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1. Annealing temperature dependence of surface morphology and crystal structure

Figures Sla-c show the surface morphology of the RuO; (30 nm) thin films annealed at 7, = 300 °C,
500 °C and 700 °C, as characterized by atomic force microscopy (AFM). The corresponding average
roughness (R.) and peak-to-valley (P-V) values are summarized in Figures S1d and le, respectively.
The R. increases slightly to 0.30 nm as 73 is raised to 600 °C, and then increases dramatically to 0.54
nm with a P-V value of 5.30 nm. Figures S1f-h display the reflection high-energy electron diffraction
(RHEED) patterns for the samples annealed at the above temperatures. Clearly discernible RHEED
streaks are observed for each sample. Look further into the details, these streaks become progressively

sharper with increasing 74, indicating the improved crystallinity at higher annealing temperatures.
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Figure S1. Surface morphology and crystalline structures of RuQ: thin films. a-c, AFM images
of a 30-nm-thick RuO> thin film annealed at 7, = 300 °C, 500 °C and 700 °C. d, e, 7. dependence of
R. and P-V values for the 30-nm-thick RuO; sample. f-h, RHEED patterns of the RuO; thin film at
T, = 300 °C, 500 °C and 700 °C, respectively. The incident electron beam is along the azimuth of

ALO3[1120].

2. Transport properties of RuQO: thin films deposited at various conditions

We prepared RuO; thin films on different substrates inlcuding r-plane AlO3(1102), c-plane
ALO3(0001), and MgO(001) substrates with different deposition temperatures and oxygen flow rates.
Fig. S2a shows the annealing temperature dependence of conductivity of the RuO- thin films for
different growth conditions. Note that the unspecified growth conditions are a growth temperature of
300 °C and an O ratio of 7.7% in Ar and O> mixture. We found that the RuO; films grown on the
Al>,03(1102) substrate had the largest conductivity. The conductivity increases as the annealing
temperature increases and a maximum conductivity of 2.1 x 10° Q'm~! appeares at an annealing
temperature of 7, = 600 °C. Figure S2b shows the resistivity of the RuO, films grown on the
Al,03(1102) substrate as a function of measured temperature. It was found that the resistivity
decreases with temperature decreases, showing a clear metallic behavior. Figure S2¢ summarizes the
annealing temperature dependence of the residual resistivity as well as the residual-resistance ratio
(RRR). The RuO: films with high annealing temperatures have small residual resistivities and high

RRR, which could be due to the formation of better crystallinity at higher annealing temperatures, in
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agreement with the results of xrd and RHEED observations. In addition, we also performed the first-
order and second-order differentiation of the curves of resistivity versus measurement temperature to
confirm the Néel temperature of the RuO> films, as shown in Fig. 1j in main text. the continuity of
the differential curves change was clearly observed, which could corresponds to the transition
between antiferromagnetic order and paramagnetic order, i.e., the Néel temperature. We found that
for the samples annealed at 7, = 600 °C and 700 °C, the Néel temperature is around 390 K, comparable

to the previous report.!
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Figure S2. Annealing and measuring temperature dependences of electric transport properties
of the RuO: thin films deposited at various conditions. a, Conductivity as a function of annealing
temperature 7a. for the RuO»> thin films deposited on different substrates. b, Resistivity of RuO» thin
films deposited on the r-plane Al,O3(1102) substrates with different 7,. ¢, T» dependence of residual
resistivity and RRR for the A1,O3(1102) substrate//RuO> (30 nm) thin films.

3. Crystallographic analysis of crystal domains within RuQ:2 film

Figure S3 compares the theoretical and experimental scenarios when RuO> film is deposited on 7-
plane sapphire Al,O3(1102) substrate. Figures S3a and 3c illustrate the lattice matching of RuO2(101)
and RuO»(101) grown on the Al,03(1102) substrates, respectively. Although these two variants share
a mirror relationship, as indicated by the direction of their Néel vectors, no grain boundaries or phase
boundaries are detected in our RuO: film, as shown in Fig. S3b and Fig. 2b. The experimental
HAADF-STEM result is completely consistent with the case of RuO2(101) grown on A,O3(1102),

which verifies the sing-variant growth of RuO2(101) rather than RuO2(101).
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Fig. S3. Crystallographic analysis of crystal domains within RuO: film deposited on the r-plane
AL03(1102) substrate. a, Schematic diagram showing the lattice matching for RuO(101) grown on
the A,O3(1102) substrate. b, HAADF-STEM image showing the direct experimental evidence of
RuO: film grown on the Al,O3(1102) substrate. The light blue arrow represents the direction of Néel
vector in RuOx. ¢, Schematic diagram of the lattice matching between RuO2(101) and Al,O3(1102).
The light blue and orange lines in (a-c) illustrate the atomic planes in the substrate and the film,
respectively.

The low-magnification HAADF-STEM image in Fig. S4a further confirms that no multiple
variants formed in the RuO:> film, i.e. the successful single-variant growth of the film. EDS maps of
different elements are shown in Figs. S4b-e. The quantitative line scan profiles in Fig. 4f show that
the atomic ratios of O/Al and Ru/O in the substrate and the film are approximately 1.5 and 1.7,
respectively. The former value is completely consistent with the stoichiometric ratio of Al>O3. The
latter, however, is smaller than the theoretical stoichiometric ratio of RuO,. This may suggest that

there are a few O vacancies in the magnetron-sputtered RuO; film.
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Fig. S4. Chemical composition and O vacancy analyses in the RuQ: film deposited on the r-
plane of substrate, Al203(1102). a, Low-magnification HAADF-STEM image showing the single-
crystalline growth on the r-plane A,O3(1102) substrate, with the electron beam direction of
Al>,03(1120). b-e, EDS mapping analysis of the film. f, The quantitative EDS line profiles of elements
within the film.

4. The first-principles calculations for surface and variant stability

To clarify the stability of the Al,03(1102) surface, we conducted first-principles density functional
theory (DFT) calculations using the VASP-PAW method. We optimized the surface structures of the
Al,05(1102) for four different terminations, i.e., Type 1 and Type 2 with O and Al terminations, as
shown in Fig. S5a-d. The Type 1 with O termination is corresponding to the A1, 03(1102) surface
terminated with Al and O (z =+0.5) atoms while the Type 2 with O termination is for the Al,03(1102)
surface terminated with Al and O (z =—0.5) atoms. The calculations reveal that the oxygen-terminated
Type 1 surface has the lowest surface energy density shown in Fig. S5 and is the most stable

termination. In the experiments, we treated the Al,03(1102) substrates in a muffle furnace at 1000 °C

for one hour in an atmospheric environment. This preparation step also supports the formation of a
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stable oxygen-terminated surface.

We further calculated the stability of the RuO2(101) and RuO2(101) variants by stacking RuO2(101)
and RuO»(101) cells on the oxygen-terminated Type-1 Al,03(1102) surface, corresponding to Fig.
2f [A1,03(1102)/RuO2(101)] and Fig. 2g [Al:03(1102)/Ru02(101)] in the manuscript. In these
calculations, a supercell containing 162 atoms (Al, O, and Ru) was used, with 4 ML of RuO, modeled
as either RuO2(101) or RuOy( 101). After structural relaxation, the cross-sectional atomic
distributions in the two cases are shown in Fig. S6. We found that Al,03(1102)/RuO2(101) has a
lower total formation energy density by 1.2 J/m? compared to Al,O3(1102)/RuO2(101). Here, the
area density of formation energy is defined as Yrormation = [Etotal = (NruMru + Naittal + Noto)1/A,
where Ny, Naj, and Ng are the numbers of Ru, Al and O atoms, ugry, 4a), and pg are the total
energies per atom for bulk hcp-Ru, bulk fcc-Al, and O, molecule, and A is the unit cell area of
Al,03(1102)/RuO2(101). This result confirms that the Al,03(1102)/RuO2(101) is the more favorable
configuration, aligning with experimental observations. Although the interface in the sample’s TEM
image is not perfectly sharp as a mono-atomic layer, we can find that, across the interface, there are
two layers of Al atoms on the atomic terraces of the Al,O3(1102) substrate, which is consistent with
the Type 1 oxygen-terminated case (Fig. S5a).

Overall, based on the DFT calculations, experimental TEM observations, and substrate preparation
process, we conclude that the A1,03(1102) surface is Type 1 with oxygen-termination, allowing the
growth of a single-variant RuO2(101) thin film. The interface structure and energy calculations further

support that the RuO2(101) is a more stable and preferred orientation than RuO2(101).
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Fig. S5. Illustrations of structures of Al,03(1102) surface. a, Type 1 with O termination, b, Type 1

with Al termination, ¢, Type 2 with O termination, d, Type 2 with Al termination. Red and light blue

dots represent oxygen and aluminum atoms, respectively. The formation energy density for each case

is also shown.
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Fig. S6. Illustrations of cross-sectional and in-plane crystal structures and atomic distributions of a,

Al,03(1102)/Ru02(101) and b, Al,03(1102)/Ru0O2(101). Gray dots represent Ru atoms. Red and

light blue dots are for oxygen and aluminum atoms, respectively. The formation energy density for

each case is also shown.

5. Temperature dependence of XMLD, and integrals of XMLD intensities

Figure S5a displays the temperature-dependent XMLD spectra at 80, 200, 300, and 400 K. The

spectra are normalized by XAS intensities. As the temperature increases, the intensity of the XMLD



spectra diminishes, indicating a suppression of magnetic ordering. Given that the Neel temperature is
approximately 400 K in RuO», the spectra at 400 K arise from the structural contribution, akin to X-
ray linear dichroism (XLD). Consequently, we can distinguish between magnetic and structural
contributions based on the temperature-dependent measurements. The contribution from the
crystalline structure can be roughly estimated at 20% from Fig. S7a.

The integrals of XMLD intensities for M3 and M edges except for the 3p to 4s absorption regions

are shown Fig. S7b. The XMLD sum rule can be derived as,

l(zl_l)nh AIL3 +AIL2
2 Ips+l,

(Qz2) = (S1)
using the XAS and XMLD intensities of I and A, respectively, for L» and L3 edges.>* Here, in the
case of RuO,, angular quantum number / = 2 for 4d valence states and n,~4 for Ru** (4d*) can be

adopted. (Q,,) is estimated to be the order of 0.01, which results in the charge distribution of 1%

order at the Ru sites.

a b
8 E J R L | g ! J I T T T T T T T T T T T T T T
? 8
% 7. -_400 K . x
A - 6 O'
ol VAN 1 :
. 300K 4
N I 5 E
2 ‘LA 200K = 5 5
- M Ru M-edge— 03
XMLD -4 3
M,
- /N 80K -6
1 1 1 v‘ ]" | L ! | | f -3 b= L | 1 1 L | 1 1 1 | '8
460 480 500 460 480 500

Fig. S7. Analysis of XMLD spectral line shapes.
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6. Spin torque ferromagnetic resonance (ST-FMR) measurement in RuQ2(101)/CoFeB bilayers

We performed the ST-FMR measurement® to investigate the spin-orbit torques (SOTs) in the
RuOx(5 nm)/CoFeB (2 nm) bilayers deposited on the Al,O3(1102) substrate. The film layers were
patterned into devices with a rectangular shape separately along the RuO»[101] and [010] directions
with integrated Ta/Au electrodes as coplanar waveguides. Figures S8a and b show the illustrations of
RuO»/CoFeB bilayer structures with applying the charge currents along RuO»[101] and [010]
directions, as well as the generation of spin currents. The magnetic field was applied in plane of the
film with the magnitude of 0 ~ 2500 Oe and the in-plane angle ¢ of 0 ~ 360°. A radio frequency
current was applied longitudinally to exert an oscillatory torque to induce precession in the CoFeB
layer. This precession causes the device resistance to oscillate through the anisotropic
magnetoresistance effect, producing a detectable mixed ST-FMR voltage V' that is measured by a

lock-in amplifier. The ST-FMR voltage can be fitted by the following equation,’

V — V A? A(H_Hres)
S (H—Hres)?+A2 A (H—Hryes)?+A2

(82)

where A is the resonance line width and H,es is the resonance field. Vs and V, correspond to the
contributions of the damping-like (DL) and field-like (FL) SOTs. Typical FMR spectra for the
RuO»/CoFeB samples measured at ¢ = 45° and frequency /= 8 GHz are shown in Figs. Séc, d. The
fitting results using Eq. (S2) are also shown, and the symmetric Vs and antisymmetric Va
contributions of the Lorentzian line shapes of V' are separated. The in-plane angle ¢ dependence of
the ST-FMR signal was investigated, and the variations of the Vs and Va components with respect to
@ are shown in Figs. S8 e-h. The DL and FL torques of x-, y-, and z-polarized spin currents can be
separated from the angular dependence of Vs and Va using the following equations,®’

Vs() o sin2g[t2"sing + 1) cosp + 15"] , (S3)

Va(g) « sin2¢[tfsing + 15 cosp + 17°] . (S4)
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Here TP and 7/* are the amplitudes of the DL and FL torques, respectively, where the i indicates the
x-, y-, and z-components of the spin currents. The fitting results of the angular dependence of the Va
and Vs of the ST-FMR signal are shown in Figs. S8e-h. It is found that for the device with the charge
current flowing along the RuO,[101] direction, sin2¢ X cos¢ dominates the fitting result, indicating
that the torque originates mainly from spin current polarized in the y-direction, i.e., RuO2[010]
direction. However, for the device with the charge current flowing along the RuO,[010] direction, the

value of 7" is much larger than that of 7})*, indicating the generation of tilted spin currents.
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Fig. S8. ST-FMR measurements with the charge current along the [101] and [010] directions. a,
b, Schematic illustrations of RuO>(101)/CoFeB bilayer structures and spin current generation for the
ST-FMR measurements with the charge current along the (a) [101] and (b) [010] directions,
respectively. ¢, d, Typical ST-FMR spectra with fitting and the separation of antisymmetric (/a) and
symmetric (¥s) components. e, f, Antisymmetric voltage amplitudes depending on the angle of in-
plane magnetic field. g, h, Symmetric component of voltage amplitudes as a function of in-plane
magnetic field angle. Red solid lines are the fits using Eqgs. (S3) and (S4). ¢, e, g are the results with

the measurement configuration shown in (a), while d, f, h are with the configuration shown in (b).
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