Control of out-of-plane anti-damping spin torque with a canted
ferromagnetic spin source
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To achieve efficient anti-damping switching of nanoscale magnetic
memories with perpendicular magnetic anisotropy using spin-orbit torque
requires that the anti-damping spin-orbit torque have a strong out-of-
plane component. The spin anomalous Hall effect and the planar Hall
effect spin current produced by a ferromagnetic layer are candidate mech-
anisms for producing such an out-of-plane anti-damping torque, but both
require that the magnetic moment of the spin source layer be canted
partly out of the sample plane at zero applied magnetic field. Here we
demonstrate such a canted configuration for a ferromagnetic SrRuQO; layer
and we characterize all vector components of the torque that it produces,
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including non-zero out-of-plane anti-damping torques. We verify that the
out-of-plane spin component can be tuned by the orientation of magnetic
moment, with significant contributions from both the spin anomalous Hall
effect and the planar Hall effect spin current.

High-density magnetic random access memory (MRAM), which for thermal sta-
bility must be based on magnetic layers with perpendicular magnetic anisotropy
(PMA), is attractive for its natural non-volatility and excellent endurance as com-
pared to competing technologies [1, 2]. Anti-damping spin-orbit torque exerted by
spin currents generated within materials having strong spin-orbit interactions is a
leading candidate for enhancing the write efficiency in such memories to make them
competitive for energy-constrained applications [3—-12]. Unfortunately, spin-source
materials with high symmetry can only produce anti-damping spin-orbit torque with
orientation within the sample plane, which means that they are not capable of driv-
ing efficient anti-damping switching of nanoscale PMA magnets [13, 14]. Efficient
switching of nanoscale PMA magnets by anti-damping spin-orbit-torque requires
spin-source materials in which the symmetry constraints are relaxed either by a
low-symmetry crystal structure [15-19] or magnetic order [20-26], to allow a com-
ponent of out-of-plane anti-damping torque. Modeling suggests that an out-of-plane
damping-like torque efficiency ¢4, ~ 0.05 is necessary for spin-orbit-torque MRAM to
achieve energy efficiency better than conventional spin-transfer-torque MRAM for 40
nm devices, while £4, ~ 0.30 would allow better energy efficiency even than volatile
SRAM with a much more compact circuit geometry [27]. Research on developing
spin-source materials for out-of-plane anti-damping torque has so far fallen short
of these thresholds, except for perhaps the low-symmetry van der Waals semimetal
TalrTey, for which recent studies report conflicting results [18, 28, 29]. Nonethe-
less, generating out-of-plane anti-damping torque with TalrTe, requires domain-free
flakes completely free of monolayer steps, so Talr'Te, is unlikely to be a solution for
a manufacturable technology.

Here we pursue the strategy of generating an out-of-plane anti-damping torque
with a ferromagnetic spin source layer in which the orientation of the ferromagnetic
moment provides the required symmetry breaking. Several mechanisms have been
proposed and demonstrated with initial experiments for how ferromagnets may be
used as a source of spin current with a spin orientation that is controllable by chang-
ing the magnetization direction [30, 31]: e.g., via the spin anomalous Hall effect
(AHE) [20, 22, 32, 33], the planar Hall effect (PHE) spin current [20, 34, 35], or spin
rotation or spin swapping at a magnetic interface [36-40]. Initial experiments suggest



that the spin AHE and the PHE spin current are particularly promising. To generate
a vertically flowing spin current with an out-of-plane spin component via either of
these mechanisms requires that the magnetization of the spin-source layer be canted
partially out of the sample plane (i.e., neither fully in the sample plane nor fully
perpendicular to the plane): the out-of-plane anti-damping torque due to the spin
AHE is predicted to be proportional to mymy and that due to the PHE spin-current
mechanism is predicted to be proportional to m xm% [20]. (Here m is the magnetic
orientation, X is the direction of the in- plane applied charge current, and 7 is per-
pendicular to the sample plane.) The strength of the underlying physical mechanisms
for both the spin AHE and PHE spin currents have been measured previously using
samples with either in-plane magnetizations [22, 32] or with magnets canted using
large saturating magnetic fields [33-35], with efficiencies as large as £),; = 0.25 for
the in-plane torque efficiency generated by in-plane-magnetized L1y FePt [32] via the
spin AHE. The challenge with using these mechanisms to generate out-of-plane anti-
damping torque for practical applications is to stabilize a partially-canted magnetic
configuration with zero applied magnetic field. Thin-film samples governed entirely
by shape anisotropy and first-order interfacial anisotropy have either purely in-plane
or PMA configurations, so to have a stable partially-canted magnetic configuration
requires use of magneto-crystalline anisotropy.

In a high-crystal-symmetry non-magnetic spin source material, an electric-field
induced spin current that flows vertically can have a spin polarization only in an
in-plane direction orthogonal to both the electric field and spin current (Fig. 1a).
Fortunately, this constraint can be relaxed if the spin-source material has magnetic
order. The electric-field generated spin current produced by a ferromagnetic spin-
source layer can have a part with the symmetry of the conventional in-plane spin-
orbit torque that does not depend on the magnetization direction (Fig. 1a) plus a
part that does depend on the magnetization direction [30]. The geometries of the
magnetization-dependent spin currents generated by the PHE and AHE [20] are
shown in Fig. 1b,c for two different orientations of the canted magnetization relative
to an applied electric field, E. Both the PHE and AHE give rise to spin currents with
their spin polarization aligned with magnetization of the spin-source layer, but with
different flow directions: for the PHE spin current the flow is parallel to m(m - E)
(Fig. 1b) and for the spin AHE the flow is along 1 x E (Fig. 1c). To achieve a
vertically flowing spin current with an out-of-plane spin component, therefore, the
PHE can contribute when the magnetization has a canted component in the X-Z
plane, and the AHE can similarly contribute when the magnetization has a canted
component in the Y-Z plane. As a function of the angle 1 of the applied electric



field relative to the projection of the canted magnetization onto the sample plane,
this means that the out-of-plane anti-damping torque should have a cos()) depen-
dence for the PHE spin current and a sin(¢)) dependence for the spin AHE. These
results can be generalized: based on a symmetry analysis any time-reversal-odd spin
current contributing to an out-of-plane anti-damping torque should give a cos(¢) de-
pendence, and any time-reversal-even spin current should give a sin(¢)) dependence
(see Supplementary Information Section 5).

To achieve a magnetic spin-source layer with a partially-canted magnetization at
zero applied magnetic field, we employ SrRuOj as the spin source [41-43] and deposit
it on vicinal (001)-oriented SrTiO3 substrates with a miscut angle around 0.1° and a
miscut direction close to [010] (Methods). SrRuOj is an itinerant ferromagnet with
a bulk Curie temperature T ~ 160 K [44, 45] and an orthorhombic crystal structure
with lattice parameters a, = 5.5670 121, b, = 5.5304 ;1, and ¢, = 7.8446 A (the sub-
script o denotes orthorhombic structure) [46]. In the bulk, the magnetic easy axis
aligns with [010],, which we will call the b axis [47], with a large magnetocrystalline
anisotropy field, ~ 12 T [48]. When deposited on cubic, well-oriented (001)-SrTiOj
substrates, StTRuO3 thin films can grow epitaxially with six different domain con-
figurations (see Supplementary Information Section 1). Nevertheless, by nucleating
growth from step edges on a vicinal substrate, a single domain can be made domi-
nant [49, 50]. With this method we achieve the predominant epitaxial configuration
shown schematically in Fig. 2a, a (110),-oriented SrRuOj3 film with StRuOj [110], ||
SrTiO3 [001], StRuO;z [001], || STO [010], and SrRuO3 [110], || STO [100], result-
ing in the bulk magnetic easy axis (i.e., the b axis) canted uniformly away from
the surface normal [47]. We verified this growth orientation using x-ray diffraction
with reciprocal space mapping (Supplementary Information Section 1). Unsuccessful
growths, in which more than one domain type are present, can also be detected by
measurements of anomalous Hall effect versus out-of-plane magnetic field, because
the different domain types have different coercive fields (Extended Data Fig. 1). For
convenience in the following, we will adopt pseudo-cubic (pc) notation for SrRuOj3
based on the SrTiOs crystal axes, so that [100],., [010],. and [001],. are parallel to
[110],, [001], and [110],.

In thin films of SrRuOj3 the orientation of the canted easy axis is tunable by
oxygen octahedral rotation and need not lie exactly along the b axis [51-53]. We
therefore performed angular-dependent magnetoresistance measurements to deter-
mine the orientation of the magnetic easy axis in our thin films [51, 53]. The device
geometry is shown in Fig. 2b, where a longitudinal voltage (Vxx) is measured while



rotating an external magnetic field (E) in the plane perpendicular to the applied
current. This magnetoresistance measurement was performed on devices oriented at
in-plane angles from 0° to 90° at every 15° (Supplementary Information Section 2),
to identify both the magnetic canting direction and canting angle. A representative
angular-dependent magnetoresistance measurement is shown in Fig. 2c, where the
jumps around 115° (295°) in resistance indicate the orientation of the magnetic hard
axis (Supplementary Information Section 2). Since the easy-axis angle (6¢) is 90°
from the hard axis, for the 20 nm SrRuOj3 film 6 ~ 25° away from [001],. towards
[100],.. The canting angle of StTRuOj of various thicknesses is summarized in Fig. 2d,
consistent with previous work [53, 54].

For spin-torque studies, after the STRuOj films were grown they were transferred
through air to a separate vacuum system for deposition of a 5 nm thick NiggFeg
(Py) layer by magnetron sputtering on top of the SrRuO3 (Methods). The Py layer
has within-plane magnetic anisotropy. For thin SrRuOj samples (5 nm), where a
single domain in the SrRuOjs can be easily achieved (Extended Data Fig. 1b), the
spin-torque measurements were performed on the as-grown samples, while the thicker
samples (> 5 nm) in which a second type of domain becomes more significant (Ex-
tended Data Fig. 1d) were field-cooled to liquid nitrogen temperature with a magnetic
field oriented along the [100],. axis prior to the spin torque measurements. Scans of
longitudinal resistance as a function of in-plane magnetic field at 80 K along both
the [100],. and [010],. are, to a good approximation, symmetric about zero magnetic
field (Extended Data Fig. 2), which indicates that any exchange bias between the
SrRuOj3 and Py is weak.

We measured the direction and strength of current-induced spin torques in the
SrRuOj3/Py samples using angle-dependent spin torque ferromagnetic resonance (ST-
FMR) [5, 15, 25, 55] (Methods). A schematic illustration of our ST-FMR device
geometry is shown in Fig. 3a. The device consists of a STRuOj3/Py strip 10 pm x 40
pm in contact with ground-signal-ground electrodes made from Ti/Pt. Strips with
different in-plane orientations relative to the crystal axes were fabricated to study
the dependence of spin-orbit torque generation on the angle of applied electric field
(or, equivalently, the angle of applied current). On each device with a distinct ori-
entation, we apply a microwave signal with fixed frequency and sweep the external
magnetic field B at an angle ¢ to the applied electric-field direction (Fig. 3a), re-
peating the measurement on the same device for ¢ from 0° to 170°. An example
ST-FMR spectrum at ¢ = 45° is shown in Fig. 3b, where the mixing voltage (V)

is fit to the sum of symmetric Lorentzian, Vg = S (ﬁ), and anti-symmetric



Lorentzian, V4 = A(%) Here, S and A are the amplitudes of the symmetric

and anti-symmetric components of the mixing voltage, A is the linewidth of the res-
onance peak, and By is the resonant magnetic field. A pronounced difference in the
amplitudes of the anti-symmetric component of the mixing voltage at positive and
negative fields is observed, indicating the existence of an unconventional torque in
the out-of-plane direction. To unambiguously identify the directions of the torques,
symmetry analysis is necessary, since the signals generated by different components
of torque have different dependencies on the orientations of the external magnetic
field. If we define the current flow direction as X the out-of-plane direction as Z
and use polar coordinates to describe the magnetic field with the azimuthal angle ¢
measured from the X direction, then the © dependence of the mixing voltages from
X, Y, Z components of the torques are [15, 25]:

Vi = A, sin2psing + A, sin 2 cos o + A%, sin 2¢ (1)

Vg = S35, sin 2psin ¢ + SY); sin 2¢ cos o + SZ; sin 2p (2)

where S3;, S5, A% are the amplitudes of the mixing voltages contributed by the
X, Y, Z components of the damping-like torque; and A%, Ak, , SZ, are the ampli-
tudes of the mixing voltages from the contributions of the X, Y, Z components of the
field-like torque. Two representative angle-dependent ST-FMR results at 110 K are
shown in Fig. 3c,d and Fig. 3e,f for a STRuO3 (5 nm)/Py (5 nm) sample with applied
electric fields approximately parallel to the [010],. and [100],.. For both orienta-
tions of E , fits to both the anti-symmetric and symmetric mixing voltages require
additional Z (sin 2p) and X (sin 2p sin ¢) components of the torques, in addition to
the conventional Y component (sin2p cos ). Comparing the ST-FMR results for
two perpendicular electric-field directions, the anti-symmetric mixing signals corre-
sponding to the Z component of torque have opposite signs (compare the red lines in
Fig. 3c and Fig. 3e). Below we will ascribe this difference to separate contributions
from the spin AHE and the PHE spin current.

We have confirmed the presence of the unconventional torque components us-
ing a second measurement technique, second harmonic Hall measurements. Angle-
dependent second harmonic Hall voltage data for 100 K are shown in Extended Data
Fig. 4a and b for the same SrRuO3 (5 nm)/Py (5 nm) sample with applied electric
fields approximately parallel to the [010],. and [100],.. The Z component of the
damping-like torques for electric-field along [010],. and [100],. have opposite signs,
in agreement with the ST-FMR results.



Based on the ST-FMR measurements, the damping-like torque efficiencies can be
be calculated as [56]

o g eMgtry  4A 2B + poMess
DL PL p, Iy Ramr \/Bo(By + ptoMeyy)

fgL _ A%L eMgtr 4A 2B + ,LLOMeff (4)
hde I fRamr Bo+ poMeys

where M, (A/m) is the saturation magnetization for 5 nm of Py, ¢p, is the thickness
of the Py layer, I, is the amplitude of the microwave current within the full bilayer,
Je is the current density within the StRuOg, and poM.ss (T) is the effective field from
the magnetic anisotropy. We calibrate I,y by comparing the heating-induced change
in resistance due to a microwave current to the heating-induced change of a d.c.
current, and then J, is determined from a parallel circuit model using the measured
resistivities of the Py and the SrRuOj; (see Supplementary Information section 3).
For the data shown in Fig. 3, I,y = 2.03 mA and J, = 9.50 x 10 A/m?. For the case
of E along the [010],., the Y and Z components of the damping-like torque efficiencies
estimated with Eq. 3 and Eq. 4 are £, = 0.45+0.06 and £7, = 0.0094+0.001. Given
that the resistivity (p) of STRuO3 at 110 K is around 231 pf2em, the spin Hall conduc-
tivities estimated using opy, = (h/2e)¢pr/p for the Y and Z components are ),; =
(2.040.3) x 10°(h/2¢)(Q'm™") and 0%, = (3.9£0.4) x 103(1/2¢)(Q2 'm™'). For E
along the [100],., the damping-like torque efficiencies for Y and Z components are es-
timated to be £5; = 0.4940.07 and £3; = —0.010+0.001; and the corresponding spin
Hall conductivities for Y and Z component are o}, = (2.140.3) x 10°(h/2¢) (2 'm™1)
and 0%, = (—4.3 +0.4) x 103(h/2e)(Q"'m™).

(3)

To investigate the origins of out-of-plane anti-damping torque, the magnetic field
angle-dependent ST-FMR measurements were repeated on devices with intermedi-
ate 1 angles for the orientation of the applied electric field relative to the [100],.
crystal direction (Fig. 4a). The out-of-plane anti-damping torque efficiency £%; has
the angular dependence shown in Fig. 4b. This behavior of £, is in excellent agree-
ment with the predicted dependence for the sum of torques due to the spin AHE
( sin(¢))) and the PHE spin current (o cos(1)): €54, = 4y costh + E4,, psina for
fitting parameters £2,,, = -0.0070 and ¢4, = 0.0067 for the 5 nm thick STRuO;.

In addition to data for the 5 nm device, Fig. 4b also shows the measured out-
of-plane anti-damping torque efficiencies £Z; per unit charge density as a function
of the electric-field angle ¢ for 20 and 30 nm SrRuOj layer thicknesses. The tem-
perature dependences for the peak out-of-plane anti-damping torque efficiencies for
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SrRuOj3 of 5 nm, 20 nm and 30 nm are shown in Fig. 4c. We find that £3; reaches
a peak value at approximately 20 nm, with ¢4, = 0.020 +0.002 at 90 K. This peak
torque efficiency is greater for 20 nm thick SrRuO3 than for 30 nm despite the fact
that the 30 nm thick layer has a comparable canting angle for the magnetization (see
Fig. 2d). This difference in torque efficiency could be an indication, e.g., of compet-
ing contributions from the larger magnetization canting angle versus a less-perfect
domain structure for the 30 nm films (Extended Data Fig. 1), or a contribution from
an interfacial torque mechanism and not just a bulk mechanism.

The temperature dependence of 2, for a StRuO3 (5 nm)/Py (5 nm) is shown
in Fig. 4d for the electric-field angle v = 120°, near which the magnitude of £, is
maximized. The magnitude of £%; decreases with increasing temperature and ap-
proaches zero near 135 K, just below the bulk Curie temperature (and remains zero
up to room temperature, see Extended Data Fig. 6). (The Curie temperature (7¢)
of the SrRuQOj3 thin films of various thicknesses can be identified from the kink in the
resistivity versus temperature curves (Fig. 4e), yielding values of T between 130 K
and 140 K.) Based on measurements at ¢» = 0° and 90°, we can also separate the
temperature dependence due to the PHE (o< cos(¢))) and spin AHE (o sin(¢))) spin
current mechanisms (Fig. 4f). The spin AHE contribution has very little temper-
ature dependence between liquid-nitrogen temperature and 130 K, while the PHE
spin current contribution varies strongly in the same temperature range. We specu-
late that the time-even spin AHE contribution is due primarily to intrinsic spin-orbit
coupling within the SrRuOj3 bandstructure and is therefore relatively temperature-
independent well below the Curie temperature, while the PHE spin current is odd
under time reversal and is therefore more likely to depend on extrinsic scattering and
other processes which can vary with temperature.

The out-of-plane anti-damping torque efficiency we find from SrRuQj is less than
about half the value needed to directly drive efficient anti-damping switching of
nanoscale magnetic samples with PMA, as indicated by modeling [27], and for this
reason we have not yet attempted to make prototype nanoscale devices for testing.
It is important to distinguish our goal, efficient switching of nanoscale PMA samples,
from previous demonstrations of switching in micron-scale samples. Many studies
have shown that even very weak out-of-plane torques can assist spin-orbit-torque
switching of micron-scale PMA samples, but in all such studies performed to date
the critical current is still determined primarily by the conventional in-plane com-
ponent of spin-orbit torque that acts to shift domain walls, with the out-of-plane
component acting only to provide a bit of symmetry breaking required to make



the switching “field free”. Studies of spin-orbit switching of micron-scale samples
via domain-wall motion are therefore not directly applicable to the development of
efficient switching of practical nanoscale PMA devices driven primarily by the out-
of-plane anti-damping torque because the switching mechanisms are not the same
[14].

In summary, we have demonstrated a strategy for achieving a partly-canted mag-
netization configuration in a magnetic spin-source layer at zero applied magnetic field,
and have shown that this configuration allows for the generation of vertically-flowing
spin current with an out-of-plane spin component, which can therefore exert an out-
of-plane anti-damping spin-orbit torque on an adjacent magnetic layer. The use of the
ferromagnetic moment to provide the symmetry-breaking needed to enable an out-
of-plane anti-damping torque circumvents the challenges posed by low-crystalline-
symmetry materials and antiferromagnets for switching magnetic memories with
perpendicular magnetic anisotropy. Based on the dependence of the out-of-plane
torques on the angle of the applied electric field relative to the canted magnetization,
the out-of-plane anti-damping torques generated by SrRuO3 can be well-described as
due to the sum of a spin AHE and a PHE spin current. The maximum out-of-plane
torque efficiency that we measure, £4, = 0.020 4 0.002 is still below the threshold
needed for spin-orbit-torque MRAM to achieve better energy efficiency than con-
ventional spin-transfer-torque MRAM. (Extended Data Table 1 presents a list of
materials systems in which out-of-plane anti-damping torques have been measured
quantitatively.) Nonetheless, our study opens the door to explore torque generation
by other magnetic materials in which magnetocrystalline anisotropy might be used
to stabilize similar partly-canted magnetization configurations [57].
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Methods

Sample preparation

SrRuOj thin films were grown with pulsed laser deposition (PLD). The thin films
were grown on slightly miscut (001)-oriented SrTiO3 substrates at 700 °C, 100 mTorr
oxygen partial pressure, and a laser energy of 1.5 J/cm? at 2 Hz. After growth, the
samples were cooled down at 5 °C/min to room temperature at an atmospheric oxy-
gen pressure. The detection magnet layer (Py) was deposited in an AJA magnetron
sputterer system with a base pressure of 2x10~® Torr. A 1.5 nm Ta capping layer
was then deposited on the Py to inhibit oxidation.

Device fabrication

ST-FMR and Hall devices with various ¢ angles to the crystal axis were patterned
using a Heidelberg laser direct writer. The SrRuOj; layer was etched with NalO,
solution (0.1 mol/L) and other layers were etched by ion milling. Contacts made
from Pt (100 nm)/Ti (5 nm) were sputtered in an AJA chamber and then lifted off.
For ST-FMR devices, strips with dimension 10 ym x 40 pgm were in contact with
ground-signal-ground electrodes. For Hall devices, the dimensions of the Hall bar
were 20 pm x 50 pm.

Magnetoresistance measurement
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Hall devices with various in-plane orientations (1)) were patterned on SrRuOs/Py
samples. A direct current of 100 pA was applied with Keithley 2400 d.c. current
source meter in the current channel and a longitudinal voltage was measured with
Keithley 2181 A nanovoltemeter. For the magnetic-field-angle dependent magnetore-
sistance measurements, an external magnetic field was rotated in a plane perpendicu-
lar to the applied current. The measurements were repeated on devices with in-plane
orientation ¥ from 0° to 90° at every 15° to identify both the magnet canting di-
rection and canting angle. To investigate the exchange coupling between SrRuQOs;
and Py, the external magnetic field was swept in the plane from positive to negative
along the current direction, while recording the longitudinal voltage. The measure-
ment was repeated on devices oriented along both the [100],. and [010],. directions.

ST-FMR measurement

ST-FMR devices with ground-signal-ground (GSG) contacts were fabricated from
the SrRuO3/Py bilayers. A microwave current at a fixed frequency (5 GHz - 5.5
GHz) and power was applied. A dc mixing voltage was measured with a DSP lockin
amplifier while sweeping the external magnetic field from positive to negative at a
fixed angle (¢) to the applied current. The same ST-FMR measurement was repeated
at magnetic field angles ¢ from 0° to 170° at every 10°. This magnetic-field-angle-
dependent ST-FMR measurement was performed on devices with applied-current
angles ¢ (in the film plane relative to the [100],. direction) from 0° to 165° in 15°
increments. The temperature-dependent ST-FMR measurements were carried out in
a home-built cryostat cooled by liquid nitrogen.
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Figure 1: Tilted spin currents produced by a canted magnetization. a,
[lustration of the spin current allowed by symmetry for a non-magnetic material with
high crystal symmetry, for which a spin current flowing in the Z direction must have
spin polarization oriented in the +YV direction. b, [llustration of a tilted spin current
originating from the planar Hall effect in a ferromagnet, relevant for the case in which
an electric field (E) is applied along the X direction and the magnetic moment is
canted away from the Z direction into the X direction. ¢, Illustration of a tilted spin
current originating from the spin anomalous Hall effect in a ferromagnet, relevant
for the case in which the magnetic moment is canted away from the Z direction into

the Y direction.
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Figure 2: Magnetic anisotropy of SrRuQj; thin films. a, A side view showing
the epitaxial relationship of SrRuO3 grown on an (001)-oriented SrTiO3 substrate,
where the [010],. axis points out of the page. a, b, and ¢ are the orthorhombic unit cell
axes of STRuQOj3. In thin films, the direction of the magnetic easy axis (6¢) can differ
from the b axis. b, Device geometry for the angular-dependent magnetoresistance
measurements. A longitudinal voltage (Vxx) is recorded while rotating the external

N N
o O
[
[

magnetic field (é) in a plane perpendicular to the applied current. € is the external
magnetic field angle from the surface normal ([001],.). ¢, An example angular depen-
dent magnetoresistance measurement at 10 K, where longitudinal resistance (Rxx)
is plotted as a function of magnetic field angle 6 for a sample SrRuO3(20 nm)/Py (5

m). A d.c. current of 100 pA is applied along the [010],. orientation and a magnetic
field 6 T is rotated in the (010), plane. dgSummary of the easy-axis tilt angle (6¢)
for STRuO; films of various thicknesses (¢) at 10 K.
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Figure 3: Spin torques characterized by spin-torque ferromagnetic reso-
nance. a, A schematic of a STRuO3 (5 nm)/Py (5 nm) bilayer used in the ST-FMR
measurements. Red layer: Py; Teal layer: SrRuOs3; Hgp: Oersted field produced
by the applied microwave current; B: external magnetic field; E: electric field; ©:
angle between external magnetic field and microwave current. b, Example ST-FMR
spectrum, with the d.c. mixing voltage (V,,;,) plotted as a function of external mag-
netic field (B). In this example, the ST-FMR measurement is done at 110 K with £
along [010],. and ¢ = 45°. The red and orange curves represent the anti-symmetric
(V4) and symmetric (Vs) components of the mixing voltage respectively. ¢, Anti-
symmetric mixing voltage as a function of magnetic field angle. X (purple), Y (blue),
Z (red) components of the anti-symmetric mixing voltages are determined as the fit
components proportional to sin(2¢) sin ¢, sin(2¢p) cos ¢ and sin(2p) respectively. d,
Symmetric mixing voltage as a function of magnetic field angle. X (purple), Y (blue)
and Z (red) components of the symmetric mixing voltages are determined as the fit
components proportional to sin(2¢) cos ¢, sin(2¢) cos ¢ and sin(2¢p) respectively. The
electric field is applied approximately along the [010],. crystallographic axis in the
plane for c and d. e, f Anti-symmetric and symmetric mixing voltages as a function
of magnetic field angle for an electric field applied approximately along the [100],.
crystallographic axis.
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Figure 4: Dependence of out-of-plane anti-damping torque on the orien-
tation of the applied electric field and temperature. a, A schematic of the
ST-FMR measurement geometry, for E is oriented at a Y angle to [100],.. b, Out-
of-plane anti-damping torque efficiency as a function of ¢ for a StRuOs (5 nm) /Py (5
nm) sample (110 K), a StTRuOj3 (20 nm) /Py (5 nm) sample (110 K), and a STRuO; (30
nm)/Py (5 nm) sample (105 K). The solid curves represent fits to the data as a linear
superposition of sin ¢ and cos ), used to determine the AHE and PHE contributions
as in panel f below. c, Temperature dependent out-of-plane damping-like torque
efficiency for SrRuO3 of 5 nm, 20 nm and 30 nm. d, Representative temperature
dependent out-of-plane anti-damping torque efficiency at ¢ = 120° for the SrRuOs;
(5 nm)/Py (5 nm) sample. The dashed line is a guide to the eye. e, Resistivity as
a function of temperature for StrRuO3 of various thicknesses. f, The PHE (¢4, 1)
and AHE (£4,;5) components of the out-of-plane anti-damping torque efficiencies as
a function of temperature for 5 nm SrRuOj3. The dashed lines are a guide to the
eye. Error bars in b, ¢, d are dominated by the uncertainties of film thicknesses,
and error bars in f represent fitting uncertainties.
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Extended Data Fig. 1. Domain structure characterized using anomalous
Hall effect measurements. a, The first derivative of anomalous Hall resistance
as a function of external magnetic field for a single-layer 5 nm SrRuOg thin film at
110 K. ‘A’ denotes the dominant domain and ‘M’ denotes minor domains present in
the sample. b, Anomalous Hall resistance for the same single-layer 5 nm SrRuOs;
thin film at 110 K. R4 and R, are the contributions from the ‘A’ domain and the
minor domain to the anomalous Hall resistance. ¢, The first derivative of anomalous
Hall resistance as a function of external magnetic field for a 10 nm SrRuOj5 thin film
at 110 K. d, Anomalous Hall resistance for the same 10 nm SrRuO; film at 110 K.
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Extended Data Fig. 2. A check for exchange coupling between SrRuQO;
(10 nm) and Py (5 nm). a, Schematic illustration of the measurement geometry
to test for exchange coupling along the [100],. direction. Longitudinal voltage (Vxx)
is measured while an external magnetic field is swept along the [100],. direction. b,
Measured longitudinal resistance as a function of external magnetic field at 80 K for
the geometry in panel a. Two dips are observed, at 8 Oe and —10 Oe, indicating the
absence of any significant exchange bias along the [100],. direction. ¢, Measurement
geometry to test for exchange coupling along the [010],. direction. d, Measured lon-
gitudinal resistance as a function of external magnetic field at 80 K for the geometry
in panel c. Two dips are observed symmetrically located at £13 Oe, indicating the
absence of exchange bias along [010],. direction.
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Extended Data Fig. 3. Anomalous Hall and planar Hall effects. a, Anoma-
lous Hall resistance for a 5 nm SrRuOj film at 110 K. b, Planar Hall effect for the
same 5 nm SrRuOj3 sample at 110 K. An external magnetic field of 9 T is applied. c,
Anomalous Hall resistance as a function of temperature for the 5 nm SrRuOs; film.
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Extended Data Fig. 4. Second harmonic Hall voltage measurements for
the sample SrRuO; (5 nm)/Py (5 nm) at 100 K. a, b, Second harmonic Hall
voltages (V,,) as a function of the in-plane orientation (¢) of a magnetic field of 50

mT for electric field (E) along [010],. and [100],, respectively.
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Extended Data Fig. 5. Measured out-of-plane anti-damping torque effi-
ciencies at various temperatures. a, b, c, d, Out-of-plane damping-like torque
efficiency as a function of the angle ¢ of the applied electric field at 100 K, 105 K,
110 K and 115 K, respectively. The curves in blue are fits to the data of the form
(4, = 4 psin + E4,,; cos1p. Error bars are calculated based on the uncertainties
of film thicknesses.
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Extended Data Fig. 6. ST-FMR measurements at room temperature for
samples SrRuO; (5, 20 nm) /Py (5 nm). a, b, Anti-symmetric and symmetric
components of the mixing voltage for electric fields applied along [100],. and [010],.
for STRuOj3 (5 nm)/Py (5 nm). The solid curve is a fit to Y component, proportional
to sin(2¢p) cos(y). ¢, d, Anti-symmetric and symmetric components of the mixing
voltage for electric fields applied along [100],. and [010],. for StTRuO3 (20 nm)/Py (5
nm). The solid curve is a fit to Y component, proportional to sin(2¢p) cos(y)
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Extended Data Fig. 7. Effective magnetization analysis for sample
SrRuO; (5 nm)/Py (5 nm). a, Measured resonant magnetic fields as a
function of frequency at 300 K and 90 K. The solid curves are Kittel fits (to
[ =7/27\/Best(Bext + poMesys)). b, Effective magnetization for StRuOj; (5 nm)/Py
(5 nm) as a function of temperature.

Material ‘ 3 | 0Z,(Qm)' | p(pQcm) | ref
Low crystal symmetry
WTe, 0.014 3.6 x 103 380 [15]
MoTe, 0.008 1.4 x 10° 550 [58]
(114) MnPd; 0.008 14 x 103 60 [17]
PtTey/WTes 0.007-0.032 | (17 —25) x 10° | 29-154 [59]
Antiferromagnets
RuO, 0.008 6 x 10° 140 [25]
Mn3;GaN 0.019 8.6 x 103 220 [23]
Ferromagnets
[001],c StTRuO; (20 nm) [ 0.02 (90 K) |  13.9x10° | 1435 | This work

Table 1: A survey of out-of-plane anti-damping torque in various systems for which
quantitative measurements have been reported.
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