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Spin-orbit torque (SOT) offers efficient magnetization control using spin currents generated by the spin Hall
effect and/or the Rashba-Edelstein effect through charge-to-spin conversion. Quantitative evaluation of the
SOT efficiency is crucial for understanding charge-to-spin conversion and optimizing energy-efficient spin-
tronic devices. We evaluate the SOT efficiency in Ta/CoFeB bilayers with different magnetic anisotropies using
harmonic Hall measurements, which allow the extraction of damping-like and field-like effective magnetic
fields. From these measurements, the effective spin Hall angle, corresponding to the charge-to-spin conversion
ratio, is determined to quantify the SOT efficiency. The effective spin Hall angles are found to be —0.052+0.002
and —0.052+0.004 for the up and down magnetization states of the perpendicularly magnetized sample, respec-
tively, and —0.051+0.001 for the in-plane magnetized sample. These results demonstrate that the SOT efficiency
remains nearly identical, irrespective of magnetic anisotropy, when the same spin-current source (a 4-nm-thick

Ta layer) is employed.
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1. Introduction

Spin-orbit torque (SOT) is an efficient way to control
magnetization using spin currents generated by the spin
Hall effect (SHE) and/or the Rashba-Edelstein effect
(REE) through spin-orbit coupling (SOC) [1-6]. SOT has
received significant attention because it can provide
excellent device performance compared to spin-transfer
torque (STT) in spintronic devices, such as magnetic
random-access memory (MRAM) [3, 4, 7-10]. First, SOT
devices provide better reliability compared to STT
devices. For example, STT-driven MRAM has a two-
terminal structure, where the write and read paths share
the same line. In this structure, the spin current is
generated by spin filtering through charge current injection
into the ferromagnet (FM)/tunnel barrier [7-9]. This
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increases the risk of tunnel barrier breakdown when a
high current passes during writing. In contrast, SOT-
driven MRAM has a three-terminal structure, where the
write and read paths are separated [10-12]. The spin
current is generated in the non-magnet (NM) layer or at
the NM/FM interface without the need for it to pass
through the tunnel barrier, thereby providing higher
reliability. Second, SOT devices offer faster writing
speeds. STT-driven MRAM requires an incubation time
during switching due to the parallel or antiparallel
alignment between the injected spin angular momentum
and the magnetization. In contrast, SOT-driven MRAM
does not require an incubation time because the injected
spin angular momentum and the magnetization are
orthogonal [12]. Therefore, there have been many efforts
to find NM materials that exhibit a lower switching
current with a large SOT efficiency [5, 6, 10, 13—15]. For
this reason, the quantification of the SOT efficiency in
various materials is crucial for developing SOT-based
spintronic devices.

Conventionally, SOT is studied in NM/FM bilayers. In
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these structures, a longitudinal charge current along the x-
direction generates a transverse spin current along the z-
direction, carrying polarized spin angular momentum (5 )
along the y-direction through SHE and/or REE [5, 6, 10,
13-15]. SOT efficiency is determined by the ratio of
charge-to-spin conversion, which is referred to as the spin
Hall angle (6sy) [5, 6, 10, 13—15]. To evaluate &y, it is
necessary to quantify the strength of the effective magnetic
fields generated by SOT. Two types of effective magnetic
fields can be considered: the damping-like effective
magnetic field (Hp.), which is along the direction of (§ X
m), and the field-like effective magnetic field (Hy),
which is along the spin polarization direction §. Here,
is the unit vector of the magnetization. There are several
methods to obtain the effective magnetic fields based on
changes in magnetization direction under SOT, such as
harmonic Hall measurements [16-22], spin torque
ferromagnetic resonance (ST-FMR) measurements [23—
27], hysteresis loop shift measurements [28], and
magnetization switching [29-31]. Among them, the
harmonic Hall measurement is widely utilized to evaluate
the SOT efficiency. This technique is based on magneti-
zation oscillations and the associated Hall voltage change
induced by applying an AC current. The harmonic Hall
measurement can be applied to both out-of-plane and in-
plane magnetizations. It is expected that the SOT
efficiency should be consistent within an identical bilayer,
regardless of the magnetic anisotropy, because the source
of spin current is the identical NM and/or NM/FM
interface. This consistency is crucial for two reasons.
First, a reliable determination of &y enables the systematic
discovery of materials with high SOT efficiency. Second,
a consistent evaluation of &y is essential for the reliable
implementation of SOT in MRAM and related spintronic
devices.

In this Article, we compare the SOT efficiency obtained
from different magnetic anisotropies. This Article consists
of two parts. First, we derive the Hall voltage changes
under SOT by applying an AC current. Second, we
perform harmonic Hall measurements on both out-of-
plane and in-plane magnetizations. Note that Ta/CoFeB
bilayers were employed in all measurements. The thick-
ness of Ta is the same in all samples, while that of CoFeB
varies to control the magnetic anisotropy. The obtained
Gy is —0.052+0.002 (for the up magnetization state) and
—0.052+0.004 (for the down magnetization state) for out-
of-plane magnetized CoFeB, and —0.051+£0.001 for in-
plane magnetized CoFeB. These results clearly indicate
that variations in magnetic anisotropy do not significantly
affect &y, even when different harmonic Hall measurement
configurations are employed. Our findings demonstrate
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that harmonic Hall measurements provide a reliable and
efficient method to quantify the SOT efficiency, independent
of the magnetic anisotropy, provided that the spin current
source remains identical.

2. The Effect of the Oscillatory Motion of
Magnetization under Spin-Orbit Torque on
Hall Resistances with an AC Current

We first examine the effect of magnetization oscillation
under SOT on the Hall resistance by applying an AC
current. In the NM/FM bilayer, the SOT induces a
perturbation in the magnetization direction because the
SOT can be regarded as the effective magnetic field.
Consequently, this perturbation gives rise to changes in
the Hall resistance (R,,), originating from two contri-
butions: the anomalous Hall effect (AHE), which reflects
the change in the out-of-plane magnetization, and the
planar Hall effect (PHE), which originates from that in
the in-plane magnetization. To experimentally quantify
these SOT-induced changes in R,, harmonic Hall mea-
surements can be employed [16, 18-22]. In the following,
we derive how the effective magnetic fields generated by
the SOT contribute to the R,, signals, based on the
magnetization dynamics under either perpendicular magnetic
anisotropy (PMA) or in-plane magnetic anisotropy (IMA).

Before deriving the R,, expression under the pertur-
lagtion, it is necessary to define the magnegization vector
M and the external magnetic field vector Hey, as shown
in Figs. 1(a)-1(c). In this framework, 6 and ¢ represent
the polar and azimuthal angles of M, respectively. M is
defined as follows:

- ~
M= Mgm (1)

where My is the saturation magnetization, and m is the
unit vector of magnetization. The x-, y-, and z-components
of m are expressed by sinécose, sinésing, and cosé),
respectively:

m = (sin@ cos @, sin@ sin @, cos ) 2)

9 . . . .
H can also be expressed in terms of its directional
angles as follows:

F{exl = H(siny cos @y, sin by, sin @, cos b;) 3)

where 0y and @y represent the polar and azimuthal angles
of Hex, respectively. H indic%es the magnitude of Hex .
Due to magnetic anisotropy, M does not perfectly align
with the direction of Hex. Therefore, @ and ¢ do not
coincide with €y and @y. Under Hex, M aligns to an
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(@ (b) Side view

Fig. 1. (Color online) (a) Schematic illustration of the har-
monic Hall measurement setup. An AC current is applied
along the x-direction in the non-magnet (NM)/ferromagnet
(FM) bilayer structure, while the magnetization vector M is
defined by the polar angle ¢ and the azimuthal angle ¢. The
external magnetic field Hex is applied at a defined angle to set
the magnetization orientation, allowing the measurement of
SOT-induced perturbations via harmonic Hall resistances. (b)
Side view (xz-plane) of the coordinate system, illustrating the
polar angle & of M and the polar angle 6y of H.: with
respect to the z-axis. This geometry is used to describe the out-
of-plane components of M and H.x . (¢) Top view (xy-plane)
of the coordinate system, showing the azimuthal angle ¢ of the
magnetization vector M_and the azimuthal angle ¢y of the
external magnetic field He, with respect to the x-axis. This
configuration is used to define the in-plane orientations of M
and H during field rotations.

equilibrium orientation determined by angles of &) and ¢.

When SOT is introduced, the magnetization slightly
deviates from its equilibrium (&) and ¢y), resulting in
small angular deviations of A@ and A¢, as shown in Fig.
2. The sign of these deviations depends on the direction
of the effective magnetic fields generated by SOT. A@and
A@ can be expressed as:

70=L0 At + 2% am + 20 A )
OH . oH, " oH,

A¢:a_¢AHv+a_¢AH‘+a_¢AHZ ©))
OH, * O0H, ~ OH,

20 4 00 bilit
where oH, and o, represent the angular susceptibilities

with respect to an applied magnetic field component AH;
(i = x, y, and z), quantifying how much & and ¢ vary in
response to each field direction. The terms AH,, AH,, and
AH, represent the effective magnetic fields generated by
the SOT along the x-, y-, and z-directions, respectively. To

.00 oo
obtain oH, and ol it is necessary to define the
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(a) (b)

C % X

Fig. 2. (Color online) (a) Schematic illustration of the polar
angular deviation A@ of the magnetization vector M with
respect to the z-axis in the xz-plane. (b) Schematic illustration
of the azimuthal angular deviation Ap of M with respect to
the x-axis in the xy-plane. These angular deviations are
induced by spin—orbit torque and form the basis for the anal-
ysis of harmonic Hall resistance signals.

magnetic potential energy E, which can be expressed as
the sum of the anisotropy energy and the Zeeman energy:

E=-K, cos’ 0—K,sin’ Osin’p—M-H,, (6)

where K, and K| represent the out-of-plane (perpen-

dicular) and in-plane easy-axis anisotropy energy constants,
respectively. The first and second terms correspond to the
magnetic anisotropy energies. The third term represents
the Zeeman energy. Based on Eq. (6), the equilibrium
magnetization direction (6, @) can be obtained by
applying the conditions g—g =0 and g—f} =0:

OE . .
20" 0= (KL - K sin’ goo)s1n26’0

cos 6, sin6,, (cos g, cos g, +siny, sing,,)

—sind, cos b,

(M
Z_E =0=—-Ksin’ §,sin2g,
? M H sin6,sin 6, sin (¢, —¢,)

®)

By differentiating Eqs. (7) and (8) with respect to H,,
the angular response of the magnetization to small
perturbations in the external field can be described by two

coupled linear equations for % and g—g

0 (OFE -2 ;
T&[%j =0= [(Ki - K sin ¢O)200s290 — M (—H sin6, cos g,
—H ,sin 6, sin g, — H_ cos 6, )]ﬁ +[-K|sin 26, sin 29,
— M cos6,(—H _sing, +H  cos )]a—(p -M. o )
s () S, +i1,, ?, oH, Py
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0 |%E =0=[-K| sin 26, sin2¢, + M, cos G,
OH \ O¢p

. 26 . (10)
(H,sing, —H  cosg, )]87 H-2K| sin” 6, cos 29,

i

. . op om
+ M sinG,(H_cos@, + H_sin — M. —
s b (H cos g, L sing;)] oH, s o0

Here, H,, H,, and H. denote the Cartesian components
of the H;:

H, =Hsin6, cosg,, H =Hsing,sing,,
H_=Hcosb, an

The partial derivatives of 7 with respect to §and ¢ are
given as:

Z—’Zz[cos@ocos%, cosB,sing,, —sind,] (12)
om . . .
%: [sin 6, sin @, —sin g, cos g, 0] (13)

Substituting Egs. (11), (12), and (13) into Egs. (9) and
(10), and subsequently inserting these results into Egs. (4)
and (5), yields the final expressions for A@ and Ag as
follows:

p cos b, (AHX cos @, +AH sing, ) —sing,AH

- (14)
H, cos26, + H cos(6, —6,)

—AH sing, + AH cosg,
= . - (15)
Hsind,

Ao

where Hy represents the PMA field, defined as:

2K,
MS

H

K (16)

The angular deviations A@and Ag are directly related to
changes in the Hall resistances arising from the AHE and
PHE, because these angular modulations represent out-of-
plane and in-plane magnetization oscillations, respectively,
which directly influence the R,, signal. To quantify the
angular dependence, R,, can be expressed as a function of
the magnetization angles (6, ¢), incorporating contributions
from both the AHE and the PHE [18, 20, 22], as given
by:

R :%ARAHE cosH+%ARPHE sin’ @sin2¢ 17)

Xy

where ARane and ARpyg are the R,, changes due to the
AHE and PHE, respectively. Fig. 3 shows the typical R,,
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Fig. 3. (Color online) Representative Hall measurement results
for perpendicular magnetic anisotropy (PMA) and in-plane
magnetic anisotropy (IMA) systems. For the PMA system: (a)
the anomalous Hall resistance (Raug) as a function of out-of-
plane magnetic field (H,), (b) the Rayg as a function of the
polar angle 6 obtained from the polar rotation scans, and (c)
the planar Hall resistance (Rpyg) as a function of the azimuthal
angle ¢. For the IMA system: (d) the Raug as a function of H,,
(e) the Rayg as a function of the 8, and (f) the Rpyg as a func-
tion of the ¢.

characteristics for Hall-bar-patterned samples with PMA
and IMA systems. The film stacks were deposited by DC
and RF magnetron sputtering on 300-nm-thick thermally
oxidized SiO, substrates, consisting of Ta (4.0 nm)/
CojFeqsByo (1.2 nm) for the PMA system and Ta (4.0
nm)/Cos,FesBy0 (2 nm) for the IMA system. All samples
were capped with MgO (2 nm)/Ta (2 nm) to prevent
oxidation. Hall bars with a channel width of 5 um and a
length of 25 um were fabricated using photolithography
and Ar ion milling for electrical measurements. Figs.
3(a)-3(c) correspond to the PMA system and Figs. 3(d)-
(f) correspond to the IMA system.

For the PMA system, as shown in Fig. 3(a), ARaug
obtained by sweeping the external magnetic field H,
exhibits a square-like hysteresis loop, indicating clear
magnetization switching between the up and down states.
The difference between the saturated resistances in the up
and down magnetization states gives the anomalous Hall
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resistance change, expressed as ARaug = Rape(+M) —
Rape(—M;) = 10.86 . Fig. 3(b) represents Ry as a
function of &, measured under an external magnetic field
of 3 T. The data exhibit an overall cosélike trend
consistent with the first term of Eq. (17), although slight
deviations are observed due to the planar Hall contribution
and finite magnetization tilting during rotation. Fig. 3(c)
shows Rpyg as a function of the azimuthal angle ¢ for =
90°, measured under an external field of 3 T. The experi-
mental Rpye data follow a sin2¢ dependence, consistent
with the second term of Eq. (17) and the measured ARpyg
is 1.40 Q.

For the IMA system, as shown in Fig. 3(d), Raug as a
function of H, shows the hard-axis response. To extract
Hy experimentally, the H, versus Rpyg curve is analyzed
by performing linear fittings to the saturated regions of
the curve for both positive and negative fields separately.
The intersection points of the two fitted lines correspond
to Hy. The final Hy value is obtained by averaging the
intersection points determined from the positive and
negative fields. Consequently, the extracted Hy value is
1.15 T for the IMA system. The anomalous Hall resistance
change was similarly obtained from the difference
between the two saturated resistance values, giving ARayg
=9.50 Q. Fig. 3(e) displays the Ryyr dependence measured
under an external magnetic field of 3 T. The data show a
cosélike trend characteristic of the AHE, with minor
deviations likely originating from the PHE. Fig. 3(f)
presents Rpyr as a function of ¢ at 8 = 90°, measured
under an external magnetic field of 2 T. The data follow a
sin2 @ dependence, consistent with the second term of Eq.
(17), and the measured ARpyg is 0.88 Q.

In the equilibrium state under the influence of SOT, the
magnetization direction can be expressed as = 6, + Af
and ¢ = ¢ + A, with the assumptions Af << 1° and Ag
<< 1°. Under this small-angle approximation, substituting
0= 6+ Afand p= ¢ + A into Eq. (17) gives:

1 .
R, =~ EARAHE (cosf, —Absinb,)
+%ARPHE (sin2 0, +AOsin 20, )(sin 20, +2A@cos2g,)
(18)

Next, we consider R,, = V,,/I with the AC current / = Al
sin(wr), where @ = 2xf denotes the angular frequency
corresponding to the frequency £, and ¢ is time. Here, A/
represents the amplitude of the applied AC current. When
fis sufficiently low (e.g., ~10 Hz) compared to the typical
ferromagnetic resonance condition (e.g., ~GHz), the
angular deviations A@ and A induced by the SOT are
synchronized with f, allowing them to be detected in the
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measured R,,. In this case, the angular deviations can be
expressed as A@= Absin(wr) and Ap= Agsin(ar). Sub-
stituting these AC-current-dependent expressions into Eq.
(18) yields the following time-dependent form of R,

R, =R, +R,,sin(at)+ R,, cos(2wr) (19)

1o

where Ro, R, and R, represent the DC, first harmonic,
and second harmonic components of the Hall resistance,
respectively. These components can be written as:

1 l(—ARAHE $in 6, + ARy, sin 26,29, ) A0

RO :E 2 (20)
+AR,,; sin’ 6, cos2p,Ap
1 1 L
R,= EARAHE cosf, + EARPHE sin” ,sin2¢, @n
1 . . .
R, - _% 5(—ARAHE sin 6, + AR, sin 26, sin 2, ) A@ 22)
+AR ;. sin’ 6, cos 2¢,Ap

Here, R, corresponds to the static Hall resistance deter-
mined under equilibrium magnetization. The first harmonic
component R, represents the equilibrium response governed

by the external magnetic field i ext. The second harmonic
component R,, originates from the nonlinear modulation
of the magnetization induced by the SOT. Although the
Hall resistance is obtained by dividing the measured Hall
voltage by the applied current, the time dependence
originating from the AC current remains inherent in the
resistance terms. Consequently, R,,(«r) inherently exhibits
a periodic modulation of the magnetization synchronized
with the instantaneous current /(wr) = Alsin(wt). There-
fore, even after dividing by the current amplitude A/, the
residual sinusoidal dependence sin(wr) is preserved in
R, (o), leading to the emergence of both first and second
harmonic components in the measured resistance. Since
the resistance R,,(«r) also oscillates with time due to the
magnetization modulation induced by the SOT, their
product contains a nonlinear term /(wr)*. This nonlinearity
arises from the mixing between the driving current that
generates the effective fields and the probing current used
to detect the Hall voltage. When an AC current A/ sin(ax)
is applied, this nonlinearity produces a term sin(awf) x

1 —cos(2 wt)

sin(wt), which can be rewritten as , contain-

ing a DC component and a 2® component. Consequently,
SOT-related signals predominantly appear in the R,,,

To understand the effect of spin torques on the magneti-
zation dynamics, we consider the Landau—Lifshitz—Gilbert
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(%LG) equation [32, 33], which describes the dynamics of
M under an effective magnetic field Hex:

M _ i, +-Z M 23)

ot M, ot
where y is the gyromagnetic ratio, and « is the Gilbert
damping constant. The first term conegponds to the
precession of the magnetization around Hex, While the
sgcond term represents the damping process that aligns
M with ﬁg‘t- ext consists of multiple congibutions,
including He., magnetic anisotropy field Ha.i, and
additional fields such as those induced by SOT. By
rearranging Eq. (23), the LLG equation can be expressed
in a form that separates the precession and damping
terms, which is particularly useful when incorporating
additional spin torque terms. The resulting expression is:

M _ Y R xie—TE
(+a®)M;

= Mx(H._ xM 24
o l1+a? (He ) @

The SOT originates from the interaction between the
spin polarization vector §, generated by the SHE and/or
the REE, and the magnetization vector m of the FM. For
symmetry and conservation considerations (i.e., the
torque must correspond to a pure rotation of a fixed-
length magnetization and thus be transverse to ), the
torque acting on the FM is always perpendicular to
[33]. Within the LLG framework, where |/ = 1, only a
torque perpendicular to 7 can change its direction
without changing its magnitude. Any torque (7) component
parallel to m would yield m - 7# 0, which would alter
the magnetization magnitude rather than its direction, and
is thus not allowed under the fixed-length magnetization
assumption. Consequently, the most general torque form
can be constructed from two mutually orthogonal basis
vectors involving § and 2, both inherently perpendicular
to m : the field-like basis vector (s x m) and the damp-
ing-like basis vector m x (s x m). Therefore, the spin-
orbit torque 7ot can be generally expressed as:

Toor = Tpp (§ X M) + Ty MX (S X 1M1) (25)

This expression shows that the SOT consists of two
distinct components: the field-like torque (7)) and the
damping-like torque (zpp). 7L typically causes the
magnetization to precess around §, whereas 7p; tends to
align or anti-align the magnetization with §, leading to
magnetization damping or switching [3, 4, 6]. By
comparing this SOT expression with gle LLG equation,
one can see a structural similarity. If H.q is replaced by
s, then 7z corresponds to the precession term, and 7p;
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corresponds to the damping term in the LLG equation.

3. Determination of the Effective Spin Hall
Angle from Effective Fields

Next, we examine the connection between the strength
of the SOT effective fields and the spin Hall angle (&y).
The 6y is defined as the ratio of the spin current density
(Js) to the charge current density (j.):

Oy =2 (26)
Je

However, in practice, not all of the spin current
contributes to the torque on the FM layer, due to spin
relaxation and spin backflow at the NM/FM interface [27,
34-37]. These interfacial losses are described by the
interfacial spin transparency (0 < T;, < 1). Consequently,
the experimentally observed torque is proportional to
Twjs, and the measured 6y derived from torque
efficiency inherently includes this T;,. To address this, we
define the effective spin Hall angle (&5}) as:

sg = Tine * Osu (27)
This Hngf can be determined using the following relation:

) (2}:) M StFM H DL
O =~—— (28)
Jxm

where e is the electron charge, % is the reduced Planck
constant, fry is the thickness of the FM, and jyy is the
current density in the NM [6]. Eq. (28) provides a direct
quantitative link between the angular momentum transfer
from the spin current to the magnetization dynamics of
the FM layer. The prefactor 2¢ Serves as the conversion
factor between charge current and spin angular momentum,
Mstry defines the total magnetic moment subjected to the
torque, and Hp, denotes the damping-like effective field,
corresponding to the strength of the spin current component
perpendicular to the magnetization. Harmonic Hall
measurements enable the determination of both Hy and
Hp,. Since 7, is typically associated with the bulk SHE
in the NM layer, the magnitude of Hp, provides a direct
measure of spin Hall efficiency and allows for the
estimation of 6§f£ [6, 38]. The procedures for determining
both Hp, and Hp, in bilayers with PMA and IMA will be
discussed in detail in the following sections.

4. Effective Fields of SOT in PMA Systems

In this section, we examine harmonic measurements in
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a perpendicularly magnetized CoFeB system. First, we
derive the 1% and 2" harmonic resistances in bilayer
systems with PMA. When a small in-plane external
magnetic field is applied along the xy-plane (6y = 90°),
the polar angle variation of the magnetization vector is
negligibly small (&) < 1°) due to the strong PMA. Thus,
we can approximate sinéy ~ €, and cos@ ~ 1 — (6)*/2.
Under the same condition, the azimuthal angle ¢, aligns
with the in-plane direction of the external magnetic field,
i.e., @ = @y. Under these approximations, Eq. (7) can be
rewritten as:

OF .
£:0=(Ki - K, sin” ¢,,)26, (29)

- My H[sin 6, (cos @, cosp,, +sing, sing, )—6,cosb, ]

Here, the in-plane anisotropy constant is defined as

H\ M,
K==~

, where H, denotes the in-plane anisotropy

field. Since H, is assumed to be negligible, the term
K, sin? gy in Eq. (29) can be ignored. By substituting Eq.
(16) into Eq. (29) under this condition, we obtain:

Hsing,

=" = 30
H,tHcosb, o= On (30)

0

where iﬁsymbols correspond to the up ( 1?/[ //+z) and
down (M//—z) magnetization states, respectively. By
substituting Eq. (30) into the general modulation relations
of the magnetization angles given in Egs. (14) and (15)
for AG and Ag, respectively, the expressions for the R,
and R,, in Egs. (21) and (22) can be reformulated for the
PMA configuration. As a result, the harmonic resistances
can be expressed as:

1 1
le i i_EARAHE |:1 __[

Hsind, ’
2 j } G

Hy *Hcos6,

1| FAR e (AHX cosp, +AH, cosgoH)

~ —
I~
20

4| 42AR,,,; (—M—[x sin6,, + AH  cos 6, )cos 2¢,

Hsind,
(H +Hcoso,)

(32)

As shown in Eq. (31), the first harmonic resistance is
primarily governed by the anomalous Hall contribution.
This occurs because the planar Hall contribution is
proportional to sin*€, ~ (&), which is strongly suppress-
ed under the small angle approximation (& < 1°).
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Therefore, the PHE term effectively vanishes in Ry,
leaving the AHE term as the dominant contribution. In
Eq. (32), the R, is obtained by substituting Eq. (30) and
incorporating the small perturbations A@ and A¢ defined
in Egs. (14) and (15). These results indicate that R, is
sensitive to both AH, and AH, which represent the
effective magnetic fields induced by SOT.

To eliminate the dependence of the R, and R,, on the
magnitude of the external magnetic field H, Eq. (31) is
differentiated twice with respect to H, and Eq. (32) is
differentiated once. By substituting Gy = 90°, the follow-
ing relations are obtained:

o o T 2 (33)

11| FAR e (AHx cosg, +AH, sin(pH)

oR,, 4 +2AR, (—AHX sing, +AH , cos ¢7H)cos 20,

~
~

OH H;

(34

Eq. (33) shows that increasing Hyg decreases the
curvature of the first harmonic resistance R;,, which is
consistent with its quadratic dependence on the external
magnetic field. Eq. (34) shows that the second harmonic
resistance R, varies linearly with the external magnetic
field, demonstrating its direct proportionality to the SOT-
induced effective fields AH, and AH,. To further analyze
this behavior quantitatively, we define the ratio of
derivatives (B) as:

B= aRZa) alew —
OH  oH’

(AHX F2 ARy cos Z(DHAH},\JCOS oy (35)

AHE

1

2 AR
+| AH  +2—"E-c0s2¢, AH  |sing,

X
AHE

_for specific field orientations, @y = 0° (?I ext //x) and 90°
(Hex/ly), Eq. (35) simplifies to:

N AR
B,(p, =07)= —E(AHX qcz—:‘;z AH},] (36)
N AR
B, (@, =90°)= —E(AH), T ZFZ:EAHXJ (37)

From Egs. (36) and (37), the SOT-induced effective
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Fig. 4. (Color online) Schematic of the spin-orbit torque
(SOT) directions in non-magnet (NM)/ferromagnet (FM)
bilayer systems with (a) perpendicular magnetic anisotropy
(PMA) and (b) in-plane magnetic anisotropy (IMA). The spin
polarization vector (§) is oriented along the —y-direction.
Damping-like torque (7pr) and field-like torque (7)) generate
effective fields Hpp (~(§ x m)) and Hyp (~—5), respectively.

fields AH, and AH, can be extracted as:

atr, = o\ BB (38)
: 1-4&

AH, =2 (8% 2523 ) (39)
1—4&

Here, & = ARpug/ARxue. As shown in Fig. 4(a), effec-
tive magnetic fields AH, and AH, correspond to the
effective fields generated by the 7pp and the 7,
respectively, as described in Eq. (25). Thus, AH, and AH,
are identified as Hp. and Hp, which represent the
effective fields induced by SOT.

We next experimentally evaluate the effective fields in
the Ta (4 nm)/Cos,FeqsByg (1.2 nm) bilayer structure with
PMA. As shown in Figs. 3(a)-3(c), the measured values
of ARxur and ARppg are 10.86 Q and 1.40 . In the
harmonic Hall measurements, the external magnetic field
is applied at Gy = 86° with ¢y = 0° and 90°, as shown in
Figs. 5(a) and (b), respectively. Note that the external
field is applied at a tilted polar angle (6 = 4°) to ensure a
single-domain state. The sweeping range of the external
magnetic field is set to £100 mT which is smaller than the
coercivity of CoFeB at this polar angle. Figs. 5(c) and
5(d) show the R, when a magnetic field is applied along
the x- and y-axes, respectively. Both curves exhibit
identical behavior, reflecting the absence of a preferred
in-plane direction. Furthermore, when the magnetization
is aligned in the up and down states, the curves display
opposite curvatures: negative for up state and positive for
the down state, consistent with Eq. (33). Figs. 5(e) and
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fitting fitting

-100 -50 0 50 100
H, (mT)

-100 -50 0 50 100

H,(mT)
Fig. 5. (Color online) First and second harmonic Hall resis-
tances (R, and R»,,) for the Ta (4 nm)/CoFeB (1.2 nm) bilayer
structure with perpendicular magnetic anisotropy. (a-b) Sche-
matic illustrations of the harmonic Hall resistance measure-
ment geometry: (a) the external magnetic field H. is applied
along the x-axis (¢y = 0°) and (b) the y-axis (@y = 90°). The
polar angle of the applied field is fixed at 6y = §6° to ensure
single-domain formation. The magnetization M is slightly
tilted from the out-of-plane direction under the external mag-
netic field. (c-d) Ry, as a function of the external magnetic
field applied along (c) the x-axis (f,) and (d) the y-axis (H,).
The green curves indicate fitting lines based on Eq. (33). (e-f)
R», as a function of the external magnetic field applied along
(e) the x-axis (H,) and (f) the y-axis (H,). The red and blue
curves represent measurements under opposite magnetization
states (+M, and —M,), respectively. The green lines indicate fit-
ting lines obtained from Eq. (34).

5(f) also present the R,, curves under external magnetic
field sweeps along the x- and y-axes. During the H,
sweep, the direction of the effective field AH, (HpL) can
be determined by considering Eq. (25) with Fig. 4(a).
When the magnetization is in the up state, AH, points
toward the —x-direction, resulting in a negative slope in
Eq. (40), substituting ¢y = 0° into Eq. (34). In contrast,
when the magnetization is in the down state, AH,
switches to the +x-direction, but it still produces a
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negative slope in Eq. (40). This interpretation agrees with
the observation in Fig. 5(e), where both the up and down
magnetization states exhibit the same negative slope in
R,,, resistances.

6R2w _%[:FARAHE (AHX)+2ARPHE (AH'V ):|

oH H;

(40)

During the H, sweep, the direction of the effective field
AH, (Hp) can be determined by considering Eq. (25)
together with Fig. 4(b). This Hp_ is independent of the
magnetization direction and is solely governed by the spin
polarization direction §. In both the up and down
magnetization states, AH, consistently points toward the
+y-direction. Thus, the R, resistance shows opposite
trends: a positive slope for the up state and a negative
slope for the down state, as described by Eq. (41),
obtained by substituting ¢y = 90° into Eq. (34), This
interpretation is fully consistent with the experimental
results shown in Fig. 5(f).

1
oR,, —Z[:FARAHE(AHy)—ZARPHE(—AHX)J p
oH H: “h)

To quantitatively extract the effective fields from
experimental results, we analyze the curvature and slope
of the harmonic resistance curves. Using Egs. (36) and
(37), the ratios between curvature and slope are calculated.
For the up magnetization state, the extracted values are B,
=198 £ 0.05 mT and B, = -2.50 £ 0.13 mT, while for
the down magnetization state, B, = —2.16 = 0.08 mT and
B, =-3.12 £ 0.17 mT. Substituting these values into Eqgs.
(38) and (39) yields the Hpy and Hp.. For the up
magnetization state, Hp, = —2.85 + 0.13 mT and Hp, =
425 £ 0.29 mT are obtained, whereas for the down
magnetization state, Hp, = 2.86 = 0.19 mT and Hp =
5.49 £ 0.37 mT are determined.

The extracted Hp, values are substituted into Eq. (28)
to evaluate the Hngf Using the saturation magnetization
of Mg =4.02 x 10° A/m, obtained from vibrating sample
magnetometer (VSM) measurements, and applying a
current density of jyy = 8 x 10' A/m? the &5y of Ta is
determined to be —0.052+0.002 for the up magnetization
state and —0.052+0.004 for the down magnetization state.
These values are consistent with reported values [31].
Note that the sign of the @fﬁf does not necessarily
coincide with that of Hp but is instead governed by the
spin Hall conductivity and the polarization direction of
the injected spins. Since current shunting between the Ta
and CoFeB layers is not considered in this analysis, the

—20 —

extracted H;fo values should be regarded as lower bounds.
In multilayer structures, differences in resistivity between
each layer can lead to significant current shunting, such
that the current density in the NM layer (the spin source
layer) may differ from the value estimated from the total
current density through the entire multilayer. In this case,
the exact current density in the NM layer can be
estimated by accounting for current shunting using a
parallel circuit model [30, 39, 40].

5. Effective Fields of SOT in IMA Systems

Next, we examine harmonic measurements in an in-
plane magnetized CoFeB system. First, we derive the R,
and R,, in bilayer systems with IMA, where the
magnetization lies in the xy-plane because of Hyx < 0. This
indicates that the demagnetization field dominates over
perpendicular anisotropy, forcing the equilibrium magneti-
zation to align within the film plane. Therefore, it is
reasonable to assume that the magnetization direction lies
nearly parallel to the film plane (6 = #/2), which
minimizes the magnetic potential energy. Defining these
equilibrium angles is essential for describing SOT
components and their angular dependence. Thus, the
equilibrium magnetization direction is defined by the
following polar and azimuthal angles. The polar angle 6,
lies in the xy-plane and azimuthal angle ¢, aligns with the
external magnetic field when it is sufficiently larger than
the coercivity. Thus, the two angles can be expressed as:

V1
6, =06, :Es Dy =Py 42)

cos 00 =CoSs QH =CoSs (%j =0, sin 60 =sin 9,_, =sin (%J =1
(43)

Under these approximations and negligible in-plane
magnetic anisotropy (Kj ~ 0), Eq. (7) can be rewritten as:

OF . .
%ZOZ(KL_KH sin’ (po)sm2c90—MsH (44)

[cos 6,sin 8, (cos g, cos @, +sin g, sing,, )—sing, cosd, ]

OF

P 0=—K, sin’ §, sin2¢, — M H sin 6, sin6,, sin (¢, —¢,)
20

=—K, sin2¢, (45)

Substituting Egs. (44) and (45) into Egs. (14) and (15)
gives
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AG cosHO(AHX cosp, +AH, singo,,)—sinHOAHz “AH

H c0s26,+ H cos(6, —6,) C—H+H (46)
A (—AHX sing,, +AH COS(pH)cos2¢)H
V= Hsind,
(47)

(—AHX sing, +AH  cosg, )cos 20,
H

By inserting Egs. (46) and (47) into Egs. (21) and (22),
the R,, and R,, become

1 1 . .
R, = EARAHE cosd, + EARPHE sin’ g, sin2¢,, (48)
Lag, ML
1 2 —HK + [‘Iex1
R, =——
c 2 (—AHX sing, +AH  cosg, )cos 20,
ARy - (49)

ext

Note that H is replaced by H.y, indicating the external
magnetic field at fixed 6y = /2.

Egs. (48) and (49) show that R,, is sensitive to AH,,
AH, and AH., corresponding to SOT-induced effective
magnetic fields. The Hy in the denominator of the first
term of Eq. (49) includes the demagnetization field (Hgem)
and anisotropy field (H,y), so it can be expressed as:

HK = Hdem - Hani (50)

This Hg can be obtained from AHE curves as shown in
Fig. 3(d).

Also, we define Hp, and Hgp by considering Equation
(25). As shown in Fig. 4(b), when the magnetization is
parallel to the x-axis, Hpp is directed along to the z-
direction (§ x m = —y x x) and Hp_ is directed along to
the y-direction (-5 ). Thus, we can separate the terms of
Eq. (49) that are related to the 7p; and 7z terms. The AH,
and AH, correspond to the Hp. and Hyy, respectively. In
contrast, AH, is parallel to the magnetization direction
and thus generates zero torque (m x H, = 0). Therefore,
AH, and AH, are commonly interpreted as Hp. and Hpy,
respectively.

Typically, the SOT of the in-plane magnetized sample
is measured by rotating the external magnetic field within
the film plane, and therefore the azimuthal angle (¢)
dependence of R, and R, is considered. To clearly
describe the SOT effective field components as a function
of @, a magnetization-centered coordinate system
(m,, mg, m, ) is introduced as shown in Fig. 6. In this
coordinate system, m represents the equilibrium magneti-
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m, (cosf,cos@,, cos6sing,, —sinb,)

\‘[ /y r%% (-sing,, cos@,, 0)
n“7r(sineocosq)0, sing sing,, cos6,)
X

NM

Fig. 6. (Color online) Schematic illustration of the magnetiza-
tion-centered coordinate system (7, , 7g, , /1, ) in an in-plane
magnetized non-magnet (NM)/ferromagnet (FM) bilayer. The
magnetization-centered coordinate system can be defined by
polar and azimuthal angles (6, and ¢y).

zation direction, 1, represents the out of plane direction,
and ﬁa% represents the in-plane direction, as shown in
Fig. 6. It can be expressed as:

m, =(sing, cos @, sing, sing,, cos b))

=(cosg,,sing,, 0) G

iy, = (cos 6, cosg,, cos b, sing,, —sin6,) =(0,0,-1) (52)

m, =(=sing,,cosg,,0) (53)

This coordinate transformation allows for a clear
distinction and interpretation of the effective magnetic
field induced by SOT in the IMA system [22]. By
redefining the coordinate system relative to the
equilibrium magnetization direction, Hp, and H can be
expressed in terms of the orthogonal local axes 77 x y and
m, , respectively. This magnetization centered coordinate
system enables a clear interpretation of the angular (&,
@) dependence of the harmonic Hall resistance and the
accurate extraction of each effective field component. By
adopting a magnetization centered coordinate transfor-
mation, Hpy can be expressed as:

H[)LzHl)L(’;ZXJ’})zHgCL_’—Hgi (54)

Note that 7 lies in the xy-plane. The projection onto
the local axes yields:

HYy = Hy, (x 9)-H?

55

= H,, (0.0.cos0,)-(0.0-1) = Hyy (~cospy) )

Hyy :HDL(’,;IX)’})",;I% =H,, (0,0, cosg,)- (56)
(_Sin¢OsCOS¢O>0):0

Hy, = Hp, +HYy = Hp, (—cosg,) (57)

Similarly, Hy; can be expressed as:

HFL:HFL[’;ZX(’;ZXJ’})]ZHI‘?E_{—HIZ’{ (58)
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HY = Hy [p—(m-P)m]-m, = Hy (sing, cosg,, -
sin® ¢, —1,0)-(0,0,~1) =0

Hy :HFL[)A’_(M'J;)%]”’A’I% =
H,, (sing, cos ¢,,sin” ¢, —1,0)- (~sin¢,,cos @,,0) =
H,, cosg,[sin® ¢, +sin’ ¢, —1]= H,, (-cosg,)  (60)

Hy = Hij +H = Hy (—cosg,) (61)

Based on these definitions, the AH, and AH, can be
expressed in the magnetization-centered coordinate system
as:

AH, = Hy, (—cos @, ) (62)
AH = Hy (—cosg,) (63)

Each effective field exhibits ¢ angle dependence
through the (—cos¢) term, indicating that the magnitude
of each effective field varies as the magnetization rotates
within the film plane. Thus, we obtain an accurate
expression for the second harmonic Hall resistance in
terms of the angle ¢. Also, by simplifying cos¢cos2¢ to
2cos’ ¢ — cos g, the angular dependence of R,,, is obtained:

AHE
2 H  +H,

Ry, ((‘7) ===

l{l HDL(*COS%)JrAR
2

H,, (—cosg,)cos2g,
PHE H

ext

1)1 H, cosg,

=—|-A +
2{2 ME g v H,

PHE
H

ext

H, (2C053 Po— COS¢0):|

(64)

In addition, we should consider thermal contributions
and the Oersted field (Ho.) generated by the injected
current because these effects exhibit the same symmetry
as Hp. and Hpp. First, when current is applied to the
device, Joule heating occurs, creating a temperature
gradient (VT), primarily perpendicular to the film due to
asymmetric heat dissipation between the substrate and air
[20, 22, 41, 42]. The thermal gradient is proportional to
the square of the current amplitude and the longitudinal
sample resistance (R,), i.e., VT oc PR,,. Under an applied
AC current, the time-dependent thermal gradient can be
expressed as:

xx 2

VT o I} sin’(wf)R_, = lI(f[l —cos(2wt)]R
2 (65)
VT ~(0,0,VT)

This relationship contains zeroth (DC) and second
harmonic (2w) terms. This VT, can induce both the
Anomalous Nernst effect (ANE) and the longitudinal spin
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Seebeck effect (SSE) [41-44]. The ANE originates from
spin dependent electron scattering, generating a voltage
difference Vang = —aVT x m, where o is the ANE
coefficient. Its contribution to the R, is expressed as:

R o VT, sinfcosp=VT, COS(p(HO =%j (66)

Similarly, the SSE generates a spin current that is
converted into a charge voltage through the inverse SHE,
given by Vssg = Sssp(VT x m), where Sssg is the spin
Seebeck coefficient. Its contribution to the R,,, is expressed
as:

RYF oc VT, sinfcosp = VT, cos¢(6’0 :%j (67)

Both thermal effects yield R,,, components proportional
to cose which are significantly reduced under our
measurement condition, exhibiting the same angular
symmetry as the Hp.. Second, an Oersted field (Ho.) is
generated by the current flowing through the NM layer
[45]. Its distribution can be derived from the Biot-Savart
law, which describes the magnetic field (H) induced by a
differential current element:

H(r):ﬂf—ld“’:&j*”d’” Hol (68)

2 2 =
Tt r dud—= r 2nr

where 14 is vacuum permeability, / is current direction
and r is distance. It means that the magnetic field is
generated in a circular direction (») surrounding the
current (/). Based on Eq. (68), Hop, values at two interfaces
can be expressed as:

- Je Xtwm
A (69)
According to Eq. (69), the resulting Hq. acts along the
same axis as the Hg in the NM/FM bilayers. Therefore, it
is essential to carefully distinguish between SOT, thermal,
and Oersted field contributions. By incorporating these
thermal contributions and Ho. into Eq. (64), the complete
Ry.(@) can be expressed as:

1 H
—AR, . —2—+R Jcosw
(2 AHE H +HK vT 0

ext

1
R,,(p)= > - (70)
+ [ARPHE MJ (2cos’ g, —cos@,)

Ny
top J c NM bottom
H Oe ~ + 2 4 H Oe

ext

We performed harmonic Hall measurements on a Ta (4
nm)/CoFeB (2 nm) bilayer structure with in-plane
magnetization. As shown by Figs. 3(d) and 3(e), the
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Fig. 7. (Color online) First and second harmonic Hall resis-
tances (R, and R,,) for the Ta (4 nm)/CoFeB (2 nm) bilayer
structure with in-plane magnetic anisotropy. (a) Schematic
illustration of the measurement geometry. (b) R,,, as a function
of the azimuthal angle (¢) scan. The colored circles represent
measurement data under constant external magnetic field (Hex;)
of 0.2 T ~ 1.0 T. The green curves indicate fitting lines based
on Eq. (70). (c) The cosg contribution of R,, (R5,’) as a
function of 1/(Hgt+H.). The green line indicates the fitting
line obtained from Eq. (71). (d) The 2cos’ p-cos¢ contribution
of Ry (R3™ %) as a function of 1/(H.y). The green line

20

indicates the fitting line obtained from Eq. (72).

measured values are ARag = 9.5 Q and ARpyg = 0.88 O
respectively. Fig. 7(a) presents the measurement geo-
metry, including angular coordinates and the Hall-bar
configuration of the NM/FM bilayer. Fig. 7(b) shows the
R, as a function of ¢. The applied constant H., varies
from 0.2 T to 1.0 T with a step of 0.1 T. Note that H.,, is
large enough compared to the coercivity of the CoFeB
layer, ensuring ¢ = @y = ¢ in our measurements. To
quantitatively evaluate the SOT effective fields, the
obtained R,,, curves are examined by Eq. (70). The fitting
curves (solid lines in Fig. 7(b)) separate two terms: a cos¢
component (R3;,”), associated with Hp_ and Ryz; and a
(2cos’ p—cosg) component (B> %) related to Hyp
and Hoe.
First, (R5,") can be expressed as:

cos 1
R» ~———H,, +R,,

* HK+Hext (71)

In this relation, (R5,”) and to 1/(Hx + H.) are
variables; the slope corresponds to Hp, and the intercept
represents Ryz as shown in Fig. 7(c). The fitted results
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yield Hp, = 1.28+0.02 mT and Ry7y = —-0.16 £ 0.01 mQ.
Second, (R>2® ?~°*?) can be expressed as:

20

3 —COS 1
R2cos p—cosp NH_(HFL +H()c) (72)

ext

Here, (Riffsz(”_cow) and 1/H. are variables; the slope
gives the combined field (Hry + Hoe), as shown Fig. 7(d).
Note that the fitted line is expected to pass through the
origin, indicating this term scales with 1/H,,. However, a
small residual offset remains, which can be attributed to
slight misalignment of Hy from the film plane or error in
setting the magnetization angle. The Hp. is calculated
using Eq. (69) and subtracted from the fitted value. From
the fit, (HpL + Hoe) = —0.13£0.01 mT, Ho. = —0.25 mT,
and consequently Hr = 0.12+£0.01 mT. The extracted Hp
value is substituted into Eq. (28) to determine the 9;*:,
Using the saturation magnetization of Ms = 7.3 x 10° A/
m obtained from VSM measurements and a current
density of jym = 10" A/m?, the 65} of Ta is found to be -
0.051£0.01. This value is consistent with reported values
[46]. Note that this obtained value is a lower bound
because current shunting is not considered in this
analysis. In multilayer structures, current shunting can
cause jyy to deviate from the value estimated simply from
the total current. Therefore, the exact jyv can be
determined by accounting for current shunting based on

the parallel circuit model [30, 39, 40].

6. Conclusion

In this study, we quantitatively evaluated the SOT
efficiency in Ta/CoFeB bilayers with different magnetic
anisotropies using harmonic Hall measurements. By
extracting the Hp, and Hgr, we determined the 0;‘;;" to be
—0.052+0.002 and —0.052+0.004 for the up and down
magnetization states of the perpendicularly magnetized
sample, and —0.051+0.001 for the in-plane magnetized
sample. These results indicate that the SHE of Ta is an
intrinsic property that remains unaffected by the magnetic
anisotropy of the FM layer. In addition to the harmonic
Hall measurements employed in this study, other
techniques such as harmonic Hall measurements under
high external magnetic fields in PMA systems [19], ST-
FMR [23-27], hysteresis loop shift [28], and current-
induced SOT and switching [29-31] can also be utilized
to quantitatively evaluate the SOT efficiency. A
systematic comparison between these methods is required
to quantify the SOT efficiency in various materials
accurately. Furthermore, recent studies have reported
the emergence of unconventional spin polarizations
along the x and z directions beyond the conventional y-
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polarized spin current [47-50]. Moreover, the orbital Hall
effect and/or the orbital Rashba-Edelstein effect can
effectively generate spin torque on the magnetization of
the FM layers [30, 31, 51-57]. Therefore, a quantitative
approach capable of evaluating and distinguishing these
additional spin components and orbital-current-induced
torques will be essential for the development of spintronic
devices.
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