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ABSTRACT
The spin Hall effect appears in nature in two forms. Its intrinsic form is highly dependent on the crystal symmetry while its extrinsic form
stems from impurity scattering. Its efﬁciency is deﬁned by the spin Hall angle, hSH , and has profound impact on spintronic technologies.
However, an accurate measurement of hSH is not straightforward nor the identiﬁcation of its origin. In this work, we apply a spin-torque
driven ferromagnetic resonance method that is probed in two different ways, optically and electrically, to study the dependence of hSH in the
crystallographic direction in epitaxial Al2O3/Pt (111), MgO(110)/Pt (110), and MgO(001)/Pt (001) ﬁlms. We show that the electrical technique is limited in its ability to accurately quantify hSH at high current densities, and in some cases, it may even result in erroneous hSH values. Such cases include ﬁlms that exhibit a large inhomogeneous broadening. We ﬁnd that hSH is strongly affected by the crystallographic
direction. Our study extends the understanding of one of the most commonly used methods for the exploration of the spin Hall effect.
C 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
V

creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0085818

The spin Hall effect (SHE) is a collection of relativistic phenomena,
h
where charge current jc can generate a transverse spin current js 2e
through spin–orbit coupling (SOC).1 In recent years, the SHE has
proven useful in manipulating the magnetization order parameter in
perpendicularly magnetized ferromagnets (FMs)2 and in antiferromagnets3 for applications such as magnetic logic and storage devices.4 The
SHE is also fundamentally interesting as it stems from a scattering process in a well-deﬁned band structure. The scattering mechanisms are
closely related to those dominating the anomalous Hall effect (AHE).
Therefore, the extrinsic contribution to the spin Hall conductivity (rSH
xy )
depends on the scattering rate (s) of the electron’s spin. While the
extrinsic contribution to rSH
xy scales linearly with longitudinal conductivity (rxx ) ðor sÞ, the intrinsic process is independent of s and arises from
the band structure of the crystal, its symmetries, and orientation.5–7
Pt in its various forms is one of the most important metals for
exploration of the SHE owing to the high strength of its SOC.8 It is
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generally understood that the SHE in Pt arises from both intrinsic and
extrinsic contributions.9 In polycrystalline ﬁlms, the resistivity and the
temperature dependence of the SHE have been used to distinguish
between these origins.10 However, studies of the SHE in epitaxial
ﬁlms,7,11 where the intrinsic SHE should be more important, are less
common.
In addition to the challenges that are related to the fabrication
and engineering of the materials, the accurate determination of the
spin Hall angle, hSH ; also impedes the development of SHE based technologies. Among a variety of techniques, the spin torque driven ferromagnetic resonance (STFMR)12 technique has been extensively used
to determine hSH . In a typical measurement, an RF electrical current is
passed through a heavy metal/ferromagnet (HM/FM) bilayer where
spins are polarized by the HM layer and diffuse into the FM layer. By
interaction with the local magnetic moments, an RF spin-torque
excites the ferromagnetic resonance (FMR) of the FM layer that is
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sensed by measuring a DC voltage (Vmix ) across the device. Vmix is a
result of the interplay between the oscillatory anisotropic magnetoresistance (AMR) effect12 and the RF current. The hSH is determined by
passing an additional DC that modulates the damping of the FM.13
Despite its simplicity, interpreting the signal of the STFMR
requires careful analysis.14,15 In addition to the RF spin-torque, there
is also an RF Oersted torque that is generated from the RF current.
Furthermore, Vmix can have additional contributions. First, spin
pumping by the FM into the HM generates an electrical voltage via the
inverse SHE.16 Second, an anomalous Hall voltage is also present due
to the ﬂow of the charge current.14 Finally, thermoelectric effects, such
as the longitudinal spin Seebeck and Nernst effects,17 exist as well.
In this work, we explore the SHE in epitaxial Pt thin ﬁlms. We
explore the role of the crystallographic orientation. In addition to the
STFMR measurements, we also use an optically detected spin-torque
driven FMR (O-STFMR) method where the magnetization is probed
via the magneto-optical Kerr effect (MOKE)18 rather than by measuring Vmix. From a comparison of the two methods, we ﬁnd that the DC
voltage applied to the sample may add an artifact to the electrical measurements. In some cases, an incorrect hSH may result even when the
FMR signal is readily resolved. We ﬁnd that the O-STFMR beneﬁts
from a higher sensitivity that enables to explore the SHE in the presence of stronger DC spin-torques as compared to the STFMR. Hence,
the role of the crystallographic directions can be resolved with high
ﬁdelity. The ﬁlms were grown by DC magnetron sputtering in a vacuum system that has a base pressure of 1  109 Torr. Pt (111) and
Pt (110) layers were sputtered at 550  C directly onto Al2O3 (0001)
and MgO (110) substrates, respectively, whereas Pt (001) was grown at
650  C on a 0.3 nm thick Fe buffered MgO (001) substrate. The
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sputtering power and Ar pressure were 30 W and 3 mTorr, respectively. The thickness of the Pt layer is 5 nm in all ﬁlms. A 5 nm thick
FM layer formed from Py (Ni81Fe19) was grown at room temperature
on top of the different Pt ﬁlms at a sputtering power of 30 W and an
Ar pressure of 3 mTorr. We use the notation Pt (111), Pt (110), and Pt
(001) to indicate the Al2O3 (0001)/Pt/Py, MgO (110)/Pt/Py, and MgO
(001)/Fe/Pt/Py ﬁlms unless speciﬁed otherwise. All ﬁlms were capped
with a 3 nm thick TaN layer to prevent oxidation. Figure 1(a) shows
specular h–2h longitudinal x-ray diffraction (XRD) data. The (111),
(110), and (001) peaks of Pt are readily seen indicating the high degree
of crystalline texture of the ﬁlms. Additionally, well-resolved thickness
fringes are observed in the Pt (111) ﬁlm illustrating the higher quality
of Pt (111) as compared to the Pt (110) and Pt (001) ﬁlms. The surface
roughness of Pt (111) and Pt (001) was comparable and having relatively low values of 0.6 and 0.4 nm, respectively, whereas Pt (110) had
a roughness of 1.8 nm as seen in the atomic force microscopy (AFM)
data presented in the supplementary material. A similar observation
was made in Ref. 19 with the exact reason for being unclear. In order
to accurately determine hSH , the resistivity of the single Pt layer was
extracted by growing additional Pt/TaN ﬁlms with the respective crystal orientations. The resistivity values were 18 6 1, 30 6 4, and
33 6 1 lX-cm for the bare Pt (111), Pt (110), and Pt (001) layers,
respectively, and did not reﬂect the large surface roughness of Pt (110).
However, the surface roughness was reﬂected in the in-plane MOKE
hysteresis curves. Figure 1(b) readily shows that the MOKE signal of
Pt (110) is weaker by more than 50% as compared to the other orientations. Also, the switching transition of Pt/Py (111) and Pt/Py (001) is
sharper suggesting a more homogeneous magnetization texture in
these ﬁlms.

FIG. 1. (a) XRD data of Pt (111), Pt (110), and Pt(001) samples. (b) In-plane MOKE hysteresis loops for Pt (111), Pt (110), and Pt(001). (c) Schematic illustration of the
STFMR setup. (d) Schematic illustration of the O-STFMR setup.
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The O-STFMR and STFMR measurements were performed on
the same devices. The samples were patterned by optical lithography
followed by Ar ion-milling to deﬁne devices of area 25  50 lm2 . The
conventional STFMR setup used in this work is described in Ref. 9
with an external magnetic ﬁeld applied at 45 with respect to the current and Vmix directions as illustrated in Fig. 1(c).
The O-STFMR setup is presented in Fig. 1(d). A 35 fs Ti:Sapphire
laser operating at 800 nm and a repetition rate of 80 MHz was used to
probe the magnetization precession using the perpendicular MOKE
conﬁguration, which senses the out-of-plane component of the magnetization, mz . To that end, the laser was phase-locked with the driving RF
microwave signal that was passed through the sample as in the STFMR
technique. An optical delay line allows for the accurate control of the
timing of the incident pulses with respect to the magnetization precession. In contrast to the STFMR, the O-STFMR is sensitive to both the
phase and amplitude of mz . The external magnetic ﬁeld, Hext , was
applied in the sample plane at 45 with respect to the direction of the
current similar to the STFMR setup. In both techniques, hSH was
extracted from DC bias dependent FMR linewidth measurements.
Figure 2 presents an example of the measured STFMR and OSTFMR spectra of the Pt (111) sample at 6–13 and 6.2–13.5 GHz,
respectively. Each STFMR spectrum is composed of symmetric and
anti-symmetric signals that stem, respectively, from the spin–orbit torque (SOT) and Oersted ﬁeld contributions.12,15 In contrast, the OSTFMR measurement is phase sensitive. The spectral line shape
depends on the ratio of the in-phase to out-of-phase components of
the susceptibility (v0 and v00 ), which is determined by the timing of the
pulses relative to RF excitation. At each frequency, the relative timing
is different, hence, also the symmetry as seen in Fig. 2(b). To extract
the resonance ﬁeld and linewidth, each trace was decomposed into the
symmetric and anti-symmetric parts similar to the procedure applied
for STFMR measurements.15

ARTICLE

scitation.org/journal/apl

The resonance ﬁeld, Hres , and the linewidth, DH, can be determined in the STFMR and O-STFMR responses by ﬁtting the measured
spectra to a sum of symmetric and anti-symmetric Lorentzian functions according to
DH2
ðH  Hres ÞDH
 þ VAE=O 
;
VE=O ¼ VSE=O 
ðH  Hres Þ2 þ DH2
ðH  Hres Þ2 þ DH2
(1)
where VS and VA are the symmetric and anti-symmetric parts of the
Lorentzian, respectively, and the sub-index E or O indicates the electrical STFMR or optical O-STFMR method. The extracted frequency
dispersion curves are summarized in Figs. 3(a) and 3(b) for the
STFMR and O-STFMR measurements, respectively. The traces
obtained by both methods are similar. Using the Kittel formula,
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
f ¼ l2p0 c ðHres þ Hk ÞðHres þ Meff þ Hk Þ, an effective magnetization,
l0 Meff  1012 6 2 mT (993 6 4 mT), 700 6 6 mT (732 6 10 mT), and
968 6 3 mT (970 6 1 mT) was extracted for the Pt (111), Pt (110),and, Pt
(001) ﬁlms, respectively, using the STFMR (O-STFMR). Hk was negligible
in Pt-(111) and Pt(001) but signiﬁcant in Pt (110), where it was
19 6 0.2 mT (22 6 0.1 mT) as extracted by the STFMR (O-STFMR).
c and l0 are the gyromagnetic ratio and the magnetic permeability of free
space, respectively. We use the literature value for c of Permalloy ¼ 178
GHz/T. Meff for the Pt (110) ﬁlm appears to be lower by 30% as compared to the values for Pt (111) and Pt (001). Additionally, the Meff values
as measured by the optical and electrical methods for Pt (111) and Pt
(001) agree within an error that is smaller than 1% while the difference
for Pt (110) is signiﬁcantly larger, reaching almost 5%. We attribute this
behavior to the surface roughness. The same trend was also seen in the
saturation magnetization, MS , values measured by a vibrating sample
magnetometer (VSM) (VSM data presented in the supplementary
material).

FIG. 2. Examples of measured spectra for
a device fabricated from Al2O3 (0001)/Pt/
Py at RF frequencies from 6 to 13.5 GHz.
(a) STFMR and (b) O-STFMR spectra.
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FIG. 3. (a) Frequency dispersion curves measured by (a) STFMR and (b) O-STFMR. Linewidth measurements obtained by (c) STFMR and (d) O-STFMR.

The Gilbert damping parameter, a was extracted from DH measurements using the relation l0 DH ¼ l0 DH0 þ 2paf=c. DH0 arises
from inhomogeneous broadening and disorder in the crystalline structure. Figures 3(c) and 3(d) present the measurements of DH. The a
values obtained are 19.28 6 0:35  103 (20.9 6 0:2  103 ),
42.86 6 1:0 103 (45.7 6 2  103 ), and 16.08 6 0:1  103
(15.4 6 0:2 103 ) for Pt (111), Pt (110), and Pt (001), respectively,
extracted using the STFMR (O-STFMR). These values are consistent
with other reports.20 Despite the larger values of a for the Pt (110)
sample, both the optical and electrical methods result in very similar
values. It is possible that the Pt–Py interface of Pt (110) is more dominant in Pt (110) giving rise to efﬁcient spin pumping through the
interface and the appearance of signiﬁcant Hk . The DH0 values
extracted were 0.1 6 0.15 mT (0.07 6 0:06 mT), 9 6 0:50 mT
(8 6 0:6 mT), and 0.7 6 0.08 mT (1.1 6 0:07 mT) for Pt (111), Pt
(110), and, Pt (001), as measured by the STFMR (O-STFMR), respectively. Here as well, the STFMR and O-STFMR methods agree very
well. The large DH0 value of Pt (110) as compared to the other orientations illustrates quantitatively the conclusions drawn from the qualitative analysis of the static MOKE and the inﬂuence of the surface
roughness on the measured magnetization dynamics.
hSH was quantiﬁed from DC bias linewidth modulation measurements. The spin current density ﬂowing in the Pt layer, JS , generates DC
spin currents that modulate DH of the Py by a damping/anti-damping
SOT. The resultant effective damping, aeff , is linearly dependent on JS as
follows:21
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aeff ¼ a þ

sin u
hJS
:
ðl0 Hres þ 0:5Meff Þl0 MS t 2e

(2)

In Eq. (2), u is the angle between the charge current and the externally
applied ﬁeld, which is 45 in both techniques, and t is the thickness of
the Py layer. Equation (2) can be written more conveniently from
which hSH can be extracted as follows:
hSH

"
#
qPy tPt þ qpt tPy
@ ðdDHÞ=@ ðIDC Þ


¼
 w:
2pf
sin u
h
qPy
c ðl0 Hres þ 0:5Meff Þl0 MS tPy 2e
(3)

In Eq. (3), IDC is the bias current, and dl0 DH is the variation in l0 DH
as a result of IDC . qPt and qPy are the resistivities of Pt and Py, respectively, and w is the width of the device. From Eqs. (2) and (3), it is
seen that when the external ﬁeld is reversed, sinu changes sign so that
the dependence of DH on IDC is also reversed.
IDC dependent linewidth data at 6 GHz are presented in Fig. 4.
The linear dependence of dl0 DH on IDC is readily seen. Additionally,
it is seen that the maximal applicable current in the optical measurements is nearly four times larger as compared to the electrical STFMR.
We understand this limitation to arise from the AMR together with
the fact that the external magnetic ﬁeld is applied at 45 . Due to a
small but ﬁnite shape anisotropy, as the external magnetic ﬁeld is
swept, the magnetization slightly varies its orientation. As a result, the
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FIG. 4. Current dependent linewidth broadening at 6 GHz for Pt (111), Pt (110), and Pt (001). (a) STFMR measurements. (b) O-STFMR measurements. (c) STFMR and (d) OSTFMR zero bias spectra for Pt (111), Pt (110), and Pt (001).

DC resistance slightly varies as well. When IDC is applied these variations translate to a ﬁeld dependent DC voltage that becomes larger as
IDC increases. This ﬁeld dependent background signal complicates the
analysis of the STFMR signal at high currents. In contrast, the OSTFMR is independent of the AMR, and IDC dependent damping can
be studied over a wider range of currents. Hence, hSH can be quantiﬁed
more accurately. Operation at higher frequencies and ﬁelds may, in
principle, resolve this issue of the STFMR method, but in practice, the
signal to noise (SNR) would also reduce. STFMR measurements at
8 GHz are presented in the supplementary material as an example.
Surprisingly, the O-STFMR linewidth modulation data of Pt
(110) are much noisier than the STFMR data, while the latter reveals a
clear linear dependence on IDC . The hSH values explain this contradiction. hSH for Pt (111) and Pt (001) are 0.053 6 0.01 (0.043 6 0.01) and
0.072 6 0.01 (0.068 6 0.01) as measured by the STFMR (O-STFMR),
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respectively. (Error analysis is presented in the supplementary material.) Namely, both methods result in relatively close hSH . In contrast,
hSH extracted for Pt (110) reveals a big discrepancy: an extraordinarily
large hSH of 0.45 6 0.2 is extracted using the STFMR while the OSTFMR results in 0.09 6 0.03. Additionally, it is seen that all hSH values obtained by the STFMR are larger than those obtained using the
O-STFMR. These observations indicate a measurement artifact of the
STFMR. Once again, the AMR may explain this behavior. The Hext
dependent background signal becomes critical the weaker and broader
the signal is. The FMR signal of Pt (110) is weaker by almost an order
of magnitude as illustrated in Figs. 4(c) and 4(d). Hence, the AMR
Hext dependent background voltage strongly inﬂuences the Pt (110)
sample that eventually translates to a measurement artifact and a
hSH  0.45. The other ﬁlms less are not as affected by this artifact as
their SNR is much higher; nevertheless, a hSH that is higher by 20%
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TABLE I. Summary of hSH for Pt (111), Pt (110), Pt (001), and textured Pt (Pt/Si) ﬁlms measured by O-STFMR and STFMR.

Sample

hSH (O-STFMR)

hSH ð STFMR)

Intrinsic hSH (O-STFMR)

Intrinsic hSH (STFMR)

Pt-111
Pt-110
Pt-001
Pt/Si

0.043 6 0.01
0.09 6 0.03
0.068 6 0.01
0.08 6 0.01

0.053 6 0.01
0.45 6 0:2
0.072 6 0.01
0.09 6 0.01

0.089 6 0:01
NA
0.107 6 0.01
0.12 6 0.01

0.109 6 0.01
NA
0.113 6 0.02
0.14 6 0.01

results. Overall, we conclude that hSH is 0.043, 0.09, and 0.068
for the Pt (111), Pt (110), and Pt (001) ﬁlms, respectively, as measured
by the O-STFMR. Using Ref. 20, we also estimated the transparency of
the Pt–Py interface from which the intrinsic hSH was extracted having
the values of 0.089 6 0:01 and 0.107 6 0.01 for Pt (111) and Pt (001),
respectively. The model could not be applied in the case of Pt (110)
due to its high damping. Table I presents a summary of all hSH values.
The crystallographic direction in Pt can signiﬁcantly inﬂuence
the SHE. As a reference, we grew a textured Pt ﬁlm along the (111)
direction of the same structure: Si/SiO2/5 Pt/5 Py (units in nm). This
Pt ﬁlm had a resistivity of 27 6 2 lX-cm, an a of (14.0 6 0:1Þ  103 ,
and a l0  DH0 of 1.15 6 0:3 mT that resulted in a value of hSH of
0.09 6 0.01 (0.08 6 0.01) measured using STFMR (O-STFMR) and an
intrinsic hSH of 0.14 6 0.01 (0.12 6 0.01). Once again, hSH of the
STFMR is larger than that obtained using the O-STFMR. The conversion rate of the textured Pt is higher as compared to the average of the
three epitaxial crystals, which may indicate additional extrinsic contribution to hSH . Finally, we also have examined the ﬁeld like torque efﬁciency nFL following Ref. 22, revealing a very small contribution of nFL .
This study is presented in the supplementary material.
In summary, in this work, we have explored the SHE in epitaxial
Pt ﬁlms using electrical and optical detection. We identiﬁed the AMR
of the STFMR as the limiting factor in cases of low SNR. Most importantly, the case where the STFMR signal is weak but still observable
can lead to an erroneous measurement. Moreover, we demonstrated
that the conversion of the charge to spin current can be measured at
much higher applied currents using O-STFMR as compared to that
using STFMR. The comparison of the various methods is important in
identifying the underlying physics of the SHE.
See the supplementary material for VSM, AFM Data, parameters
used for hSH calculation, ﬁeld like torque analysis, etc.
AUTHOR DECLARATIONS
Conflict of Interest
The authors have no conﬂicts to disclose.
DATA AVAILABILITY
The data that support the ﬁndings of this study are available
from the corresponding authors upon reasonable request.
REFERENCES
1

J. Sinova, S. O. Valenzuela, J. Wunderlich, C. H. Back, and T. Jungwirth, “Spin
Hall effects,” Rev. Mod. Phys. 87(4), 1213 (2015).
J. Kim, J. Sinha, M. Hayashi, M. Yamanouchi, S. Fukami, T. Suzuki, S. Mitani,
and H. Ohno, “Layer thickness dependence of the current-induced effective
ﬁeld vector in TajCoFeBjMgO,” Nat. Mater. 12(3), 240–245 (2013).

2

Appl. Phys. Lett. 120, 172406 (2022); doi: 10.1063/5.0085818
C Author(s) 2022
V

3

H. Tsai, T. Higo, K. Kondou, T. Nomoto, A. Sakai, A. Kobayashi, T. Nakano,
K. Yakushiji, R. Arita, and S. Miwa, “Electrical manipulation of a topological
antiferromagnetic state,” Nature 580(7805), 608–613 (2020).
4
H. Dery, P. Dalal, Ł. Cywi
nski, and L. J. Sham, “Spin-based logic in semiconductors for reconﬁgurable large-scale circuits,” Nature 447(7144), 573–576
(2007).
5
L. Zhu, D. C. Ralph, and R. A. Buhrman, “Maximizing spin-orbit torque generated by the spin Hall effect of Pt,” Appl. Phys. Rev. 8(3), 031308 (2021).
6
N. Nagaosa, J. Sinova, S. Onoda, A. H. Macdonald, and N. P. Ong,
“Anomalous Hall effect,” Rev. Mod. Phys. 82(2), 1539–1592 (2010).
7
L. Zhu, L. Zhu, M. Sui, D. C. Ralph, and R. A. Buhrman, “Variation of the giant
intrinsic spin Hall conductivity of Pt with carrier lifetime,” Sci. Adv. 5(7),
eaav8025 (2019).
8
G. Y. Guo, S. Murakami, T.-W. Chen, and N. Nagaosa, “Intrinsic spin Hall effect in
platinum: First-principles calculations,” Phys. Rev. Lett. 100(9), 096401 (2008).
9
R. Freeman, A. Zholud, Z. Dun, H. Zhou, and S. Urazhdin, “Evidence for
Dyakonov-Perel-like spin relaxation in Pt,” Phys. Rev. Lett. 120(6), 067204 (2018).
10
Y. Wang, P. Deorani, X. Qiu, J. H. Kwon, and H. Yang, “Determination of
intrinsic spin Hall angle in Pt,” Appl. Phys. Lett. 105(15), 152412 (2014).
11
C. Garg, S.-H. Yang, L. Thompson, T. Topuria, A. Capua, B. i. a. Hughes, T.
Phung, P. C. Filippou, and S. S. Parkin, “Efﬁcient chiral-domain-wall motion
driven by spin-orbit torque in metastable platinum ﬁlms,” Phys. Rev. Appl.
14(3), 034052 (2020).
12
L. Liu, T. Moriyama, D. C. Ralph, and R. A. Buhrman, “Spin-torque ferromagnetic
resonance induced by the spin Hall effect,” Phys. Rev. Lett. 106(3), 036601 (2011).
13
Y. Wang, R. Ramaswamy, and H. Yang, “FMR-related phenomena in spintronic devices,” J. Phys. D 51(27), 273002 (2018).
14
Y. Zhang, Q. Liu, B. F. Miao, H. F. Ding, and X. R. Wang, “Anatomy of electrical signals and dc-voltage line shape in spin-torque ferromagnetic resonance,”
Phys. Rev. B 99(6), 064424 (2019).
15
R. Ben-Shalom, N. Bernstein, S. S. P. Parkin, S.-H. Yang, and A. Capua,
“Determination of the spin Hall angle by the inverse spin Hall effect, device
level ferromagnetic resonance, and spin torque ferromagnetic resonance: A
comparison of methods,” Appl. Phys. Lett. 119(4), 042401 (2021).
16
E. Saitoh, M. Ueda, H. Miyajima, and G. Tatara, “Conversion of spin current
into charge current at room temperature: Inverse spin-Hall effect,” Appl. Phys.
Lett. 88(18), 182509 (2006).
17
K.-D. Lee, D.-J. Kim, H. Yeon Lee, S.-H. Kim, J.-H. Lee, K.-M. Lee, J.-R. Jeong,
K.-S. Lee, H.-S. Song, J.-W. Sohn, S.-C. Shin, and B.-G. Park, “Thermoelectric
signal enhancement by reconciling the spin Seebeck and anomalous Nernst
effects in ferromagnet/non-magnet multilayers,” Sci. Rep. 5(1), 10249 (2015).
18
Z. Q. Qiu and S. D. Bader, “Surface magneto-optic Kerr effect (SMOKE),”
J. Magn. Magn. Mater. 200(1–3), 664–678 (1999).
19
Y. Tolstova, S. T. Omelchenko, A. M. Shing, and H. A. Atwater,
“Heteroepitaxial growth of Pt and Au thin ﬁlms on MgO single crystals by
bias-assisted sputtering,” Sci. Rep. 6(1), 23232 (2016).
20
W. Zhang, W. Han, X. Jiang, S.-H.. Yang, and S. S. P. Parkin, “Role of transparency of platinum–ferromagnet interfaces in determining the intrinsic magnitude of the spin Hall effect,” Nat. Phys. 11(6), 496–502 (2015).
21
S. Petit, C. Baraduc, C. Thirion, U. Ebels, Y. Liu, M. Li, P. Wang, and B. Dieny,
“Spin-torque inﬂuence on the high-frequency magnetization ﬂuctuations in
magnetic tunnel junctions,” Phys. Rev. Lett. 98(7), 077203 (2007).
22
C. Kim, D. Kim, B. S. Chun, K.-W. Moon, and C. Hwang, “Evaluation method
for Fieldlike-torque efﬁciency by modulation of the resonance ﬁeld,” Phys. Rev.
Appl. 9(5), 054035 (2018).

120, 172406-6

