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Spin-orbit torque switching (SOT) is a potentially energy efficient mechanism by which electrical
current can control magnetization. We demonstrate room temperature spin-orbit torque switching
in nanometer thick CoFeB/SrIrOs3 bilayers despite the amorphous nature of CoFeB and the interface.
This behavior is attributed to the large spin Hall angle in SrIrO3 as well as high spin transmission
at the interface that contribute to the spin-orbit-torque efficiency £sor. Our bilayers exhibit large
&sor of up to 1.4 and effective spin Hall conductivity of 0.9x10° (1/2¢)Q2 m™. In our bilayers, we
observe unidirectional magnetoresistance and current-induced magnetization switching with a low
critical current density of 1.38 x 10'® A/m? at room temperature. Our results are promising for
heterostructures combining technologically relevant CoFeB with high spin-orbit coupling oxides.

Introduction—Efficient electrical current switching of
magnetization has been studied extensively to under-
stand interactions between the charge and spin degrees
of freedom but also to incorporate spin functionality into
microelectronics. Current-induced switching of magne-
tization was theoretically predicted in the form of spin
transfer torque by Slonzewski in 1996 [1], followed by
the experiment of spin transfer torque (STT) switching
in Co/Cu multilayer films[2, 3]. These experiments re-
lied on spin polarized charge current with a high current
density to generate STT to switch magnetization [1, 4].
More recent studies have focused on utilizing the spin
Hall effect in high spin-orbit coupled materials to gen-
erate spin-orbit torques (SOT) [5-15]. In these studies,
spin current is generated and injected into a neighboring
ferromagnet to switch its magnetization. The selection
of the spin-orbit coupled materials thus becomes critical
for realizing low-current, low-power SOT switching.

Among the strongly spin-orbit coupled materials, 5d
transition metal oxides have been identified as promis-
ing candidates and exhibit a range of exotic electronic
and magnetic behavior [16-23]. A few studies have ex-
plored charge-spin conversion in SrlrOj3. It has been pre-
dicted that a large intrinsic spin Hall effect (SHE), hence
large charge-to-spin conversion, arises in SrlrO3 due to
the Berry curvature from the nearly degenerate elec-
tronic spectra surrounding the nodal line [24]. Following
the prediction, a handful of studies explored SrIrOg3 het-
erostructures with ferromagnetic metals such as permal-
loy [25-27], Lag.7Srg.sMnOs3 [28, 29] and SrRuOs [30].

These experiments demonstrated the SOT efficiency
(&ésor), which is the figure of merit for charge-to spin
conversion, to have values between 0.4 and 1.1 for SrIrOs3.

To date, SOT switching has been demonstrated in
epitaxial SrlrOgz-based heterostructures with SrRuOg
and more recently Lag 7Srg3MnQO3. Since current flows
through both the ferromagnetic and non-magnetic lay-
ers, it is difficult to deduce an accurate critical cur-
rent density for magnetization switching. However epi-
taxial SrIrO3/SrRuOg heterostructures are estimated to
have a critical current density of 4.6 — 5.0 x 109 A /m?
at 70 K [30]. These studies demonstrate the potential
for SrIrO3 in SOT device applications. More recently
room-temperature current-induced SOT switching using
SrIrO3 has been shown in SrIrOj/Lag 7Srg.3sMnO3 het-
erostructures but without any estimate of a critical cur-
rent density for switching [31]. In order for SrIrO3 to be
technologically viable, it is essential to study heterostruc-
tures with CoFeB which is the ferromagnetic material of
choice in modern magnetic memory.[32, 33] CoFeB with
its perpendicular magnetic anisotropy provides higher
speed, energy efficiency and density as well as better en-
durance for magnetic random-access memory devices.

In this paper, we report the demonstration of current-
induced SOT magnetization switching in CoFeB/SrIrO3
heterostructures at room temperature and the critical
factors governing its manifestation. These heterostruc-
tures are composed of amorphous CoFeB layers deposited
on an epitaxial SrIrOg films. From spin-torque ferro-
magnetic resonance (ST-FMR) measurements, we de-



duced a large £sor of up to 1.4 in our bilayers. The
large £sor is further confirmed by second harmonic re-
sistance measurements. Assuming a SrlrO3 conductivity
in bilayers similar to that in single layers of SrIrOj;, we
deduced high spin Hall conductivity values of 0.9x10°
(h/2e)Q'm™!, which are similar to Pt. We detected uni-
directional magnetoresistance (UMR) in our bilayers, in-
dicating a spin-dependent interface resistance attributed
to current-induced spin accumulation. By monitoring the
UMR in our second harmonic measurements, we demon-
strated current-induced magnetization switching at room
temperature with an estimated critical current density
of 1.38 x 109 A/m? in the absence of any magnetic
field. Despite the amorphous nature of the ferromag-
netic CoFeB layer and the interface, we observe lower
critical current densities than previously demonstrated in
analogous systems, such as an epitaxial STRuO3/SrIrO;
heterostructure at 70 K [30]. Together our results demon-
strate the promise of high spin-orbit coupled oxide layers
as charge-to-spin converters in technologically relevant
CoFeB-based heterostrucures.

Results—We synthesized a series of heterostructures of
CoFeB (ty= 3, 5 nm)/SrIrO3 (tsio= 4-13 nm) on
(100) (LaAlOs3)g.5(SraAlTa0g)o.7 (LSAT) substrates and
capped with a 1.5 nm Ta/2 nm MgO bilayer. Single
layer films of SrIrO3 and CoFeB were also deposited on
(100) LSAT substrates for reference. The SrIrOs layer
was grown in a pulsed laser deposition chamber and then
transferred to a sputtering chamber for the deposition
of the CoFeB layer (see Supplement) [34]. The surface
morphology of the heterostructures was measured with
a Bruker Digital 3100 atomic force microscope. In or-
der to assess crystalline structure and film thickness, x-
ray diffraction and x-ray reflectivity measurements were
performed on a PANalytical X’Pert Materials Research
Diffractometer at the Stanford Nano Shared Facilities.
These measurements were complemented by synchrotron
XRD at the Stanford Synchrotron Radiation Laboratory
(SSRL) at SLAC National Accelerator Laboratory. The
temperature and magnetic field dependence of the mag-
netization in the samples were measured with a Quantum
Design Magnetic Property Measurement System. ST-
FMR measurements were performed on a home built
FMR system. The electrical measurements were con-
ducted with a Quantum Design PPMS Dynacool system
supplemented with two SR830 lock-in-amplifiers and a
Keithley 6221 AC and DC current source.

In our bilayers, we found the CoFeB layers to grow
as amorphous layers on highly crystalline epitaxial
SrIrOg layers on LSAT (001) substrates. The struc-
ture of the SrIrO3;/LSAT(001) thin films was studied
using high-resolution x-ray diffraction at SSRL. Fig.la
shows symmetrical x-ray diffraction profiles around the
SrIrO3(002),. Bragg peak for two SrIrOg layers of dif-
ferent thicknesses. The observed strong Laue oscillations
around the main SrIrO5(002),. peaks indicate high crys-
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FIG. 1. High resolution synchrotron X-ray characterization of
SrIrOs /LSAT samples. (a) X-ray diffraction spectra showing
the (002) peaks of SrIrOs and LSAT substrate for tsio =
12.9 nm and 8.6 nm, respectively. (b) Asymmetric (103),c,
(013)pc, and (0-13),. diffraction peaks for the 12.9 nm SrIrO3
sample. (c) Half-order Bragg peaks (0.5 0 2) and (0 0.5 2) for
a 12.9 nm SrIrOs sample.

talline order throughout the whole film thickness. The
symmetrical scans over a wider range of 26 showed only
(000) pe-type of SrIrO3 peaks. The c/a ratio of the pseudo-
cubic unit cell was calculated from (002),. and (103)pc
Bragg peak positions shown in Fig. 1la and 1b. For
12.9 nm SrIrOs, the c/a ratio was estimated to be 1.031
signifying a compressive strain of the SrIrOjs lattice on
the LSAT(001) substrate. Differences in the positions of
asymmetric (103)pc, (013)pe, and (0-13),. Bragg peaks
would be consistent with an orthorhombic unit cell with
[110], out-of-plane orientation. In our samples, overlap-
ping (103)pc, (013), and (0-13),. Bragg peaks (Fig. 1b)
suggests a tetragonal unit cell. However we also observe
(0.5 0 2)pc and (0 0.5 2)pc peaks, which are forbidden
in a tetragonal unit cell. The (0.5 0 2),. peaks of the
pseudo-cubic unit cell correspond to the (221), peaks of
the orthorhombic unit cell that are caused by the a*b c™
octahedral rotation pattern and their origin is attributed
to the slight displacement of Sr cations in the SrIrOgs
unit cell[35]. The presence of the (221), peaks unequiv-
ocally indicates an orthorhombic unit cell with a, =~ b,
that is oriented [110], out-of-plane. As can be seen from
Fig. 1c, both of these peaks are present with the same
intensities, indicating 90° twins of the SrIrO3 [110], ori-
ented orthorhombic unit cells with a 50%-50% ratio along
LSAT[100] and [010] directions. Such a twin-domain ra-
tio should effectively suppress any anisotropy in the SOT
efficiency in the in-plane crystallographic orientation.

ST-FMR measurements of CoFeB (5 nm)/SrIrO3 (4.3
—12.9 nm)/LSAT samples indicate large spin-torque effi-
ciencies compared with previous studies [25-27, 29, 30].
As shown in Fig. 2a, the samples were patterned into
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FIG. 2. Characterization of charge-to-spin conversion in
SrIrO3/LSAT samples. (a) Schematic of ST-FMR experi-
ment. (b) ST-FMR voltage vs. magnetic field for a CoFeB (5
nm)/SrIrO3 (12.9 nm) sample at 3-6 GHz. (c) Dependence
of SOT efficiency (£sor) and effective spin Hall conductivity
(o) on the SrIrO; thickness.

60 pumx 10 pum strips. On the same sample, multiple
ST-FMR patterns were fabricated with the long-axis of
the strips aligned along the <100>, <001> and <110>
directions of SrIrOs. We deduced the SOT efficiency
&soT, which is a product of the spin Hall angle and the
interfacial spin transparency, in different in-plane direc-
tions. These strips were contacted with Ti (10 nm)/Au
(120 nm) coplanar waveguide patterns for microwave in-
put and signal detection. Esor is estimated from the
ST-FMR lineshape through the ratio of the symmetric
and asymmetric Lorentzian functions and plotted in Fig.
2¢.[36] The ST-FMR lineshapes were fitted for a range
of magnetic field windows to minimize overestimation of
&sor. We also measured the conductivity o of SrIrOg
films and plotted effective spin Hall conductivity o¢ff
which is comprised of the product of the 5o and o of the
SrIrO3 layer. Overall both £soT and o, show an increas-
ing trend with the SrIrOg thickness, taking into account
the increased noise in the 12.9 nm sample. The maximal
&sor = 1.4 value is comparable to the highest value mea-
sured in the Lag 7Srg3MnO3/SrIrOs system, which has
a lattice-matched, epitaxial interface [29]. However, the
CoFeB/SrIrO3 system suggests that an amorphous fer-
romagnetic layer or interface does not preclude efficient
charge-to-spin conversion.

We performed ac magnetoresistance measurements to
extract UMR and demonstrate SOT switching. The films
were patterned into 10 pm wide Hall bar devices. Fig.
3a and 3b show the configurations of resistivity measure-
ments. The results presented in Fig. 3c-d are at an ac
current of 0.6 mA. The first harmonic Hall resistance
Ryy.1., shows a typical planar Hall effect (see Supple-

ment) [34], while the second harmonic Hall resistance
Ryy.2., vs. angle exhibits a sinusoidal curve with a period
of 360°. Ryy.-2,, can be understood in terms of a damping-
like (RpL) torque, a field-like (Rpy,) torque and thermal
contributions (Rar) from the anomalous Nernst effect
(ANE) and spin Seebeck effect (SSE). The Rpy, term fol-
lows a cos(2¢)cos(¢) dependence while Rpr+Rar are
proportional to cos(¢) [37, 38]. The curves in Fig. 3c
are well fit by cos(¢), indicating that Ryy.o, is com-
prised of damping-like torque and the thermal effects.
To separate Rpy, from Rar, we plot Ryy.o., as a func-
tion of inverse of the in-plane effective magnetic field
1/(H4+Hdemag-Hi) where Hyemag is the demagnetization
field and Hy, is the anisotropy field (= 0) (Fig. 3e). The
intercept of this plot is Rar and here we deduce it to
be 3.1 mQ2. The damping-like field is proportional to
the slope of the curve and is estimated to be Hpr,=2 Oe
from Hpp,=2Slope/Raur [39] where Rapg is the anoma-
lous Hall resistance. This corresponds to a {sor of 1.3
for the 10.8 nm SrIrOj, which is similar to that deduced
from ST-FMR. Similar procedures can be used to extract
Hrr,+Hoe [39], suggesting that Hg, is negligible in the
system (see supplement)[34].

The second harmonic longitudinal resistance Ryx_.ow
shows a sinusoidal dependence. A sinusoidal dependence
can be indicative of UMR which is a spin-dependent in-
terface resistance attributed to current-induced spin ac-
cumulation [40]. It should be noted that thermal resis-
tances RaT attributed to SSE and ANE can be mixed
into Ryy.2,. To estimate their contributions, we estimate
the thermal resistance measured from R, and scale it to
the device length of the Hall bar. In this way, Rywmr
can be separated from Rat in Ryx.2,. The sinusoidal
dependence of the second harmonic resistance Ryy.o., in-
dicates that the Oersted field contributions are negligible
as Fig. 3(d) can be well fit with a simple sinusoidal de-
pendence. The total second harmonic longitudinal resis-
tance Ryy.2.,, RumRr, and RaT are plotted as a function
of SrIrOj3 thickness in Fig. 3(e). As a function of SrIrOg
thickness, the total Ryy .o, exhibits non-monotonic be-
havior (Fig. 3e). The contribution from Rat decreases
with increasing SrIrOgs thickness likely due to the over-
all decreasing resistance as SrlrO3 becomes thicker. The
non-monotonic trend in Ryyg can be explained in the
following way: Rywmgr increases up to 6nm of SrIrOg
from spin accumulation at the CoFeB/SrIrOj3 interface;
as the SrIrOg layer becomes thicker, more current flows in
SrIrO3 and less current is scattered at the CoFeB/SrIrO3
interface, thus decreasing gradually Ryygr with increas-
ing SrIrO3 thickness. From the SrIrOgj thickness depen-
dence of UMR [40], we have estimated a spin diffusion
length in SrIrOgs of 2-3 nm that is consistent with previ-
ous results [25].

To demonstrate all-electrical switching of magne-
tization with large spin orbit torques from SrlrOs,
we fabricated a 40 pmx10 pm Hall bar from a
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FIG. 3. Second harmonic resistance in CoFeB (5

nm)/SrIrO3(10.8 nm) sample: (a) Schematic of angular mea-
surement of Ryxy. (b) Schematic of angular measurement of
Ryx. (c) Angular dependence of Ryy.2., at 300K. The data
points are fitted with cos(¢). (d) Angular dependence of
Ryx-20 at 300K and fit. (e) Rxx-2w, Rummr, and Rat vs.
SrIrOs thickness, respectively. (f) Rxy-2. as a function of
the inverse of the in-plane effective magnetic field.¢ is the an-
gle between the field and the X-axis.

CoFeB(3nm)/SrIrO3(10.8 nm) bilayer. To confirm mag-
netization switching, we monitor the UMR signal. The
10.8 nm thick SrIrOg film provides both large {sor and
decent Rywmg signal while a uniform film with in-plane
anisotropy can be achieved in 3 nm of CoFeB. Fig. 4a
and b show a sketch of the measurement setup and the
current waveforms, respectively. A 5 ms long d.c. pulse
generates a damping-like torque that switches the mag-
netization along the y-axis while an a.c. current of 0.6
mA is used to monitor Ra,_xx and detect the magnetiza-
tion direction after a 20 s delay. As a reference, Roy.xx
is measured as a function of magnetic field H along the
y-axis showing magnetization and indicates that Ra,_xx
is switched by an in-plane magnetic field of H.==£10 Oe
from +2 m{2. We then measured Rs,,_«x as a function of
d.c. current pulse. In Fig. 4d, each data point repre-
sents the R, xx value after a dc pulse was applied. The
arrows indicate the pulse sweeping directions. I4. pulses
switch the magnetization completely in the CoFeB film
along the y axis, reaching +2 m() at large positive and
negative d.c. pulse currents, respectively. Assuming that
the current flows through the CoFeB and SrIrOgj lay-
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FIG. 4. Room-temperature Magnetization switching in
CoFeB(3 nm)/SrIrO3(10.8 nm). a, Cartoon showing the sam-
ple and measurement setup. The red line indicates the Y-axis
of magnetization switching. b, Sequence for pulse d.c. and a.c
currents. The d.c current is for generating spin-orbit torque
for switching and the a.c. current is for reading the magneti-
zation state. ¢, Raow-xx vs. the magnetic field along the y-axis
showing magnetic field-induced magnetization switching. d,
Raw-xx measured as a function of pulse current amplitude 4
at zero external fields.

ers like parallel resistors, we calculated a critical current
density of 1.38x10'° A/m? which is about one order of
magnitude lower than using a heavy metal such as Pt. It
should be noted that we assumed resistivity values from
single layers of CoFeB and SrIrOgs in our calculations of
the bilayers. At room temperature, the resistivity val-
ues of the SrIrO3 and CoFeB layers are 2.61 mQ2-cm and
2.3 m§2-cm respectively. This may not be an accurate
assumption since the nature of CoFeB grown on SrlrOgz
(in contrast to grown directly on the substrate) may al-
ter the resistivity values and the interface resistance is
also ignored. The Oersted field due to the applied cur-
rent is estimated to be around 1 Oe which is 10% of the
coercivity of the sample. Measurements with a range of
a.c. current values as well as wait times between the d.c.
pulse and a.c. measure current show no indication of
heating effects. Thus we have demonstrated all-electrical
current magnetization switching with a very low current
density at room temperature.

SOT structure tsor o( m™1) o7 (/20 Tm™?)

SrIrO3(12.9 nm)/CoFeB 1.31  6.7x10" 0.9x10°
SrIrO3/LSMO[29] 1.5 - (1-3)x10°
Pt/NiFe[41] 0.08 - 3.4x10°
Pt/MAFO[42] 0.14 - 6x10°
BisSes /NiFe[43] 2-3.5 - (1.1-2) x 10°

TABLE I. SOT efficiency, conductivity o and effective spin
Hall conductivity o5 of SOC overlayers.



To date, there have only been a handful of studies
that deduce SOT efficiencies of SrIrOs [25-27]. SOT
generation and switching studies based on SrIrOj3 have
involved all-oxide epitaxial heterostructures, such as
SrRuO3/SrIrO3[30] and Lag 7SrgsMnOs/SrIrOs bilay-
ers [29, 31], as well as polycrstalline bilayers, such
as NiFe/SrIrO3 [27]. One might expect that epi-
taxial bilayers with coherent interfaces should have
the largest charge-spin conversion efficiency with supe-
rior interface spin transparency. Epitaxial bilayers of
Lag.7Srp.3MnO3/SrIrO3 have been shown to exhibit SOT
efficiencies on the order of 1. On oxide spinels, even Pt
has been shown to grow epitaxially on oxides and give
rise to large SOT efficiencies [42]. More relevantly, poly-
crystalline bilayers have shown SOT efficiencies of up to
1.1 with SOT efficiency values increasing with increas-
ing SrIrOj thickness[26]. These results suggest that a
structurally coherent interface is not a critical factor in
maximizing SOT efficiency. SOT efficiency is a prod-
uct of the spin Hall angle of the non-magnetic material
and spin transparency of the interface with the spin Hall
angle has been shown to be higher for higher resistance
material (e.g., induced by impurity doping [31]). Since
the resistivity of SrIrOg is significantly higher than Pt
but lower than BisSes, the high SOT efficiency found in
our SrIrOj is not too surprising.

In the case of our CoFeB/SrIrO3 bilayers, we observe
a SOT efficiency that is as high as 1.4. This SOT effi-
ciency includes not only the intrinsic and extrinsic contri-
bution to the charge-to-spin conversion from the bulk of
the SrIrOg3 layer but also an interface spin transparency
contribution. The amorphous interface may give rise to
an interdiffused layer at the interface that can induce
strong electron scattering, thus affecting the overall SOT
efficiency [44-46]. However the SOT efficiency values in
our bilayers would suggest that coherent interfaces are
not critical in obtaining large SOT efficiencies.

In fact, although Lag7Srg3MnO3/SrIrOs bilayers
exhibit spin-orbit torque efficiencies almost as large
as our CoFeB/SrIrOs bilayers, recent results in
Lag.7Sro.3MnO3/SrIrO3 [31] bilayers, where room tem-
perature current-induced magnetization switching has
been observed, show damping -like torque efficiencies of
0.15. The only other epitaxial SrIrOg based system that
has exhibited SOT switching is the SrRuO3/SrIrOs bi-
layer [30]. In this epitaxial bilayer, the SOT efficiency
is also significantly lower between 0.58 and 0.86 and is
limited to 70 K, likely due to the low T of STRuOg3. Our
results show that SOT efficiency depends critically on the
crystallinity and high atomic spin-orbit coupling of the
SrIrO3 or equivalent layer, but is robust to the presence
of disorder in the ferromagnet or at the interface.

As a point of comparison, previous studies of (-
W /CoFeB spin-orbit torque devices exhibit SOT efficin-
cies on the order of 0.4 compared to 1.4 in our devices
[47]. Switching current density (1.38 x 109 A/m?) in

our devices are an order of magnitude lower than that
for B-W/CoFeB (10! A/m?)[48]. This is not too sur-
prising since by definition SOT efficiency is proportional
to resistivity. Hence more resistive materials such as
SrIrO3 and even BisSes generally show higher SOT effi-
ciencies. Moreover, the different phases of W limits the
thicknesses for which the pure 5-W phase can be stabi-
lized. Other candidates for the spin-to-charge conversion
layer such as Pt have significantly smaller SOT efficien-
cies in heterostructures with CoFeB. In previous work
on NiFe/SrIrOgs, large SOT efficiency of 0.4 was mea-
sured but SOT-induced magnetization switching was not
demonstrated in NiFe/SrIrO3 heterostructures. There-
fore our demonstration of SOT-induced magnetization
switching at room temperature in CoFeB/SrIrOs is a sig-
nificant advance.

In  summary, we have demonstrated room-
temperature current-induced magnetization switching in
CoFeB/SrIrO3 bilayers at low critical current densities.
Spin torque ferromagnetic measurements have enabled
us to deduce SOT efficiency as large as 1.4. The
monitoring of the SOT magnetization switching through
the unidirectional magnetoresistance (UMR) signal
has demonstrated room temperature SOT switching at
critical current densities significantly lower than previ-
ously observed. This system demonstrates the critical
factors of crystallinity and high spin-orbit coupling in
the charge-to-spin conversion layer and the robustness
of SOT switching to the presence of disorder in the
ferromagnet and the interface. The high SOT efficiency,
large signal-to-noise and low switching current density
provide an ideal platform to optimize SOT switching
performance and realize next-generation spin-orbit
torque based MRAM devices.
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I. SAMPLE GROWTH PROCEDURE

A KrF excimer laser running at 1 Hz and fluence of 1 J/cm? was used to deposit thin
films of SrIrO3 at a distance 4 cm away from the target in an oxygen (Oz) pressure of 50
mTorr and at a growth temperature of 600°C. After the SrIrO3 deposition, the substrate
was cooled down at a rate of 10°C/min in 50 Torr Oy. The CoFeB layer was subsequently
sputtered onto SrlrO3 at 3 mTorr Ar, room temperature and dc power of 15 W in an ion
beam sputtering system. A Ta (1.5 nm)/MgO (2 nm) stack was deposited onto the structure

to prevent CoFeB oxidation.

II. SPIN-TORQUE FERROMAGNETIC RESONANCE

As illustrated in Fig. 2a, as-deposited SrlrO3/CoFeB(4)/MgO(2)/Ta(2) (all numbers
in parenthesis hereafter are in the unit of nm) stacks on LSAT substrates were patterned
into 40 pm-wide and 60 pm long microstrips. The microwave current induces an oscillating
transverse spin current in the SrlrOj3 layer. This spin current is injected into the CoFeB
layer exciting spin precession and generating an RF anisotropic magnetoresistance. This
magnetoresistance, rectified with the microwave current, generates a dc voltage. The ST-
FMR spectra in Fig. 2b are obtained by sweeping external in-plane magnetic fields through
the CoFeB resonance condition on a CoFeB (5 nm) /SrIrO; (12.9 nm) sample at different
frequencies. The amplitude decreases at higher frequencies due to increased impedance in
the microwave circuit. The STFMR lineshapes can be fitted with symmetric and asymmetric

Lorentzian functions, Fy and F,, in the form of V = V,F, + V, F,.

III. ELECTRICAL MEASUREMENT

The electrical measurement set up is shown in Figures 3(a) and (b) with the current
source connected longitudinally (along the x-axis) and the voltmeter connected to either
the longitudinal (x) or transverse (y) terminals for Ry, and Ry, measurements, respectively.
When an ac current flows in the device, oscillating SOT's are generated, giving rise to first
and second harmonic resistances. When a 2 T magnetic field is applied to saturate the
CoFeB layer and is rotated within the xy-plane, the first and second harmonic transverse

resistances Ryy-10, Rxy-20 can be expressed by the following equations:
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Ryy1w = Raurcos(0) + RPHESmQ(@)sm(Zqﬁ) (1)

HDL
H + HDemag - Hk

Hyy, + Hoe

1
ny—?w = _<RAHE

9 + RAT)COS(gb) + RPHE

cos(20)cos(9)  (2)

where Rapg, Rpar and Rat are the anomalous Hall, planar Hall and thermal resistances,
respectively. The thermal resistances originate from the anomalous Nernst effect (ANE) and
the spin Seebeck effect (SSE). Hpy,, Hrr, Hoe are the damping-like, field-like and oersted
fields, respectively. Hpemag and Hj, are the demagnetizing and anisotropy fields of CoFeB.
It should be noted that € is the angle of magnetizaton with respect to the out-of-plane

direction, and ¢ is the angle of magnetization with respect to the current axis (x-axis).

IV. FILM RESISTIVITY

Below is the temperature dependent resistivity of single layer films of CoFeB and SrlrO;

on LSAT substrates.

10

= CoFeB resistivity
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FIG. S1. Temperature dependence of SrIrO3 (10.8 nm) and CoFeB (5 nm) resistivity

V. FIRST HARMONIC OF Ry

The first harmonic Hall resistance Ryy.1., shows a typical planar Hall effect, which is well

fitted by sin?()sin(2¢) where §=90° as shown in Fig. S2.
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FIG. S2. Angular dependence of the first harmonic Hall resistance Ryy-1c-
VI. FIELD-LIKE TORQUE CONTRIBUTION

We have plotted the Ryy.o,r1, vs. 1/Hex as Fig. S3. As one can see, it is almost a flat
line. It can be calculated using Slope/Rppg, which is 0.09 Oe.
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FIG. S3. Ryy-2w-FL vs. 1/Hey fitted by a straight line.




