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Section 1. Crystal quality of CRO films

The root mean square (RMS) surface roughness extracted from the atomic force microscope
(AFM) image is about 0.4 nm, as shown in Fig. S1a, indicating that CRO films in this study have
little surface roughness. The rocking curve of CRO films grown on LAO substrate is measured as
shown in Fig. S1b, the full width at half maximum (FWHM) is about 0.03 deg and the broadening
of the rocking curve is within that of substrate, indicating a good crystallinity.
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Fig. S1 a, Atomic force microscope (AFM) image of CRO films, b, Rocking curve of CRO (10 nm)

films grown on LAO substrate.



Section 2. RSMs for the (103) reflections of CRO films

The reciprocal space mappings (RSMs) for the (103) reflections of CRO film are measured at
different phi as shown in Fig. S2. The CRO films possess the same out-of-plane lattice constant at
different phi, indicating that CRO films share a fourfold symmetry with the substrates. In theory,
the CRO films with orthogonal structure should exhibit twofold symmetry, and the presence of
twinned crystal domains prevents anisotropy from being visible.
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Fig. S2 Reciprocal space mappings (RSMs) for the (103) reflections of CRO film grown on LAO
substrate at different phi. The red dashed line marks the peak of CRO film.



Section 3. Anisotropy of resistivity

The CRO films grown on LAO substrate are etched into devices which are along [110] and [110]-
axes, respectively, as shown in Fig. S3a. The resistivity measurements are performed and the
currents are along [110] and [110]-axes, respectively. The measurement results show that the
resistivity along the [110] and [110]-axes exhibits the same behavior and the upturn is at the same
temperature as shown in Fig. S3b. The difference of resistivity between the two axes is pretty small,

thus the anisotropy between the [110] and [110]-axes is confirmed.
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Fig. S3 a, Schematic setup of devices along [110] and [110]-axes, respectively. b, Four-terminal
resistivity as a function of temperature for CRO films along [110] and [110]-axes, respectively.



Section 4. Crystal symmetry analyses of bulk CRO
As we have mentioned in the main text, the subscription a of the SHC element o,4,,, denotes

the direction of the spin flows, £ denotes the direction of the applied electric field, and y denotes
the direction of the spin polarization. The current and the electric field are polar vectors, and the
spin polarization is a pseudo-vector. The pseudo-vector behaves the same as the polar vector under
the constraints from proper rotation operators. But acting the inversion, mirror and improper rotation
operators, on the pseudo-vector will produce an additional —1 factor. When the electric field is
parallel to the a-axis of the orthorhombic cell, acting the inversion operator on the three SHC
elements, we have

Ozx;x = O(=2)(=x);x — Ozx;x

Ozx;y 7 O(=2)(-x)y = Ozx;y»

Ozx;z = O(-z)(=x);z = Ozx;z-
So the inversion will not affect the SHC. Acting the screw axis operator C,, on the SHC elements,
we have

Ozx;x 7 O(-z)x;x = ~Ozx;00

Ozx;y 7 O(=2)x;(-y) = Ozx;y

Ozx;z = O(-2)x;(~2) = Ozx;2
So the gy, is enforced to be equal to —a,,.,, which means the o0;,., element is forbidden. And
the o,y;, and o0,;, are allowed. Acting the glide plane M, on the SHC elements, we have

Ozx;x = Oz(=x);x — ~Ozx;x»

Ozx;y = Oz(-x);(-y) = Ozx;y»

Ozx;z = Oz(—x);(-2z) = Ozx;z-
The constraints from the glide plane M, is the same as C,,. So following the above procedures,
we can list out the Table S1, to show the existence of all the related SHC elements with the
symmetries of the Pbnm space group. Thus, the generation of z-direction polarized spin current
needs to break the C,p, M, and C,., M, symmetry when the charge current is along the g-axis of
the orthorhombic cell. Similarly, the generation of z-direction polarized spin current needs to break
the C,4, M, and C,., M, symmetry when the charge current is applied along the b-axis of the
orthorhombic cell.

Symmetry SHC elements
Operators Ozxx Ozx;y Ozx:z
P O O O
Cous M, X O O
Cop, My X o X
Cyer M, O O X

Table S1. Related SHC elements with the symmetries of the Pbnm space group when the charge
current is along the a-axis of the orthorhombic cell, O means allowed and X means forbidden.



Section 5. Schematic of symmetry

The screw axis C,;, is broken under the non-uniform distortion, as shown in Fig. S4a, which
includes the rotation symmetry Cp and translation symmetry T;,51/21/, along the a-, c-axes.
Similar to the C;,, M, is also broken, which include the translation symmetry along c-axis. The
C,q cannot be preserved under the structural distortion. However, the glide plane M, is preserved,
as illustrated in Fig. S4d, due to this symmetry relies on the mirror symmetry M, and in-plane
translation symmetry T, 1/20. Compared to the a-axis, the symmetry of the b-axis is lower for the
CRO under distortion. Due to the twinned crystal domains, both the a-axis and b-axis will grow

along the [110]-axis, flattening the anisotropy between [110]- and [110]-axes.
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Fig. S4 a, Schematic of screw axis C,;. b, Schematic of glide plane M, which includes the mirror
symmetry M and translation symmetry T; 51,21/, along the a-, c-axes. The plot only shows the
translation symmetry operation along the c-axis. The blue boxes mark the location of symmetry
operation. ¢, Schematic of screw axis C,,. d, Schematic of glide plane M,, which includes the
mirror symmetry M, and translation symmetry T/, 12 along the b-axis.



Section 6. Surface states spectra and spin Berry curvature of CRO

The surface states of orthorhombic CRO at Fermi energy for the (001) and the (100) surfaces are
obtained from DFT calculations, as shown in Figs. S5 a-b. The distinct features indicate that Fermi
surfaces are open only in the &, direction, which are in good agreement with the experimental results
of ARPES!.

In addition, we calculate the k-resolved distributions of the spin Berry curvature and find a
correspondence with the band anisotropy. We plot the distribution of ;) as an example in Figs.
S5 c-d. It can be seen from the spin-Berry-curvature distributions for the (001) film that the pattern
and the strength along the k, and k, directions are very close for different k-planes and energy
levels. But for the (100) film, the pattern and the strength along k, and k, directions show
obvious differences. The calculated spin-Berry-curvature distributions are consistent with the
anisotropic electronic structure illustrated in Figs. S5 a-b.
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Fig. S5 a, b Surface state spectra of orthorhombic CRO at Fermi energy for the (001) (a) and the
(100) surfaces (b). ¢, d Distributions of the spin Berry curvature (., at different energy levels
(left panel: E = -0.05 eV, middle panel: E = 0 eV, right panel: E = 0.05 eV), for k, cut(c)and k,
cut (d).



Section 7. Spin Hall conductivity of bulk CRO without distortion
For comparison, we calculate the spin Hall conductivity of bulk CRO without distortion as shown
in Fig. S6. The value of 0,,,, remains on the order of (7/2¢)x10* Q'm”!, while o,,,, can be

ignored.
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Fig. S6 a, Model of bulk CRO structure without distortion. b, Spin Hall conductivity as a function
of energy of bulk CRO structure without distortion.



Section 8. Effective magnetization and Gilbert damping coefficient

By performing ST-FMR with a sequence of microwave frequencies and fitting the resonance
fields to the Kittel equation: /' = (y/2n) [Ho(Ho + 4nMecsr)]"?, the effective magnetization can be
determined, where y is the gyromagnetic ratio. The effective magnetization of Py/CRO bilayers is
9.81 kOe, as shown in Fig. S7a. The Gilbert damping coefficient « is derived from the linear fitting
of line width 4 versus resonant frequency f. 4=4¢+(2ma/y) f, and the slope defines the Gilbert
damping coefficient, where 4y is the extrinsic contribution that is usually frequency independent,
and a is 0.010 for Py/CRO bilayers as shown in Fig. S7b.
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Fig. S7 a, Effective magnetization of Py (6 nm)/CRO (10 nm). b, Gilbert damping coefficient a of
Py (6 nm)/CRO (10 nm).



Section 9. Resistance measurement of CRO films

The resistance as a function of temperature for CRO (10 nm) films grown on different substrates
are tested by means of four-terminal as shown in Fig. S8. The CRO films grown on LAO substrate
show metal conductivity and that grown on LSAT and STO substrate show semiconductor
conductivity due to the strain induced by substrate.
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Fig. S8 Four-terminal resistance as a function of temperature for CRO films grown on different
substrates.



Section 10. Contribution of Joule heating effect in SOT efficiency

The microwave-power-dependent ST-FMR signal in the CRO/Py device at 5 GHz from 9 to 19
dBm is shown in Fig. S9a. As the power increases from 9 to 16 dBm, the voltage of the symmetric
component Vs in our device varies linearly, which demonstrates the magnetization precession is in
the linear regime, thus eliminating the influence of thermal effect induced by microwave power. On
the other hand, the Vs signal deviates from linearity at higher power (from 17 to 19 dBm), which
implies Joule heating effect from higher microwave power.

The Joule heating can cause spin current between the layers, inducing additional resonant voltage
signals, which exhibits a dependence on the angle of an in-plane magnetic field in the ST-FMR
measurement that is identical to the signal from the SOT. We thus carry out second harmonic
measurements to separate the voltages from spin current and Joule heating.
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Fig. S9 a, Microwave power dependence of Vs extracted from the ST-FMR signals. b, First harmonic
Hall resistance (R,,) as a function of in-plane rotation angle ¢. ¢, Second harmonic Hall resistance
(R20) as a function of in-plane rotation angle ¢, under different external magnetic field. d,
Perpendicular magnetic field dependence of the Hall resistance (Ru). e-f, Linear plot of Fy against
1/Hex: (€) and Dy against 1/Hexi+Hx ().

The Py/CRO heterostructure is patterned into Hall bars with a width of 20 um. An ac current with
frequency of 1.33 KHz was injected into the Hall bar, the current densities in CRO films is
2.57x103A/cm?. The first (Rw) and second (R2w) harmonic Hall voltages were measured using lock-
in as a function of the external magnetic field angle as show in Figs. S9b and S9c, respectively. The
SOT torque can be separated from the in-plane rotation angle ¢ dependence voltage signals using
following equation:

Ry = Fy(2cos®¢ — cosg) + D,,cos¢ + RyperSin2e
with
F, = 2Rpyg %ﬁf"
DL

H
D, =R —2X 4+ R
y AHE [ — i ANE



Where D,, term consists of the contributions from both the damping-like torque coefficients
generated by the spin Hall effect and the anomalous Nernst effect (Rane); F, term is the
superposition of field-like torque and Oersted field counterparts (y represents the direction of
polarization). The Ruer term has been removed during data processing, which is likely to arise from
a thermal gradient along the direction of current. The HJL,)L is y-polarized damping-like torque
effective fields. The Hj* and H, are y-polarized field-like torque effective fields and Oersted
field, respectively. Ryyp is the coefficient of the peak anomalous Hall voltage as shown in Fig.
S9d. Rpyg is the coefficient of the peak planar Hall effect voltage for the given amplitude of
alternating current as shown in Fig. S9b. H,,; is external magnetic field and Hy characterizes the

1

magnetic anisotropy. The F, against is plotted to extract the H; L'+ H, from the gradient of

ext

the linear fit as shown in Fig. S9e. The Hj* + H, derived from linear fitting is 0.145 Oe showing

that field-like torque effective fields are pretty small. The D, against is plotted to extract

ext— K

the HD" from the gradient of the linear fit as shown in Fig. S9f. The good linear relation for the D,,

against is the direct evidence of a sizable damping-like torque. The torque efficiencies per

ext— K
unit electric field associated are:
2eH)Lmg
yz = h—]
where J is the current density in the CRO layer, m; is the saturation magnetization of the Py layer.

DL _

We find f},’L:l .2 at room temperature which is close to the efficiency from ST-FMR measurements.

Thus, the SOT from spin Hall effect is dominant and Joule heating only contributes a small portion.



Section 11. Comparison of charge-spin interconversion with 4d/5d transition oxides

The second harmonic measurement is performed as shown in Fig. S9. The damping-like torque
effective magnetic field is proportional to the slope of the linear plot of D,, against 1/Hex+Hyx and
estimated to be 10.5 Oe/(10'° Am™). It can be found in Table S2 that, due to the strong spin-orbit
coupling, 4d/5d transition oxides usually have a high efficiency for charge-spin interconversion. By
comparing the effective magnetic field and SOT efficiency, we can see that the CRO films provide
one of the largest efficiencies of charge-spin interconversion among 4d/5d transition oxides.

Table S2. Comparison of the effective magnetic field from second harmonic measurement and
SOT efficiency from ST-FMR measurement of 4d/5d transition metal oxides from recent works.

. effective field SOT
Year Author Heterostructures | thickness 10 Aoy | Efficiency | Temperature
(/10 Am-?)
(h/2e)

this Han, F. et al. CaRuO,/Py 10 nm 10.5 Oe 14 300 K

work
SrRuO,4/P 1.38 Oe (0=0.18
2023 | Li,S.etal. PRUDSTY 20 nm =018 _ 300 k
SrRuO,/CoPt 3.96 Oe (0=0.21)
202361 Li, P. et al. SrlrO,/CoFeB 10.8 nm 3.57 Oe 1.4 300 K
201914 Nan, T.etal. SrirO,/Py 20 nm — 0.58 300 K
2019151 Liu, L. etal. SrRUO,/SrirO, 8nm — 0.86 70K
201916 Everh;r:f’ A-S. SrirOy/Py 13nm — 0.33 300 K
2019 | Wang, H. etal. SrirO4/Co,, Thy 30 nm — 11 300 K
0.1 (300 K)
[8] — -
2019 Ou, Y.etal. SrRuQ,/Co 10 nm 0.23 (60 K) 60-300 K
201641 | Wahler, M. etal. | SrRuO,/La,;Sr,;MnO; | 1.2nm — 0.027 190 K
20211101 Wei, J. et al. SrRuO,/Py 6 nm — 0.04-0.89 300 K
202101 Zhou, J. et al. SrRuO,4/Py 20 nm — 0.015-0.15 300 K
0.65 (30 K)
12 _ K

2020 Bose, A. et al. IrO,/1r/Py 5nm 0.08 (300 K) 30-300 K
20201831 | Ueda, K. et al. IrO,/Py 7nm — 0.09 300 K




Section 12. Magnetism of CRO films

Zero-field-cooled (ZFC) and field-cooled (FC) magnetization curves taken after cooling the
sample without applying a magnetic field and while cooling the sample in an applied magnetic field
with 1000 Oe are measured as shown in Fig. S10a, respectively. The increase of magnetization with
the decrease of temperature comes from the LAO substrate. The curves of magnetization versus
field (M-H) are measured at the temperature varied from 10 to 300 K as shown in Fig. S10b.
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Fig. S10 a, Zero-field-cooled (ZFC) and field-cooled (FC) magnetization versus temperature for

CRO (10 nm) films grown on LAO substrate. b, Magnetic-field dependence of magnetization for
CRO films measured at different temperatures.



Section 13. ST-FMR measurement of CRO films with thickness of 25 nm
The antisymmetric component Va can be well fitted using the conventional torque terms

cospsin2¢ (th" components) as shown in Fig. S11, thus the z-direction polarized SOT is pretty
small and can be ignored.
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Fig. S11 Angular dependence of Vs and V, of the Py (6 nm)/CRO (25 nm) bilayers and fitted by
cosgsin2ep.



Section 14. In-plane anisotropy measurements

Fig. S12 shows the ST-FMR measurement when the measurement device is rotated of 90°. The
z-direction SOT can be observed when the charge current is applied along [110] or [110]-axis, which
is consistent with the fourfold symmetry of the CRO films. Due to the twinned crystal domains,
both the a-axis and b-axis of orthorhombic structure will grow along the [110]-axis of cubic
substrate, destroying the anisotropy between [110]- and [110]-axes. The twinned crystal domains
of orthogonal structures produced on a cubic substrate flatten the in-plane anisotropy of SOT in
measurement, even though it exists intrinsically.
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Fig. S12. a, Schematic setup of in-plane anisotropy measurements. The coordinate system is based
on the pseudo-cubic structure of the CRO film. The Py/CRO device is along the [110]-axis b-c,
Symmetric and antisymmetric voltage amplitudes depending on applied field angle for Py/CRO
device. Black circles indicate the extracted values from ST-FMR measurement. The red, blue, and

purple curves represent the calculations of x, 1y, and 1,, respectively, from the analyses using Eqgs.
(1) and (2).



Section 15. ST-FMR measurement of CRO films grown on different substrate

The lattice mismatch between bulk CRO and substrate varies from —1.53% on LAO, +0.47% on
(LaAlO3)03(SrAlp.sTag.s03)0.7 (LSAT) to +1.41% on SrTiO3 (STO) (“— denotes compressive strain,
“+” denotes tensile strain). Because of the strain applied in CRO, the CRO lattices can be stretched
or compressed, which alters the tilt and rotation angle of the RuO¢ octahedra. Figs. S13a-b display
the HAADF image and ABF image of CRO/STO, which confirm the high crystal quality. According
to the analysis of STEM image, the Ru-O-Ru bond angle in the atomic layer relaxes gradually and
finally gets a value of ~176°. The relaxation length scale for the oxygen octahedral tilt/rotation is
about 8 unit cells as shown in the left panel of Fig. S13c. The displacement xo of the O anion along
the [001]-axis direction gradually increases and saturates as the CRO layer shifts away from the
CRO/STO interface as shown in the right panel of Fig. S13c. Compared to the CRO films on LAO
substrate, the oxygen octahedral tilt/rotation of CRO films on STO substrate is suppressed by the
tensile strain and the relaxation length scale is reduced, which is consistent with the reported result.
Thus, the thickness of CRO films with non-uniform structural modification is reduced.

The SHC of the Py/CRO bilayers grown on LSAT and STO substrate can be obtained from the
angular dependence of ST-FMR signals shown in Fig. S14a and S14b, respectively. From Fig. S14c,
we can find that the SHC of y-direction polarized spin current tuned by strain has different trends,
which can be attributed to the band structure of CRO influenced by the octahedral crystal field. The
SHC of z-direction polarized spin current shows obvious dependance on strain and decreases when
the strain changes from compressive to tensile strain, as demonstrated in Fig. S14d. This trend is
consistently with the change of crystal structure under different strain, which further confirm that
the generation of z-direction SOT is dependent on the modification of structure.
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Fig. S13 Crystal structure of CRO films grown on STO substrate. a, HAADF image of the cross
section of CRO/STO, recorded along the [110] zone axis. The interfaces are marked by red dashed
line, showing clearly layered structures and atomically sharp interface. b, ABF image of CRO/STO,
the interface is marked by red dashed line. ¢, Averaged Ru-O-Ru bond angle @ (left) and
displacements of O anion xo (right) plotted as a function of the pseudo-cubic CRO layer. The error
bars denote the standard deviation of multiple measurements. The Ru-O-Ru band angle @ and the
displacements of O anion xo are sketched in the inset plots.
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Section 16. Anomalous Hall loops of Hall bar device

The anomalous Hall loop is measured at 300 K, which confirms the perpendicular magnetic
anisotropy (PMA) of the CoFeB layer.
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Fig. S15 Anomalous Hall loops of Hall bar device at 300 K.



Section 17. Comparison with other field-free systems

The critical current densities for field-free switching in different heterostructures are summarized
in Table S3. The CoFeB/CRO system requires lower current density than most of heterostructures.
Although the critical current density in SrRuOs;/SrlrOs heterostructure is smaller than that in
CoFeB/CRO heterostructure, the working temperature of SrRuOs/SrlrOs heterostructure is below
room temperature. The comparison with other field-free systems indicates the high efficiency of
field-free perpendicular magnetization switching in CoFeB/CRO system.

Table S3. Summary of critical current density for field-free switching in different heterostructures.

Critical current
Year Author Heterostructures density Temperature
(X 101%Am-2)
this work Han, F. et al. CaRuO,/CoFeB 6.3 300 K
20198 Liu, L. etal. SrRUQ,/SrlrO, 4.6 70K
2022014 Kao, IH. etal. WTe,/Fe, sGeTe, 9.8 190 K
2023151 Liu, Y. et al. TalrTe,/CoFeB 7.6 300 K
2021081 You, Y. et al. Mn,SnN/(Co/Pd), 9 300 K
2023171 DC, M. et al. MnPd,/Co 11 300 K
2021081 Chen, X. et al. Mn,Au/(Co/Pd), 55 300 K
2022111 Karube, S. et al. RuO,/Co 30 300 K
2021[201 Zheng, Z. et al. Co,,Th, 9 300 K
2016021 Oh, YW. et al. IrMn/CoFeB 42 300 K
2016122 Lau, YC. et al. gﬁ;iﬁt‘] 20 300 K




Section 18. Shunting effect analysis in Hall bar device
For the Ta (2 nm)/MgO (2 nm)/CoFeB (CoxFesB2o, 1.2 nm)/Ti (3 nm)/CRO (9 nm) device
shown in Fig. 4, the critical current is 9 mA. The resistivities of CRO (9 nm) and the PMA structure
CoFeB (1.2 nm)/Ti (3 nm) layers (the Ta layer will be oxidized in air), can be obtained from standard
four-probe measurements. We have the resistivity for each layer pcro = 1.1x10” Q'm and ppma =
4.7x10% Q'm. The width of CRO layers is 16 um and the PMA layers are etched into round pillar
with a diameter of 10 um.
The resistivity of round pillar PMA layers can be calculated as:
Ropps = f " ppumadl _TPpma
- S 2tpya

The critical current density by considering the parallel circuit model can be estimated as:

[ = Rppa
cro =lanpg——F7H—
““Rcro + Rpma
TTPpma
— 2tpma
— lall

Pcrolcro + TTPpmA
Wcro X tcro  2tpma
TX4.7x107°Q-m

_ 2X4.2nm

= IMAX T 1050 mx 10pm . T x47 x 1060 -m
16 um X 9 nm 2X4.2nm

= 63m4

Jero = Icrpo X ———F—
Wcro X tcro

=63MAX—m——
m 16 um X 9nm
=4.4x 100 Am2

Therefore, thirty percent portion of the current flows into the PMA structure. The contribution of
current induced torque from the Ti layer is negligible due to the extremely small spin Hall angle of
Ti. The critical current density for the field-free switching is as low as 4.4x10'°Am2, when

considering the shunt effect.



Section 19. Joule heating effect analysis for SOT switching measurement

When the current flows through the Hall bar, a temperature rise is likely to be generated due to
the Joule heating effect. Therefore, it is necessary to calibrate the instant device temperature at the
switching point. We measured the resistance of device as a function of temperature, for which a tiny
dc current 10 pA is applied to avoid heating effect. As shown in Fig. S16a, a linear dependence is
obtained. Then, we measured the exact resistance when applying pulsed current as shown in Fig.
S16b. The pulsed current with density of 6.3x10'°Am™ gives a resistance of 1150 €, and the instant
device temperature is determined to be 354 K.

The impact of temperature rise on the PMA layer is further analyzed. The anomalous Hall
resistance curves versus out-of-plane magnetic field under different temperatures are measured as
shown in Fig. S16¢c. We can see that the CoFeB ferromagnetic layer is below the Curie temperature

and maintains perpendicularly ferromagnetic when the pulsed current is applied.
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Fig. S16 a, Resistance of device as a function of temperature. b, Resistance of device as a function
of the pulsed current density. ¢, Anomalous Hall resistance curves versus out-of-plane magnetic

field under different temperatures.
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