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Efficient manipulation of magnetic materials is essential for spintronics. In conventional spin-current-
generator/magnet (SCG/M ) bilayers, interfacial spin-orbit torques (SOTs) lose effectiveness in applica-
tions that require large magnetic layer thicknesses to maintain magnetic anisotropy and stability at lateral
sizes of tens of nanometers (e.g., magnetic tunnel junctions and racetrack nanowires). Here, we develop
a universally workable three-dimensional spin-orbit material scheme in which the SOT efficiency can
be remarkably boosted towards infinity by stacking [SCG/M /oxide]n superlattices, with the oxide layers
breaking inversion symmetry. We demonstrate that this superlattice scheme promotes not only perpen-
dicular magnetic anisotropy for an effectively rather thick magnetic layer but also enables switching of
such thick magnetic layers by interfacial SOTs with n2 times lower power consumption than the corre-
sponding conventional bilayer scheme with the same total thicknesses for the SCG and M. In contrast,
we find that spin torque diminishes in second-type superlattices, [SCG/M ]n, lacking inversion-symmetry
breaking. These results provide an in-depth understanding of SOTs in magnetic multilayers and estab-
lish [SCG/M /oxide]n superlattices as advantageous building blocks for the development of low-power,
high-stability, and high-endurance spintronic memory and computing.

DOI: 10.1103/PhysRevApplied.18.064052

I. INTRODUCTION

Strong spin-orbit torques (SOTs) [1,2] have promise to
enable fast low-power magnetization manipulation in mag-
netic memory and computing technologies. In the simple
case of a bilayer consisting of a spin-current generator
(SCG) and a magnetic layer (M ) [Fig. 1(a)], a transversely
polarized spin current generated by the SCG diffuses into
M and exerts interfacial SOTs on magnetization. When
the spin Hall effect (SHE) is the dominant source of the
spin current (as in the case of heavy metals [2–4], Bi-Sb
[5,6], BixTe1−x [7], CoxPt1−x [8], FexTb1−x [9], Co-Ni-B
[10], SrIrO3 [11], etc.) and when the spin current relaxes
within the magnetic layer via dephasing, the damping-
like SOT efficiency per current density (ξ

j
DL) is given by

ξ
j
DL ≈ TintθSH. Here, the internal spin Hall ratio (θSH) of the

SCG is the product of the resistivity (ρxx) and the spin Hall
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conductivity (σ SH), i.e., θSH= σ SHρxx; Tint is the spin trans-
parency of the interface, which determines what fraction of
the spin current enters the magnet.

In such conventional bilayers, ξ
j
DL is usually low, par-

ticularly when θSH is small and when Tint is far less than
unity due to spin memory loss [12–18] and spin backflow
[19–23] (e.g., ξ

j
DL ≈ 0.05 − 0.15 for Pt/3d ferromagnet

[3]). A more critical limitation of the bilayer scheme is
that the efficiency of the dampinglike SOT per magnetic
layer thickness (t), ξ

j
DL/t, is inversely proportional to t.

This degrades the effectiveness of the interfacial SOTs in
spintronic applications where M has to be thick to main-
tain a bulk [9,24] or shape [25,26] perpendicular magnetic
anisotropy (PMA) and/or thermal stability when the lat-
eral size scales down to tens of nanometers (e.g., magnetic
tunnel junctions and racetrack nanowires).

The main idea of this work is to “accumulate” ξ
j
DL

by stacking of the SCG/M /oxide superlattice. Here, the
SCG generates spin current that diffuses into the adja-
cent M, and the oxide breaks the inversion symmetry for
a total torque to occur. In the SCG/M /oxide superlattice
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(a) (b) (c)

FIG. 1. Dampinglike spin-orbit-torque efficiency expected for three material schemes: (a) SCG/M bilayer, (b) [SCG/M /oxide]n
superlattice, (c) [SCG/M ]n/SCG superlattice.

[Fig. 1(b)], the dampinglike efficiency would be enhanced
by a factor of the repeat number n, i.e., ξ

j
DL = nTintθSH,

if all repeats were identical and the thickness of the M
were greater than the spin-dephasing length (lDP). When
n is infinite, the spin-orbit torque would, in principle, also
diverge. Any bulk SOT generated within the M layer is
ignored in this model because bulk SOT is significant at
the bulk limit but vanishes at the small thicknesses [8,9]
necessary for the superlattice scheme. However, in the
[SCG/M ]n/SCG superlattice with no symmetry-breaking
oxide layer [Fig. 1(c)], no torque is expected due to can-
cellation of the spin currents from the two SCG layers
sandwiching M. Here, we experimentally verify that ξ

j
DL

is remarkably boosted in the SCG/M /oxide superlattice,
using the prototype SCG Pt, 3d Co, and MgO, and that
the SOT diminishes in Pt/Co superlattice.

II. SAMPLE DETAILS

For this work, we sputter-deposit Pt(2)/Co(0.8)/

MgO(2), [Pt(2)/Co(0.8)/MgO(2)]5, [Pt(2)/Co(0.8)/

MgO(2)]10, Pt(20)/Co(0.8)/MgO(2), Pt(2)/Co(0.8)/Pt
(2), [Pt(2)/Co(0.8)]5, and [Pt(2)/Co(0.8)]10 (here, the
numbers in parentheses following the materials are layer
thicknesses in nm and the subscripts represent the repeat
number). Each sample is deposited on an oxidized Si sub-
strate with a 1-nm Ta seed layer and capped by a 2-nm
MgO layer and a 1.5-nm Ta layer that is oxidized upon
exposure to the atmosphere. The Ta seed layer is very resis-
tive and contributes negligible spin current to other layers.
The layer thicknesses are estimated using the calibrated
deposition rates and the deposition time. A thickness of

0.8 nm is chosen for the Co layers as a compromise
between the interfacial PMA and spin dephasing within
Co. For electrical measurements, the samples are patterned
into 5 × 60 μm2 Hall bars [Fig. 2(a)] by photolithography
and ion milling. No annealing is performed on the samples.

As measured by a superconducting quantum inter-
ference device using unpatterned sample pieces that
undergo the same lithography and ion-milling processes
as the Hall bars, the average saturation magnetization
(Ms) of the thin Co layers is 790–1470 emu/cm3 (see
Fig. 2(b) for the example of [Pt(2)/Co(0.8)/MgO(2)]10).
Ms is 1275–1425 emu/cm3 for Pt(2)/Co(0.8)/Pt(2),
[Pt(2)/Co(0.8)]5, and [Pt(2)/Co(0.8)]10. The magnetiza-
tion variation of the 0.8-nm Co layers is likely to be due
to different degrees of the magnetic proximity effect [27]
at the Co/Pt and Pt/Co interfaces and reduction of the
Curie temperature for thin Co induced by the roughness
(see below), but these Ms values are within the range of
literature values [27–31]. Apart from in-plane magnetized
Pt(2)/Co(0.8)/MgO(2), all the other samples show good
PMA, as indicated by the in-plane saturation field, Hk
[Fig. 2(b)], and by the out-of-plane field-dependent Hall
resistance hysteresis [Fig. 2(c)].

III. ENHANCEMENT OF SOT IN SCG/M /OXIDE
SUPERLATTICES

To determine the SOTs, we perform harmonic Hall
voltage response (HHVR) measurements [9,32–34] by
carefully taking into account thermoelectric effects. To
determine the current-driven dampinglike SOT field (H DL)
for the PMA samples, the first and second HHVRs, Vω

and V2ω, respectively, are collected as a function of the
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FIG. 2. (a) Schematic of the Pt/Co/MgO superlattice. (b) In-plane magnetization versus in-plane magnetic field (Hx). (c) First-
harmonic Hall voltage (V1ω) versus out-of-plane magnetic field (Hz); (d) V1ω versus Hx. (e) Second-harmonic Hall voltage (V2ω)
versus Hx, and (f) V2ω versus Hx for the [Pt(2)/Co(0.8)/MgO(2)]10 superlattice. Red arrows in (b) indicate saturation magnetization
and the perpendicular magnetic anisotropy field. Data in (d),(e) are collected by first saturating magnetization along the film normal
(i.e., ±Mz) under an out-of-plane magnetic field and then sweeping Hx in the range well below Hk of the sample, so that magnetization
is tilted in a small range and following the macrospin model. In (f), data are collected by sweeping Hx between −80 and 80 kOe
(�Hk), and red arrow indicates the anomalous Nernst voltage induced by the perpendicular thermal gradient.

small in-plane field, Hx (�Hk), swept along the current
direction, under the applied sinusoidal electric field with a
magnitude of E = 33.3 kV/m. In this case, Vω and V2ω are
parabolic and linear functions of Hx (see Figs. 2(d) and 2(e)
for [Pt(2)/Co(0.8)/MgO(2)]10 and Fig. 6 in the Appendix
A for the [Pt(2)/Co(0.8)/MgO(2)]5), i.e.,

Vω ≈ VAHE(1 − Hx
2/2Hk

2), (1)

V2ω = 1
2

VAHE

H 2
k

HDLHx + VANE,z

Hk
Hx + VANE,x, (2)

where VAHE is the anomalous Hall voltage; VANE,x and
VANE,z are the anomalous Nernst voltages due to the longi-
tudinal and perpendicular thermal gradients, respectively.
Note that V2ω contains contributions that are proportional

to Hx from both the dampinglike torque and the perpen-
dicular thermal gradient. Combining Eqs. (1) and (2), one
obtains

HDL = −2
∂V2ω

∂Hx
/
∂2Vω

∂Hx
2 − 2Hk

VANE,z

VAHE
. (3)

Here, VANE,z is equal to the value of V2ω when magnetiza-
tion is fully aligned along the current direction by Hx that
is greater than Hk [Fig. 2(f)]. Note that the value of H DL

cannot be separated from a linear scaling of −2 ∂V2ω

∂Hx
/∂2Vω

∂Hx2

with E. This suggests that the anomalous Nernst effect
should be taken into account in the analysis of resistive
magnetic systems with a small SOT field and a large
Hk. The so-called “planar Hall correction” [35–39] is not
applied in the out-of-plane HHVR analysis given the fact
that neglecting the “correction” for the PMA samples in the
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out-of-plane HHVR analysis gives results that are in close
accordance with the in-plane HHVR results [36,40,41] and
the results from measurements that do not involve the
planar Hall effect (such as optical Sagnac interferometry
[37], loop shift, and switching of in-plane spin-orbit-torque
magnetic tunnel junctions [4]). As experimentally known
for nearly a decade [35–39], the planar Hall correction, if
significant, causes large errors for different material sys-
tems (see the Appendix B for details). However, since the
VPHE/VAHE ratio for samples in this work is 0.13–0.23,
the planar Hall correction, if applied, can only change the
values of H DL and torque efficiencies by less than 20%
and will not affect our conclusion. H DL for the in-plane
sample Pt(2)/Co(0.8)/MgO(2) is determined from angle-
dependent in-plane HHVR measurements [36], which also
take into account any thermoelectric effects (see Fig. 7 in
the Appendix A).

With the H DL values, the SOT efficiency per current
density is calculated as

ξ
j
DL = (2e/�)MstHDL/jc, (4)

where e is elementary charge, � is the reduced Plank’s con-
stant, jc = E/ρxx is the current density in the Pt layer, and
t is the total thickness of the magnetic layer and increases

with the repeat number of the superlattice (i.e., t is n times
the M thickness of each repeat). Strikingly, ξ j

DL is enhanced
from 0.15 for Pt(2)/Co(0.8)/MgO(2) to 0.27 for the five-
repeat superlattice, [Pt(2)/Co(0.8)/MgO(2)]5, and to 0.57
for the ten-repeat superlattice, [Pt(2)/Co(0.8)/MgO(2)]10.
ξ

j
DL for [Pt(2)/Co(0.8)/MgO(2)]10 is enhanced by a factor

of about 4 compared to those for Pt(2)/Co(0.8)/MgO and
Pt(20)/Co(0.8)/MgO(2) (ξ

j
DL ≈ 0.14). The giant value of

ξ
j
DL for [Pt(2)/Co(0.8)/MgO(2)]10 is also greater than the

spin Hall ratio of 0.5 for Pt at a resistivity of 30 μ� cm
[4]. This suggests that the SCG/M /oxide superlattice is
a very effective spin-orbit material scheme to boost the
total dampinglike SOT efficiency. Such enhancement can-
not be attributed to the increase of the effective thickness
of the Pt because we measure only a small ξ

j
DL of 0.14 for

Pt(20)/Co(0.8)/MgO(2), which has the same total thick-
ness of Pt and a high magnetization of 1470 emu/cm3. [We
also measure an in-plane sample, Pt(20)/Co(8)/MgO(2),
but the strong contribution of the Oersted field overwhelms
V2ω and prevents accurate determination of ξ

j
DL.] Such

enhancement of ξ
j
DL is unrelated to any spin-current gen-

eration by the Rashba effect or spin-orbit coupling at
the interfaces because we measure negligible SOT at the
SCG/FM [38] and FM/MgO interfaces [8,16], at least in
our samples.

(a)

(b)

(c)

FIG. 3. (a) Dampinglike
SOT efficiency, (b) resisti-
vity, and (c) saturation mag-
netization for Pt(2)/Co
(0.8)/MgO, [Pt(2)/Co(0.8)/

MgO(2)]5, [Pt(2)/Co(0.8)/

MgO(2)]10, and Pt(20)/

Co(0.8)/MgO.
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However, the “accumulation” rate of the SOT effi-
ciency in the [Pt/Co/MgO]n superlattice in the present
work appears to be slower than expected from the stack-
ing of identical repeats. This suggests that the torque
contribution of the Pt/Co/MgO repeats varies, with the
bottom Pt/Co/MgO repeat grown on the 1-nm Ta adhesion
layer contributing the largest torque efficiency (≈0.15).
First, we find that the average ρxx for the Pt layers
reduces from 60 μ� cm for n = 1 to 35 μ� cm for n = 10
[Fig. 3(b)]. Here, ρxx is estimated from the electrical
conductance enhancement of the Pt/Co/MgO repeats rel-
ative to n times the conductance of a control sample,
Ta(1)/Co(0.8)/MgO(2). The resistivity reduction in the Pt
layers suggests approximately a factor of 2 reduction in
the average spin Hall ratio of a single Pt/Co/MgO repeat
because the intrinsic SHE of Pt predicts θSH = σ SHρxx [4].
Furthermore, the spin transparency of the Pt/Co inter-
faces should also decrease slightly with the repeat number
due to the slowly decreasing ρxx. Within the Elliot-Yafet
mechanism [42,43], a reduction of resistivity leads to an
increase in the spin-diffusion length of Pt, and thus, spin
backflow [4,19–23] at the Pt/Co interfaces. Note that spin
memory loss [12–16] that arises from interfacial spin-orbit
coupling is negligible at each Pt(2)/Co(0.8) interface in
this work because we measure a small interfacial PMA
energy density (Ks) that corresponds to negligible spin
memory loss [16]. It is also well established that, at an
interface with very weak SOC, the spin memory loss is
not expected if the interface is sharp [12–14,16] or inter-
mixed [44]. Within the Bruno model [45–48], interfacial
spin-orbit coupling closely scales with Ks at interfaces with

a relatively weak interfacial SOC and/or a relatively weak
d-d orbital hybridization (such as Pt/Co interfaces [45]).

In addition, variation of the torque contribution of a
single repeat may also be related to shortening of lDP
of Co for large repeat numbers. When lDP is greater
than the layer thickness of M, the spin current enter-
ing M from Pt cannot fully relax before getting reflected
at the oxide interface. Polarization of the reflected spin
current is usually rotated relative to the incident spin
current [49,50], leading to reduction of the total torque.
As shown in Fig. 3(c), the average saturation magnetiza-
tion for the [Pt(2)/Co(0.8)/MgO(2)]n superlattice reduces
from 1250 emu/cm3 for n = 1 to 900 emu/cm3 for n = 5
and 780 emu/cm3 for n = 10. This would suggest a signif-
icant reduction in the average lDP of Co with increasing
n, if we assume that the lDP of Co scales inversely with
Ms. The evolution of the average Co magnetization with
the repeat number seems to be related to the reduction
of the smoothness of the Pt/Co/MgO repeat. As indi-
cated by the cross-section scanning transmission electron
microscopy image of the [Pt(2)/Co(0.8)/MgO(2)]10 sam-
ple in Fig. 4, the Pt/Co/MgO repeat is fairly smooth for
n = 1 but gets increasingly rough as n increases towards
10. We speculate that the increased roughness could lower
the Curie temperature of the thin 0.8-nm Co layer, and thus,
room-temperature magnetization.

While the exact cause of the resistivity and magnetiza-
tion reduction needs further study, ξ

j
DL of a SCG/M /oxide

superlattice can likely be optimized to increase in propor-
tion to the repeat number, if the repeats can be kept iden-
tical through an improved growth protocol. Alternatively,

FIG. 4. Dark-field cross-
section scanning transmission
electron microscopy image for
the [Pt(2)/Co(0.8)/MgO(2)]10
superlattice, clearly indicating
reduction of smoothness with
increasing repeat number, n.
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this might also be made possible if Pt and Co are replaced
by a short mean-free-path SCG [e.g., Au0.25Pt0.75 [40] or
Pt0.7(MgO)0.3 [3] ] and a magnetic layer with Ms that is
relatively insensitive to adjacent layers (e.g., Fe-Co-B).

IV. ABSENCE OF SIGNIFICANT SOT IN SCG/M
SUPERLATTICES

We also perform HHVR measurements on the Pt/Co
multilayers with no MgO insertion to break the inversion
symmetry. As shown in Table I, simple stacking of Pt/Co
repeats yields only low SOT efficiency because of the can-
celing effect of the spin currents of the two surrounding Pt
layers of Co. The nonzero SOT suggests that the Pt/Co and
Co/Pt interfaces are not perfectly symmetric, with the top
interface contributing a greater SOT. However, this asym-
metry, even for ten repeats, can only contribute a SOT
efficiency that is substantially weaker than that of simple
Pt/Co bilayers. Our finding of minimal SOT in the Pt/Co
superlattice is in sharp contrast to previous reports of giant
SOTs in Co/Pd multilayers [29] and Pt/Co multilayers
[28,30,31,51], but in those works the thermoelectric effect
is overlooked. As we show in Table I, if the ANE is ignored
for our samples, a “giant” value of apparent ξ

j
DL (such as

1.7 for [Pt(2)/Co(0.8)]10) may also be concluded, which
is, however, incorrect.

V. PRACTICAL IMPACT

Finally, we discuss the practical impact of the
[SCG/M /oxide]n superlattice. We first demonstrate that
the spin-orbit material scheme we develop here, a three-
dimensional [SCG/M /oxide]n superlattice, makes it pos-
sible to switch rather thick 3d ferromagnets with strong
perpendicular magnetic anisotropy. As shown in Fig. 5, the
[Pt(2)/Co(0.8)/MgO(2)]n superlattice, which has a total
Co thickness of 8 nm, a giant perpendicular anisotropy
field of Hk = 17.5 kOe, a high coercivity of Hc = 0.6 kOe,
and a moderate magnetization of Ms = 780 emu/cm3, is
deterministically switched by the SOT at a current density
(jc0) of about 2 × 107 A/cm2 within Pt (the corresponding
average current density is ≈1 × 107 A/cm2 for the entire
superlattice). This is in striking contrast to the conventional
SCG/M bilayer scheme, for which a Co layer is unlikely
to be switchable by interfacial SOT before blowout of the

TABLE I. Spin-orbit torque in Pt/Co multilayers, as deter-
mined from out-of-plane HHVR with and without taking into
account the anomalous Nernst effect (ANE).

Materials
ρxx

(μ� cm)
ξ

j
DL

(w/ANE)

ξ
j
DL

(w/o ANE)

Pt(2)/Co(0.8)/Pt(2) 57 −0.03 −0.08
[Pt(2)/Co(0.8)]5 37 −0.04 ± 0.01 −0.44 ± 0.01
[Pt(2)/Co(0.8)]10 34 −0.05 ± 0.06 −1.71 ± 0.06

FIG. 5. Hall resistance of the [Pt(2)/Co(0.8)/MgO(2)]n
superlattice versus total current and current density in the Pt lay-
ers, showing deterministic switching of perpendicular magnetic
anisotropy of Co (total Co thickness = 8 nm, Hk = 17.5 kOe,
Hc = 0.6 kOe, Ms = 780 emu/cm3) by the spin-orbit torque at a
current density of about 2 × 107 A/cm2 within Pt (average current
density of ≈1 × 107 A/cm2 for the entire superlattice). In-plane
bias field of 0.3 kOe is applied along the current direction to over-
come the Dzyaloshinskii-Moriya interaction effect, such that the
spin torque can take effect.

device due to Joule heating when the thickness is sev-
eral nanometers, e.g., 8 nm, and can hardly maintain PMA
when the effective thickness is above 1.5 nm. The ability of
the superlattice to effectively switch a thick magnetic layer
is interesting for spintronic applications, where M has to
be thick to maintain PMA and/or thermal stability when
the lateral size scales down to tens of nanometers.

More quantitatively, the current density for switch-
ing 8-nm Co, in total, of the superlattice is just com-
parable to or even smaller than that of Pt/Co and Pt
alloy/Co bilayers with a Co thickness of about 0.8 nm
[52]. We also recently measured jc0 of 8.2 × 107 A/cm2

for a Pt(2)/Co(1.4) bilayer (annealed to obtain PMA)
[52], predicting 4.7 × 107 A/cm2 for a Pt(2)/Co(0.8)

bilayer, which is more than twofold higher than that
for the [Pt(2)/Co(0.8)/MgO(2)]n superlattice. The cur-
rent switching loop is gradual due to the distribution of
the depinning field (switching field) during field switch-
ing [Fig. 2(c)] and is likely to be an effect of structural
smoothness variation (Fig. 4). Here, we do not attempt
to quantitatively estimate the value of ξ

j
DL by applying

a macrospin or a domain-wall-motion model to current
switching experiments because of a lack of simple cor-
relation between the switching current density and ξ

j
DL of

perpendicularly magnetized SCG/M heterostructures [52].
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More generally, the superlattice has n times greater
ξ

j
DL, and thus, n2 times lower power consumption to gen-

erate a given spin-torque strength than the correspond-
ing SCG/M bilayer with the same total thicknesses for
SCG and M (assuming identical repeats for simplicity).
Compared to a single SCG/M /MgO repeat, the super-
lattice has n times smaller impedance, which makes the
superlattice have a factor of n reduced thermal degrada-
tion, and thus, improved device endurance. The superlat-
tice also has enhanced perpendicular magnetic anisotropy
(e.g., [Pt(2)/Co(0.8)/MgO(2)]n is in-plane magnetized
for n = 1 but perpendicularly magnetized for n = 5 and
10), and thus, thermal stability compared to the single
SCG/M bilayer. The superlattice also provides the possi-
bility to flexibly tune the magnetic parameters (e.g., PMA
and Dzyaloshinskii-Moriya interaction) via the layer thick-
nesses and repeat number. Therefore, such a SCG/M /oxide
superlattice is a particularly advantageous spin-orbit mate-
rial scheme for the development of energy-efficient high-
density high-stability high-endurance spintronic memory
and computing devices.

VI. SUMMARY

We develop a three-dimensional spin-orbit mate-
rial scheme made by stacking of a spin-current-
generator/magnet/oxide superlattice, in which the SOT
efficiency can be remarkably boosted up to and even
above the spin Hall ratio of the SCG. The superlat-
tice scheme, [SCG/M /oxide]n, can have enhanced per-
pendicular magnetic anisotropy, enhanced tunability, and
n2 times lower power consumption to generate a given
spin-torque strength compared with the corresponding
SCG/M bilayer with the same total thicknesses for the
SCG and M. However, in the counterpart of the spin-
current-generator/magnet superlattice with no symmetry-
breaking oxide insertions, the SOT diminishes. The spin-
current-generator/magnet/oxide material scheme, which
we develop in this work, should universally work for
superlattices with the SCG being a spin Hall metal
(not limited to Pt), an orbital Hall metal, a topologi-
cal insulator, and a complex oxide, and with the mag-
net being a ferromagnet, a ferrimagnet, or an antifer-
romagnet. This [SCG/M /oxide]n material scheme might
also benefit from using self-torqued magnetic layers
[8,9,53–58] as the M layer, if the bulk SOT can be engi-
neered to be significant at small thicknesses (still a chal-
lenge) and additive to the interfacial SOT. These results
not only advance the in-depth understanding of spin-orbit-
torque physics in magnetic superlattices but also estab-
lish spin-current SCG/M /oxide superlattices as compelling
building blocks for the development of energy-efficient
high-endurance high-density SOT memory and computing
technologies.
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APPENDIX A: ADDITIONAL SPIN-ORBIT
TORQUE MEASUREMENT DATA

Figure 6 shows the out-of-plane HHVR results for the
[Pt(2)/Co(0.8)/MgO(2)]5 superlattices. The dampinglike-
torque effective field, H DL, of in-plane magnetized
Pt(2)/Co(0.8)/MgO(2) are determined from in-plane
HHVR measurements. As shown in Fig. 7(a), the second
HHVR of an in-plane magnetization is given by

V2ω = (VDL + VANE,Z) cos ϕ + VFL + Oecos ϕ cos 2ϕ,
(A1)

where VDL =−VAHH DL/2(H in+ |Hk|) is the second HHVR
from the dampinglike SOT, VFL is the second HHVR from
the fieldlike SOT and Oersted field torque, VANE,Z is the
anomalous Nernst voltage, and H in is the in-plane bias
field. The slope of VDL versus −VAH/2(H in+ |Hk|) yields
the value of H DL [Fig. 7(b)].

APPENDIX B: ABSENCE OF THE PLANAR HALL
CORRECTION

Next we discuss the absence of the planar Hall cor-
rection. As suggested by Hayashi et al. in 2014 [34], the
planar Hall effect appears to be involved in the out-of-plane

(a) (b)

(c) (d)

FIG. 6. Out-of-plane harmonic Hall voltage response mea-
surement on the [Pt(2)/Co(0.8)/MgO(2)]5 superlattice. (a) First-
harmonic Hall voltage (V1ω) versus out-of-plane magnetic field
(Hz), (b) V1ω versus Hx. (c),(d) Second-harmonic Hall voltage
(V2ω) versus Hx. Red arrow in (c) indicates the anomalous Nernst
voltage induced by the perpendicular thermal gradient. Solid
lines in (b),(d) represent fits of the data to Eqs. (1) and (2),
respectively.
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(a)

(b)

FIG. 7. (a) Second-harmonic Hall voltage response of in-plane
magnetized Pt(2)/Co(0.8)/MgO(2). Red curve refers to the
best fit of the data to Eq. (A1). (b) Linear fit of VDL versus
−VAH/2(H in+ |Hk|), the slope of which yields the value of H DL.
Applied electric field is 66.7 kV/m.

HHVR on samples with PMA and to modify the fieldlike
and dampinglike spin-torque efficiencies as

ξ
j
DL(FL)(with correction)

= (ξ
j
DL(FL) + 2ζ ξ

j
FL(DL))/(1 − 4ζ 2), (B1)

where ζ = VPHE/VAHE, and VPHE and VAHE are the planar
Hall voltage and anomalous Hall voltage, respectively.

However, since the same year, 2014, this so-called
planar Hall correction has been known by researchers,
including the developer of this correction [35–39], to cause
errors. First, this correction leads to infinite estimates
for spin-orbit-torque efficiencies when VPHE/VAHE = 0.5
[see Eq. (A1)]. Experimentally, when VPH/VAH is very
large, this correction leads to unrealistic magnitudes and
even sign reversals for the extracted values of ξ

j
DL, with

large discrepancies compared to other measurement meth-
ods (see Table II for examples of different material sys-
tems).

In contrast, neglecting the correction for the PMA sam-
ples in the out-of-plane HHVR measurements consistently
gives results that are in close accordance with the in-plane
HHVR results from in-plane magnetic anisotropy samples
with the same heavy-metal/ferromagnet components and
similar resistivities and thicknesses (see Table II, Fig. 8,
and Refs. [36,40,41]) and with results from measurements
that do not involve the planar Hall effect (such as optical
Sagnac interferometry [37], domain-wall motion [35], loop
shift, and switching of in-plane spin-orbit-torque magnetic
tunnel junctions [4]). More discussions are reported in
the Supplemental Material of Refs. [16,35,36]. Therefore,
it is experimentally clear that the so-called planar Hall
correction should be avoided.

Therefore, the planar Hall correction is not applied to the
Pt/Co/MgO or Pt/Co superlattices in the main text (Fig. 3
and Table I). The physical mechanism for the absence
of the planar Hall correction in the out-of-plane HHVR
measurements is beyond the scope of our present work,
because it is a long-standing open question for the whole
spintronic community and because it is not specific to the
superlattice samples in this work. We do note that, since
the VPHE/VAHE ratio for samples in this work is 0.13–0.23,
the planar Hall correction, if applied, can only change the

TABLE II. Out-of-plane HHVR results of the PMA heavy-metal/ferromagnet bilayer samples without and with the planar Hall
correction versus the in-plane HHVR results on in-plane magnetized samples with similar heavy-metal resistivities and the same
ferromagnetic layer. PMA results for ξ

j
DL are in good agreement with in-plane HHVR results only if the correction is not applied.

Applying the planar Hall correction gives unrealistic numbers for the fieldlike and/or dampinglike torque efficiencies and alters the
sign of the dampinglike torque of Pd(4)/Co(0.64) and the sign of both dampinglike and fieldlike torques of W(2.5)/Co-Fe-B(1).
These results reveal that the planar Hall correction should be avoided in out-of-plane HHVR results.

PMA sample
without correction

PMA
sample with
correction In-plane sample

PMA sample VPH/VAH ξ
j
DL ξ

j
FL ξ

j
DL ξ

j
FL ξ

j
DL ξ

j
FL Ref.

W(2.2)/Co-Fe-B(1) 0.486 −0.132 −0.064 −3.52 −3.25 . . . . . . [35]
W(2.5)/Co-Fe-B(1) 0.54 −0.15 −0.005 0.93 1.00 . . . . . . [35]
Pt(4)/Co(0.75) 0.31 0.21 −0.049 0.29 0.13 0.19 −0.046 [39]
Pd(4)/Co(0.64) 0.56 0.07 −0.050 −0.1 −0.16 0.06 −0.0002 [36]
Au0.25Pt0.75(4)/Co(0.8) 0.33 0.30 −0.12 0.39 −0.14 0.32 −0.020 [40]
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(a) (b) (c)
[Pt(d)/Hf(0.2)]n/Pt(d)/Co, Ref. [41]Au1-xPtx/Co, Ref. [40]Pd1-xPtx/Co or Fe0.6Co0.2B0.2, Ref. [36]

FIG. 8. Consistence of in-plane HHVR results and out-of-plane HHVR results of dampinglike spin-orbit-torque efficiencies per unit
current density for (a) Pd1−xPtx/(Co or Fe0.6Co0.2B0.2) bilayer with different Pt concentrations in Pd1−xPtx [36], (b) Au1−xPtx/Co
bilayer with different Pt concentrations in Au1−xPtx [40], and (c) [Pt(d)/Hf(0.2)]n/Pt(d)/Co with different thicknesses of each Pt
slide [41]. “IMA” represents the in-plane harmonic Hall voltage response results from in-plane magnetized samples, while “PMA”
represents the out-of-plane harmonic Hall voltage response results from perpendicular magnetic anisotropy samples, with no so-called
planar Hall correction. Clearly, the out-of-plane HHVR results without planar Hall correction are reasonably close to those of the
in-plane HHVR results. Note that, for most PMA samples in (a)–(c), the planar Hall correction leads to unrealistic values for the
dampinglike torque efficiencies.

torque efficiencies by less than 20% and will not affect the
conclusion of this work.
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