1. Ta/Au/FM/Ta: Insertion of the Au layer on the bottom, significantly increases the damping demonstrating
efficient spin transfer across the Au/FM interface and efficient spin sinking in the Ta/Au layer. This sample
with one efficient spin sink (bottom) showed large PHT, consistent with the transfer of planar Hall spin current
only at one interface.

2. Ta/Au/FM/Au/Ta: With an additional Au insertion layer at the top, the damping increases further showing
that this sample has two effective spin sinks of Ta/Au (bottom) and Au/Ta (top). This sample displays
negligible PHT, which is consistent with the model of the transfer of planar Hall spin currents at the two
interfaces cancelling out.

3. Ta/Au/FM/Au/AlOx: Replacing the top Ta layer of Ta/Au/FM/Ta with Au/AlOx leads to a similar damp-
ing as the Ta/Au/FM/Ta (bottom sink) sample and a reduction in damping compared to the Ta/Au/FM/Au/Ta
(bottom and top sink) sample. This shows that the top Au/AlOx layer does not behave as an efficient spin sink.
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This sample once again shows large PHT, consistent with the net transfer of planar Hall spin current only at
one interface (bottom).

These dependences of spin pumping and PHT on the NM layer materials further confirm that PHT cannot be
attributed to SOC at the FM/Ta interface. Furthermore, comparing samples 2 and 3 above, PHT cannot be attributed
purely to the FM/NM interfaces as both samples have Au/FM/Au structure. Our data show that one of the NM
layers in a NM/FM/NM multilayer must be a good spin sink (reservoir) while the other layer must be a poor spin sink
(reservoir) in order to generate large PHT. A corollary is that the planar Hall current in a standalone FM conductor
cannot give rise to an antidamping SOT. A net transfer of angular momentum by the planar Hall current between the
FM layer and the adjacent NM layers is required for generation of an antidamping SOT by the planar Hall current.

Supplementary Note 7: Broadband ferromagnetic resonance

We employ a conventional broadband ferromagnetic resonance technique (FMR) to measure magnetic damping in
the NM1/FM/NM2 multilayer films in order to characterize spin pumping across the NM/FM interfaces and spin sink
efficiencies of the NM layers. FMR measurements are carried out at room temperature using a broadband microwave
generator, coplanar wave guide, and planar-doped detector diode. The measurements are performed at discrete
frequencies in an in-plane field-swept, field-modulated configuration, as detailed in Ref. [33]. The measured FMR
data are described by an admixture of the χ

′
and χ

′′
components of the complex transverse magnetic susceptibility,

χ = χ
′
+ iχ

′′
. The FMR data are fit as described by Ref. [33, 34].

The Landau-Lifshitz-Gilbert (LLG) equation describes the magnetization dynamics in the FMR experiment:

∂M

∂t
= −γ [M×Heff ] + α

[
M× ∂m̂

∂t

]
, (S4)

where M is the instantaneous magnetization vector with magnitude Ms, m̂ is the unit vector parallel to M, Heff

is the sum of internal and external magnetic fields, γ = gµB/~ is the absolute value of the gyromagnetic ratio, g is
the Landé g-factor, µB is the Bohr magneton, ~ is the reduced Planck constant, and α is the dimensionless Gilbert
damping parameter.
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Supplementary Figure 6: Broadband ferromagnetic resonance measurements performed on the film level. a,
Resonance field as a function of frequency f measured in the in-plane magnetic field configuration. b, FMR linewidth ∆H as
a function of frequency.

The samples studied are polycrystalline and show negligible in-plane anisotropy. The in-plane resonance condition
is (

ω

γ

)2

= (HFMR) (HFMR + 4πMeff) , (S5)
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Supplementary Table II: Summary of film level magnetic properties determined by broadband ferromagnetic resonance. Num-
bers in parenthesis are layer thickness in nm. The composite ferromagnet is FM=[Co(0.85)/Ni(1.28)]2/Co(0.85).

Sample 4πMeff (Oe) g α (10−3) ∆H(0) (Oe)

Ta(3.0)/FM/Ta(4.0) 7160 2.17 17.2 4

Ta(3.0)/Au(3.9)/FM/Ta(4.0) 3010 2.17 20.9 7

Ta(3.0)/Au(2.5)/FM/Au(1.5)/Ta(4.0) 3220 2.14 21.7 4

Ta(3.0)/Pt(7.0)/FM/Ta(4.0) 1480 2.17 25.3 33

Ta(3.0)/Pd(8.0)/FM/Ta(4.0) 4060 2.18 22.2 8

Ta(3.0)/Au(3.9)/FM/Au(1.0)/AlOx(2.0) 2760 2.14 20.6 20

where ω = 2πf is the microwave angular frequency, HFMR is the resonance field, 4πMeff = 4πMs − 2KU/Ms, and
KU is the perpendicular-to-film-plane uniaxial anisotropy. Supplementary Figure 6a shows example data of HFMR

as a function of frequency. The data are fit using equation S5 to extract 4πMeff and g, which are tabulated in
Supplementary Table II.

The measured FMR linewidth defined as half-width of the resonance curve is well described by Gilbert-like damping,

∆H(ω) = α
ω

γ
+ ∆H(0), (S6)

where ∆H(0) is the zero-frequency line broadening due to long range magnetic inhomogeneity [35–37]. Supplementary
Figure 6b shows example data of ∆H as a function of frequency. The data are fit using equation S6 to extract the
parameters α and ∆H(0), which are tabulated in Supplementary Table II.

We use the values of α as a probe of efficiency of spin transfer across the FM/NM interface. When the spin transfer
is efficient, an increase of the damping due to the spin pumping mechanism is expected [38–40]. The values of α in
Supplementary Table II show that the Ta/FM/Ta sample has the lowest damping. This means that the spin pumping
is smallest at the Ta/FM and FM/Ta interfaces. These data imply that spin current density across the FM/Ta
interface is low and thus PHT arising from net spin current across this interface is small. Adding a Au insertion
layer at the bottom Ta/FM interface, Ta/FM/Ta→ Ta/Au/FM/Ta, shows a significant increase in the spin pumping
induced damping. It is noteworthy that the thickness of Au(3.9 nm) is much less than the spin diffusion in Au (30-60
nm) suggesting that the Au/Ta bilayer acts as an efficient spin sink. Furthermore, adding another Au layer between
the top FM/Ta interface shows further increase in spin pumping induced damping. This shows that the Au layer in
the Au/Ta bilayer facilitates efficient spin transfer from the FM layer. The values of α in the Ta/Pt/FM/Ta and
Ta/Pd/FM/Ta structures are high, indicating that the Pt and Pd layers are efficient spin current sinks in agreement
with literature [41, 42]. Furthermore, some of the additional damping at the Pd and Pt interfaces can be due to
proximity induced damping [43, 44], which is distinctly different from spin pumping induced spin transfer [40].

The result of low damping at the FM/Ta interface is somewhat surprising as much literature has shown that many
FM/Ta exhibit significant spin pumping induced damping [9, 45], i.e. Ta acts as an efficient spin sink when adjacent
to a FM. However, there are other cases where spin pumping directly into Ta does not occur. In one of the earliest spin
pumping experiments on NM/NiFe/NM films, Mizukami et. al. [41] showed large interface damping when NM = Pt,
Pd, but no interface damping when NM = Ta. A similar effect was seen by Liu et. al. [46] at the Ta/CoFeB interface.
More recently, Singh et. al. [47], have shown spin pumping experiments in Ta/NMA/Co/NMB/Ta, Ta/Co/Ta, and
Cu/Ta/Cu samples, where NMA and NMB are various combinations of Pt and Au layers. Their results are consistent
with our data in Supplementary Table II and show, that under certain sample growth conditions, spin transfer from
Co to Ta at the Co/Ta interfaces is inefficient.

We additionally grow a control sample to show that PHT does not originate from the top FM/Ta interface. In this
sample, we replace the Ta cap with a Au(1.0 nm)/AlOx(2.0 nm) bilayer, Ta/Au/FM/Ta → Ta/Au/FM/Au/AlOx.
This Au/AlOx capped sample has a similar damping to the Ta capped sample (Supplementary Table II), showing
that the Au/AlOx bilayer does not behave as an efficient spin sink.

Supplementary Note 8: Relation between PHT and AMR

Both PHT and AMR arise from the planar Hall current in the FM layer, and thus PHT is expected to increase
with increasing AMR. Since AMR in our NM/FM systems strongly depends on temperature, we can test the relation
between PHT and AMR by measuring temperature dependence of the PHT critical current density and AMR.
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Supplementary Figure 7: Temperature dependent measurements. a, Normalized resistance of the
Ta(3 nm)/Au(3.9 nm)/FM/Ta(4 nm) film as a function of 4 kOe magnetic field angle applied in the xy plane at 77 K
(blue symbols) and 295 K (red symbols). b, ST-FMR linewidth of the M1 mode as a function of direct sheet current density
Kdc applied to the Ta(3 nm)/Au(3.9 nm)/FM/Ta(4 nm) nanowire device at T = 77 K (blue symbols) and T = 295 K (red
symbols).

The angular dependence of normalized resistance of a Ta(3 nm)/Au(3.9 nm)/FM/Ta(4 nm) multilayer as a function
of the direction of a 4 kOe saturating magnetic field applied in the plane of the sample is shown in Supplementary
Fig. 7a. The data reveal that the AMR ratio ∆RAMR/Rmin of the multilayer increases by 80% at T = 77 K compared
to its room temperature value: (∆RAMR/Rmin)295 K = 0.0116; (∆RAMR/Rmin)77 K = 0.0209:

(∆RAMR/Rmin)77 K

(∆RAMR/Rmin)295 K

= 1.8. (S7)

This equation gives a rough estimate of the temperature dependence of the normal component of the planar Hall
current density JzPHE flowing between the FM and NM layers. This estimate, however, ignores temperature-dependent
redistribution of electric current between the NM and FM layers arising from the different temperature dependences
of the layer’s conductivities. A more rigorous calculation of the temperature dependence of JzPHE can be done using
temperature dependence of the sheet resistances reported in Supplementary Table I. According to Eq. (1) of the main
text, the maximum value of JzPHE (achieved for magnetization in the xz plane making a 45◦ angle with the sample
normal) is:

JzPHE =
1

2
∆σAMRE ≈

1

2

∆ρAMR

ρFM
JFM, (S8)

where ρFM is resistivity of the FM layer, ∆ρAMR is anisotropic part of the FM layer resistivity and JFM is the electric
current density in the FM layer. Treating the FM and the NM layers as parallel resistors, we obtain the following
expression for JFM:

JFM =
ρNM

ρNMdFM + ρFMdNM
Kdc, (S9)

where ρNM is resistivity of the NM layer, dFM is the thickness of the FM layer, dNM is the thickness of the NM
layer and Kdc is the electrical sheet current density applied to the nanowire. Using the data in Supplementary
Fig. 7a, the data in Supplementary Table I and the parallel resistor model, we obtain: (∆ρAMR/ρFM)295 K =0.045 and
(∆ρAMR/ρFM)77 K =0.061. From Eq. (S8) and Eq. (S9), we derive an expression describing temperature dependence
of JzPHE under a constant current bias Idc applied to the nanowire:

(JzPHE)77 K

(JzPHE)295 K

=

(
∆ρAMR

ρFM

ρNM

ρNMdFM + ρFMdNM

)
77 K

/(
∆ρAMR

ρFM

ρNM

ρNMdFM + ρFMdNM

)
295 K

= 1.8. (S10)
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Eq. (S10) shows that the normal component of the planar Hall current density increases by a factor of 1.8 when
the Ta(3 nm)/Au(3.9 nm)/FM/Ta(4 nm) nanowire is cooled from 295 K to 77 K. For this sample, the temperature
dependence of JzPHE given by Eq. (S10) is the same as that obtained from the rough estimate based on temperature
dependence of the multilayer AMR given by Eq. (S7).

Supplementary Fig. 7b shows the critical sheet current density for the onset of auto-oscillations Kc measured by
ST-FMR in the Ta(3 nm)/Au(3.9 nm)/FM/Ta(4 nm) nanowire device at T = 295 K and T = 77 K. This Kc measured
at 9 GHz decreases from (Kc)295 K = −4.4×104 A/m at room temperature to (Kc)77 K = −2.5×104 A/m at 77 K. The
value of (Kc)77 K measured by ST-FMR (at 9 GHz corresponding to H = 2.83 kOe) is in agreement with the value
of Kc obtained from the microwave emission measurements at this magnetic field value, as shown in Supplementary
Fig. 3b. The observed temperature-induced variation of Kc is consistent with the expected increase of the PHT
efficiency due to the low-temperature increase of the planar Hall current and AMR.

Indeed, assuming the PHT origin of the antidamping torque and negligible spin polarization of the backflow current
from the NM to the FM layer JzBF, the critical sheet current density can be written as:

Kc = C
α

JzPHE

, (S11)

where α is the Gilbert damping constant of the FM layer and C is a function of the FM saturation magnetization
Ms, the FM gyromagnetic ratio γ, the FM layer thickness dFM and FMR frequency of the FM [18]. Since γ is nearly
temperature independent and Ms for the [Co/Ni] superlattice was shown to change by less than 4% between 295 K
and 4 K [4, 48, 49], we can approximate C by a temperature-independent constant.

Eq. (S11) allows to calculate temperature dependence of Kc:

(Kc)295 K

(Kc)77 K
=

(JzPHE)77 K

(JzPHE)295 K

(α)295 K

(α)77 K
. (S12)

We employ broadband ferromagnetic resonance to measure the Gilbert damping parameter α at T = 295 K and
T = 77 K and find (α)295 K = 20.9 × 10−3 while (α)77 K = 22.2 × 10−3. Substituting the measured values of α into
Eq. (S12) and using Eq. (S10), we estimate the temperature dependence of the critical current expected from the
PHT mechanism:

(Kc)295 K

(Kc)77 K
= 1.8± 0.1. (S13)

This ratio of the critical currents measured at 295 K and 77 K is in excellent agreement with the experimentally
measured ratio of 1.8, which supports the planar Hall origin of of the measured biaxial antidamping SOT.

Supplementary Note 9: Comparison of PHT and SHT efficiencies

A further test of the planar Hall origin of the observed biaxial antidamping SOT can be done via comparison of the ef-
ficiency of this SOT to the known efficiency of SHT in the same sample. We chose a Ta(3 nm)/Pt(7 nm)/FM/Ta(4 nm)
nanowire for this purpose because the efficiency of SHT arising from Pt is well documented in the literature. Accord-
ing to Eq. (S8), the maximum efficiency of PHT (achieved for magnetization in the xz plane making a 45◦ angle with
the sample normal, x = z) is given by 1

2
∆ρAMR

ρFM
JFM. The maximum efficiency of SHT (achieved for magnetization

parallel to the y axis) is given by θSHJNM, where θSH is the spin Hall angle in the NM layer. In our experiment,
the efficiencies of the antidamping PHT and SHT are quantified via current-induced variation of ST-FMR linewidth
d∆H/dKdc. Therefore, the expected ratio of d∆H/dKdc measured along the x = z axis and the y axis is:

(d∆H/dKdc)x=z

(d∆H/dKdc)y
=

1

2

∆ρAMR

ρFMθSH

JFM

JNM
, (S14)

Using the room-temperature sheet resistances of the NM and FM layers from Supplementary Table I and the
parallel resistance model, we calculate JFM/JNM = 0.49 and ∆ρAMR/ρFM = 0.024 for this sample. While the values
of θSH reported in the literature vary greatly, Sagasta et. al. [50] have shown that θSH systematically varies with the
conductivity of the Pt layer. The conductivity of the 7 nm thick Pt layer in our studies is 4.91 × 104 cm−1Ω−1 at
room temperature. Using Sagasta’s data, we estimate the spin Hall angle θSH = 0.035 for our Pt layer. Substituting
these values into Eq. (S14), we estimate the ratio of the PHT and SHT maximum efficiencies:

1

2

∆ρAMR

ρFMθSH

JFM

JNM
= 0.17± 0.04. (S15)
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Using the data in Fig. 3(e) and Fig. 3(f) of the main text, we calculate the experimentally measured ratio of the
antidamping spin torque efficiencies:

(d∆H/dKdc)x=z

(d∆H/dKdc)y
= 0.20± 0.02. (S16)

Comparison of Eq. (S15) and Eq. (S16) demonstrates that the planar Hall mechanism predicts the biaxial anti-
damping SOT magnitude consistent with the measured value. We note that the AMR ratio in this device is lower
than in the Ta/Au/FM/Ta sample; however, it has been shown that the AMR in FMs can be significantly affected
by the underlayers [51, 52]. We also note that the slightly reduced AMR in the Ta/Pt/FM/Ta wire to that of the
Ta/Au/FM/Ta wire is consistent with the slightly reduced PHT effect in these respective devices, as shown in main
text Fig. 3b.

The analysis in this Supplementary Note relies on the assumption that both STH and PHT are proportional to the
net spin current flowing across the FM/NM interface independent on the particular mechanism responsible for the
conversion of spin current into antidamping spin torque. This assumption is a good approximation when relaxation of
spin angular momentum within the magnon system of the FM is much faster than relaxation of the angular momentum
from magnons to the lattice [53].
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