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Oxide thin films and interfaces with strong spin-orbit coupling have recently shown exceptionally high
charge-to-spin conversion, making them potential spin-source materials for spintronics. Epitaxial strain
engineering using oxide substrates with different lattice constants and symmetries has emerged as a mean
to further enhance charge-to-spin conversion. However, high relative permittivity and dielectric loss of
commonly used oxide substrates, such as SrTiOs, can cause significant current shunting in substrates at
high frequency, which may strongly affect spin-torque measurement and potentially result in an inaccurate
estimation of charge-to-spin conversion efficiency. In this study, we systematically evaluate the influence
of various oxide substrates for the widely used spin-torque ferromagnetic resonance (ST-FMR) measure-
ment. Surprisingly, we observed substantial spin-torque signals in samples comprising only ferromagnetic
metal on oxide substrates with high relative permittivity (e.g., SrTiO3 and KTaOj3), where negligible signal
should be initially expected. Notably, this unexpected signal shows a strong correlation with the capacitive
reactance of oxide substrates and the leakage rf current within the substrate. By revising the conventional
ST-FMR analysis model, we attribute this phenomenon to a 90° phase difference between the rf current
flowing in the metal layer and in the substrate. We suggest that extra attention should be paid during
the ST-FMR measurements, as this artifact could dominate over the real spin-orbit torque signal from

high-resistivity spin-source materials grown on substrate with high relative permittivity.

DOI: 10.1103/PhysRevApplied.21.024021

I. INTRODUCTION

Magnetic random-access memories (MRAMSs) and spin-
tronic logical devices based on spin-orbit torques (SOTs)
have garnered significant research attention due to their
low-power consumption, high endurance, high-speed, and
nonvolatile properties [1-10]. The development of mate-
rials capable of generating SOT with high-efficiency and
the establishment of accurate metrologies for quantify-
ing current-induced SOTs in various material systems are
crucial. To evaluate SOT efficiency of spin-source mate-
rials, several experimental techniques have been devised
to detect static or dynamic changes in magnetization of
ferromagnet (FM) induced by SOTs [11]. These methods
include spin-torque ferromagnetic resonance (ST-FMR)
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[12—17], second-harmonic Hall voltage (SHHV) [18—
20], measurements of current-induced hysteresis-loop shift
[21-23], measurements of current-induced magnetization
switching [24], and optical measurements of current-
induced effective field [25-27], etc. Among these tech-
niques, ST-FMR stands out as a widely employed method
for measuring SOTs due to its self-calibration, simplic-
ity, and versatility across a wide range of material systems
[12—14,28-31]. ST-FMR allows the examination of mag-
netization dynamics induced by SOTs at ferromagnetic
resonance frequencies of the gigahertz range, providing
insights into both dampinglike and fieldlike SOTs. Dur-
ing the ST-FMR measurements, spin pumping from the
magnetic layer to the spin-source layer, coupled with the
inverse spin-Hall effect, can contribute to the spin-torque
signal and is considered as the major source of artifact,
which has been carefully evaluated [31,32]. On the other
hand, despite considerable attention paid to the fact that
substrates could become highly conductive at high fre-
quencies and generate spin-torque-like signals, the impact
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of substrates to the ST-FMR measurements has not been
thoroughly investigated.

Remarkably, the influence of substrates could be
even more pronounced when measuring SOTs in oxide
spin-source materials, which have recently exhibited
an exceptionally strong spin-Hall effect [28,30,33-36].
Firstly, oxide spin-source materials typically have higher
resistivity compared to heavy metals at room tem-
perature (i.e., Pt~20 uQcm [12], SrlrO; ~570 pQcm
[37], StRuO3 ~290 pfcm [36]). Secondly, oxide sub-
strates, such as SrTiO; and KTaO3, which are commonly
employed for epitaxial growth of oxide spin sources [15,
29,30,35,36] and two-dimensional electron-gas (2DEG)
systems [33,38-40], exhibit high conductivity at high fre-
quencies due to their high dielectric constant and dielectric
loss [41,42]. This combination leads to a much more pro-
nounced rf current shunting effect from the substrate in
oxide spin sources as compared to heavy-metal materials
in ST-FMR measurements.

In this work, we investigated the artifact spin-torque sig-
nal in ST-FMR measurements on different oxide substrates
with a wide range of relative permittivity. We find that the
artifact spin-torque signal is large in samples of only fer-
romagnetic metal permalloy (Py) on oxide substrates with
high relative permittivity (without a spin-source material).
This artifact spin-torque signal is inversely proportional
to the capacitive reactance of substrates, which can be
attributed to the Oersted field generated by an off-phased
leakage rf current in oxide substrates according to our
revised ST-FMR analysis model. Notably, we demonstrate
that this artifact spin-torque signal can significantly impact
the spin-Hall ratio analysis of Pt, a benchmarked spin-Hall
source material with high conductivity, when using SrTiO3
substrate. When using the more resistive oxide spin-Hall
source materials, such as SrIrOs, the spin-torque signal
from SrIrOs could be overwhelmed by the artifact from
SrTiOj; alone. Our findings offer a deeper insight into the
origin of spin-torque signal measured in oxide spin-Hall
sources and pave the way for a more precise measurement
of SOT materials.

II. SPIN-TORQUE FERROMAGNETIC
RESONANCE

In ST-FMR measurements, a microwave rf current is
applied on the microstrip of spin-Hall source material/FM
bilayer. Due to the spin-Hall effect (SHE) [43] or Rashba-
Edelstein effect (REE) [44], an rf spin current is generated
in the spin-Hall source layer and inject into the adjacent
FM layer to induce a magnetization precession, which
leads to an oscillation of the microstrip resistance because
of the anisotropic or spin-Hall magnetoresistance in the
FM layer. The ST-FMR voltage signal can be detected
by mixing the rf current with the oscillating resistance
[12,13,45]. By solving the Landau-Lifshitz-Gilbert (LLG)

equation, one can obtain the mixing voltage as a function
of the external magnetic field [12,13,31], as expressed in

Eq. (1):

AH?
AH? + (Hex — Ho)®
AH (Hex, — Ho)
YAH? 4 (Ho — Ho)’

Vmix(Hext) = VS

(D

where H.y; is the external magnetic field, AH and H, are
the linewidth and resonance field, respectively. By employ-
ing the fitting procedure of Eq. (1) consisting of symmetric
and antisymmetric Lorentzian functions to the experimen-
tal data, two voltage components can be extracted: a sym-
metric voltage component Vg proportional to the strength
of the dampinglike torque tpr, and an antisymmetric volt-
age component V4 proportional to the strength of the sum
of fieldlike torque 7pp and rf Oersted field H,¢, according
to Egs. (2) and (3), respectively:

1dR Lircos ¢
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v 1 dR I scos /1 + (4 Mg/ Hy)
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where f is the excitation frequency of ST-FMR measure-
ment, y is the gyromagnetic ratio, i¢ is the permeability
in vacuum, R is the resistance of microstrip, /¢ is the
RF current through the microstrip, 4w M.y is the effec-
tive demagnetization field, ¢ is the angle between 7+ and
Hey. Finally, the spin-Hall ratio Osy can be calculated via
[15,45]:

P 2e Mstlp
=T _ ,
SH DL FL IrfR

(4)

where A is the reduced Planck’s constant, e is the electron
charge, / is the length of the microstrip, ¢ is the thickness
of FM layer, p is the resistivity of spin-Hall source layer.
In Eq. (4), the only unknown parameter is the rf current /,
which can be measured using a vector-network analyzer
[45,46]. Alternatively, in a simpler scenario, the spin-Hall
ratio fsy can be estimated by considering the ratio of Vs to
V4, denoted as

Osu = (Vs/Va)(epoMstd) / v/ 1 + 4 Mg/ Ho,

assumming that V is primarily contributed from the Oer-
sted field, where d is the thickness of spin-Hall source
layer [12,29,30]. It should be noted that in systems with
significant fieldlike torques [17,47,48], the spin-Hall ratio
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obtained solely from the ratio of Vs to V, may lead
to misestimations. Nevertheless, accurate measurements
of the symmetric component (Vs) are of great signifi-
cance for determination of the spin-Hall ratio in ST-FMR
measurements.

III. DEVICE PREPARATION AND
MEASUREMENTS

In this study, we used oxide substrates with differ-
ent relative permittivity &, at room temperature dur-
ing the ST-FMR measurements. The substrates used
were 5 x 5 mm?, 500-um-thickness (001)-oriented SrTiOs
(STO, &,~300 [41]), (00l)-oriented KTaO; (KTO,
&,~290 [42]), (001)-oriented (LaAlO)g3-(Sr,AlTa0g)g 7
(LSAT, &,~22.6 [50]), (110)-oriented DyScO; (DSO,
g,~26 [51]), and (0001)-oriented Al,O3 (g, ~9.2 [52]),
and all substrates were not treated with any solutions. To
make the samples without any spin-Hall source materi-
als, we deposited only the ferromagnetic thin films of Py
(5 nm) capped with Ti (1.5 nm) onto these oxide sub-
strates by using high-vacuum magnetron sputtering at an
Ar pressure of 3 mTorr. To make the control samples,
bilayers of Pt(5 nm)/Py(5 nm) and Py(5 nm)/Pt(5 nm)
with reversed layered sequence were deposited on STO,
and Pt(5 nm)/Py(5 nm) was deposited on Si(p ~0.01
c¢m)/Si0,(500 nm). For samples with oxide spin-Hall-
source materials, 17-nm SrlrO; (SIO) was grown on a
(001)-oriented STO substrate by using a pulsed-laser depo-
sition (PLD) with a 248-nm KrF excimer laser at an
oxygen pressure of 0.1 Torr. During the PLD growth,
the growth temperature was 700 °C, and the laser energy
density was maintained at 1.2 J/cm?. Subsequently, the
sample was cooled to room temperature in an oxygen
atmosphere of 30 Torr. Then a 5-nm Py was deposited onto

Microwave

Bias tee generator

Input  Sine out

Lock-in amplifier

e
]l f-substrate J\

FIG. 1. Schematic of ST-FMR measurement setup and rf cur-
rent shunting model. H.y is the external magnetic field, ¢ is the
angle between rf current /s and external magnetic field Hex, m
is the magnetization of Py layer. Iif, I—substrate> Lrf—py are the
total rf current through oxide substrate/Py device, leakage rf cur-
rent in oxide substrate, and rf current in Py, respectively. Rpy is
the equivalent resistor of Py layer, and Cgypsyrate 1S the capaci-
tor formed in oxide substrate through the ground-signal-ground
(GSG) electrode.

the samples by sputtering. All samples were fabricated
using the lithography and ion-beam etching processes,
into the 16 x 80 pm? microstripes with ground-signal-
ground (GSQ) electrodes for ST-FMR measurements and
16 x 80 um? Hall bars for SHHV measurements. In par-
ticular, for the STO/Py, STO/Pt/Py, and STO/Py/Pt
samples, we confirmed that the STO substrates were still
insulative after the device fabrication processes by mea-
suring the dc resistance (>200 M) between two metal
pads separated by approximately 200 um.

Figure 1 shows the schematic of ST-FMR measure-
ment setup, in which a microwave current with a power of
15 dBm is applied on the microstrip along the +x direction
from a microwave generator and is modulated by a low-
frequency sinewave at 1713 Hz. The mixing voltage signal
was measured by a lock-in amplifier as a function of the
external magnetic field Hey;. To characterize the impedance
of samples, we used a vector-network analyzer (VNA) to
measure the scattering parameter S; (see Fig. S1 within
the Supplemental Material [49] for a detailed description
of the measurement).

IV. RESULTS

Figures 2(a)-2(e) show the typical ST-FMR spectra
of 5-nm Py on substrates of STO, KTO, Al,03;, DSO,
and LSAT measured at f=5 GHz, ¢ =225°, which can
be well fit by the sum of symmetric and antisymmet-
ric Lorentzian functions expressed in Eq. (1). We found
that the symmetric voltage signal that was attributed to
dampinglike torque appears in all five samples. Notice-
ably, the symmetric voltage signal from STO/Py(5 nm),
KTO/Py(5 nm) has the same order of magnitude as the
Si/Si0, /Pt(5 nm)/Py(5 nm) control sample, which has
a substantial dampinglike torque with a spin-Hall ratio
of 0.07140.002 (see Fig. S2 within the Supplemental
Material [49] for details). However, in all samples includ-
ing STO/Py and KTO/Py, the dampinglike torque should
be negligible since there is no spin-source layer [12], as
confirmed by an independent low-frequency SHHV mea-
surements (see Fig. S3 within the Supplemental Material
[49] for details of SHHV measurements). The discrep-
ancy between ST-FMR and SHHV measurements for the
oxide substrate/Py devices (especially the heterostructures
of STO/Py and KTO/Py) implies that the symmetric sig-
nal from ST-FMR measurements is not originated from
SOT but might be an artifact signal. Furthermore, we
discovered that this artifact signal possessed the same
symmetry as that of SOT, with the same angular depen-
dence as Si/SiO,/Pt/Py control sample (see Fig. S6 within
the Supplemental Material [49]). Additionally, small anti-
symmetric components are also observed from all oxide
substrate/Py samples, which could be originated from a
fieldlike torque due to the Rashba effect at the Py/Ti
interface [53].
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FIG. 2. The typical ST-FMR spectra of (a) STO, (b) KTO, (c) Al,03, (d) DSO, (¢) LSAT oxide substrate/Py(5 nm) devices, and
() Si/SiO;,/Pt(5 nm)/Py(5 nm) device at f =5 GHz, ¢ =225°, P =15 dBm. The black hollow squares represent the experimental
data. The black lines, red lines, and blue lines are the sum of symmetric and antisymmetric Lorentz functions fitting Vix, symmetric
Lorentzian function fitting Vs, and antisymmetric Lorentzian function fitting V4, respectively.

To understand the origin of the artifact symmetric volt-
age signal observed in ST-FMR measurements, we estab-
lished a revised ST-FMR analysis model by considering
the leakage rf current in oxide substrates. As shown in
Fig. 1, the device can be considered as a resistance Rpy
of Py and a capacitor Cypsirate formed between two elec-
trodes that are connected in parallel. At the frequency of
ST-FMR measurement (5—10 GHz), the capacitive reac-
tance of Cypsirate decreases as the frequency increases,
and thereby the substrates might become conductive at
radiofrequencies. As a result, part of the rf current will
flow through the oxide substrate due to the current shunt-
ing. Therefore, as shown in Fig. 1, the total rf current
¢ through the oxide substrate/Py device consists of two
components: the rf current /is_p, through Rpy, and the rf
current I gupstrate through Caupstrate. Similar to the conven-
tional spin-Hall source material/FM bilayer, I;t_sybstrate 10
the oxide substrate will generate an rf Oersted field H,
as shown in Fig. 3(a). However, the fieldlike torque of
Oersted field would generally give rise to an antisymmet-
ric signal [12], which cannot explain the artifact symmetric
signal we observed. It should be noted that there is a 90°
phase difference between Iis_py and I gubstrate, @S shown in
Fig. 3(b). Thereby, due to the 90° phase difference between
the symmetric and antisymmetric signals, the off-phased
H}; generated from s gpsirate WOUld cause the appearance
of the artifact symmetric signal.

To account for this signal, we revised the ST-FMR
analysis model starting with the LLG equation to get the
mixing voltage of oxide substrate/Py (see Fig. S4 within
the Supplemental Material [49] for details). The revised
mixing voltage is then expressed as Eq. (5):

1 dR |£r¢| cos ¢
4dp AH2nrdf /dHextlHex1:H0

Y Ko |1 rf—substrate |
2

Vmix =

FS (Hext)

©)

x /1 4 (47 Moy/Hy)

= VSFS(Hext)a

where w is the width of microstrip, Fs(Hex) is the sym-
metric Lorentzian function, V§ is the amplitude for that
symmetric signal. From Eq. (5), we could conclude that
the fieldlike torque of H; o Iifsubsirate Would actually give
rise to an artifact symmetric signal V' in the revised model
owing to the 90° phase difference between Iir_gypsirate and
Iis_py. As we mentioned earlier, the symmetric signal can
only be generated when there is a finite dampinglike torque
from the spin-Hall source layer in the conventional ST-
FMR analysis model [Egs. (1) and (2)]. To link the artifact
symmetric signal to the capacitive reactance of substrate,

024021-4



SUBSTRATE-INDUCED SPIN. ..

PHYS. REV. APPLIED 21, 024021 (2024)

we rewrite V as

o [ 1 dR Y ol P|cos ¢
N 4 d(p AHZTL’df /dHeXt|Hext:H0

1

| Xsubstrate | ’

x (¢ 1+ (4nMeff/Ho)$)] (6)

where |P| is the modulus of power of the microwave
used in ST-FMR measurements, which can be expressed
as |P| = |L*|Zevicel, and  Yeubswae 1S the reactance
of  Cgupstrate, Which can be expressed asysybstrate =
1/j27f Csupstrate- The part on the left side of 1/|xsubstrate]
in Eq. (6) can be approximatively regarded as a con-
stant and thereby V¢ would show a linear dependence on
1/|Xsubstrate|-

To experimentally explore the above correlation, we
have first measured the impedance of oxide substrate/Py
devices and bare oxide substrates by using a vector-
network analyzer through the GSG electrodes at frequen-
cies of 5-10 GHz. Due to the parallel connection, the
impedance of oxide substrate/Py device Zgeyice can be

(a)
rf-substrate
Oxide substrate
(c)
3000 T T T T
! i |-O- substrate
2500 | ¥\@ i l-o- substrate/Py]
[ \ -
! ; ~0- Cgevice
2000 | | ‘ ‘ ‘
a ! ! f=5GHz
9, 1500 | | : :
N —¢ :
1000 - @ ! ! 1
—o—¢ |
500 | ! 1 |
: p——@ 80
0 . v—

LSAT DSO A0, KTO STO

FIG. 3.

expressed as Eq. (7):

Rpy
1+ (2ﬂf CsubstrateRPy)2

(1 _j 27Tf CsubstrateRPy)-
O

Zdevice =

Figure 3(c) shows the modulus of impedance for oxide
substrate/Py devices and bare oxide substrates, along
with the phase of impedance of the oxide substrate/Py
devices. We found that | Zgupstrate| (| Xsubstrate|) decreases as
Csubstrate ¢ & and |Zgevice| 1s smaller than |Zgypstrate | for dif-
ferent oxide substrates, and gevice indicated by dgevice =
arctan(—27f X RpyCgupstrare) being close to —90° as
| Zsubstrate| decreases, which indicates the parrellel con-
nection between Rpy and Cgupsirate- Particularly, [Zgevicel
becomes close t0 |Zgupstrate| for STO and KTO due to their
high relative permittivity, suggesting that [+ supstrate Would
dominant over /s_py in STO/Py and KTO/Py devices.
Figure 3(d) summarizes the measured artifact symmetric
signals as a function of 1/|xsubstrate| for different oxide
substrate /Py devices at a frequency of 5 GHz (see Fig. S13
within the Supplemental Material [49] for the correlations
between Vs and 1/|xsubstrate| at 6-10 GHz). The deviation
from the linear fitting of Vs vs 1/|Xsubstrare| fOr samples
with small permittivity substrates at higher frequencies

(b) Imaginary

I rf—substrate
(d)
500 f=5GHz sT0 -
9/
@ =225° L’
40 40 =
< " 9KTO
=30
5
> 0l
[
Dsod isat

0.000 0.005 0.010 O.0I15 0.(;20
—1
1/|Xsubstrate| (Q )

(a) Sectional view of the oxide substrate/Py device. H; is the 1f Oersted field generated by the leakage rf current ir_substrate

in oxide substrate. (b) The relation between total 1f current Iy, rf current in oxide substrate /ir_gupstrate, and 1f current in Py Iir_py. The
length of the arrow represents the modulus of rf current and «gevice 1S the phase of impedance of the oxide substrate/Py device. (c)
The modulus of impedance |Z| of the different oxide substrates, oxide substrate/Py devices, and the phase of impedance agevice Of the
different oxide substrate/Py devices measured using a vector-network analyzer at f = 5 GHz, respectively. (d) The correlation between
the absolute value of the artifact symmetric voltage signal Vg and the capacitive reactance of oxide substrate | xsupsiate| atf =5 GHz,

¢ =225°. The dashed line is a linear fit.
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STO/PtIPy
STO/Py/Pt I
I
S
ST-FMR SHHV

Schematic of the influence of the artifact symmetric voltage on the spin-Hall ratio of Pt in (a) STO/Pt/Py and (b) STO/Py/Pt

samples. Iy is the total rf current. /ir_py, Irs—p;, and Iis_supsirate are the rf current in Py, Pt, and STO substrate, respectively. Vg is the
symmetric component related to the dampinglike torque from /ir_p;, Vs is the artifact symmetric signal generated from the leakage
rf current [s_gybstrate i STO. (¢) The spin-Hall ratio sy obtained from ST-FMR measurements, along with the dampinglike effective

fields Hpp, obtained from SHHV of STO/Pt/Py and STO/Py/Pt.

shown in Fig. S13 within the Supplemental Material [49]
may be attributed to some self-induced spin-torque sig-
nals from single Py and other spurious effects such as
the spin pumping from Py [54,55]. As shown in Fig. 2,
given the significant dependence on substrates, other self-
induced effects of the single Py are negligible compared
with the artifact symmetric signal arising from the leak-
age rf current in substrate. The observed linear relation
between Vg and 1/| xsubstrate | 18 in good agreement with our
model expressed as Eq. (6), providing strong evidence that
the artifact symmetric voltage signal in oxide substrate/Py
indeed arises from the leakage rf current in the oxide
substrate.

To directly evaluate the influence of the artifact sym-
metric signal from oxide substrates with high relative
permittivity on determining the spin-Hall ratio with the
ST-FMR measurements, we prepared Pt(5 nm)/Py(5 nm)
and Py(5 nm)/Pt(5 nm) with a reversed layered sequence
on the STO substrate. In these samples, the total rf cur-
rent Iy consists of Iis_py, Lir—pr and Iif_gupstrate, in Which
Lis_p¢ gives rise to a symmetric signal Vs from damping-
like torque on Py, while /it gupstrate giVes rise to the artifact
symmetric signal V5. As shown in Fig. 2, the artifact signal
from It gubstrate has the same symmetry as that from ¢_py,
which means the V§ and Vg have the same sign when Pt
and oxide substrate is on the same side of Py. However,
when Pt and oxide substrate are on the opposite side of Py,
Vs and Vs would have an opposite sign and cancel out to
each other. Specifically, in the STO/Pt/Py sample, V' from
STO would add up to Vg from Pt as shown in Fig. 4(a),
resulting in an overestimation of 6sy for Pt; while con-
versely, in the STO/Py/Pt sample, Vi would counteract
Vs, as shown in Fig. 4(b), resulting in an underestimation
of GSH-

Figure 4(c) shows the spin-Hall ratio Osy extracted from
the ST-FMR measurements (see Fig. S5 within the Sup-
plemental Material [49] for details). fsy is found to be
0.097 £0.001 for STO/Pt/Py, which is about 2.5 times
larger than 0.038 £0.001 for STO/Py/Pt, consistent with
our model. To validate our findings further, we measured
the dampinglike torque of STO/Pt/Py and STO/Py/Pt by
using an independent low-frequency SHHV measurements
(see S5 within the Supplemental Material [49] for details).
In this measurement, the leakage current in oxide substrate
should be minimal since the driving frequency for the mea-
surement is low (233 Hz). The dampinglike effective fields
Hpy, for these two samples extracted from SHHV were
found to be almost the same within experimental uncer-
tainties, as shown in Fig. 4(c). The large discrepancy of the
spin-Hall ratios for these two samples using ST-FMR mea-
surements (while almost no difference when using SHHV)
demonstrates that substrates with high relative permittivity
significantly influence the estimation of the spin-Hall ratio,
even in spin-Hall source materials with high conductivity,
in ST-FMR measurements.

V. DISCUSSION

While the self-calibrated ST-FMR measurement offers
unique advantages over other spin-torque measurement
techniques, it is crucial to recognize that certain substrates
with high relative permittivity can introduce significant
artifact spin-torque signals in ST-FMR measurement, par-
ticularly in spin-Hall source materials with high resistiv-
ity. For example, 4d/5d transition-metal-oxide thin films
have recently exhibited exceptionally large spin-Hall ratio
[15,28-30,34,37], often possess higher resistivity than
heavy metals. When measuring the oxide thin films grown

024021-6



SUBSTRATE-INDUCED SPIN. ..

PHYS. REV. APPLIED 21, 024021 (2024)

on high-relative-permittivity substrates, such as STO and
KTO using ST-FMR measurement, their large resistivity
can lead to the majority of rf current flowing in substrate,
leading to a pronounced artifact symmetric signal.

Previous studies on 4d/5d transition-metal-oxide thin
films and oxide 2DEG systems have frequently used the
ST-FMR technique with the analysis of the symmetric sig-
nal. Large variations in amplitude and even in sign of
spin-Hall ratio have been for the same spin-Hall mate-
rial with different epitaxial substrates and layered struc-
ture [15,28-30,33,37,38,56]. Our results indicate that this
varation could mainly be attributed to the artifact sym-
metric signal caused by using substrates with high rel-
ative permittivity [Fig. 3(d)] and the sequence of het-
erostructures [Figs. 4(a) and 4(b)], rather than the other
intrinsic mechanisms. For instance, our ST-FMR results
for the STO/SIO(17 nm)/Py(5 nm) sample (see Fig. S6
in Supplemental Material [49] for details) show nearly
the same magnitude of symmetric signal as compared
to the STO/Py(5 nm) sample [Fig. 2(a)], indicating that
the influence of artifact symmetric signal from STO is
overwhelming.

We proposed that employing the dc current-tuned ST-
FMR measurements [12,13,15,29] may eliminate the influ-
ence of the artifact signal from substrate since there
is no obvious correlation between the artifact symmet-
ric signal and the current-induced change of linewidth
[see Fig. S7(b) within the Supplemental Material [49]].
Furthermore, spin-torque measurement techniques at qua-
sistatic frequencies, such as SHHV [29,57,58] or current-
induced loop shift [21-23], should be adopted when char-
acterizing the spin-Hall materials with high resistivity on
substrate with high permitivity.

VI. CONCLUSIONS

In conclusion, we have uncovered the presence of a
significant artifact symmetric signal in ST-FMR measure-
ments of oxide substrate/Py devices. By revising the con-
ventional ST-FMR analysis model, we have demonstrated
that the artifact symmetric signal arises from the leakage
rf current in the oxide substrate, caused by the rf current
shunting effect. We have further established a correlation
between the magnitude of the artifact symmetric signal and
the reactance of the capacitor formed in substrate through
the GSG electrode. We have evaluated the influence of
artifact symmetric signal on the spin-Hall ratio of Pt from
oxide substrate with high relative permittivity (i.e., STO)
by carrying out the ST-FMR and SHHV measurements,
which indicates that the substrates with high relative per-
mittivity significantly affect the evaluation of the spin-Hall
ratio in the ST-FMR measurements. Our findings shed
light on the critical influence of substrate-induced artifacts
in ST-FMR measurements and highlight the importance of

usage of suitable measurement techniques when studying
spin-Hall source materials.
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