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The symmetry of normal metal/ferromagnet bilayers allows spin-orbit torques (SOTs) to simultaneously have
two distinct angular dependences on the magnetization direction m̂. The most well-studied forms of SOT
consist of the conventional fieldlike and dampinglike torques, which we label as “lowest-order” SOT. There are
additional SOT forms associated with spin polarization different from that of the lowest-order SOT, and which
contain an extra factor of m̂-dependence. We label these as “higher-order” SOT. Understanding SOT-driven
magnetization dynamics requires detailed information about the full angular dependence. In this work, we
measure both the lowest-order and higher-order angular dependences of SOTs in three types of bilayer, Pt/Co,
Ta/CoFeB, and W/CoFeB, using harmonic Hall measurement. It is found that the higher-order SOT is negligible
for Pt/Co and Ta/CoFeB, whereas it is dominant over the lowest-order one for W/CoFeB. Macrospin simulations
show that the higher-order SOT can significantly affect magnetization dynamics, which is qualitatively in line
with SOT-induced switching experiments.

I. INTRODUCTION

In-plane current-induced spin-orbit torque (SOT) in nor-
mal metal/ferromagnet bilayers has attracted interest due to its
capability to switch the magnetization [1, 2], to induce mag-
netization oscillation [3], and to move magnetic textures such
as domain walls [4, 5] and skyrmions [6, 7]. This versatility of
SOT has motivated researchers to investigate various origins
of SOT [8–35, 37–53] and to develop SOT-active devices [54–
72].

In normal metal/ferromagnet bilayers with continuous ro-
tation symmetry about the stacking axis, the magnetization-
dependence of the SOT is constrained by symmetry [22, 47,
48]. We can partition the total SOT τ as a sum of two terms
τ 1 and τ 2 with distinct angular dependences [48]:

τ 1 = γ

∞∑
l=0

m2l
z [alp× m̂+ blm̂× (p× m̂)], (1)

τ 2 = γ

∞∑
l=0

m2l
z (m̂ · Ê)[clẑ× m̂+ dlm̂× (ẑ× m̂)].(2)

Here γ is the gyromagnetic ratio, mz = m̂ · ẑ, m̂ is the mag-
netization direction, ẑ is the direction normal to the film plane,
p = ẑ× Ê, Ê is the electric-field direction, and al, bl, cl, and
dl are effective spin-orbit magnetic fields for corresponding
SOT vectors. We note that Eqs. (1) and (2) are equivalent to
SOT equations of Ref. [22] when including all higher-order
terms.
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Note that τ 2 contains an additional factor of m̂ compared
to τ 1, so we refer to τ 2 as “higher-order” SOT, and τ 1 as
“lowest-order” SOT. The lowest-order torque [Eq. (1)] is asso-
ciated with spin polarization in p, which is ŷ for Ê = x̂, and
consists of the conventional dampinglike [∝ blm̂× (p× m̂)]
and fieldlike [∝ alp × m̂] torques. On the other hand, the
higher-order torque [Eq. (2)] is distinct from the lowest-order
one as it is associated with spin polarization in ẑ and is pro-
portional to (m̂ · Ê). Although the higher-order SOT has been
identified in experiments [22, 67] and first-principles calcula-
tion [47], most SOT experiments up to now have been analyzed
based on the lowest-order one. However, the higher-order an-
gular dependence as well as the lowest-order one is important
to understand SOT-driven magnetization dynamics [48, 59].
For instance, an in-plane magnetic field is usually applied in
the direction of Ê for deterministic SOT switching of per-
pendicular magnetization [1]. This in-plane field makes the
(m̂·Ê) term of Eq. (2) non-zero so that the higher-order torque
is active even at the initial stage of SOT switching dynamics.
In this respect, the higher-order SOT must be investigated in
various normal metal/ferromagnet bilayers.

In this work, we measure both the lowest-order and higher-
order angular dependences of SOT in three types of normal
metal/ferromagnet bilayer, Pt/Co, Ta/CoFeB, and W/CoFeB,
using the harmonic Hall measurement [14, 16, 22, 46]. Among
the three bilayers, only W/CoFeB is found to exhibit a signif-
icant higher-order SOT. Macrospin simulations show that the
switching current significantly depends on the higher-order
torque, which is qualitatively consistent with SOT switching
experiments.
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FIG. 1. (color online) (a) A schematic diagram of harmonic Hall measurement. Here IAC is the injected AC current at frequency of 401
Hz, V is the measured Hall voltage, B is the external magnetic field, and θ and ϕ are the polar and azimuthal angles of the magnetization
m̂, respectively. The azimuthal angle ϕ is same for m̂ and B. (b) The first-harmonic signals for Pt/Co, Ta/CoFeB, and W/CoFeB. The
second-harmonic signals of (c) Pt/Co, (d) Ta/CoFeB, and (e) W/CoFeB at |B| = 0.5 T and 1.6 T. In (c)–(e), symbols are experimental results
and red (blue) curves are fitting results with only a0 and b0 (with all of a0, b0, c0, and d0) The polar angles (radians) of the magnetization are:
(c) 0.2844 for |B| = 0.5 T and 0.9704 for |B| = 1.6 T, (d) 0.6530 for |B| = 0.5 T and 1.4624 for |B| = 1.6 T, and (e) 0.6131 for |B| = 0.5 T
and 1.4284 |B| = 1.6 T.

II. EXPERIMENTAL RESULTS

We fabricate three types of sample, Ta (5 nm)/Pt (3 nm)/Co
(1 nm)/CAP, Ta (5 nm)/Co4Fe4B2 (0.9 nm)/CAP, and W (5
nm)/Co4Fe4B2 (1 nm)/CAP, where the CAP is MgO (2 nm)/Ta
(2 nm), using magnetron sputtering at a base pressure of low
10−6 Pa (10−8 Torr). Pt, Ta, W, Co, and CoFeB layers are
deposited at Ar pressure of 0.133 Pa (1 mTorr) and MgO layer
at 0.533 Pa (4 mTorr). The samples are annealed at 350 oC
(Pt/Co, W/CoFeB) or 280 oC (Ta/CoFeB), to achieve perpen-
dicular magnetic anisotropy. The samples are patterned into
Hall bars (Hall cross area of 5 × 5 µm2) by photolithogra-
phy and ion milling. We measure first- and second-harmonic
signals as a function of magnetic field B at various azimuthal
angles ϕ with a lock-in amplifier. The polar angle of the
magnetic field is about 85o. A schematic diagram of the har-
monic Hall measurement is shown in Fig. 1(a). We measure
the saturation magnetization MS, the effective perpendicular
anisotropy field Ban, and the coercivity Bc (see Table I) using
the vibrating sample magnetometer (VSM) (see Fig. 5 in the
Appendix) and the first-harmonic Hall signals. We also mea-
sure resistivities of heavy metal layers [Pt (3 nm), Ta (5 nm), W
(5 nm)] using the four-probe measurement (ρPt = 49µΩ · cm,
ρTa = 176µΩ · cm, ρW = 180µΩ · cm). The resistivities of
Ta and W suggest that they are in the β phase.

In harmonic Hall measurements [14, 16, 22, 46], the first-

harmonic signal represents the equilibrium magnetization di-
rection whereas the second-harmonic signal represents the
perturbative magnetization tilting induced by SOT. The po-
lar angle θ of the magnetization is maintained to be the same
at different azimuthal angles of B by carefully monitoring
the first-harmonic signals. The anomalous Nernst and planar
Hall contributions are corrected from the second-harmonic
signals [22, 46]. The ratio rH of planar Hall resistance to
anomalous Hall resistance for each bilayer is shown in Table I.
We note that the W/CoFeB exhibits the largest planar Hall
effect. We will get back to this in the summary section.

We fit the second-harmonic signals based on the following

TABLE I. Properties of three types of bilayer: Effective perpendicu-
lar anisotropy field (Ban), coercivity (Bc), saturation magnetization
(MS), ratio of planar Hall resistance to anomalous Hall resistance
(rH), and switching efficiencies for single-domain switching (RSD)
and domain-wall switching (RDW).

Ban Bc MS rH RSD RDW

(T) (mT) (kA/m) (×10−11T·m2) (×10−12T·m2)
Pt/Co 1.74 58.55 1228 0.47 3.41 1.16

Ta/CoFeB 0.78 3.25 742 0.23 2.46 0.10
W/CoFeB 0.85 6.84 773 2.85 3.45 0.29
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FIG. 2. (color online) Effective spin-orbit fields BSO as a function of the external magnetic field |B| in the high field regime: (a) Pt/Co, (b)
Ta/CoFeB, and (c) W/CoFeB. (d) Effective spin Hall angles θeff corresponding to a0, b0, c0, and d0 for the three types of bilayer. All error
bars indicate single-standard-deviation uncertainties. The AC current magnitude is 1 mA.

torque equation:

τ

γ
= a0ŷ × m̂+ b0m̂× (ŷ × m̂) (3)

+ (m̂ · x̂)[c0ẑ× m̂+ d0m̂× (ẑ× m̂)].

It is noted that Eq. (3) corresponds to the terms corresponding
to l = 0 of the lowest-order SOT [i.e., Eq. (1); a0 and b0] and
the higher-order SOT [i.e., Eq. (2); c0 and d0]. This choice
minimizes the number of fitting parameters (i.e., a0, b0, c0, and
d0). From Eq. (3), we obtain the following angle-dependent
second-harmonic Hall voltage V fit

2ω for fitting the experimental

result:

V fit
2ω = VAH

A2

A1
(4)

− VPH

(
A2

A1
cos θ sin 2ϕ+

A4

A3
sin θ cosϕ cos 2ϕ

)
,

A1 = 2[Ban cos 2θ +B0 cos(θ − θH)],

A2 = (2b0 + c0 − c0 cos 2θ) cosϕ− 2a0 cos θ sinϕ,

A3 = Ban cos θ +B0 cos θH ,

A4 = −d0 cos θ sin θ + cot θ(a0 + b0 cos θ tanϕ),

where the magnetization m̂ = (cosϕ sin θ, sinϕ sin θ, cos θ),
the external field B = B0(cosϕ sin θH , sinϕ sin θH , cos θH),
and VAH (VPH) is the anomalous (planar) Hall voltage. We
obtain Ban and θH by analyzing the first-harmonic signal with
respect to B0. We note that unconventional SOTs originat-
ing from symmetry breaking [33–36, 38–40] causes an addi-
tional angular dependence of the second-harmonic signal that
is not allowed by the lowest-order SOT [i.e., a0- and b0-related
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terms in Eq. (3)]. However, the additional angular dependence
from unconventional SOTs is clearly different from that of the
higher-order SOTs in this work [i.e., c0- and d0-related terms in
Eq. (3)]. For instance, the lateral symmetry breaking [33–35]
or the time-reversal symmetry breaking using magnetism [38–
40] induces spin currents carrying the z polarization. The
higher-order term in Eq. (3) contains an additional factor of
(m̂ · x̂) as compared to the unconventional SOT originating
from z-spin currents so that they result in clearly different
angular dependences of the second-harmonic Hall signals.

Representative second-harmonic signals as a function of the
azimuthal angle ϕ of B for three types of bilayer are shown
in Fig. 1(b)–(d), where symbols are experimental results. We
fit the experimental results with only a0 and b0 (red curves)
and with all of a0, b0, c0 and d0 (blue curves). At both in-
termediate (|B| = 0.5 T) and high (|B| = 1.6 T) magnetic
fields, the second-harmonic signals of Pt/Co and Ta/CoFeB
are reasonably fitted with only a0 and b0 (i.e., only lowest-
order angular dependence or, equivalently, only conventional
fieldlike and dampinglike torques). In contrast, the second-
harmonic signals of W/CoFeB cannot be fitted with only a0
and b0. On the other hand, when we fit with all of a0, b0, c0
and d0 (blue curves), we obtain a reasonable fitting even for
W/CoFeB. This tendency is found to be valid for full angle
ranges from 0 to 2π (not shown) so that it is not an arti-
fact from possible thermoelectric signals. [73] These results
show that the higher-order angular dependence of SOT (i.e.,
c0 and d0) is strong for W/CoFeB, whereas it is weak for Pt/Co
and Ta/CoFeB. This weak higher-order angular dependence
for Pt/Co and Ta/CoFeB is inconsistent with the results of
Ref. [22]. Moreover, the strong higher-order angular depen-
dence for W/CoFeB is also inconsistent with previous stud-
ies [74, 75] showing that the second-harmonic Hall signals
in W/CoFeB bilayers can be well analyzed by using the con-
ventional SOT model without considering any higher-order
SOT terms. We attribute this inconsistency to the difference
in detailed sample structures, i.e., different thickness, capping
layer, and annealing temperature.

Figure 2 shows the fitting result of the second-harmonic
signal as a function of the external magnetic field |B| in the
high field regime (|B| > 1.2 T). We here focus on the high
field regime to make (ẑ× m̂) large, in order to reliably fit the
coefficients of higher-order SOT, c0 and d0 [see Eq. (3)]. We
plot effective spin-orbit fields BSO, i.e., fitted a0, b0, c0, and
d0. For Pt/Co [Fig. 2(a)] and Ta/CoFeB [Fig. 2(b)], we present
fitting results with only a0 and b0 because they reasonably fit
the second-harmonic signals. For W/CoFeB [Fig. 2(c)], on the
other hand, we present the fitting results with all of a0, b0, c0
and d0. All fitting results of Fig. 2(a)–(c) have relatively small
error bars.

Several features of BSO are as follows: First, b0, which
corresponds to the conventional dampinglike torque, is pos-
itive for the Pt/Co [Fig. 2(a)], whereas it is negative for the
Ta/CoFeB [Fig. 2(b)] and W/CoFeB [Fig. 2(c)]. The sign of
b0 is consistent with the established sign of the spin Hall an-
gle of the normal metal (Pt, Ta, and W). Second, for all three
bilayers, a0 and b0 (or a0, b0, c0, and d0) exhibit some varia-
tions with the external magnetic field |B|, thus the polar angle

θ. This polar-angle dependence suggests that the SOT terms
corresponding to l > 0 of Eqs. (1) and (2) are still effective
even in the high field regime. Third, in case of W/CoFeB, c0
is small but d0 is large and even larger in magnitude than b0.

In Fig. 2(d), we summarize effective spin Hall angles θeff
corresponding to a0, b0, c0, and d0. θeff is calculated from
2eMStFBSO/ℏJ at |B| = 1.74 T, where e is the electron
charge, MS is the saturation magnetization of ferromagnet,
tF is the thickness of ferromagnet, ℏ is the reduced Planck
constant, andJ is the current density flowing through a relevant
heavy metal layer, which is estimated with considering current
distributions due to different resistivities and thicknesses. For
the resistivity, we use measured results for heavy metals (Pt,
Ta , W) and literature values for Co (ρCo = 20µΩ · cm [76])
and for CoFeB (ρCoFeB = 130µΩ · cm [77]). We find that a0
and b0 of W/CoFeB are much larger in magnitude than those
of Pt/Co and Ta/CoFeB. In addition, W/CoFeB exhibits a large
d0, which is a coefficient of a higher-order SOT ∝ (m̂ · x̂)m̂×
(ẑ × m̂). This strong higher-order angular dependence of
SOT for W/CoFeB suggests that the SOT-driven magnetization
dynamics of this bilayer is substantially different from other
two bilayers.

To get insight into how the strong higher-order SOT (i.e.,
d0) affects the magnetization dynamics of W/CoFeB, we carry
out switching experiments with a pulsed current (pulse width
= 100 µs) in the presence of an in-plane field Bx. The switch-
ing polarity is found to be consistent with the sign of b0,
the conventional dampinglike torque (not shown). Figure 3(a)
shows the switching current as a function ofBx for the three bi-
layers. The switching current decreases with Bx for Ta/CoFeB
and W/CoFeB, whereas it is almost constant for Pt/Co because
of its large anisotropy field (Table I). Assuming that only
b0 is non-zero while all of a0, c0, and d0 are zero, a SOT
switching efficiency RSD for the single-domain switching can
be defined as RSD = (Ban −

√
2Bx)MStF/JSW [55] and a

SOT switching efficiency RDW for the domain-wall switching
can be defined as RDW = BcMStF/JSW [52], where JSW
is the switching current density. From the measured JSW at
Bx = 10 mT, we estimate RSD and RDW for the three bilayers
[Fig. 3(b); Table I]. For RDW, which is relevant to the large
sample used in this work, the SOT switching efficiency is the
largest for the Pt/Co and the smallest for the Ta/CoFeB.

It is interesting to observe that the SOT switching efficien-
cies are uncorrelated with b0: The W/CoFeB exhibits a much
larger b0 than the Pt/Co. This indicates that the conventional
dampinglike torque (b0) does not solely determine the switch-
ing current but other torque components also contribute to
the switching current. Considering the conventional fieldlike
SOT (a0) does not improve the correlation. The ratio b0/a0
is similar for W/CoFeB and Ta/CoFeB, but the magnitudes of
a0 and b0 are different by an order of magnitude. Therefore,
if the conventional SOTs (a0 and b0) determine the switching
current, the switching efficiencies of W/CoFeB must be larger
than those of Ta/CoFeB by an order of magnitude. However,
the switching efficiencies do not show such a large difference
[Fig. 3(b); Table I], suggesting that the large positive d0 of
W/CoFeB may increase the switching current density signifi-
cantly. We note that a similar uncorrelation between the effec-
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FIG. 3. (color online) SOT switching experiment: (a) The switching current density as a function of an in-plane field Bx. (b) Switching
efficiencies for the single-domain switching (RSD) and for the domain-wall switching (RDW), which are defined in the main text.

tive spin Hall angles corresponding to the lowest-order SOT
and the SOT switching efficiencies was recently reported [52],
but the role of the higher-order SOT in the uncorrelation was
not investigated.

III. MACROSPIN SIMULATION RESULTS

To understand the effect of higher-order SOT corresponding
to d0 on the magnetization switching, we carry out macrospin
simulations based on the Landau-Lifshitz-Gilbert (LLG) equa-
tion including both the lowest-order and higher-order SOTs:

dm̂

dt
= − γm̂× (Banẑ+Bxx̂) + αm̂× dm̂

dt
(5)

+ γa0ŷ × m̂+ γb0m̂× (ŷ × m̂)

+ γ(m̂ · x̂)[d0m̂× (ẑ× m̂)].

Here, α is the damping constant, a0(b0) =
ℏθeff,a0(b0)J/2eMStF is the lowest-order spin-orbit field,
d0 = ℏθeff,d0J/2eMStF is the higher-order spin-orbit field,
and θeff,i (i = a0, b0, d0) is the effective spin Hall angle
corresponding to each torque component. The higher-order
SOT corresponding to c0 is not included in Eq. (5) because c0
is negligible or much smaller than other torque components
in experiments [Fig. 2(d)].

Figure 4(a) and 4(b) show simulated switching phase dia-
grams as functions of the current densityJ and the higher-order
torque corresponding to θeff,d0

. The color code represents the
mz component while the current is on. As the initial mag-
netization is set along +ẑ, the (light) blue region corresponds
to the switching, whereas the (light) red region corresponds
to the not-switching. Figure 4(a) shows a switching phase di-
agram for θeff,a0

= 0 and θeff,b0 = −0.2 (thus, only b0 and
d0 are non-zero). For a negative θeff,d0

, the switching current
density JSW decreases with |θeff,d0

|. For a positive θeff,d0
, on

the other hand, JSW rapidly increases with θeff,d0
.

This dependence of JSW on the sign of θeff,d0 can be under-
stood as follows. The in-plane magnetic field Bx(> 0) makes
the magnetization tilt towards +x̂ direction [see Fig. 4(c) and
4(d)] so that (m̂ · Ê) is non-zero and the higher-order SOT af-
fects the magnetization dynamics even at the initial time stage.
As the higher-order d0 torque is along m̂ × (ẑ × m̂), it acts
like a spin-transfer torque for a perpendicularly magnetized
spin valve in the current-perpendicular-to-plane geometry. As
a result, the d0 torque acts as an antidamping or additional
damping torque for the z-component of magnetization, de-
pending on the sign of d0. For a positive θeff,d0

, the d0 torque
acts as an additional damping one, so that the switching occurs
when there is no static solution of Eq. (5) for mz > 0, corre-
sponding to the instability condition [55]. Figure 4(c) shows
time evolution of m̂ for this case where the magnetization fol-
lows a simple trajectory with no multiple precessions during
the switching. For a negative θeff,d0

, on the other hand, the d0
torque acts as an antidamping one, so that the switching oc-
curs when the d0 antidamping torque overcomes the intrinsic
damping torque, corresponding to the antidamping condition.
Figure 4(d) shows time evolution of m̂ for this case where
the magnetization undergoes multiple precessions during the
switching.

The analytic expressions for the switching current density
are too complicated to obtain because of the proportional factor
(m̂ · Ê) of d0 torque. Instead, we obtain JSW numerically by
applying the instability (antidamping) condition to Eq. (5) for
θeff,d0 > 0 (θeff,d0 < 0). In Fig. 4(a), yellow and green curves
correspond to the numerically obtained switching boundaries
for the instability and antidamping conditions, respectively,
which are in agreement with the LLG simulation results.

Figure 4(b) shows a switching phase diagram for θeff,a0
=

0.6 and θeff,b0 = −0.2 [thus, as in the experimental result of
W/CoFeB, the conventional fieldlike torque a0 is additionally
non-zero in comparison to Fig. 4(a)]. Even with a non-zero
a0, the switching phase diagram exhibits qualitatively similar
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FIG. 4. (color online) Switching phase diagram as functions of the current density J and the higher-order torque corresponding to d0 (i.e.,
θeff,d0 ) when (a) (θeff,a0 , θeff,b0) = (0.0,−0.2) and (b) (θeff,a0 , θeff,b0) = (0.6,−0.2). For both (a) and (b), θeff,c0 is assumed to be zero.
The color code represents the mz component while the current is on. The (light) blue region corresponds to the switching, whereas the
(light) red region corresponds to the not-switching. Yellow and green curves are the switching current densities obtained from the instability
and antidamping conditions, respectively. Time evolution of m̂ for (c) (θeff,a0 , θeff,b0 , θeff,d0) = (0.0,−0.2, 0.2) and (d) (θeff,a0 , θeff,b0 ,
θeff,d0) = (0.0,−0.2,−0.5). Other parameters: the effective perpendicular magnetic anisotropy field BK = 0.2 T, the external magnetic field
Bx = 10 mT, ferromagnet thickness tF = 1 nm, the gyromagnetic ratio γ = 1.76 × 1011 T−1s−1, the saturation magnetization MS = 103

kA/m, and the damping constant α = 0.1.

features [Fig. 4(b)] and the numerically obtained switching
boundaries for the instability and antidamping conditions also
reproduce the LLG simulation results. One difference from the
switching phase diagram of Fig. 4(a) is that a steady oscillation
occurs near the switching boundaries at a large negative θeff,d0

,
which is indicated by red-blue mixed region in Fig. 4(b). We
also note that the switching boundary for the instability con-
dition [yellow curve in Fig. 4(b)] looks flat at a large current,
but it has a non-zero slope.

The above simulation results show that a negative (positive)
d0/b0 in general increases (decreases) JSW from that expected
without d0 torque. As the W/CoFeB has a negative d0/b0, the
discrepancy between the effective spin Hall angles [θeff,i (i =

a0, b0, c0, d0)] and the SOT switching efficiencies (RSD and
RDW), discussed in the previous section, can be qualitatively
explained by the macrospin simulation results.

IV. SUMMARY

In this work, we measure the lowest-order and higher-order
SOTs of Pt/Co, Ta/CoFeB, and W/CoFeB bilayers, using the
harmonic Hall measurement. A large higher-order SOT (d0) is
observed for the W/CoFeB bilayer. The comparison between
the effective spin Hall angles [θeff,i (i = a0, b0, c0, d0)], esti-
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mated from harmonic Hall measurements, and the SOT switch-
ing efficiencies (RSD andRDW), estimated from switching ex-
periments, implies an important role of the higher-order torque
in the SOT-induced switching dynamics. Macrospin simula-
tion shows that depending on the sign of d0, the higher-order
d0 torque increases or decreases the switching current, which
is qualitatively consistent with experimental results.

Our result suggests that measuring the higher-order torque
is of crucial importance for the performance of SOT devices,
because a positive large d0 makes the switching extremely
difficult whereas a negative d0 reduces the switching cur-
rent. It also demands a further understanding about the phys-
ical origin of higher-order SOTs: What determines the sign
and magnitude of higher-order SOTs? Related to this ques-
tion, an interesting observation in our experiment is that the
W/CoFeB exhibits the largest planar Hall effect among the
three bilayers (Table I). It implies that the higher-order SOT is
possibly related to some mechanisms responsible for the pla-
nar Hall effect. Concerning this possibility, we note that the
higher-order SOT was called the planar-Hall-like torque in a
first-principles study [47] because their angular dependences
are similar. However, the planar Hall effect (or transverse
anisotropic magnetoresistance effect) itself generates spin cur-
rents polarized along the magnetization [27] so that these spin
currents are unable to exert SOTs on the magnetization. In this
respect, the higher-order SOT is different from the planar Hall
torque reported in an experiment [43] where it was argued
that the planar Hall effect of a ferromagnet exerts magnon
torques on the ferromagnet itself. To understand the origin of
higher-order SOT and its possible relation to the planar Hall
effect, further experiments and first-principles calculations of

the higher-order SOT for various materials must be carried
out. Finally, although we ignore the higher-order c0 torque in
our analysis because it is found to be small in the tested bilay-
ers, it may be not small in other bilayers so that SOT-induced
magnetization dynamics must in general be studied in four-
parameter (i.e., a0, b0, c0, d0) space. This four-dimensional
phase space would provide a rich phase diagram and associated
applications based on SOT-active devices.
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APPENDIX

Figures 5(a–c) shows VSM data for three stacks. The mag-
netic dead layer [Figs. 5(d–f)] is taken into account to calculate
the saturation magnetization.
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[7] S. Woo, K. Litzius, B. Krüger, M.-Y. Im, L. Caretta, K. Richter,
M. Mann, A. Krone, R. M. Reeve, M. Weigand, P. Agrawal,
I. Lemesh, M.-A. Mawass, P. Fischer, M. Kläui, and G. S. D.
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Lee, S. Blügel, P. M. Haney, H.-W. Lee, and Y. Mokrousov,
Phys. Rev. Research 2, 033401 (2020).

[50] C. Safranski, J. Z. Sun, J.-W. Xu, and A. D. Kent, Phys. Rev.
Lett. 124, 197204 (2020).

[51] K.-W. Kim and K.-J. Lee, Phys. Rev. Lett. 125, 207205 (2020).
[52] L. Zhu, D. C. Ralph, and R. A. Buhrman, Phys. Rev. Applied

15, 024059 (2021).
[53] E.-S. Park, D. J. Lee, O. J. Lee, B.-C. Min, H. C. Koo, K.-W.

Kim, and K.-J. Lee, Phys. Rev. B 103, 134405 (2021).
[54] S.-W. Lee and K.-J. Lee, Proc. IEEE 104, 1834 (2016).
[55] K.-S. Lee, S.-W. Lee, B.-C. Min, and K.-J. Lee, Appl. Phys.

Lett. 102, 112410 (2013).
[56] K. Garello, C. O. Avci, I. M. Miron, M. Baumgartner, A. Ghosh,

S. Auffret, O. Boulle, G. Gaudin, and P. Gambardella, Appl.
Phys. Lett. 105, 212402 (2014).

[57] K.-S. Lee, S.-W. Lee, B.-C. Min, and K.-J. Lee, Appl. Phys.
Lett. 104, 072413 (2014).

[58] G. Yu, P. Upadhyaya, Y. Fan, J. G. Alzate, W. Jiang, K. L. Wong,
S. Takei, S. A. Bender, L.-T. Chang, Y. Jiang, M. Lang, J. Tang,
Y. Wang, Y. Tserkovnyak, P. K. Amiri, and K. L. Wang, Nat.
Nanotech. 9, 548 (2014).

[59] S.-W. Lee and K.-J. Lee, J. Kor. Phys. Soc. 67, 1848 (2015).
[60] T. Taniguchi, S. Mitani, and M. Hayashi, Phys. Rev. B 92,

024428 (2015).
[61] S. Fukami, C. Zhang, S. DuttaGupta, A. Kurenkov, and H. Ohno,

Nat. Mater. 15, 535 (2016).
[62] Y.-W. Oh, S.-h. C. Baek, Y. M. Kim, H. Y. Lee, K.-D. Lee, C.-G.

Yang, E.-S. Park,. K.-S. Lee, K.-W. Kim, G. Go, J.-R. Jeong,
B.-C. Min, H.-W. Lee, K.-J. Lee, and B.-G. Park, Nat. Nanotech.
11, 878 (2016).

[63] S. Fukami, T. Anekawa, C. Zhang, and H. Ohno, Nat. Nanotech-
nol. 11, 621 (2016).

[64] M. Cubukcu, O. Boulle, N. Mikuszeit, C. Hamelin, T. Brächer,
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