PHYSICAL REVIEW B 100, 214438 (2019)

Elimination of thermoelectric artifacts in the harmonic Hall measurement of spin-orbit torque
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The harmonic Hall measurement is widely used to determine the equivalent field of current-induced spin-orbit
torque in ferromagnet/normal metal bilayers. We report that this method suffers from various thermoelectric
artifacts that have not been considered. We propose and experimentally demonstrate how to eliminate major
thermoelectric artifacts using, namely, the four-direction (4-D) methods interchanging current and field polari-
ties, which allow us to determine the magnitudes and angular dependences of spin-orbit torques more accurately
than a conventional method. The proposed 4-D method will be useful for searching suitable materials for device

applications operated by spin-orbit torques.
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I. INTRODUCTION

The recent discovery of spin-orbit torque (SOT) in ferro-
magnet/normal metal bilayers opens a new route to control
the magnetization [1,2]. The SOT is a torque exerting on a
magnetic layer by a perpendicular spin current converted from
an in-plane charge current through the spin-orbit coupling
thereby offering a write scheme for three-terminal spintronic
devices operated by an in-plane charge current. The use of
an in-plane current provides various advantages as compared
to the use of a perpendicular charge current that is essential
for the writing scheme based on conventional spin-transfer
torques [3]. The SOT allows deterministic switching of an
in-plane magnetization [2] as well as a perpendicular mag-
netization (when an external or effective field is applied [1,4—
9] or the spin current carries the out-of-plane spin polarization
[10-12]). It also efficiently moves ferromagnetic [13—15] and
ferrimagnetic [16-18] domain walls and skyrmions [19-22].
Because of this widespread applicability, the SOT study has
become an important research field in the spintronics.

For the SOT studies and SOT-active device applications,
it is important to accurately quantify the SOT or the spin
Hall angle, the ratio of a spin current density to a charge
current density. Several methods have been proposed and
used; including the spin-torque ferromagnetic resonance [23],
the harmonic Hall voltage measurement [24-27], the domain-
wall measurement [28], the magneto-optical Kerr measure-
ment [29], and the current-induced hysteresis loop shift [30].
Among them, the harmonic Hall method is most widely used
because it allows to separately quantify two mutually orthog-
onal components of SOT, i.e., dampinglike and fieldlike ones
[25], and their angular dependences [26]. Separate determina-
tion of dampinglike and fieldlike SOTs is important because
not only the dampinglike torque, but also the fieldlike torque
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is crucial for magnetization switching dynamics [31-37]. It is
also important to measure the angular dependence of SOT as
it provides a clue for the microscopic mechanism of SOT [38]
and affects the SOT efficiencies [39]. Although it is widely
used, the accuracy of this method is known to be influenced
by several effects, such as the anomalous Nernst effect [26] or
higher-order anisotropy [40]. Therefore, a careful elimination
of signals unrelated to the SOT in the harmonic Hall measure-
ment is essential to characterize the SOT.

The Hall voltage measurement usually contains several
artifacts originating from the thermoelectric effect because an
electrical current injected into a Hall bar structure generates
a temperature gradient in an uncontrollable way [41]. Possi-
ble sources of such a temperature gradient include current-
induced Joule heating and Peltier effects. It is usually uneasy
to experimentally measure temperature gradients caused by
Joule heating or the Peltier effect.

For determining the SOT, both first- and second-harmonic
signals with respect to an ac current must be measured as
the first-harmonic signal gives information of the equilibrium
magnetization direction whereas the second-harmonic signal
describes a SOT-induced small tilting of magnetization from
the equilibrium direction. For the conventional Hall mea-
surement where no SOT contribution is involved, a way to
eliminate these artifacts from the first-harmonic Hall signal is
to use the sign dependence of Hall and thermoelectric effects
with respect to the directions of current and magnetic field
[41]. In this paper, we expand this method to the second-
harmonic Hall signal, directly related to the SOT, and show
that some thermoelectric artifacts can be properly eliminated
using so-called four-direction (4-D) method explained below.

II. THERMOELECTRIC ARTIFACTS IN THE HARMONIC
HALL VOLTAGES

We first discuss thermoelectric artifacts in the conventional
Hall voltages in which no SOT contribution is involved.

©2019 American Physical Society
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TABLE I. The signs of the current and the field for four first-
harmonic voltages (V,'“, V,)*, V}'*, and V,'®). Corresponding signs
of Hall voltage (Vj) and other thermoelectric voltages.

Current Field Hall Thermoelectric artifacts
Vv 1 B Vi Vv Vs Ve Vr Vo
yle + + + + + + + +
yle - + - + + - + +
A + - - - + - - 4+
Ve - - + -+ + - 4+

It is known that a normal (first-harmonic) Hall voltage (V)
contains several artifacts, such as Seebeck (Vy), Nernst (Vy),
Ettingshaussen (Vg), Righi-Leduc effects (Vz), as well as
misalignment (V),) and Ohmic offset (V) [41]. These artifacts
can be eliminated by considering the current and magnetic-
field symmetry because each voltage has a different sign
dependence on the current and field directions as summarized
in Table I. For example, the Seebeck signal (Vy) does not
depend on the sign of current or field whereas the sign of
the Nernst signal (Vy) follows the sign of field. Among the
artifacts, Vi, Vg, and Vj are artifacts influenced by the vertical
component of the external magnetic-field (H;) and magneti-
zation (M;). When we apply in-plane magnetic-fields (H, or
H,) to perpendicularly magnetized samples, the magnetization
is tilted toward the magnetic fields but does not fully align
with the magnetic field. The essence of the proposed method
relies on the sign dependence of an artifact with respect to
the signs of current and magnetization because some artifacts
are eliminated by adding or subtracting four harmonic signals
obtained from different polarities of current and magneti-
zation. Reversing the direction of external field accordingly
reverses the direction of magnetization as well. In this respect,
the overall sign, not the exact direction, of magnetization is
important, and, thus, the misalignment between the magnetic
field and the magnetization does not alter the main conclusion
of this paper. This argument does not work for small field
ranges where the second harmonic signals exhibit a hysteresis
loop. As we will show below, however, artifacts related to the
hysteresis loop can be eliminated in our method.

We determine the anomalous Hall voltage (Vip) with
changing the polarities of the current and the magnetic
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field. The signs of current and field corresponding to V;!¢
(i = 1-4) are given in Table I. We note that, in ferromagnets,
the Hall (V) and Nernst (Vi) signals are accompanied by the
anomalous Hall (V44) and anomalous Nernst signal (VANg)-
Using the sign dependence of thermoelectric artifacts in
Table I, one finds the following relation for four Hall voltages
measured with four different sign combinations of the current
and field,

vie —vje —vle pvle —avy +4vy +4ve. (D)

Equation (1) allows us to determine V4 as Vg can be
readily subtracted, and Vg is usually negligible [41].

The above-listed thermoelectric voltages also affect the
second-harmonic Hall voltage that determines SOT. For a
coordinate system shown in Fig. 1(a), the SOT, Ngor is
described as

Nsor =aM x (M x y) +b(M x y), ()

where M is the unit vector along the magnetization, y is the
unit vector perpendicular to both directions of the current-flow
direction (x) and film normal (z), and coefficients a and b
are the magnitudes of dampinglike torque (DLT) and fieldlike
torque (FLT), respectively. Two independent measurements
with different field angles are required to measure a and b
[25]; the DLT (FLT) component a (b) is measured with an
external field Hey applied in the x direction (y direction).
The second-harmonic voltage changes its sign depending on
the field sign due to the symmetry given in Eq. (2). The
directions of DLT and FLT effective fields are in the direc-
tions along (M x y) and y, respectively. Therefore, when the
field direction is reversed (i.e., M is reversed accordingly),
the second-harmonic signal for the dampinglike component
(VpLr) changes its sign whereas that for the fieldlike com-
ponent (Vgrr) does not change. As a result, one can con-
struct the sign relation of the second-harmonic signal with
respect to the signs of current and field for DLT and FLT
configurations (see Table II). In Appendix A, we summa-
rize explicit functional forms of electric Hall voltages (i.e.,
anomalous Hall and planar Hall voltages) and electric longi-
tudinal voltage originating from a misalignment of Hall cross
area. In Appendix B, we summarize explicit functional forms
of established thermoelectric effects (i.e., anomalous Nernst
effect and planar Nernst effect). In Appendix C, we present
macrospin simulation results for artifacts originating from the

(b)

10um

FIG. 1. (a) A schematic of the device geometry and the coordinate system. (b) A scanning electron microscopy image of the Hall device.
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TABLE II. The signs of the current and the field for four second-
harmonic voltages (V*, V2, V2, and V*). Corresponding signs
of Hall voltages for the DLT (Vprr) geometry, FLT (Vg r) geometry,
and other thermoelectric effects.

Current Field Hey | X Heyy Thermoelectric artifacts
Vﬁ"’ 1 B Vor Verr W Vs Ve v Vo
Vlz“’ + + + + + + + + +
Vi — + + + - + - + +
Ve + - - + - 4+ - - +
v - — - + + + + - +

misalignment and thermoelectric effects and discuss which
artifacts are eliminated in our 4-D method and which are not.

We determine the magnitude of SOTs with changing the
polarities of the current and magnetic field. From Table II, we
find the following relations:

DLT geometry (Hey || X) : V¥ + V¥ — V2 — V2
= 4Vprr + 4Vi, 3)

FLT geometry (Hey || ¥) : V22 + V22 + VI° + V2@
= 4V 1 + 4Vs + 4Vp. )

Using Eq. (3), one can determine Vpi1 because the Righi-
Leduc signal (Vg) is the second-order effect of a thermal
current and, thus, negligible. Using Eq. (4), one can determine
VeLr because the Seebeck signal (Vs) and Ohmic offset (Vp)
give a constant offset to the second-harmonic signals as we
will show in Sec. III.

III. EXPERIMENTAL RESULTS

We prepared two types of sample, Ta (5 nm)/ Pt (3 nm)/
Co (0.6 nm)/ MgO (2 nm)/ Ta (2 nm) and Ta (5 nm)/
Co4FesB, (1 nm)/ MgO (2 nm)/ Ta (2 nm) using the mag-
netron sputtering system at a base pressure of low 1078 Torr.
We deposit Ta and Pt layers at an Ar pressure of 3 mTorr,

(@) -
4r —o—[=+15mA
e—/=-1.5mA
2
S
é 0
§>I
-2
4

9 6 3 0 3 6 9
Magnetic field(T)

Co and CoFeB layers at 1 mTorr, and a MgO layer at 4
mTorr. The equilibrium magnetization direction of Co or the
CoFeB layer is perpendicular to the film plane because it is
thin. We then patterned the samples into Hall bars (Hall cross
area of 5 x 5 um?) by ion milling and photolithography. We
measure the first- and second-harmonic signals as a function
of magnetic field in DLT and FLT geometries with a lock-in
amplifier. We changed the current sign by interchanging the
current probes while keeping the voltage probe contacts un-
changed (see Appendix D for details on changing the current

direction).
We first measured harmonic Hall voltages for
Ta/Pt/Co/MgO structure. Figure 2(a) shows magnetic-

field-dependent first harmonic signal V¥ at ac currents of
+1.5 and of —1.5 mA, respectively. With increasing the
field, the magnetization of Co is tilted from the film normal
to the plane. As a result, the absolute value of VA, mainly
governed by the anomalous Hall effect (AHE) of a Co layer,
gradually decreases with increasing the field. On top of this
AHE-related signal, we also observe a large offset whose sign
depends on the current sign. Figure 2(b) shows the corrected
first-harmonic signal obtained from the average of four signals
(v, vj)®, V]® and V' defined in Table I) according to
Eq. (1). The corrected first-harmonic signal does not involve
the current-dependent offset shown in Fig. 2(a). As explained
for Eq. (1), Vi would still remain in the corrected signal but
is presumed to be small because the Ettingshaussen effect is
much smaller than the AHE.

Figure 3 shows the results of the second-harmonic sig-
nal Vﬁ’” for the DLT geometry (Hey || xX). We observe the
hysteresis loop near the zero field for both current polarities
[Fig. 3(a)]. This hysteresis loop is consistent with that ex-
pected from the anomalous Nernst effect (ANE) as already
addressed in Ref. [26]. On top of this ANE-induced hys-
teresis, we observe that the slope of V7% with respect to
the external field is slightly different for ac currents with
different polarities. This difference indicates that thermo-
electric artifacts are involved in V3* data measured for a
given current and polarity. Figure 3(b) shows the corrected
second-harmonic signal obtained from the average of four

(b) 4

—o— (V-V-V

172 3+V4)/4

9 6 3 0 3 6 9
Magnetic field(T)

FIG. 2. Ta/Pt/Co/MgO structure: (a) Raw first-harmonic voltages (V,i*) versus the external magnetic field at injected ac currents of [ =
+1.5 and of I = —1.5mA. (b) Corrected first-harmonic voltages using Eq. (1).

214438-3



PARK, LEE, MIN, AND LEE PHYSICAL REVIEW B 100, 214438 (2019)

-0.2
(a)04 I=+1.5 mA (b)06
-0.4f ——r=om T (VYY)
—=15mA ( 1 2°V3 4)
-0.6}
/-\'0.8 [
>
2-1.0}
3
QI L
1.2
1.4}
-1.6}
-1.8}
9 6 3 0 3 6 9 9 6 3 0 3 6 9
Magnetic field (T) Magnetic field (T)
FIG. 3. Ta/Pt/Co/MgO structure: The second-harmonic signals for the DLT geometry (Bey || Xx). (a) Raw second-harmonic voltages (V,_%”’)
versus the external magnetic field at injected ac currents of / = +1.5mA and of / = —1.5mA. (b) Corrected second-harmonic voltages using
Eq. (3).

signals (V2¢, V@, V32‘“, and V¢ defined in Table II) ac- eliminated in the data of Fig. 3(b). Given that the Righi-
cording to Eq. (3). The corrected second-harmonic signal ~ Leduc effect is usually much smaller than the AHE, we
does not involve the ANE-induced hysteresis. According  conclude that this method is largely free from thermoelectric
to Eq. (3), thermoelectric artifacts other than Vi are also artifacts.

(a) 03— ——— (b) -0.5 ———— ————

—=—/=+1.5mA ——/=-1.5mA

250 3 6 9 9 6 3 0 3 6
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FIG. 4. Ta/Pt/Co/MgO structure: The second-harmonic signals for the FLT geometry (Bey || ¥). Raw second-harmonic voltages (V,f‘”)
versus the external magnetic field at an injected ac current of (a) / = +1.5mA and of (b) / = —1.5mA. (c) Corrected second-harmonic
voltages using Eq. (4). Here, the blue symbols are obtained from the field (polar) angle of 81.5°, whereas the red symbols are obtained from
the field (polar) angle of 91.5°. A constant offset AV is indicated. (d) Fully corrected second-harmonic voltages by subtracting AV from the
results shown in (c) (field angle = 81.5°).

214438-4



ELIMINATION OF THERMOELECTRIC ARTIFACTS IN ...

PHYSICAL REVIEW B 100, 214438 (2019)

—
Q
N

o

N
o

= Corrected

o (+) current, (+) field \
4 (=) current, (+) field %@
-60} (+) current, (-) field S

¢ (-) current, (-) field

1020 30 40
Magnetization angle (°)

Damping-like effective field (Oe)
A
o

o

50

—
O
~

6 = Corrected
o (+)current, (+) field
9 60 . (+) current, (-) field A
o @ (=) current, (+) field
Q@ (-) current, (-) field
=
2 40} -
g
=
()
rgg 20} 1
5
0
Ll_ 0 A A Il I

40
Magnetization angle (°)

FIG. 5. Ta/Pt/Co/MgO structure: Angular dependence of (a) dampinglike and (b) fieldlike SOT effective fields. For each panel, one

corrected and four uncorrected data are compared.

Figure 4 shows the second-harmonic signals for the FLT
geometry (Hey || ¥). The ANE-induced hysteresis loops are
also observed [Figs. 4(a) and 4(b)]. On top of this hysteresis,
we observe a large offset that is dependent on the current
polarity. We also observe that the slope of V3" with respect
to the external field is apparently different for the signs
of current and field. The blue symbols in Fig. 4(c) are the
corrected second-harmonic signals obtained from the average
of four signals (Vlz“’, sz"’, V32“’, and V42"’ defined in Table II)
according to Eq. (4). The corrected second-harmonic signal
does not involve the ANE-induced hysteresis but shows an
offset indicated by AV. According to Eq. (4), the corrected
second-harmonic signals for the FLT geometry contain
Seebeck signal (Vs) and Ohmic offset (V). To check whether
or not AV is dependent on the magnetization direction, we
repeated the same second-harmonic Hall measurements for
the FLT geometry with a different field angle. In Fig. 4(c), the
blue symbols are obtained from the field (polar) angle of 81.5°
whereas the red symbols are obtained from the field (polar)
angle of 91.5°. They show th,“) of the opposite signs because
out-of-plane components of the field are the opposite in these
two cases. The magnitudes of V¥ are also different because
the field angles measured from the film plane are different
(8.5° for the former and —1.5° for the latter). We observe,
however, that the offset AV is independent of the field angle,
meaning that AV is unrelated to the magnetization oscillation
driven by SOT. Therefore, we subtract this AV from the
corrected signal to obtain V3* relevant to SOT [Fig. 4(d)].

Results in Figs. 3 and 4 show that thermoelectric artifacts in
V3" are non-negligible. In order to directly demonstrate their
effects on the estimation of SOT, we calculate dampinglike
[Fig. 5(a)] and fieldlike [Fig. 5(b)] effective fields from the
corrected V,i* and V;7%, following the procedure in Ref. [26]
with considering the planar Hall effect and the field angle.
For comparison, we also include dampinglike and fieldlike
effective fields calculated from uncorrected V4 and V¥ for
a given current polarity. We remove a constant offset and

ANE for the uncorrected data as performed in Ref. [26]. The
effective fields for the polar angle of magnetization larger than
10° are shown because the second-harmonic Hall signals are
too noisy to get meaningful values for the angle below 10°.
We find that the uncorrected harmonic signals give apparently
different SOT effective fields from the corrected ones not only
in the magnitude, but also in the angular dependence. For the
sample we measure, the largest difference of SOT effective
fields reaches about 100%, thus, a difference by a factor of 2.
These values mean that we should consider thermal artifacts.
Otherwise, the final results with thermal artifacts will be over-
or underestimated.

We also apply the 4-D method to another structure
Ta/CoFeB/MgO to check whether or not the large artifacts
observed in the Pt/Co/MgO trilayer is specific to a structure.
As shown in Fig. 6, the asymmetry of the second-harmonic
signals in the Ta/CoFeB/MgO structure is also visible, which
eventually affects the evaluation of the effective SOT field.
Therefore, the asymmetry is not specific to a structure but can
appear in any Hall bar measurements.

IV. SUMMARY

In this paper, we propose the four-direction measurement
that shows an improved accuracy for the estimation of the
dampinglike and fieldlike SOTs. This improvement is caused
by the fact that a nominally measured Hall signal can be
influenced by thermoelectric effects and misalignment of the
Hall cross. It turns out that the second-harmonic signals
corresponding to the SOT are affected by these artifacts. We
have shown that those effects, which deteriorate a correct Hall
measurement of SOT, can be, at least, partially eliminated by
considering the current and field symmetry. The elimination of
artifacts provides an improved estimation the magnitude and
angular dependence of SOT. Our result shows that a careful
elimination of signals unrelated to the SOT in the harmonic
Hall measurement is essential to characterize the SOT.
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FIG. 6. Comparison of the 4-D measurement and conventional measurement (Ref. [26]) for a Ta/CoFeB/MgO structure. Raw second-
harmonic signals for (a) the DLT geometry and (b) FLT geometry. (c) Uncorrected V,f‘” (red symbols) that only ANE is removed and corrected
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SOT effective fields. For each panel, one corrected (black symbols) and two uncorrected data are compared. The red symbols are obtained
from +M, data (positive magnetic-field region) and green symbols are obtained from —M, data (negative magnetic-field region).

214438-6



ELIMINATION OF THERMOELECTRIC ARTIFACTS IN ...

PHYSICAL REVIEW B 100, 214438 (2019)

ACKNOWLEDGMENTS

This work was supported by the KIST Institutional Pro-
gram (Project No. 2V05750) and the National Research Foun-
dation of Korea (NRF) (Grants No. 2015M3D1A 1070465 and
No. 2017R1A2B2006119).

APPENDIX A: HARMONIC HALL VOLTAGE

When a current flows in the x direction in a structure with
magnetization, the voltage in the y direction can arise due to
the AHE and the planar Hall effect (PHE). These two effects
are defined as

Van = Ragm x J,
Veu = Rpym - (J - m),

where m = (m,, my, m;) is the unit vector along the magne-
tization, J = (Jy, 0, 0)is the electric current, Ry is the AHE
resistance, and Rpy is the PHE resistance. The net voltage is
expressed as the sum of the two voltages,

(AD)
(A2)

Vot =Van +Veu =Jo (RPHmi, Ragm; + Rpgm,my,

— RAHmy + RPmemz)~ (A3)

Each component of Eq. (A3) describes three vector com-
ponents of the induced net voltage: a longitudinal voltage
generated in the current direction (V,,), a Hall voltage gen-
erated in the transverse direction to the current (V,,), and a
voltage generated in the normal direction to current (V,,). We
note that when the Hall cross or Hall voltage contacts are
misaligned, the second-harmonic Hall voltage (V) measures
not only V,,, but also V,,, which is usually uncontrollable in
experiment and, thus, is a source of artifacts. In this case, the
actual voltage measured across the Hall cross is the sum of the
first and second components of Eq. (A3),

Vineas = JO[(RAHmz + RPmemy) + S(RPHmyzc)]’

where £ describes the degree of misalignment, which may
vary from sample to sample.

When an ac current flows in the x direction, the mag-
netization oscillates around its equilibrium direction and is
described as dm = Jo(émy, dm,, ém;). Replacing m to m +
om in Egs. (A1) and (A2), we obtain

(A4)

Vineas = JO[(RAHm(z) + RPngmB) + &RpH (m)(z)z]
+J5 [Rarrdm + Rppy (8mym) + Sm.my))

+ 26 Rpydmm?], (A5)

where m? is the ith component of the equilibrium magnetiza-
tion. In Eq. (AS), the first term (proportional to Jy) is the first-
harmonic voltage VJ* and the second term (proportional to
J3) is the second-harmonic voltage V7. The second-harmonic
voltage can be further separated for the field geometry: DLT
and FLT geometries, given as

Vi = Jo[(Ranm + Reymm®) + ERprr (m2)’], (A6)
Voo P = J§[(Randm; + Rpydmym?) + 2& (Rpydm,m?)],
(A7)

20, FLT _ Jg [RAHsz + RPHSmme]‘ (A8)

meas

APPENDIX B: THERMOELECTRIC HALL VOLTAGE

When the system has a temperature gradient (VT'), the
thermoelectric effect can occur. Here, we summarize how
thermoelectric effects affect the Hall voltage in the presence
of the ANE and PNE.

We assume that the temperature has a gradient in the
x and z directions. We also assume that the magnitude of
the temperature gradient is proportional to J; (i.e., Peltier
or Thomson effect) or Jg (i.e., Joule heating). With these
assumptions, we define VT as

VT = (Tudo + TJg. 0, Tudo + TiaJg). (B1)

where T;; means a temperature gradient coefficient which is
settled in the i direction and is proportional to J&. VT can be
coupled with the magnetization, creating a voltage through as
ANE and PNE, given as

VAN = RANm X VT, (BZ)
Ven = Rpuy(m - VT)m, (B3)
yihermo — vy + Vey, (B4)

where R4y is the ANE resistance and Rpy is the PNE re-
sistance. Following the same procedure in Appendix A, we
obtain

total

Vthermo — th)l?ermn + SV;)l:ermo, (BS)

V;;ermo = (Raym; + Rpymemy) (T Jo + szlg)
+ (Rpymym, — paymy) (T Jo + 71"2](?)7 (B6)

Ve = (Rpymy) (Tado + TaJg)
+ (Rapgmy + Rpymum.) (T Jo + Todg).  (B7)

From Egs. (B5)-(B7), we obtain the first-harmonic and
second-harmonic voltages of the thermoelectric effect. As-

suming that the thermoelectric effect on V. is negligible,

the contributions of the thermoelectric effects to the second-
harmonic voltage are given as

thermo
V2a), total

— Vthl?)ermO(E]) + Vzt(tl)ermO(]—;(z)
4 VztgermO(Tzl) 4 V;B)ermo(EZ)v (B8)

0 0
yjhemo () — J2T,, [RANBmZ + Rpy (8mym? + (Smxm_\,)]’

+2& (RpynSm,m?)
(B9)
VAR (T, ) = JaToo[Ranm? + Ronmm® + & Rpyy (m0)*]
(B10)
Vi ™ (1)
—Run8my + Rpy (8m,m® + 8m,m?®
=RTa| (o £ om) | g
+2& [RANc‘Smy + Rpn (SmZmX + 8mxmz)]
Vynemo(T0) = Jg Ez[(_RANmS + RPngm?)

+&(Ravm® + Rpym?m?)].  (B12)
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FIG. 7. Macrospin simulation of the second-harmonic signals induced by dampinglike SOT (DLT: black curve) and other thermoelectric
effects (red, green, blue, and magenta symbols). (a) Hall voltage (V,,) and (b) longitudinal voltage (V,,), which contaminates the Hall signal
due to the misalignment. 7 means a temperature gradient in the i direction, induced by the kth order of an injected ac current.

APPENDIX C: MACROSPIN SIMULATION

We carry out macrospin simulation based on the Landau-
Lifshitz-Gilbert equation including DLT and FLT,

m=—ymxH+amxm+yc;prm Xy

+ycjprm x (m x y), (CD)
where Cj FLT(DLT) = he;g%?)], 9FLT(DLT) is the effective spin
Hall angle for FLT (DLT), J = Jo + TyJ§, M; is the sat-
uration magnetization, and ¢, is the thickness of ferro-
magnetic layer. The following parameters are used; M, =
1000 emu/cm?, y = 1.76 x 107 (Oe s)~!, the perpendicular
anisotropy field Hx = 5000 Oe, the Gilbert damping « =

(a) FLT case(V,,)

. —soT —sot
8 1L —— Ty L Te
N f
Eo
=
&z
-1
. —SOT —SOoT
8 1L — Ty } P T
N % AN
: VAN
5 0 X
2 Vo /

1 F |9

R 0 1 1 0 1
Magnetic field (T) Magnetic field (T)

0.1, Bprr = 0.1, 6prr = 0.1, the polar angle of the applied
magnetic-field 0y = 86°, Ty = 0.3,andJy =1 x 107A/cm2.

The simulation results are summarized in Figs. 7 and 8.
From these results, one identifies which artifacts are elimi-
nated but which are not by adding or subtracting the second-
harmonic signals obtained with changing the magnetic-field
polarity. Whether or not it is eliminated can be judged by
comparing the symmetry of signals with respect to the sign
reversal of the magnetic field. When an artifact has the same
(different) symmetry with that of the SOT-induced Hall signal,
it can (cannot) be eliminated.

Figure 7 is for the DLT geometry. For the Hall voltage
(Viy) [Fig. 7(a)] not only the SOT signal, but also all other
thermoelectric artifacts (7, T2, T;1, and T};) change their

(b) FLT case(V,,)

. ——sot —sot
8 1+ —Tx1 [ Tx2
N
©
€ o
e
£
N —soT | [—soT
g 1r —Tx =Ty,

N
©
Eo
o)
=

SX1 _—
>

-1 0 1 -1 0 1

Magnetic field (T) Magnetic field (T)

FIG. 8. Macrospin simulation of the second-harmonic signals induced by fieldlike SOT (FLT: black curve) and other thermoelectric effects
(red, green, blue, and magenta symbols). (a) Hall voltage (V,,) and (b) longitudinal voltage (V.,), which contaminates Hall signal due to
misalignment. 7j; means a temperature gradient in the i direction, induced by the kth order of an injected ac current.
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FIG. 9. Comparison of two methods for the change in the polarity of ac current (Ta/CoFeB/MgO). Black symbols (V};) are the reference
data, red symbols (v;;h”“) are obtained by changing the phase of the ac current by 7, and green symbols (V;5~) are obtained by interchanging
the source and ground in the current channel. (a) First-harmonic signal with an arbitrary offset. (b) Second-harmonic signal for ¢ = 0° where
the offsets are removed. (c) Second-harmonic signal for ¢ = 0° with an arbitrary offset. (d) Second-harmonic signal for ¢ = 90° where the

offsets are removed.

signs with respect to the sign reversal of the magnetic field
(i.e., all signals are center of symmetric). As a result, no
artifact is eliminated by the field-polarity change. For the
longitudinal voltage (V) [Fig. 7(b)], on the other hand, all
SOT and thermoelectric signals are not center of symmetric
but mirror symmetric with respect to the magnetic field.
Therefore, these artifacts originating from misalignment are
completed eliminated by the field-polarity change.

Figure 8 is for the FLT geometry. For the Hall voltage
(Vyy) [Fig. 8(a)], the SOT signal is mirror symmetric. Among
thermoelectric signals, ones due to 7;; and T, are also mirror
symmetric so that they are not eliminated by the field-polarity
change. However, thermoelectric signals due to 7, and T}; are
not mirror symmetric but center of symmetric so that they are
eliminated by the field-polarity change. For the longitudinal
voltage (V) [Fig. 8(b)], only contributions from 7;; and 7,
could be non-negligible. Using the symmetry comparison, one
finds that thermoelectric signals due to 7,,(7;;) can (cannot)
be eliminated by the field-polarity change.

Therefore, when focusing on the field-polarity change,
some artifacts (even not all), which are not eliminated in
the conventional method, are eliminated by the method pro-
posed in this paper. We note that we consider not only the
field-polarity change, but also the current-polarity change
in this paper. The latter current-polarity change additionally
eliminates artifact(s) as shown in Appendix D. Even though
our proposed method cannot eliminate all artifacts due to
symmetry, it is still meaningful for SOT studies. The reason
is that various artifacts appear in uncontrollable ways and our
method eliminates some of them, which was not possible in
the conventional method.

APPENDIX D: CHANGE CURRENT POLARITY

To change the polarity of the ac current, we tested two
different methods. One is to change the phase of the ac current
by 7, and the other is to exchange the source and ground of
the current channel (i.e., interchanging two current contacts).

214438-9
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If there are no other effects, these two methods must give
identical results. However, we found that it is not the case as
described below in detail.

Figure 9 shows the first-harmonic signals; Vhl,‘” is the ref-
erence data, Vprlf;e is obtained by changing the phase of ac

current by m, and Vg’lg is obtained by changing the source

and ground of the current channel. Comparing to VJ®, the

signs of both Vf‘;f’ff and V;; 9 are reversed as expected.
Figure 9(b) shows the second-harmonic signals for the DLT
geometry (H || current direction). Figure 9(c) is the same as
Fig. 9(b) but with offsets for clarity. We observe that Vﬁ?;;e is
identical to V,_%‘”, which is caused by the way that the lock-in
amplifier reads the second-harmonic signal. For an ac current
I = Ip sin(wt 4 @), where ¢ is a phase, the phase-sensitive
detector of lock-in amplifier reads the nth harmonic signal
as Iy sin[n(wt + )] [42]. Therefore, the second-harmonic
signal with ¢ = 7 is IZ[2(w 4 )] — I3 sin(Qwt), which is
identical to the second-harmonic signal with ¢ = 0. On the
other hand, we observe that Vhs,_zg is evidently different from

V3®. As the second-harmonic signals originating from SOT

must not vary with the current sign, this difference implies
that some artifacts contained in Vﬁ“’ depend on the contracts
of current source and ground. Similar trends are also observed
for the FLT geometry [H perpendicular to current direction,
Fig. 9(d)].

A previously identified artifact in V3¢ is caused by the
ANE [26], resulting in a hysteresis loop in the second-
harmonic signal. We note that this loop reverses its sign in
V,f’_zg as compared to V3¢ [Fig. 9(c)]. As the ANE corre-
sponding to the hysteresis loop originates from a tempera-
ture gradient VT, along the current-flow direction, the sign
reversal of hysteresis loop in Vlf_zg means that the sign of
VT, also reverses as the contacts of current source and ground
are exchanged. We emphasize that this artifact is completely
removed by the four-direction method without using the cor-
rection suggested in Ref. [26]. This means that the differ-
ences between Vﬁ“’ and V[i_zg indeed, come from artifacts,
which can be eliminated by the four-direction method. This
is an example that the current-polarity change additionally
eliminates a thermoelectric artifact from the second-harmonic
signal.
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