
Anomalous Spin-Orbit Torques in Magnetic Single-Layer Films 

Wenrui Wang1*, Tao Wang2*, Vivek P. Amin3,4, Yang Wang2, Anil Radhakrishnan1, 
Angie Davidson5, Shane R. Allen5, T. J. Silva6, Hendrik Ohldag7, Davor Balzar5, Barry 
L. Zink5, Paul M. Haney4, John Q. Xiao2, David G. Cahill8, V. O. Lorenz1, Xin Fan5  

1. Department of Physics, University of Illinois at Urbana-Champaign, Urbana, 
Illinois 61801, USA 

2. Department of Physics and Astronomy, University of Delaware, Newark, DE 19716, 
USA 

3. Maryland Nanocenter, University of Maryland, College Park, MD 20742, USA 
4. Center for Nanoscale Science and Technology, National Institute of Standards and 

Technology, Gaithersburg, Maryland 20899, USA 
5. Department of Physics and Astronomy, University of Denver, Denver, CO 80210, 

USA 
6. Quantum Electromagnetics Division, National Institute of Standards and 

Technology, Boulder, CO, 80305, USA 
7. Stanford Synchrotron Radiation Lightsource, SLAC National Accelerator 

Laboratory, Menlo Park, California 94025, USA 
8. Department of Materials Science and Engineering, University of Illinois at Urbana-

Champaign, Urbana, Illinois 61801, USA   

vlorenz@illinois.edu 

xin.fan@du.edu 

* These two authors contributed equally to this paper 

 

 

Abstract:  

The spin Hall effect couples charge and spin transport1-3, enabling electrical control of 
magnetization4,5. A quintessential example of SOI-induced transport is the anomalous 
Hall effect (AHE)6, first observed in 1880, in which an electric current perpendicular 
to the magnetization in a magnetic film generates charge accumulation on the surfaces. 
Here we report the observation of a counterpart of the AHE that we term the anomalous 
spin-orbit torque (ASOT), wherein an electric current parallel to the magnetization 
generates opposite spin-orbit torques on the surfaces of the magnetic film. We interpret 
the ASOT as due to a spin-Hall-like current generated with an efficiency of 0.053 ±
0.003 in Ni80Fe20, comparable to the spin Hall angle of Pt7. Similar effects are also 
observed in other common ferromagnetic metals, including Co, Ni, and Fe. First 
principles calculations corroborate the order of magnitude of the measured values. This 
work suggests that a strong spin current with spin polarization transverse to 
magnetization can be generated within a ferromagnet, despite spin dephasing8. The 

mailto:vlorenz@illinois.edu
mailto:vlorenz@illinois.edu
mailto:xin.fan@du.edu
mailto:xin.fan@du.edu


large magnitude of the ASOT should also be taken into consideration when 
investigating spin-orbit torques in ferromagnetic/nonmagnetic bilayers.   

The spin Hall effect can convert a charge current into a perpendicular flow of spin 
angular momentum (spin current) 9. One of its manifestations in a magnetic conductor 
is the AHE10, illustrated in Fig. 1a. Due to the imbalance of electrons with spins parallel 
and antiparallel to the magnetization, the flow of spin current results in charge 
accumulation on the top and bottom surfaces. The spin current in this configuration is 
polarized parallel with the magnetization11-13. Applying similar considerations to the 
configuration illustrated in Fig. 1b, in which the electric current is parallel to the 
magnetization, a spin current can flow between the top and bottom surfaces of the 
magnetic conductor, except with electron spins transverse to the magnetization. In 
single-layer ferromagnets with bulk inversion symmetry, the transversely polarized 
spin current does not give rise to a bulk spin torque (those with broken bulk inversion 
symmetry have been shown to exhibit a non-zero bulk spin-orbit torque14,15). Instead, 
we predict that it will result in net anomalous spin-orbit torque (ASOT) on the top and 
bottom surfaces, where inversion symmetry is broken (see Supplementary Information 
section S1). It should be noted that the term “anomalous” here does not mean the ASOT 
has different behavior from conventional spin-orbit torque5 – the two have the same 
symmetry – but rather is used to illustrate its connection with the AHE. Both ASOT 
and AHE are spin-orbit interaction-induced phenomena that can only be observed in 
single-layer magnetic conductors, under different current and magnetization 
configurations, as illustrated in Figs. 1a and 1b.  

 

Figure 1 Illustrations of the anomalous Hall effect and anomalous spin-orbit 
torque. a, In the anomalous Hall effect (AHE) a charge current I (black arrow) 

perpendicular to the magnetization m (yellow arrows) generates a flow of spin current 
(grey arrows) in the z-direction. Here blue arrows on purple spheres represent spin 
directions of electrons. Due to the imbalance of majority and minority electrons, the 
flow of spin current results in spin and charge accumulation on the top and bottom 



surfaces. b, When a charge current is applied parallel with the magnetization, the AHE 
vanishes, but spin-orbit interaction generates a flow of transversely polarized spin 
current that gives rise to anomalous spin-orbit torque (ASOT). The ASOTs (red arrows) 
are equivalent to out-of-plane fields (green arrows) that tilt the magnetization out of 

plane. ASOT
Tτ ( ASOT

Bτ ) and T
effh ( B

effh ) are the ASOTs and equivalent fields at the top 

(bottom) surfaces, respectively. c, Simulated distribution of the out-of-plane 
magnetization mz in a 32 nm Py film driven by equal and opposite ASOTs on the 
surfaces, scaled by the maximum value. 

Interconversion between transversely polarized spin current and charge current has 
been recently studied in ferromagnetic multilayers16-19 with considerable spin-charge 
conversion efficiency. Due to strong spin dephasing8,20, transversely polarized spin 
current decays rapidly near the surface of the ferromagnet; therefore, the spin-charge 
conversion observed in these studies are likely due to interfacial spin-orbit interaction21. 
Transversely polarized spin current generated in the bulk of ferromagnets has yet to be 
demonstrated. Recently it has been theoretically predicted that transversely polarized 
spin current is allowed in diffusive ferromagnets22 because the spin-orbit interaction, 
which generates spin current, competes with spin dephasing. In this paper, we also show 
that transversely polarized spin current can exist in ferromagnets in the clean limit, 
using first-principles calculations. We refer to the mechanism of the current-induced 
transversely polarized spin current in the bulk ferromagnet as the transverse spin Hall 
effect (TSHE). We emphasize that the TSHE is different from previously studied spin 
current generation in the AHE configuration12, where the spin polarization is 
necessarily parallel with the magnetization.   

Under the assumption that the current-induced ASOT in a ferromagnet results in a 
small perturbation to the magnetization, the ASOTs are equivalent to effective magnetic 
fields in the z-direction23 that tilt the magnetization out of plane, as illustrated in Fig. 
1b.  

The out-of-plane magnetization tilting, ASOT
zm , due to the ASOT at the top ( ASOT

Tτ ) 

and bottom ( ASOT
Bτ ) surfaces can be derived as 
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where d is the total thickness of the film, λ is the exchange length, Hext is an applied 
external magnetic field in the x-direction, Meff is the effective demagnetizing field, Ms 
is the saturation magnetization, and mx is the projection of the unit magnetization along 
the x-direction. Here, the ASOT is assumed to be located only at the surfaces and the 
surface anisotropy is neglected. (See Supplementary Information section S4 for the 
derivation of Eq. (1), a discussion of why ASOT can be treated as a pure surface effect, 
and a numerical analysis that takes into account the surface anisotropy.) 

Because exchange coupling in the magnetic material aligns the magnetization, the 
spatially-antisymmetric magnetization tilting is expected to be measurable only when 
the magnetic material is thicker than the exchange length (e.g. 5.1 nm for Ni80Fe20). A 
simulation of the out-of-plane magnetization distribution due to ASOT in a 32 nm 
Ni80Fe20 (Py) film is shown in Fig. 1c. 

To observe ASOT, we fabricate a sample with structure 
substrate/AlOx(2)/Py(32)/AlOx(2)/SiO2(3), where the numbers in parentheses are 
thicknesses in nanometers; the substrate is fused silica, which allows optical access to 
the bottom of the sample. Py is chosen because it is magnetically soft and widely used 
for the study of spin-orbit torques. The film is lithographically patterned into a 50 µm 
× 50 µm square and connected by gold contact pads, as shown in Fig. 2(a). When an 
electric current I of 40 mA is applied directly through the sample, ASOTs at the top 

( ASOT
Tτ ) and bottom ( ASOT

Bτ ) surfaces lead to non-uniform magnetization tilting, as 

described by Eq. (1). When a calibration current ICal of 400 mA is passed around the 

sample, an out-of-plane Oersted field 0 Cal 0.85hµ ≈  mT is generated that uniformly 

tilts the magnetization out of plane, which is used for calibrating the magnitude of the 
ASOTs: 
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We detect the magnetization changes using the polar magneto-optic Kerr effect 
(MOKE) by measuring the Kerr rotation 𝜃𝜃k  and ellipticity change 𝜀𝜀k  of the 
polarization of a linearly polarized laser reflected from the sample24,25. The penetration 
depth of the laser in Py is approximately 14 nm, which is less than half the thickness of 
the 32 nm Py. Therefore, the MOKE response is more sensitive to the ASOT-induced 

out-of-plane magnetization ASOT
z ( )m z  on the surface on which the laser is directly 

incident. 

The Kerr rotation due to ASOT as a function of the external field (shown in Figs. 
2c and d) resembles a magnetization hysteresis, as can be understood from Eq. (1). The 



overall offsets of the Kerr rotation signals are due to a residual, current-induced out-of-
plane Oersted field due to imprecision in locating the MOKE probe spot exactly in the 
center of the 50 × 50 µm2  sample, (see Supplementary Information Fig. S4b for 
MOKE signal dependence on the laser spot position), which does not depend on the in-
plane magnetization orientation23. In contrast, when a uniform calibration field hCal is 
applied, the Kerr rotation is symmetric as a function of external field Hext (see Fig. 2e 
and f), consistent with Eq. (2). The Kerr rotation due to ASOT on the top (Fig. 2c) and 
bottom (Fig. 2d) surfaces are the same sign, in agreement with our phenomenological 
model (Fig. 1c), which predicts the bottom ASOT has similar magnitude but opposite 
sign as the top ASOT. In contrast, the Kerr rotation due to the calibration field (Fig. 2e 
and f) changes sign because hCal is reversed upon flipping the sample.   

 

Figure 2 Symmetry of the anomalous spin-orbit torque. Diagrams of the 
measurement configurations with the laser incident on a, the top and b, the bottom of 
the sample. The plots below each diagram correspond to signals measured in that 
diagram’s configuration. c-d, The measured Kerr rotation signals for when current is 
applied through the sample, which arise from ASOTs. e-f, The measured Kerr rotation 
signals for when the calibration field hCal is applied. 

As shown in Fig. 3a, the polar MOKE response due to ASOT is linear with applied 
electric current, indicating no significant heating-related effects up to 5 × 1010 A/m2 
current density. As shown in Fig. 3b, the polar MOKE response exhibits a cosine 
dependence on the relative angle between the electric current and the magnetization, 
consistent with Eq. (1).  



Unlike the Oersted field, which depends on the total current, ASOT should depend 
on the current density. To confirm this, we grow a series of 
AlOx(2)/Py(t)/AlOx(2)/SiO2(3) films on silicon substrates with 1 µm-thick thermal 
oxide, where t varies from 4 nm to 48 nm. For all samples, we apply the same current 
density of 5 × 1010 A/m2, and use MOKE to quantify the ASOT. To fit the measured 
MOKE results, we use a propagation matrix method24 (see method section and 
Supplementary Information S5) to numerically simulate the MOKE signal as a function 
of the Py thickness. As presented in Fig. 3c, the validity of the method is first verified 
by a thickness-dependent calibration measurement, where a uniform 0.85 mT out-of-
plane calibration field is applied to all samples. To extract the ASOT amplitude, the 
top-surface Kerr rotation and the ellipticity change due to the ASOT is fitted in Fig. 3d. 

The only free fitting parameter is the ASOT on the top surface, ASOT
Tτ , which is 

assumed to be the same for all Py thicknesses under the same current density and to 

have equal magnitude and opposite sign as the ASOT on the bottom surface ASOT
Bτ . 

The good agreement between experiment and simulation supports the assumption that 
ASOT depends on current density. The ASOTs are extrapolated to be 

ASOT ASOT 6 2
T B ( 0.86 0.04) 10 J/mτ τ −= − = − ± ×  from the fitting♣. Relating this torque to a 

spin current allows us to find the Spin-Hall-angle-like efficiency of the ASOT 
ASOT
B

e

2 0.053 0.003e
j

τξ = = ±
h

, where 𝑒𝑒 is the electron charge, 𝑗𝑗e is the electric current 

density and ћ is the reduced Planck constant; this efficiency is comparable with the 
effective spin Hall angle of Pt (0.056 ± 0.005) measured in a Pt/Py bilayer7. The 
corresponding ASOT conductivity for 32 nm Py is calculated as 

ASOT
ASOT 1 1B2 2300 120 cme

E
τσ ξσ − −= = = ±  Ω

h
, where E is the applied electric field. In 

Fig. 3d, the deviation of the ASOT-induced change in Kerr ellipticity from the model 

for the 4 nm Py sample can be accounted for if a 1% variation between ASOT
Tτ  and 

ASOT
Bτ  is assumed, which may be due to a slight difference in spin relaxation at the two 

interfaces (see Supplementary Information section S6 for further discussion). 

                                                           
♣ All the uncertainties in this letter are single standard deviation uncertainties. The principle source of 
uncertainty here is the fitting uncertainty, which is determined by a linear regression analysis by 
plotting the experimental data as a function of the simulation results. 



 

Figure 3 Dependence of ASOT on current density, angle, thickness and the 
interface. Kerr rotation change as a function of a, current density and b, the angle 
between current direction and magnetization. Kerr rotation (experimental, black 
squares; fit, black solid line) and ellipticity change (experimental, red circles; fit, red 
dashed line) c, due to the calibration field, and d, due to ASOT. e, Comparison between 

total SOT conductivities ( SOT
totσ ) measured for 4 nm Py with different capping layers, 

and the bottom-surface ASOT conductivity ( ASOTσ ) of 32 nm Py. Error bars indicate 

single standard deviation uncertainties. In all these samples, the other side of the Py is 
in contact with AlOx.  

Since ASOT results in magnetization changes near the surface, the extracted ASOT 
values may be influenced by spin-orbit interaction at the interface with the capping 
layer, such as Rashba-Edelstein spin-orbit coupling26-28. To determine the relative 



contribution of such interface effects, we compare the ASOT at the top surface of the 
AlOx(3)/Py(32)/AlOx(3) sample with the total spin-orbit torque (SOT) in a series of 
control samples, AlOx(3)/Py(4)/Cap, where Cap is varied among AlOx(3), AlOy(3, 
different oxidation time), SiO2(3), Cu(3)/SiO2(3) and Al(3)/SiO2(3). These capping 
layer materials are often assumed to have weak spin-orbit interaction due to their being 
light elements, but they will change the electrostatic properties and band structures of 
the top interface. The bottom surface is the same as for the 32 nm Py sample and thus 
any interfacial contribution from the bottom surface should have similar ASOT 
conductivity. Since Py is only 4 nm in these control samples (thinner than the exchange 
length), the magnetization uniformly responds to the total SOT, which is a sum of the 

ASOTs at the top and bottom surfaces ASOT ASOT
T B( )τ τ+ . Interfacial spin-orbit effects, 

like the Rashba-Edelstein effect or interface-generated spin currents, are highly 
material- and structure-specific21,29. For this reason, if either effect played an important 
role in the ASOT, we would not expect quantitatively, or even qualitatively, similar 
results for interfaces with substantially different characteristics. Should there be a 
significant interface-dependence of the ASOT, a large total SOT will be observed in 
some of these control samples with asymmetric interfaces. As shown in Fig. 3e, all 

samples exhibit total SOT conductivities SOT ASOT ASOT
tot T B

2 ( ) /e Eσ τ τ= +
h

 of at most 4% 

of the bottom-surface ASOT conductivity of the 32 nm Py sample. This suggests that 
the top-surface ASOT, which varies less than 4% among Py with different capping 
layers, does not contain a substantial contribution from the interface of the Py with the 
capping layers.  

The insensitivity of ASOT to the interface implies that it arises from the bulk spin-
orbit interaction within the magnetic material. ASOT can be phenomenologically 
understood as the result of the TSHE – a flow of transversely polarized spin current 
generates ASOT by transferring spin angular momentum from one surface to the other. 
We evaluate the TSHE conductivity using linear response in the Kubo formalism in the 
clean limit using density functional theory30 (see Supplementary Information section 
S7 for technical details). First-principles calculations for Ni, Fe and Co all show 
significant TSHE conductivities, summarized in Table 1. We also measure the ASOT 
conductivities of these materials experimentally, provided in Table 1. For comparison, 
we also calculate and measure the AHE conductivities for these materials. If the ASOT 
is only due to the TSHE from the intrinsic band structure, the calculated TSHE 
conductivity should match the measured ASOT conductivity. As shown in Table 1, the 
conductivities are similar in magnitude as those calculated, indicating that the intrinsic 
mechanism may significantly contribute to the ASOT. However, the signs for Fe and 
Co are opposite between measured and calculated values; this may be because the 
intrinsic mechanism is not the sole source of ASOT and other mechanisms should be 
taken into account. By analogy with the AHE, we expect that extrinsic mechanisms 
such as skew scattering10,31 can also contribute to generating transversely polarized spin 
current and hence ASOT (see Supplementary Information Fig. S8).  
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AHE Conductivity -1.3 0.72 0.45 

TSHE Conductivity 3.92 1.05 -0.24 
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Structure FCC BCC HCP 

Conductivity 56 32 46 

AHE Conductivity - 0.5± 0.05 0.5± 0.05 0.3± 0.03 

ASOT Conductivity 3.5 ± 0.1 -1.0 ± 0.2 0.8 ± 0.5 

Table 1. Measured and calculated electrical, AHE and ASOT conductivities. All 
values have units of 103 Ω-1cm-1. All experimental data are extrapolated based on 40 
nm sputtered polycrystalline films, sandwiched between two 3 nm AlOx layers. The 
positive sign for the ASOT conductivity corresponds to the scenario that if the applied 
electric field is in the x-direction, the generated spin current flowing in the z-direction 
has spin moment in the -y-direction. Under this choice, the spin Hall conductivity of Pt 
is positive.   

The existence of ASOT may change some of the conventional understanding of 
spin-orbit torques in magnetic multilayers. For example, an electric current can generate 
a net spin-orbit torque in a SiO2/Py/Cu/Pt multilayer acting on the Py magnetization. 
The net spin-orbit torque is the superposition of spin-orbit torques at the two surfaces 
of the Py layer. Although Pt or the Pt/Cu interface were often thought to be the source 
for spin-orbit torque, we find that the spin-orbit torque at the SiO2/Py interface is much 
larger than that at the Py/Cu interface, as shown in Fig. 4. This is because the spin-orbit 
torque at the Py/Cu interface is the superposition of ASOT in Py and the external spin-
orbit torque due to spin current generated from Pt, the two of which are in opposite 
directions. Therefore, although the total spin-orbit torque appears to be consistent with 
the spin Hall angle of Pt, the actual spin-orbit torque at the SiO2/Py interface is in fact 
greater than that at the Py/Cu interface.  

Although the total ASOT equals zero in an isolated magnetic layer with symmetric 
surfaces, such symmetry is likely broken when the ferromagnet is in contact with a 
nonmagnetic layer with strong spin-orbit coupling (see Supplementary Information 
section S9 for more discussion). If there is an asymmetry in the ASOT at the two 
surfaces of the magnetic layer, a net spin-orbit torque is expected, which contributes to 
the total spin-orbit torque in magnetic multilayers. This net spin-orbit torque, arising 
from the spin-orbit interaction of the ferromagnet itself, may have been previously 
overlooked. 

 



 

Figure 4 (a) Illustration of the asymmetric SOTs in a SiO2/Py(32)/Cu(3)/Pt(2)/AlOx(3) 
multilayer. Measurement configurations are the same as in Figure 2. The net spin 

torques at the top surface 𝜏𝜏T = 𝜏𝜏TASOT + 𝜏𝜏Pt/Cu, and at the bottom surface 𝜏𝜏B = 𝜏𝜏BASOT 

are probed by MOKE, where 𝜏𝜏Pt/Cu  is the spin-orbit torque due to spin current 

generated from Pt injected into Py. From the spin current shown in the figure, it can be 
expected that 𝜏𝜏T  is smaller than 𝜏𝜏B , contrary to common understanding. (b) The 
measured Kerr rotation signals when light probes the top surface with calibration field 
hCal applied and current-driven spin-orbit torque applied. (c) The measured Kerr 
rotation signals when the bottom surface is interrogated with calibration field hCal 

applied and current-driven spin-orbit torque applied. While the Kerr rotations due to the 
calibration signal are similar in magnitude, those due to current-driven spin-orbit torque 
are much larger at the bottom surface than at the top surface. 

 

 

Methods 

Sample Fabrication 

The samples used in this study are fabricated via magnetron sputtering. The AlOx 
layers are made by depositing 2 nm Al film and subsequent oxidization in an oxygen 
plasma. 

MOKE Measurement of ASOT 

The MOKE measurements are performed with a lock-in balanced detection 
system25, which is illustrated in Supplementary Information Fig. S3. An alternating 
current with frequency 20.15 kHz is applied through the patterned sample and the 
ASOT-induced MOKE response at the same frequency is measured. We use a 
Ti:sapphire mode-locked laser with ≈100 fs pulses at 80 MHz repetition rate with center 
wavelength 780 nm; the detectors used are slow relative to the repetition rate, so the 
measured signals are averaged over the pulses. The laser beam is focused by a 10x 
microscope objective into a spot of ~4 µm diameter. Laser power below 4 mW is used 
to avoid significant heating effects. To eliminate the quadratic MOKE contribution, the 



average is taken of the signals for incident laser polarizations of 45° and 135° with 
respect to the magnetization25. A combination of a second half-wave plate and a 
Wollaston prism is used to analyze the Kerr rotation signal. For Kerr ellipticity 
measurements, a quarter-wave plate is inserted before the half-wave plate. 

Fitting of the thickness-dependent MOKE signal 

In the simulations, the magnetic film is discretized into many sublayers of thickness 

0.4 nm. By assuming equal and opposite ASOT, ASOT ASOT
T Bτ τ= − , at the top and bottom 

of each sublayer, we calculate the resultant out-of-plane magnetization using numerical 
methods (see Supplementary Information section S4). For calibration, a constant out-
of-plane calibration field hCal is applied to all sublayers, and the out-of-plane 
magnetization is calculated using the same numerical methods. Based on the calculated 
out-of-plane magnetization distribution, the polar MOKE response is determined using 
the propagation matrix method and taking into account multiple reflections (see 
Supplementary Information section S5). The above processes provide linear 

relationships between ASOT
Tτ  and hCal with the predicted MOKE response for various 

film thicknesses. In modelling the thickness-dependent MOKE response for calibration, 
shown in Fig. 3a, all parameters are measured by other techniques. The good agreement 
corroborates our numerical model. In the fitting of the thickness-dependent MOKE 

response due to ASOT, shown in Fig. 3b, we assume fitting parameter ASOT
Tτ  is the 

same for all film thicknesses under the same current density. All other parameters are 
the same as those used in modelling the calibration result. The good agreement shown 

in Fig. 3b confirms our assumption that ASOT
Tτ  depends on the current density. 
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Supplementary Note 1 Symmetry Argument
Curie’s principle [1] states that the symmetry of an effect must follow the symmetry of the cause.
This heuristic argument provides guidance in searching for new physical phenomena. Here we
show how symmetry leads to the types of surface spin and charge accumulation observed in the
spin Hall effect, anomalous Hall effect and anomalous spin-orbit torque.

In polycrystalline, amorphous or crystalline thin films with high symmetry, the structure of
the thin film is invariant under several symmetry operations, including (1) mirror symmetry op-
erations: σxy, σxz, and σyz, where the subscript denotes the mirror plane, (2) two-fold rotational
symmetry operations: Cx

2 , C
y
2 and Cz

2 , where the superscript denotes the rotational axis, and (3)
center inversion symmetry: i, where the inversion center is any point of the material.

When an electric field is applied through a nonmagnetic thin film along the x-direction, as
shown in Supplementary Fig. 1(a), mirror symmetry σyz, rotational symmetries Cy

2 and Cz
2 , and

inversion symmetry i are broken. However, the system still retains the symmetries σxy, σxz, and
Cx

2 . Therefore, on the top and bottom surfaces in the xy plane, there cannot be any net charge
accumulation, which would violate symmetries σxy and Cx

2 . However, spin accumulation with a
certain spin polarization is allowed by symmetry. Spin polarizations in the x- and z-directions are
forbidden, as both violate symmetry σxz. Spin polarization in the y-direction is allowed, given
that the spins are polarized in opposite directions on the top and bottom surfaces to satisfy the
symmetries σxy and Cx

2 . These symmetry conditions characterize what is known as the spin Hall
effect in nonmagnetic materials.

In a magnetic film, where the existence of magnetization breaks more symmetries, more com-
plicated surface phenomena are expected. As shown in Supplementary Fig. 1(b), the magnetization
along the y-direction breaks the mirror symmetry σxy, σyz and rotational symmetries Cx

2 and Cz
2 ,

leaving the magnetic film only carrying the mirror symmetry σxz. As a result, charge accumula-
tion as well as spin accumulation with spins in the y-direction on the top and bottom surfaces are
allowed by symmetry; these symmetry conditions characterize the anomalous Hall effect. On the
other hand, in a magnetic film with magnetization along the x-direction, as shown in Supplemen-
tary Fig. 1(c), the system only carries theCx

2 rotational symmetry and breaks all mirror symmetries.
Under such symmetry, spin polarizations in both the y- and z- directions are allowed on the top
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Supplementary Figure 1: Symmetry-based analysis of the electric-field–induced charge/spin ac-
cumulations at the top and bottom surfaces of (a) a nonmagnetic film, (b) a magnetic film with
magnetization m along the y-direction and (c) a magnetic film with magnetization m along the
x-direction.

and bottom surfaces. Due to spin dephasing, the spin accumulations give rise to spin torques in
the z- and y- directions, which obey the same symmetry constraints. The symmetry conditions
for the case of z-polarization characterizes damping-like anomalous spin-orbit torque, which is the
focus of this work. The symmetry condition for y-polarization characterizes a field-like torque,
the effect of which is very similar to that of a current-induced Oersted field. It is challenging to
distinguish the field-like torque and the Oersted field, the latter of which is likely to dominate the
former. Therefore, the field-like torque is not studied in this paper.

The spin flow in Supplementary Fig. 1(b-c) following the spin Hall symmetry can be attributed
to two types of spin Hall effects in a magnetic conductor. As illustrated in Supplementary Fig. 2(a-
b), these two spin Hall effects are the longitudinal spin Hall effect with spin direction parallel
with the magnetization, and the transverse spin Hall effect with spin direction perpendicular to the
magnetization. Even though both longitudinal and transverse spin Hall effects result from spin-
orbit coupling, we expect the two to have different characteristics. For example, longitudinal spins
undergo spin diffusion in a magnetic conductor, while dissipation of transverse spins is governed
by both spin diffusion and spin dephasing.

Besides the flow of spin current, which is a common result of the spin Hall effect in magnetic
and nonmagnetic materials, the longitudinal and transverse spin Hall effects have their respectively
unique manifestations in magnetic materials. The longitudinal spin Hall effect in a magnetic con-
ductor results in the anomalous Hall effect, which is a net charge accumulation at the surfaces. The
transverse spin Hall effect, on the other hand, results in an accumulation of anomalous spin-orbit
torques at the corresponding surfaces, in a magnetic conductor, as illustrated in Supplementary
Fig. 2(c-d). This phenomenological analogy to the anomalous Hall effect is why we use the term
“anomalous” to describe the observed anomalous spin-orbit torque.
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Supplementary Figure 2: (a) Longitudinal and transverse spin Hall effects (SHE) in a magnetic
conductor when magnetization is perpendicular to the applied electric field. Here the red arrows
represent spin directions and light yellow arrows represent spin flow directions. (b) When the
magnetization is parallel with the electric field, only the transverse spin Hall effect takes place.
(c) In the configuration of (a), the longitudinal spin Hall effect leads to the anomalous Hall effect
(AHE), while the transverse spin Hall effect leads to anomalous spin-orbit torques (ASOT). Here
the red and blue circles represent positive and negative charge accumulations, while the green and
blue arrows represent the directions of anomalous spin-orbit torques. (d) In the configuration of
(b), the transverse spin Hall effect leads to anomalous spin-orbit torques on all four sides. Arrows
near the four sides are all anomalous spin-orbit torque directions.

Supplementary Note 2 Material Characterization
The material parameters for the samples measured in this work are summarized in Table 1.

The saturation magnetizations of the Py films are measured by a superconducting quantum
interference device (SQUID). The surface anisotropy is extrapolated from a thickness-dependent
ferromagnetic resonance measurement [2]. The total surface anisotropy energy for Py is extrap-
olated to be about 9.3 × 10−4 J/m2, which is the sum of the surface anisotropy energies at the
top and bottom surfaces. The exchange constant is extrapolated from a first-order standing spin
wave measurement [3]. The electric conductivities of the Py films are determined by measuring
the four-probe resistance. We use ellipsometry to determine the index of refraction of all relevant
films, where the films are grown to at least 80 nm on a silicon wafer with 1 µm thermal oxide. The
optical penetration depths in nanometers at 780 nm wavelength are calculated with the formula
dp =

780
4πk

, where k is the imaginary part of the refractive index.
Supplementary Figure 3 shows the x-ray diffraction (XRD) patterns for the sputtered 40 nm Ni,
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Supplementary Table 1: Material parameters of the samples studied in this work: saturation mag-
netizationMs, electric conductivity σ, exchange length λex, index of refraction n, and optical pen-
etration depth at 780 nm wavelength dp. Numbers in parentheses are the thicknesses in nm.

µ0Ms (T) σ (Ω−1cm−1) λex (nm) n dp (nm)
Py(32) 1.09 3.34× 104 5.1 2.38+4.36i 14.24
Ni(40) 0.54 4.42× 104 8.4 2.10+4.30i 14.47
Co(40) 2.0 4.58× 104 3.9 2.39+4.45i 13.98
Fe(40) 2.24 3.14× 104 3.1 2.69+3.68i 16.91

40 nm Fe and 40 nm Co films used in the MOKE-SOT measurements. Supplementary Figure 3(a)
depicts the XRD pattern of the 40 nm Ni sample, showing formation of face-centered cubic (FCC)
structures, as determined by comparing with the Inorganic Crystal Structure Database (ICSD). The
40 nm Fe sample represents a body centered cubic (BCC) structure, and the 40 nm Co film has a
dominant hexagonal close-packed (hcp) phase, which has a strong texture with c-axis out of the
film plane.

Supplementary Figure 3: Bragg peaks and corresponding diffraction planes from the Inorganic
Crystal Structure Database (ICSD) (top) and x-ray diffraction patterns from experiment (bottom)
for the sputtered (a) 40 nm FCC Ni (ICSD #53807), (b) 40 nm BCC Fe (ICSD #64795) and (c) 40
nm HCP Co films (ICSD #53806).
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Supplementary Note 3 MOKE Measurement Setup
As discussed in theMethods section, we perform ourMOKEmeasurements with a lock-in balanced
detection system. An illustration of the experimental setup is shown in Supplementary Fig. 4. The
spot size is ∼ 4 µm in diameter and the power of the laser is less than 4 mW. We carried out
the same measurement using a larger laser spot size of about 15 µm diameter, and did not see any
difference (Supplementary Fig. 5 (a)). We also scanned the laser spot onto different regions of the
50 µm × 50 µm sample, and saw no difference in the ASOT signal, except for an overall offset of
the curve due to the current-induced out-of-plane Oersted field, houtOe (see Supplementary Fig. 5b).
[8].

Supplementary Figure 4: Schematic diagram of the lock-in balanced detection system. HWP: half-
wave plate; QWP: quarter-wave plate.

Supplementary Note 4 ASOT-inducedMagnetizationDistribu-
tion

A phenomenological model of the ASOT is shown in Supplementary Fig. 6. In a magnetic material
with bulk inversion symmetry, the SOI gives rise to a separation of opposite spins. The spins are
transverse to the magnetization and thus will be quickly absorbed. The absorption of transverse
spins should yield no net spin torque in the bulk due to the bulk inversion symmetry. However, at
the top and bottom surfaces, where inversion symmetry is broken, we expect non-zero and opposite
damping-like ASOTs that tilt the magnetization out of plane.

Assuming the ASOT is a purely interfacial spin torque and neglecting surface anisotropy, it is
convenient to discretize the FM into a multilayer system (shown in Supplementary Fig. 7), with
the layers labeled 1 through n. Each layer has a magnetization nearly aligned in the x-direction by
Hext, but with slight difference in the z-component magnetization due to the ASOT. The influence
of ASOT can be written as an effective field hiz in the z-direction for the ith layer. Within such a
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Supplementary Figure 5: (a) Kerr rotation results of a 32 nm Py film detected with a 4 µm (red
circles) and 15 µm (black squares) spot size. (Offset is due to the non-zero out-of-plane Oersted
field) (b) Kerr rotation results of a 32 nmPy filmmeasuredwith laser spot on the left (blue triangles),
center (black squares) and right (red circles) of the sample, as illustrated in the inset. Besides the
ASOT, the current generates an out-of-plane Oersted field that is spatially asymmetric. The effect
of this Oersted field on the magnetization tilt is the same as that of the out-of-plane calibration
field, as described by Eq. (2) in the main text. It results in an overall shift of the MOKE signal. The
signal corresponding to the ASOT is the step-like signal at low fields, due to the magnetizations
switching. The ASOT-related signals are within 5% difference for the three positions. The current
density used in all measurements is 5 × 1010 A/m2.

system, the ASOTs only affect the two surface layers:

h1z =
τASOTT

µ0Msa
mx, h

n
z =

τASOTB

µ0Msa
mx, (S1)

and
h2z = h3z = ... = hn−1

z = 0, (S2)

wheremx is the projection of unit magnetization vector in the x-direction, which takes +1 or -1 in
our experiment depending on the direction ofHext, τASOTT (τASOTB ) is the ASOT at the top (bottom)
surface, a is the lattice constant, andMs is the saturation magnetization.

In addition to ASOT, interlayer exchange coupling significantly affects the behavior of the local
magnetization. The interlayer exchange energy per unit area is described as

E = −Jmi ·mi+1, (S3)

wheremi andm(i+1) are the unit magnetization vectors of nearest neighbor FM layers i and i+ 1,
and J is the interface exchange strength. For a uniform magnetic layer, J can be calculated as
J = 2Aex

a
, where Aex is the exchange stiffness. Therefore, for magnetic layer i, the exchange

coupling results in an effective field:

Hi = H i
zz+H i

yy =
J(mi−1

z +mi+1
z )

µ0Msa
z+

2J

µ0Msa
y, (S4)
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Supplementary Figure 6: Phenomenological model of the ASOT. The spin-orbit interaction from
the lattice separates electrons with opposite spins. The spin angular momentum is quickly absorbed
by the magnetization. Due to bulk inversion symmetry, the only net angular momentum absorption
occurs at the surface, leading to ASOT.

wheremi
z is the z-component ofmi.

All relevant magnetic fields on magnetic atomic layer i are depicted in Supplementary Fig. 7.
From the diagram, we can write

hiz +H i
z −Meff sin θ

Hext +H i
y

= sin θ. (S5)

For the middle layers (1 < i < n), since hiz = 0 and sin θ = mi
z, by plugging Eq. S4 into Eq. S5,

we have

mi
z =

J
µ0Msa

(mi−1
z +mi+1

z )−Meffm
i
z

Hext +
2J

µ0Msa

. (S6)

Knowing a is small and

f
′′
(x) = lim

h→0

f(x+ h)− 2f(x) + f(x− h)

h2
,

Equation S6 can be rewritten as

Ja

µ0Ms

(mi
z)

′′
= (Hext +Meff)m

i
z. (S7)

The solution of Eq. S7 should have the form

mi
z = Ae−z/λ +Be+z/λ, (S8)

where λ =
√

Ja
µ0Ms(Hext+Meff)

is the exchange length.
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Supplementary Figure 7: Illustration of the discrete-layer model and effective magnetic fields ap-
plied on the layer i. The ASOT is assumed to only exist in the top and bottom layers (blue layers).
hiz is the effective field due to ASOT, H i

z and H i
y are the effective fields from nearest-neighbor

exchange coupling, Hext is the external magnetic field, and Meff = (Ms − 2Ka/(µ0Ms)) is the
effective field caused by demagnetization, where Ka = 0 for i = 2, 3, ...n − 1, is the surface
anisotropy energy density.

On the other hand, for the top layer, we can rewrite Eq. S5 as

m1
z =

h1z +
J

µ0Msa
m2

z −Meffm
1
z

Hext +
J

µ0Msa

. (S9)

Eq. S9 can again be rewritten to

(Hext +Meff)m
1
z +

J

µ0Msa
(m1

z −m2
z) = h1z. (S10)

Since a is small, the first term in Eq. S10 is negligible. Therefore, the equation can be simplified
into

(m1
z)

′
= −τ

ASOT
T

Ja
mx. (S11)

Similarly, the bottom layer magnetization yields

(mn
z )

′
= −τ

ASOT
B

Ja
mx. (S12)

Using Eq. S11 and S12 as boundary conditions to solve Eq. S8, we get

A =
λ

Ja

τASOTT − τASOTB e−d/λ

1− e−2d/λ
mx, (S13)
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and
B =

λ

Ja

τASOTT − τASOTB ed/λ

e2d/λ − 1
mx. (S14)

Here, d is the thickness of the magnetic film.
Plugging A and B back into Eq. S8, we get an analytic solution of the ASOT-induced magne-

tization tilt as shown in Eq. (1) of the main text,

mASOT
z (z) =

τASOTT cosh d−z
λ

+ τASOTB cosh z
λ

λ sinh d
λ
(|Hext|+Meff)µ0Ms

mx. (S15)

Because of the strong exchange interaction, the effects from the two ASOTs will cancel out if the
magnetic film is thin. However, when the magnetic film is much thicker than the exchange length,
the magnetizations at the two surfaces will tilt out of plane in response to the respective ASOTs. A
simulation curve based on Eq. S15 is shown in Fig. 1(c).

A more general model involving the surface anisotropy field acting on the two surface layers
can be numerically calculated. By inserting Eqs. S1, S2 and S4 into S5, we get:

τ iASOT
µ0Msa

mx = (Hext +Meff +
2J

µ0Msa
)mi

z −
J

µ0Msa
mi−1

z − J

µ0Msa
mi+1

z . (S16)

The ASOT-induced magnetization tilt can then be calculated by solving the following equation:
J + C ′ −J 0 . . . 0
−J 2J + C −J . . . 0
0 −J 2J + C . . . 0
...

...
... . . . ...

0 0 0 . . . J + C ′




m1

z
...
mi

z
...
mn

z

 =


τASOTT
...
0
...

τASOTB

mx, (S17)

where the surface termC ′ = µ0Msa(Hext+Meff) takes into account the surface anisotropy, andC =
µ0Msa(Hext+Ms) is for the bulk layers. For 32 nmPy used in our study, the total surface anisotropy
is measured to be 9.3× 10−4 J/m2. We compare the numerical simulation of magnetization tilting
with and without considering the surface anisotropy, as shown in Supplementary Fig. 8(a). The
numerical result considering the surface anisotropy maintains the signature of the analytic result
without considering the surface anisotropy, but with a small correction in the magnitude. The
analysis and fitting in the main text is based on the numerical simulation taking into consideration
the surface anisotropy of Py.

In the above model, we use an assumption that the ASOT is only applied to the surface layers,
due to strong spin dephasing. Here we investigate if this assumption is reasonable by studying the
magnetization tilt when the ASOT is distributed through more layers. As shown in Supplemen-
tary Fig. 8(b), spreading the ASOT across 5 surface layers does not affect the simulation result
significantly. This is because exchange coupling will redistribute the effect of the ASOT over ap-
proximately a thickness of the exchange length. As long as the exchange length (5.1 nm for Py) is
longer than the distribution length of the ASOT, the distribution of magnetization tilt will simply
be dominated by the exchange length. Therefore, our model assuming that the ASOTs only exist
at the top and bottom layers is reasonable.
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Supplementary Figure 8: (a) Simulated distribution of the out-of-plane magnetization tiltmASOT
z (z)

in a 32 nm Py film based on the numerical calculation (black solid line) and the analytic expression
(red dashed line). (b) Simulation results driven by equal and opposite ASOTs on the first surface
layer (red dashed line) and first five surface layers (black solid line), scaled by the maximum value.

Supplementary Note 5 MOKE Response
In the structural model of Supplementary Note 4, a single FM layer is treated as a series of ultrathin
magnetic layers with different magnetization orientations. For magnetic layers with thicknesses
less than the coherence length of the incident laser, where multiple reflections should be taken into
account, we use medium boundary matrices and medium propagation matrices to treat the multiple
reflections. Based on Ref. [4], in the polar MOKE geometry, medium boundary matrix Aj for the
jth layer can be expressed as:

Aj =


1 0 1 0
0 1 0 −1

− injQjm
j
z

2
−nj

injQjm
j
z

2
−nj

nj
injQjm

j
z

2
−nj

injQjm
j
z

2

 , (S18)

where nj is the complex refractive index of the jth layer, Qj is the Voigt coefficient of the jth
layer, and mj

z is the out-of-plane magnetization magnitude of the jth layer, which is solved for in
the previous section.

The propagation matrix Dj can be written as:

Dj =


U cos δi U sin δi 0 0
−U sin δi U cos δi 0 0

0 0 U−1 cos δr U−1 sin δr
0 0 −U−1 sin δr U−1 cos δr

 , (S19)

where
U = exp(−i2π

λ
njdj),
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δi = −πnjQdj
λ

mj
z,

and
δr = −πnjQdj

λ
mj

z,

where dj is the thickness of the jth layer and λ is the wavelength of the probe light.

To obtain the magneto-optical Fresnel reflection matrix
[
rss rsp
rps rpp

]
, one computes the matrix

M defined by
M = A−1

0 A1D1A
−1
1 A2 . . . . (S20)

Then the 4× 4 matrixM can be written in the form of a 2× 2 block matrix as follows:

M =

[
G H
I J

]
, (S21)

and the magneto-optical Fresnel reflection coefficients are further solved from[
rss rsp
rps rpp

]
= IG−1. (S22)

The complex Kerr angles for s- and p-polarized incident light are:

Θp
k =

rsp
rpp

and

Θs
k =

rps
rss
,

(S23)

respectively. Here the real part of the Kerr angle is defined as the Kerr rotation, and the imaginary
part of the Kerr angle is the Kerr ellipticity. Since Kerr angle is independent of the incident po-
larization in polar MOKE, we use the s-polarization result in our simulation. Following the model
described above, the MOKE response for different materials and structures can be simulated.

Specifically, for the calibration field thickness dependence measurements, the uniform out-of-
plane calibration field causes a uniform magnetization tilt across the whole magnetic layer. There-
fore it is reasonable to treat the entire magnetic film as one layer in the simulation. A structure
of [Air(∞)/Py(t)/SiO2(1000)/Si (∞)] is used for the simulation, where the numbers in parentheses
are in nanometers. The thin SiO2 and AlOx layers are ignored because of their low absorption
coefficients at 780 nm. A few nanometers of dielectric material do not affect the MOKE response
significantly. With the calculated out-of-plane magnetization tilt and refractive indices measured
via ellipsometry, the resulting simulation curve is in good agreement with the experimental data,
shown in Fig. 3(a).

For the ASOT measurements, the same model structure and fitting parameters are used except
for including the ASOT strength τASOTT = −τASOTB and the resulting non-uniform magnetization
distribution. By alternating the value of τASOTT in our model, we are able to match the measured
MOKE signals, as shown in Fig. 3(b). The extracted τASOTT is then used to calculate the spin-torque
efficiency.
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Supplementary Note 6 Kerr Ellipticity Signal of 4 nm Py
In the discussion of how the ASOT-induced MOKE signal changes as a function of Py thickness,
shown in Fig. 3(b), we point out that the Kerr ellipticity signal of 4 nm Py deviates from the fitting
curve. The deviation can be accounted for if we assume there exists a 1% difference between
τASOTT and τASOTB , which is within the error and may arise due to slight imbalance of interfacial spin
dissipation. In Supplementary Fig. 9, we show the modified fitting curves that assume a 1%ASOT
difference. The modified model only changes the fitting curves at small thicknesses (< 8 nm),
and the modified Kerr ellipticity curve now fits well with the data point at 4 nm. Furthermore, as
demonstrated in Supplementary Fig. 9c, even a tiny (1%) total SOT can cause a MOKE signal at
small thicknesses that is comparable in amplitude to the MOKE signal due to a much larger surface
ASOT at large thicknesses. The large variation of the simulated MOKE signals when the Py is thin
are due to the interference of the laser as it is reflected from the various interfaces; this effect also
appears at small sample thicknesses in the MOKE signal from the calibration field (Fig. 3a).

Supplementary Figure 9: Experimental MOKE rotation and ellipticity signals (squares and circles)
and simulated rotation and ellipticity signals (solid black lines and dashed red lines) for (a) unbal-
anced (τB = -1.01τ 0T ) ASOT, (b) balanced (τB = -τ 0T ) ASOT and (c) a tiny bottom (total) torque (τT
= 0, τB = -0.01τ 0T ) as a function of Py thickness. The fitting curves in (a) are a combination of the
curves in (b) and (c), as described in this section.
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Supplementary Note 7 Contribution from Interfacial Spin-Orbit
Interaction

Generally speaking, there are two types of interfacial spin-orbit effects that can generate spin-orbit
torque: the Rashba spin-orbit coupling [10] and the interface-generated spin current [11]. Both of
these effects are sensitive to the materials forming the interface.

The Rashba model results in spin accumulation as an electric current passes near an interface
due to the Edelstein effect. The strength of the Rashba-like spin-orbit coupling is the result of two
distinct physical considerations: 1. the intrinsic atomic spin-orbit coupling, which is controlled
by the Z-value of the material and 2. the degree of inversion symmetry breaking. The symmetry
breaking is generically large at the interface between dissimilar materials, but its precise magnitude
(and sign) is sensitive to details. For example, the presence of strongly electronegative ions near
the interface (e.g. O) results in a more asymmetric charge distribution, which is directly related
to the magnitude of the Rashba coefficient [12]. As an example, Ref. [13] uses angle-resolved
photoemission spectroscopy and density functional theory calculations to show that the sign of the
Rashba coefficient at a Gd(0001) surface changes sign upon oxidation.

Moreover, the sign and size of the effective Rashba coefficient at an interface is very sensitive
to details of the electronic structure [14], and therefore quite sensitive to the interface structure. It
has been shown that field-like spin-orbit torque in a Pt/Co bilayer rapidly decreases with alloying
of the Pt-Co interface [15]. Using density functional theory calculations, Belashchenko et al. [16]
showed the field-like torque in a Pt/Co bilayer decreases by a factor of 5 with increasing disorder.
Haney et al. [17] used density functional theory calculations to show that the value of the field-like
torque is quite sensitive to interface structure. These considerations lead to the conclusion that the
Rashba spin-orbit coupling parameter at interfaces is highly material- and structure-specific.

The underlying idea behind interface-generated spin currents is that electrons scattering off a
ferromagnet/nonmagnet interface will interact with interfacial spin-orbit fields, and this interaction
generates spin currents flowing out of plane. The interfacial spin-orbit fields, which can be treated
as effective magnetic fields, can filter the electrons based on their spin direction or can induce spin
precession. Interfacial spin filtering and precession can lead to a spin current with spin polariza-
tion transverse to the magnetization, and experimental evidence suggests that this spin current can
have opposite sign when generated at different material interfaces [18]. Interface-generated spin
currents, which may apply a spin torque on the magnetization, sensitively depend on the electrical
conductivity of both materials [19, 20] as well as details of the electronic structure [11]. Therefore,
there is no a priori reason to assume that interface-generated spin currents, if relevant to ferromag-
net/oxide interfaces, would be insensitive to the substitution of various oxide layers.

Therefore, if interfacial spin-orbit coupling played an important role in our experiments, we
would expect different results for interfaces with substantially different characteristics.
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Supplementary Note 8 First Principles Calculations
We compute the full spin-current conductivity tensor σγ

αβ using the linear response Kubo formalism
in the clean limit:

σγ
αβ = 2Im

e2

ℏ

∫
dk

(2π)3

∑
n ̸=m

fn,k
< ψn|Qαβ|ψm >< ψm|vγ|ψn >

(En − Em)2
, (S24)

where fn,k is the Fermi factor, vγ is the velocity operator along the γ-direction: vγ = dH/dkγ ,
and Qαβ is the spin current corresponding to the α-component spin flowing in the β-direction. Its
operator form is Qαβ = (vαsβ + sαvβ)/2, where sβ is the β-component of the Pauli spin matrices.
The above expression is evaluated within density functional theory. The ground state is computed
with the Quantum Espresso package [5], where we use the experimental lattice constants of (0.286,
0.352, 0.2507) nm for Fe (BCC), Ni(FCC), Co(HCP with c-axis perpendicular to the film plane),
respectively. In each case, the plane-wave cutoff energy is set to 120 Ryd, and a 12 × 12 × 12
uniform k-point grid is used. We use ultrasoft, fully relativistic pseudopotentials with GGA func-
tional. For Ni, we use the GGA+U method as described in Ref. [7] , with U = 1.9 eV and J = 1.2
eV. To evaluate Eq. (1) on a fine k-point mesh, we performWannier interpolation usingWannier90
[6]. The integral is evaluated with 2003 k-points, and we use an adaptive mesh technique in which
k-points with integrand larger than 0.28 nm2 are evaluated on a refined grid. The reported values
are numerically converged to within 1%. The magnetization is along the x-direction, consistent
with Fig. 1b.

Supplementary Note 9 Spin Torque Dipole
Skew scattering can give rise to ASOT, illustrated in Supplementary Fig. 10.
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Supplementary Figure 10: (a) Illustration of a skew scattering-induced spin torque dipole. As
x-polarized electrons are scattered by an impurity, the spin orbit interaction (SOI) generates an
effective magnetic field Beff ∝ Escatter × v, where Escatter is the electric field due to the impurity
and v is the velocity of the electron. Depending on the scattering trajectory, Beff has opposite
directions above and below the scattering center, which rotates the electron spin toward the +y
and −y directions. The electron spin is soon repolarized to the x-direction due to dephasing. The
additional spin angular momentum gained via the SOI is transferred into the magnetization, which
leads to an effective spin torque dipole separated by a distance on the order of the spin dephasing
length. (b) A collection of spin torque dipoles in a uniform magnetic film gives rise to equal and
opposite ASOTs at the two surfaces, shown in Fig. 1c.

Supplementary Note 10 ASOT inFerromagneticMetal (FM)/Non-
magnetic Metal (NM) Bilayers

The ASOT is equal and opposite in a single-layer ferromagnet because the transversely polarized
spin current that transfers spin angular momentum to the two surfaces is spatially symmetric; i.e.,
the spin current decays to zero at both surfaces at the same rate. However, if the ferromagnet is in
contact with a nonmagnetic layer to form a FM/NM bilayer, and that NM layer exhibits strong spin-
orbit scattering, the symmetry of the spin current at the two surfaces of the FM is likely broken.
As a result, an asymmetry in the magnitude of the ASOT at the two surfaces may arise. This
can also be understood from an argument based on angular momentum conservation. The ASOT
can be interpreted as a result of spin angular momentum transferred from the spin current into the
magnetization system. But if the NM creates an additional spin scattering channel, a portion of spin
angular momentum will be lost to the lattice via spin-orbit scattering near the FM/NM interface.
Thus, the ASOT at the FM/NM interface is likely to be smaller than the ASOT at the other FM
surface.

Note that the discussion above does not contradict the data presented in Fig. 3e, where the NM
only contains light elements with weak spin-orbit scattering. But if the NMcontains heavy elements
that exhibit strong spin-orbit scattering, a net spin-orbit torque arising from the asymmetry in the
ASOT is expected. This net ASOT will have the same symmetry as the conventional spin-orbit
torque in the FM/NM bilayers, but with different origins. Conventionally, the spin-orbit torque in
FM/NM bilayers is considered to arise from spin current generated from the spin Hall effect of the
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NM or interfacial spin-orbit coupling of the FM/NM interface, and the FM is only a receptor of the
spin current. But the net ASOT arises from the spin current generated from the FM bulk, with the
NM serving as a spin current absorber.

A net ASOT is likely to be present in all previously studied FM/NM bilayers or multilayers
when the FM is a conductor. From the discussion above, the net ASOT is only a fraction of the
ASOT on each surface. But because the ASOT in ferromagnetic conductors are very large, the net
ASOT should be taken into consideration when studying the spin-orbit torque in FM/NM bilayers.
We expect the net ASOT to be closely related to the interface spin scattering rate, which will be
investigated in our future work.
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