
PHYSICAL REVIEW APPLIED 13, 034041 (2020)

Characterization of Spin-Orbit Torque Efficiency in Magnetic Heterostructures
with Perpendicular Magnetic Anisotropy via Spin-Torque Ferromagnetic

Resonance

Jinwu Wei,1,2,3 Congli He,4 Xiao Wang,1,2 Hongjun Xu,1,2,3 Yizhou Liu,1,2 Yao Guang ,1,2

Caihua Wan,1,2 Jiafeng Feng,1,2 Guoqiang Yu ,1,2,3,* and Xiufeng Han1,2,3

1
Beijing National Laboratory for Condensed Matter Physics, Institute of Physics, Chinese Academy of Sciences,

Beijing 100190, China
2
Center of Materials Science and Optoelectronics Engineering, University of Chinese Academy of Sciences,

Beijing 100049, China
3
Songshan Lake Materials Laboratory, Dongguan, Guangdong 523808, China

4
Institute of Advanced Materials, Beijing Normal University, Beijing 100875, China

 (Received 11 September 2019; revised manuscript received 5 January 2020; accepted 28 February 2020;
published 17 March 2020)

Characterization of spin-orbit torques (SOTs) in the perpendicular magnetic anisotropy (PMA) system
is of great importance for fundamental studies and technological applications in spintronic devices. Here,
we report a spin Hall magnetoresistance (SMR) based spin-torque ferromagnetic resonance (ST FMR)
study of SOT efficiency in perpendicularly magnetized W/Co40Fe40B20/MgO structures. A full analysis of
the ST FMR spectrum is developed for the PMA sample. A typical ST FMR spectrum of the PMA system
shows two resonance modes, i.e., in-plane and out-of-plane magnetization precession modes. By perform-
ing modulation of the damping measurement for the in-plane mode, the dampinglike torque efficiency is
determined to be −0.38, which is consistent with the reference value obtained in samples with in-plane
magnetic anisotropy. The dampinglike torque efficiency of −0.31 is also obtained from the out-of-plane
resonance mode, in which the significant contribution of the spin-pumping-induced inverse spin Hall effect
is carefully considered. The obtained values of dampinglike torque efficiency by different means are con-
sistent with each other. The present work provides useful insights to determine the dampinglike torque
efficiency of the PMA sample via ST FMR measurements.

DOI: 10.1103/PhysRevApplied.13.034041

I. INTRODUCTION

Spin-orbit torque (SOT) is a promising candidate mech-
anism to drive magnetization switching [1–3], magnetiza-
tion oscillation [4–6], domain wall and skyrmion motion
[7–9]. In a heavy metal-ferromagnetic metal (HM-FM)
bilayer, the current-induced SOT originates from the spin
current due to the spin Hall effect (SHE) and/or Rashba
effect. The SOT usually has two orthogonal components
[10–12], i.e., dampinglike (DL) and fieldlike (FL) torque,
which take the form of γ hDLm × σ × m and γ hFLm × σ ,
respectively. Here, γ is the gyromagnetic ratio; hDL and
hFL are the effective fields of DL torque and FL torque,
respectively; m is the unit vector of magnetization; and σ is
the polarization direction of spin current. The dampinglike
torque can be used to switch both in-plane and out-of-plane
magnetization [13,14]. From the application point of view,
a study of the SOT-driven perpendicular magnetization
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switching is of importance due to the potential applications
of perpendicular magnetic anisotropy (PMA) materials
in high-density and ultrafast devices [15,16]. To better
employ the SOT in perpendicular magnetization manip-
ulation, it is vital to quantitatively characterize the SOT
efficiency.

Several techniques have been developed to characterize
the SOT in a typical HM-FM bilayer, including harmonic
Hall voltage analysis [17,18], spin-torque ferromagnetic
resonance (ST FMR) [19–21], and the magneto-optical
Kerr effect [22,23]. Among these techniques, ST FMR
is an effective and convenient method, which is there-
fore extensively applied to SOT characterization. When
a radiofrequency (rf) current, I rf, is applied to a HM-
FM bilayer device, the magnetization is oscillated by the
current-induced SOT, resulting in an oscillation of resis-
tance (Rrf) due to the magnetoresistance effect. A dc recti-
fication voltage is thus generated from the mixing of the
I rf and Rrf. To obtain a strong rectification voltage, and
thus, a strong ST FMR spectrum, the magnetoresistance
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effect must be large enough to produce a necessary resis-
tance change. In general, the anisotropy magnetoresistance
(AMR) in the HM-FM with a relatively thick FM layer can
lead to a sizable signal. The AMR significantly decreases
with the FM thickness, resulting in a reduction of the ST
FMR signal with FM thickness. For this reason, previous
ST FMR measurements of SOT efficiency are mainly con-
centrated on the HM-FM bilayers with thick FMs. The
thickness requirement limits the ST FMR measurements to
HM-FM bilayers with in-plane magnetic anisotropy (IMA)
[24,25] or bulk PMA materials [26]. For a general HM-FM
bilayer with an interfacial PMA, in which the FM layer is
typically very thin, the small AMR value challenges the ST
FMR measurement.

Recently, a new magnetoresistance effect, named spin
Hall magnetoresistance (SMR), was observed in HM-
ferromagnetic insulator (FI) and HM-FM bilayers [27,28].
The SMR originates from the spin Hall effect and is deter-
mined by the angle between magnetization and the polar-
ization direction of spin current. Thanks to the SMR, a
strong ST FMR spectrum can still be observed in the HM-
FI and perpendicular HM-FM bilayer with an ultrathin FM
layer, although the AMR is absent [28–30]. This SMR-
based ST FMR allows the study of the high-frequency
resonance properties of FI and ultrathin nanosized mag-
netic films. Moreover, it is also used to explore the SOT
efficiency in the HM-FI bilayer with an IMA [28,31].
However, it is rarely applied to study the SOT in the
HM-FM bilayer with a PMA, which is vital for SOT
applications.

Here, we study the SOT efficiency in perpendicularly
magnetized W/Co40Fe40B20/MgO structures by a ST FMR
technique. In Sec. II, we develop a full analysis of SMR-
based ST FMR, which applies to both IMA and PMA
systems. Through the analysis of the angular dependence
of the ST FMR signal, we dissect the contributions from
various origins to the measured voltage and extract the
SOT efficiencies. In Sec. III, we briefly introduce the
experiments. In Sec. IV, we get the SOT efficiency in
IMA samples as a reference and then we study the full
ST FMR spectra in the PMA system. We observe in-plane
and out-of-plane magnetization precession modes, and sys-
tematically analyze the SOT efficiencies through different
methods. These results are consistent with each other and
can help to understand the properties of PMA samples to
facilitate their practical applications.

II. THEORY OF SMR-BASED ST FMR

In this section, we develop a full analysis of the ST FMR
spectrum suitable for both IMA and PMA samples. The
ST FMR signal can be written as V(t) = I0 cos(ωt)R(ωt),
where I 0 is the amplitude of I rf with a frequency of
ω/2π . The resistance can be obtained based on the SMR
expression [32,33], RSMR = Rz + �R cos2θ sin2ϕ. Here,

(a)

(c) (d)

(b)

FIG. 1. (a) Schematic of ST FMR measurement setup, includ-
ing a bias tee, a microwave signal generator, and a lock-in
amplifier. Jc denotes the charge current of the sample, and Js
denotes the spin current along the normal direction of films.
External field H is applied in plane at angle ϕ with respect to the
X axis. (b) Angular dependence of Vs and Va for the annealed
sample with IMA and thickness tFM = 1.2 nm. Inset: typical ST
FMR spectrum of the same sample measured at ϕ ≈ 35°; excited
frequency is 4 GHz. Open circles indicate measured data, which
are fitted by symmetric (blue solid curve) and antisymmetric
(green solid curve) components. (c) SOT efficiency as a function
of FM thickness tFM. (d) Reciprocal of SOT efficiency, ξSOT

–1, as
a function of the reciprocal FM thickness, tFM

–1, for all samples,
except for PMA samples.

�R = Ry − Rx and Ri is the resistance measured when
the magnetization is saturated parallel to i = x, y, z, which
is characterized by Ry < Rz ≈ Rx. θ and ϕ are the polar
and azimuthal angles of magnetization M, respectively,
as shown in Fig. 1(a). The resistance oscillation of the
device can be reflected by the oscillating angle ϕ(t) = ϕ +
ϕc cos(ωt + ϕ0) and θ(t) = θ + θc cos(ωt + θ0). ϕc and θ c
are the cone angles of magnetization precession, which
are usually much smaller than those of ϕ and θ under the
condition of small-amplitude magnetization precession. ϕ0
and θ0 are the phase lag between magnetization preces-
sion and the driving force, which are neglected because
the current-induced spin torques directly drive magnetiza-
tion. The sinϕ and cosθ terms can be expanded by using
the Taylor series, and then the mixing voltage can be
reduced to

Vmixing = − I0�R
2

(cos2θ sin 2ϕ ϕc − sin2 ϕ sin 2θ θc). (1)

Here, two time-dependence terms with frequencies of
ω and 2ω are ignored. The Vmixing value is dependent on
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the amplitude of I rf, the SMR of the sample, the rotation
angle ϕ and polar angle θ of M, and the cone angles of
magnetization precession ϕc and θ c.

To simplify the analysis, two Cartesian coordinates are
used. As shown in Fig. 1(a), the X, Y, Z coordinate is fixed
with respect to the device. The X ′, Y′, Z ′ coordinate is a
moving coordinate with the X ′ axis along the M and Y′
axes in the X -Y plane. We only consider that external field
H rotates in the film plane under angle ϕ with respect to
the X axis. θ is the polar angle of M deviated from the
X -Y plane. The cone angles ϕc and θ c of magnetization
precession can be estimated by ϕc ≈ sinϕc = My ′ /M 0 and
θ c ≈ sinθ c = Mz′ /M 0; here, My ′ and Mz′ denote the projec-
tion components of the saturation magnetization M 0 onto
Y′ and Z ′ axes, respectively. The derivations of ϕc and θ c
are given in Appendix A. By substituting the cone angles
into Eq. (1), the SMR-based ST FMR signal can be written
as

Vmixing = Voffset + Vs
�H 2

(H − Hr)
2 + �H 2

+ Va
�H(H − Hr)

(H − Hr)
2 + �H 2

, (2)

where Voffset is the offset value of the measured voltage and
Vs and Va are the coefficients of symmetric and antisym-
metric components, respectively, which are determined by
Vs(a) = As(a)cosϕsin2ϕ + Bs(a)sinϕsin2ϕ + Cs(a)sinϕ. Here,
As = λ0hDL(cos2θ−sin2θcosθ ), Bs = λ0(hFL + hOe)sinθcos
θ (1−cosθ ), Cs = λ0hDLsinθsin2θ , Aa = λ0(hFL + hOe)(λ1
cos2θ−sin2θcosθ /λ1), Ba = λ0hDLsinθcosθ (λ1cosθ−1/λ1),
Ca = λ0(hFL + hOe)sinθsin2θ /λ1, λ0 =−I 0�R/(2α)/(Hy ′ +
Hz′), and λ1 = (Hz′ /Hy ′)1/2. Here, α is the Gilbert damp-
ing constant and Hy ′ and Hz′ are the static effective fields
induced by the external field and magnetic anisotropy field
in the X ′,Y′,Z ′ coordinate, respectively.

In the following, we discuss two common precession
modes, according to the orientation of magnetization. One
is the in-plane (IP) precession mode, in which the mag-
netization is oriented in the film plane by an external
in-plane magnetic field for the PMA and IMA samples.
The other one is the out-of-plane (OOP) precession mode
for the PMA samples. In this case, the FMR happens
when the magnetization deviates from the PMA axis at
a small in-plane magnetic field. For the IP precession
mode, the polar angle is θ = 0 and the effective fields are
Hy ′ = Hr and Hz′ = Hr + M 0. Therefore, the coefficients
of the symmetric term and antisymmetric terms can be
reduced to

Vs = λ0
�

2e
ξDLJc

μ0M0tFM
cos ϕ sin 2ϕ, (3a)

Va = λ0

√
1 + M0

Hr

(
JctHM

2
+ �

2e
ξFLJc

μ0M0tFM

)
cos ϕ sin 2ϕ.

(3b)

Here, ξDL(FL) denotes the dampinglike (fieldlike) torque
efficiency. Eq. (3) indicates that the symmetric and anti-
symmetric components of mixing voltage obey the same
angular dependence of cosϕsin2ϕ. Therefore, the SOT
efficiency can be assessed by the Vs/Va ratio [10],

ξSOT = Vs

Va

e
�

μ0M0tFMtHM

√
1 + M0

Hr
. (4)

When the FL torque is much smaller than the torque of
the Oersted field, one will have ξSOT = ξDL. While the FL
torque is comparable to the torque of the Oersted field,
ξSOT will depend on tFM, and it can be expressed as [10]

1
ξSOT

= 1
ξDL

(
1 + �

e
ξFL

μ0M0tFMtHM

)
. (5)

The efficiency of DL torque and FL torque can be deter-
mined by the ferromagnet thickness dependence of ξSOT.
The DL torque mainly originates from the SHE in the bulk
region of HM, so the DL torque efficiency is proportional
to the spin Hall angle, i.e., ξDL = TinθSH; here, Tin denotes
the interfacial spin transparency [10].

For the OOP precession mode, the magnetization pre-
cession axis tilts out of the film plane. Eq. (2) is thus
correlated with polar angle θ . Notably �RSMR is reduced
when the magnetization is oblique to the plane due to the
PMA (see Appendix B for details), which leads to the ST
FMR voltage for the OOP mode being weaker than that
for the IP mode. For the PMA systems, the effective fields
are expressed as Hy ′ = Hcosθ−H 1sin2θ−H 2sin4θ and
Hz′ = Hcosθ + H 1cos2θ + H 2(3sin2θcos2θ−sin4θ ). Here,
H 1 and H 2 are the first- and second-order PMA fields, and
H is the external magnetic field applied in the film plane
[29,34]. The symmetric and antisymmetric components of
mixing voltage have the following angular dependence:

Vs(a) = As(a) cos ϕ sin 2ϕ + Bs(a) sin ϕ sin 2ϕ + Cs(a) sin ϕ,
(6)

where As(a), Bs(a), and Cs(a) are coefficients described
previously. Different from the IP mode, the angular depen-
dences of sinϕsin2ϕ and sinϕ appear in the OOP mode.

In addition to the mixing voltage, a dc voltage from
the inverse spin Hall effect (ISHE) due to spin pump-
ing can also contribute to the measured signal. Spin
pumping provides a route to generate a spin current
through magnetization precession. In the HM-FM sys-
tem, a spin current is pumped into the HM layer from
the FM under the FMR condition and is then converted
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into an electric voltage through the ISHE. Generally, the
ISHE voltage can be described by a Lorentzian equation,
V(H) = VISHE{�H 2/[(H − Hr)

2 + �H 2]}, and the angle
ϕ dependence of VISHE has two terms, i.e., VISHE ∼
Fycos ϕ sin 2ϕ + Fzsin ϕ [35]. The former is due to y-
directional excitation (rf Oersted field and fieldlike torque),
which results in the same signal as that of the ST FMR sig-
nal. This term can be neglected in this work (see Appendix
C for details). The latter arises from z-directional excita-
tion (rf dampinglike torque), which is reported in many
studies and can be expressed as [35,36]

VISHE = −eλsdlHMθSHg↑↓ω

2πσHMtHM
tanh

(
tHM

2λsd

)
sin2θc sin ϕ,

(7)

where λsd, lHM, σ HM, and θSH are the spin diffusion length,
length dimension, conductivity, and spin Hall angle of
the heavy metal; θ c is the cone angle of magnetization
precession.

III. EXPERIMENTS

Samples consisting of W(5 nm)/Co40Fe40B20(t nm)/
MgO(2 nm)/Ta(2 nm), with t = 1.0, 1.2, 1.5, 2.0, and
3.0, are deposited on silicon substrate by means of mag-
netron sputtering. All samples are annealed under vacuum
at 250 °C for 0.5 h to enhance the PMA. The annealed
sample with a thickness of 1.0 nm shows a strong PMA.
The magnetic properties of all samples and device fab-
rication have been described in previous work [29]. All
samples have a sizable SMR, and the AMR is negligible.
Figure 1(a) shows the setup for ST FMR measurements.
The microwave source provides a stimulated I rf with a
frequency ranging from 100 kHz to 20 GHz, which is mod-
ulated by a low-frequency sinusoidal wave. A bias tee is
used to separate the dc signal from the mixed signal.

IV. RESULTS AND DISCUSSION

A. SOT efficiency in the IMA system

Before studying the PMA samples, we present the
experimental results and SOT efficiency analysis for the
sample with an IMA to provide a reference for compar-
ison. The typical ST FMR spectrum of the sample with
the IMA is shown in the inset of Fig. 1(b). The measured
Vmix data are fitted by Eq. (2), which have symmetric and
antisymmetric parts. According to Eq. (3), the symmetric
part, Vs, is correlated to the DL torque, while the antisym-
metric part, Va, is correlated to the FL torque and Oersted
field. The angle dependences of coefficients Vs and Va for
the same sample with tFM = 1.2 nm are shown in Fig. 1(b),
which exhibit a smooth angular dependence of cosϕsin2ϕ.
The SOT efficiency can be estimated from the ratio
Vs/Va and calculated by using Eq. (4). As the thickness

tFM increases, the SOT efficiencies for the as-grown and
annealed samples increase [see Fig. 1(c)], which indicates
that the W/Co40Fe40B20/MgO/Ta samples have a signifi-
cant contribution from FL torque. In terms of the tFM thick-
ness dependence of SOT efficiency, a linear fit between
ξSOT

–1 and tFM
–1 is performed, as shown in Fig. 1(d). We fit

the results using Eq. (5) and obtain ξDL =−0.35 ± 0.016
and ξFL =−0.05 ± 0.001 for the as-grown samples and
ξDL =−0.36 ± 0.002 and ξFL = −0.05 ± 0.001 for the
annealed samples. The ξDL value changes slightly after
annealing, which is related to the change of interfa-
cial spin transparency. These obtained values are con-
sistent with previous works (|ξDL| = 0.33 ∼ 0.4 in the
W/Co40Fe40B20MgO structure) [24,25,37]. Moreover, the
samples present a remarkable FL torque, which is also
consistent with previous results [38].

B. SOT efficiency in the PMA system

We now present the results for the PMA samples.
Figures 2(a) and 2(b) show the ST FMR spectra for the
annealed sample with tFM = 1.0 nm. The ST FMR spec-
tra show two resonance peaks; this pattern is different
from that for the sample with IMA. Similar to previous
work [29], the two resonance peaks correspond to the in-
plane and out-of-plane magnetization precession modes,
respectively. We fit the spectra using two sets of Eq. (2).
Figure 2(c) shows the measured voltage mapping as a func-
tion of the external field and rotational angle ϕ. For the
IP mode, the main negative peaks appear at ϕ = 35° and
145°, and two positive peaks at 215° and 325°, follow-
ing the angle dependence of cosϕsin2ϕ. However, for the
OOP mode, the main peaks occur at ϕ = 90° and 270°,
respectively, which obey the angle dependence of sinϕ.
According to Eqs. (6) and (7), both Vmixing and VISHE have
a sinϕ-dependent part. Previous reports [21,39] show that
the spin-pumping-induced VISHE typically plays a minor
role in the sample with an IMA. However, this contribu-
tion is enhanced when an external magnetic field is applied
oblique to the film and enables the out-of-plane magnetiza-
tion [40]. Therefore, the spin-pumping contribution should
be carefully considered. In the following, we demonstrate
that DL torque efficiency can be separately determined
through analyzing the resonance peaks for IP and OOP
modes.

1. In-plane mode

Figures 3(a) and 3(b) show the angular dependence
of the symmetric and antisymmetric components of the
IP mode, respectively, which are fitted through Eq. (6).
Apparently, the cosϕsin2ϕ term dominates the angular
dependence. The coefficients As(a) can be simplified, as the
angle is θ = 0, and the ratio As/Aa gives rise to a SOT effi-
ciency that is analogous to Eq. (4). The SOT efficiency can
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(a) (b) (c)

FIG. 2. Experimental ST FMR spectra for the annealed sample with tFM = 1.0 nm measured at angles ϕ = 63° (a) and 223° (b). This
sample has a strong PMA. Black solid curves represent the fitting of measured data through the superposition of two sets of Eq. (2).
Peak 1 (blue curve) and peak 2 (green curve) represent the in-plane resonance mode and out-of-plane resonance mode, respectively.
(c) Color map of ST FMR signal as a function of rotational angle ϕ and external field H. Red (blue) color represents negative (positive)
voltage.

be expressed as

ξSOT = As

Aa

e
�

μ0M0tFMtHM

√
1 + H1

Hr
. (8)

Here, H 1 is the first-order PMA field. According to
Eq. (8), we get ξSOT = −0.043 for the sample with PMA.
When we consider ξDL =−0.36 (the reference value), the

(a) (b)

(c) (d)

FIG. 3. Angular dependence of symmetric (a) and antisymmet-
ric (b) components of IP mode, which are mainly dependent
on angle relation of cosϕsin2ϕ. (b) ST FMR signal spectra
modulated by positive and negative currents. (c) De-embedding
relationship of resonance width �H as a function of applied J dc
in the annealed sample with PMA at ϕ = 30° and f = 4 GHz.
Black solid lines are linear fits.

FL torque efficiency can be extracted as ξFL =−0.07 by
using Eq. (8). This value is reasonably consistent with the
reference value (ξFL =−0.05), indicating the validity of
the analysis for the in-plane mode.

To directly determine the DL torque efficiency specific
for the PMA sample, we perform a modulation of damping
(MOD) measurement [21,40], in which the resonance line
width �H can be tuned by a dc current in the HM layer.
The change of resonance line width can be expressed as

�H = 2π f
γ

[
α + JdcξDL sin ϕ

(H + 2πMeff)μ0M0tFM

�

2e

]
. (9)

Figure 3(c) shows the ST FMR spectra measured at dif-
ferent dc currents. Here, the MOD method is performed
at angle ϕ = 30° and an excited frequency of f = 4 GHz,
and then we obtain the J dc dependence of the line width
�H for the IP mode. It can be clearly seen that �H grad-
ually decreases with an increase in current from −1 mA
to +1 mA in the negative field. On the contrary, �H
increases with an increase in current in the positive field.
Notably the current density J dc dependence of line width
�H contains odd and even components with respect to J dc;
these components are due to the SOT and Joule heating
[41], respectively. A linear relation between �H and J dc is
extracted, as shown in Fig. 3(d). According to Eq. (9), the
linear fitting of �H allows the extraction of the DL torque
efficiency. We obtain ξDL = −0.36 ± 0.067 under positive
field and ξDL = −0.41 ± 0.065 under negative field. The
averaged value is thus −0.38 ± 0.066, which is consistent
with the reference value obtained in the sample with IMA.
It is noted that the MOD measurement can remove the
spin pumping contribution, which also verifies the valid-
ity of the value obtained through the angle dependence
measurement in Sec. IV A.
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2. Out-of-plane mode

Next, we demonstrate the determination of SOT effi-
ciency through analyzing the resonance peak for the OOP
mode. Figures 4(a) and 4(b) show the angular depen-
dences of the symmetric and antisymmetric coefficients
of OOP mode, respectively, which are fitted by the equa-
tion Vs(a) = As(a)cosϕsin2ϕ + Bs(a)sinϕsin2ϕ + Cs(a)sinϕ.
Obviously, Vs and Va also have a sinϕ term in addition
to the cosϕsin2ϕ term. If the contribution of Cs(a)sinϕ

entirely originates from the rectification voltage, the ratio
of Cs/Ca allows us to obtain a hDL/(hFL + hOe) value of
19.4. The precise hDL/(hFL + hOe) value can be obtained as
6.8 through As/Aa for the IP mode case. This comparison
reveals that, for the OOP mode, the sinϕ term contains not
only the rectification signal, which is only 35% of the total.
The remaining 65% is from the spin-pumping contribution,
which should also be considered.

The strong ISHE signal appearing in the OOP mode,
rather than IP mode, can be explained and estimated by
using Eq. (7); this signal exhibits an angular dependence of
sinϕ due to the dampinglike torque. First, we should obtain
the tilted angle θ of the magnetization precession axis and

(a)

(b)

FIG. 4. Angular dependence of symmetric and antisymmetric
components of the OOP mode. Vs (a) and Va (b) distinctly contain
angle relations of cosϕsin2ϕ and sinϕ.

the cone angle. From our previous work [29], we obtain the
first- and second-order PMA fields as H 1 = −1.67 kOe and
H 2 = 12.6 Oe. According to the principle of energy mini-
mization, the tilted angle can be determined to be θ = 27°
under the conditions of the resonance field Hr = 1.48 kOe.
Under the condition of the FMR and rotational angle
ϕ = 90°, the cone angles are deduced to be

ϕc = ω/γΔH
Hy ′ + Hz′

(hFL + hOe) sin θ , (10a)

θc = ω/γ�H
Hy ′ + Hz′

hDL sin θ , (10b)

Clearly, the OOP mode is mainly driven by stronger
DL torque because hDL is much larger than hFL + hOe in
the W/Co40Fe40B20/MgO/Ta systems. Moreover, VISHE is
almost equal to zero when the angle is θ = 0°, while the
cone angle of magnetization precession will have a size-
able value when the angle is θ = 27°. This is why the OOP
mode can give rise to a large value of VISHE, which is pro-
portional to the square of the cone angle and maximized
when the magnetization precession axis is oblique to the
film plane.

To estimate the spin Hall angle from VISHE (65% of the
Cs), some parameters need to be determined. The rf Oer-
sted field is calculated to be hOe = tHMJc/2 = 0.89 Oe when
the amplitude of rf current density is J rf = 2.8 × 1010 A/m2,
as estimated by measuring the power loss of the
device. Therefore, the cone angle θ c can be obtained as
θ c ≈ 0.02 rad. The effective spin-mixing conductance G↑↓
is calculated to be 2.83 × 1014 −1 m−2 by considering
the resonance line width (see Appendix D for details)
and the spin-diffusion length of tungsten is λsd = 3.5 nm
with reference to the literature value [42]. Therefore, by
using Eq. (7), the spin Hall angle can be estimated to be
θSH = −0.68. Notably, θSH obtained in the spin-pumping
experiment is an intrinsic value [36]. We can further obtain
the interfacial spin transparency Tin from [43]

Tin = 2G↑↓tanh
(

d
2λsd

)
/

[
1

ρHMλsd
+ 2G↑↓coth

(
d

λsd

)]
,

(11)

where G↑↓ is the spin-mixing conductance, and d, λsd, and
ρHM are the thickness, spin-diffusion length, and resistiv-
ity of the HM layer, respectively. The Tin values are 0.45
and 0.47 for the annealed samples and as-grown samples,
respectively. Therefore, the ξDL value can be determined
from ξDL = Tin·θSH =−0.31. The obtained ξDL value is
consistent with that from the IMA system and MOD
method. The successful extraction of the ISHE contribu-
tion in the OOP mode also indicates that ST FMR can
be used to study the spin-pumping effect for the PMA
sample. Overall, the obtained values from different meth-
ods for IMA and PMA samples are self-consistent. Our

034041-6



CHARACTERIZATION OF SPIN-ORBIT . . . PHYS. REV. APPLIED 13, 034041 (2020)

results demonstrate the feasibility of obtaining SOT effi-
ciency in the PMA sample through SMR-based ST FMR
measurements.

V. CONCLUSIONS

We conduct a full analysis of SMR-based ST FMR for
W/Co40Fe40B20/MgO samples with IMA and PMA. The
SOT efficiencies for the IMA system are determined as
reference values (ξDL = −0.35 and ξFL =−0.05) by ana-
lyzing the FM thickness dependence of SOT efficiency.
Then, for the PMA sample, the ST FMR spectra present
the IP and OOP modes. The DL torque efficiency is deter-
mined to be −0.38 by using the MOD method for the IP
mode, which is consistent with the reference value. The
OOP mode is also analyzed andt the dominant contribution
comes from the spin-pumping-induced ISHE, and thus, a
DL torque efficiency of −0.31 is obtained. In this experi-
ment, the DL torque efficiency values obtained by different
means are self-consistent. The successful determination of
SOT efficiency in the PMA materials give insights to ST
FMR studies of SOT efficiency.
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APPENDIX A: ESTIMATION OF THE
PRECESSION CONE ANGLE

The ferromagnetic resonance is driven by both the
current-induced Oersted field and SOTs. The magnetiza-
tion dynamic under these driving forces is governed by the
Landau-Lifshitz-Gilbert (LLG) equation:

dm
dt

= −γ m×Heff + αm × dm
dt

− γ m × hOe + τSOT

(A1)

where τSOT = γ (hDLm × σ × m + hFLm × σ) is the SOT,
γ is the gyromagnetic ratio, α is the Gilbert damping coef-
ficient, Heff is the effective field, and hOe is the rf Oersted
field. According to Ampere’s law, under the condition that

the sample width is much larger than the HM thickness
tHM, the Oersted field can be written as hOe = (tHMJc/2)ŷ.
In the X ′, Y′, Z ′ coordinate, the rf driving force can be
transformed into

h′
rf =

⎡
⎣ (hOe + hFL) cos θ sin ϕ

(hOe + hFL) cos ϕ + hDLsin θ sin ϕ

hDL cos ϕ − (hOe + hFL)sin θ sin ϕ

⎤
⎦ . (A2)

Because the source of the rf Oersted field and rf SOT all
originate from the rf charge current, only the magnitude
and direction are different, so it is convenient to consider
the response of My ′ and Mz′ to rf driving force as the same
susceptibility χ in the X ′, Y′, Z ′ coordinate. The suscepti-
bility χ (H ) can be obtained by solving the LLG equation
in the linear response regime [44]

χ = (L + iD)C0

⎛
⎝ 0 0 0

0 1 − iC1 C2
0 −C2 1 − iC3

⎞
⎠ , (A3)

where the L and D functions are

L = �H 2

(H − Hr)
2 + �H 2

, (A4)

D = �H(H − Hr)

(H − Hr)
2 + �H 2

, (A5)

where Hr is the resonance field and �H = αω/γ is the line
width; the real numbers C0– C3 are C0 = M 0/(Hy ′ + Hz′),
C1 = Hz′ /�H, C2 = 1/α, and C3 = Hy ′ /�H. Here, Hy ′ and
Hz′ are the static effective fields formed by the external
field and magnetic anisotropy field, respectively, in the X ′,
Y′, Z ′ coordinate. Hence, the cone angle ϕc ≈ My ′ /M 0 and
θ c ≈ Mz′ /M 0 can be deduced [45,46]

α(Hy ′ + Hz′)ϕc

= [hDL cos ϕ − (hOe + hFL)sin θ sin ϕ]L

+
√

Hz′

Hy ′
[(hOe + hFL) cos ϕ + hDL sin θ sin ϕ]D,

(A6)

α(Hy ′ + Hz′)θc

= [−hDL sin θ sin ϕ − (hOe + hFL)cos ϕ]L

+
√

Hy ′

Hz′
[hDL cos ϕ − (hOe + hFL) sin θ sin ϕ]D.

(A7)

APPENDIX B: EXTERNAL FIELD H
DEPENDENCE OF �RSMR

Figure 5 shows �RSMR/Rmax at different external fields
for the ultrathin FM layer with PMA, which is extracted
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FIG. 5. SMR at different external fields for the ultrathin film
with PMA. Inset is the angular dependence of device resistance
at different external fields.

from the device resistance during rotation of the external
field in the film plane, as shown in the inset of Fig. 5. It is
obvious that �R/Rmax increases gradually with an increase
in the external field due to the reduction of angle θ between
magnetization M and the film plane. The �RSMR/Rmax
value at resonance field Hr = 3000 Oe is 0.37%; this
value is twice as large as that of �RSMR/Rmax = 0.18% at
resonance field Hr = 1500 Oe.

APPENDIX C: PARASITIC VOLTAGE FROM
INVERSE SPIN HALL EFFECT

In ST FMR measurements, the ISHE due to spin pump-
ing also contributes to the measured voltage. The spin-
pumping-induced parasitic voltages also have the same
angular dependence cosϕsin2ϕ as that of the symmetric
component of ST FMR voltage. Therefore, we need to
consider the proportion of VISHE in the ST FMR voltage
V sym

ST FMR. According to the theory of ISHE and ST FMR,
the ratio of VISHE/V sym

ST FMR can be estimated by [47,48]

VISHE

V sym
ST FMR

= 2LλN e2μ0M0ωg↑↓
eff (df /dH)H=HrtF t2N σN

(dR/dϕ)γ W��H(tN σN + tFσF)2

× tanh
(

tN
2λN

)
, (C1)

where g↑↓
eff and λN are the effective spin-mixing conduc-

tance and spin-diffusion length, respectively. tN , tF , σ N ,
and σ F are the thickness of the heavy-metal layer, the
thickness of the ferromagnetic layer, the conductivity of
the heavy-metal layer, and the conductivity of the ferro-
magnetic layer. L and W are the length and width of the
sample, respectively. Here, we define the proportion of

FIG. 6. Damping coefficient as a function of tFM
–1 for annealed

and as-grown samples. Black solid lines are fitting curves
obtained by using Eq. (D1).

ISHE voltage in the total voltage as η ≡ VISHE/(VISHE +
V sym

ST FMR). From Eq. (C1), we can calculate the proportion
of the contribution from ISHE to be less than 5% for our
samples. Therefore, for the analysis of the angular depen-
dence of cosϕsin2ϕ, we ignore the contribution from the
ISHE due to spin pumping in the present work.

APPENDIX D: ESTIMATION OF SPIN-MIXING
CONDUCTANCE G↑↓

The effective spin-mixing conductance is closely related
to the enhancement of the damping constant due to inter-
facial spin-orbit coupling, which can be expressed as
[49]

α = α0 + G↑↓
eff

gμBh
4πM0e2 t−1

FM + βTMSt−2
FM, (D1)

where α0 represents the intrinsic damping constant, g is
the g factor, µB is the Bohr magnetron, and h is Planck’s
constant; βTMS is a coefficient that depends on the two-
magnon scattering. By fitting the tFM

–1 dependence of
damping α, as shown in Fig. 6, we obtain intrinsic damping
α0 = 0.005 and effective G↑↓ = 2.83 × 1014 −1 m−2 for
the annealed samples, as well as α0 = 0.007 and effective
G↑↓ = 3.81 × 1014 −1 m−2 for the as-grown samples.
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