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The free-field switching of the perpendicular magnetization by the out-of-
plane polarized spin current induced spin-orbit torque makes it a promising
technology for developing high-density memory and logic devices. The
materials intrinsically with low symmetry are generally utilized to generate the
spin current with out-of-plane spin polarization. However, the generation of
the out-of-plane polarized spin current by engineering the symmetry of
materials has not yet been reported. Here, we demonstrate that paramagnetic
CaRuO; films are able to generate out-of-plane polarized spin current by
engineering the crystal symmetry. The non-uniform oxygen octahedral tilt/
rotation along film’s normal direction induced by oxygen octahedral coupling
near interface breaks the screw-axis and glide-plane symmetries, which gives
rise to a significant out-of-plane polarized spin current. This spin current can
drive field-free spin-orbit torque switching of perpendicular magnetization
with high efficiency. Our results offer a promising strategy based on crystal
symmetry design to manipulate spin current and could have potential appli-
cations in advanced spintronic devices.

The spin current originating from the spin Hall effect' or Rashba-
Edelstein effect? allows one to effectively control the magnetization in
ferromagnets through spin-orbit torque (SOT), constituting the basis
of energy-economic, high-performance magnetic memory and spin
logic®. Meanwhile, the polarization direction of spin current is con-
strained by crystal symmetry and strictly perpendicular to the direc-
tions of charge (x-direction) and spin flows (z-direction) in high-
symmetry materials (y-direction polarized)®’. This y-direction polar-
ized spin current is only effective for manipulating the samples with in-

plane magnetic anisotropy. Towards high-density memory require-
ment, deterministic switching of perpendicular magnetization is
highly desired. In this case, the assistance of an external in-plane
magnetic field is required®’. In addition to external field, additional
design to break the in-plane symmetry is also adopted, such as intro-
ducing an exchange bias induced by an antiferromagnet'®", a stray
field from a neighboring ferromagnetic layer?, or engineering the
structure with composition gradient”. However, all these make it much
more complex to design relevant spintronic devices. One way to
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overcome this problem is to directly obtain out-of-plane polarized spin
current, which can achieve perpendicular magnetization switching
deterministically without the requirement of the external in-plane
magnetic field. It has been demonstrated that the out-of-plane polar-
ized spin current can be generated in the materials with low crystal/
magnetic symmetry. For example, out-of-plane polarized spin current
was observed in collinear and non-collinear antiferromagnets with low
magnetic symmetry**"'¢, WTe,/Py bilayers and CuPt/CoPt bilayers with
low crystal symmetry” ™. There is still less report on engineering the
crystal symmetry to obtain the out-of-plane polarized spin current.

Perovskite oxides are attractive sources for generating spin cur-
rent, since they possess strong spin-orbit coupling and provide a good
platform for crystal symmetry design. The perovskite oxides with 4d/
5d transition metals usually have a high efficiency for charge-spin
interconversion. As reported, the SOT efficiencies of the SrlrO; films
(0.3-1.0)***' and the SrRuOs films (0.03-0.89)**** are much larger than
that of the conventional heavy metals, such as Pt (0.013-0.13)>%,
According to the recent work on the SrRuQs/SrilrO; structure, the
magnetization switching efficiency of this structure can be one order
of magnitude larger than that of the conventional heavy transition
metal systems**5, However, the SOT generated from perovskite oxi-
des is generally limited to the in-plane direction and cannot be directly
applied to the switching of perpendicular magnetization. Fortunately,
the crystal structure of perovskite oxides in heterostructures can be
artificially designed/engineered. It has been demonstrated that the tilt/
rotation of oxygen octahedra relaxed along the out-of-plane direction
due to its mismatch and coupling with that of the substrate, resulting
in changes in crystal symmetry*>°. This provides a wide space for
manipulating the polarization of the spin current via symmetry engi-
neering. Therefore, the paramagnetic metal CaRuO3 (CRO) with large
oxygen octahedral tilt/rotation is expected to obtain the out-of-plane
polarized spin current.

Here, we report the generation of the out-of-plane polarized spin
current by reduction in the crystal symmetry with precisely engi-
neering the oxygen octahedra of perovskite oxide CRO. The CRO films
are epitaxially grown on the cubic LaAlO; (LAO) substrate which does
not have oxygen octahedral tilt/rotation. The mismatch and coupling
of oxygen octahedra near CRO/LAO interface result in the gradual
change of octahedral tilt/rotation along the out-of-plane direction.
This non-uniform structural modification breaks the screw-axis and
glide-plane symmetries of CRO. Theoretical analysis shows that this
kind of symmetry breaking is sufficient enough for the generation of
an out-of-plane polarized spin current. Indeed, spin current-induced
out-of-plane SOT is experimentally detected by the technique of spin-
torque ferromagnetic resonance (ST-FMR), and efficient field-free
perpendicular magnetization switching is achieved with a low thresh-
old current density.

Results and discussion

Oxygen octahedra engineering

The perovskite oxide CRO with GdFeOs-typed orthorhombic structure
exhibits a large oxygen octahedral tilt/rotation and thus a low sym-
metry space group (Pbnm)*. The CRO films with thickness of 14 nm
were grown on (001)-oriented LAO single crystalline substrate. The
LAO is cubic and the oxygen octahedra rotation of CRO layer at
interface is expected to follow that of LAO**. As well known, bulk
CRO possesses the lattice parameters a=536A, b=553A and
¢=7.66 A, which can also be represented by a pseudo-cubic structure
with ap~3.85 A. The lattice mismatch between bulk CRO and LAO
substrate is —1.53% (“~” denotes compressive strains in CRO). The
compressive strains in CRO will affect the degree of the tilt/rotation of
the RuOg octahedra. The quality of heterostructure was confirmed by
scanning transmission electron microscopy (STEM). Fig 1a shows the
high-angle annular dark-field (HAADF) image of the cross section of the

CRO films grown on LAO substrate. The bright and faint dots in the
CRO films correspond to Ru and Ca atoms, respectively. The CRO/LAO
interface is sharp without interlayer diffusion. Fig 1b displays the
atomic-resolution angular bright field (ABF) image of the CRO films
near LAO substrate, from which, the oxygen positions can be easily
determined. The colored diagrams depict the tilted oxygen octahedra.
The averaged Ru-O-Ru bond angle @ as a function of the atomic layer is
plotted in left plot of Fig. 1c. The atomic layer neighboring the sub-
strate was defined as the 1st layer of CRO. As expected, the Al-O-Al
bond angle of the LAO substrate is approximately 180°, without oxy-
gen octahedral tilt/rotation. For the CRO films, the Ru-O-Ru bond angle
is nearly 180° in the atomic layer closest to LAO substrate. Away from
the interface, however, the Ru-O-Ru bond angle in the atomic layer
relaxes gradually and finally gets a value of -162°. The relaxation length
scale for the oxygen octahedral tilt/rotation is about 18 unit cells. The
displacement x, of the O anion along the [001]-axis direction, a con-
sequence of octahedral tilt/rotation, is determined quantitatively, and
the corresponding results are shown in the right panel of Fig. 1c. The xo
illustrates a gradual increase as the CRO layer shifts away from the
CRO/LAO interface, responding the changes of the Ru-O-Ru bond
angle. The relaxation of oxygen octahedral tilt/rotation along out-of-
plane direction are consistent with reported results’**%. These obser-
vations suggest that a non-uniform structural modification along
[001]-axis direction takes place in the CRO films though the octahedral
network structure remains*?**, which is induced by the interfacial
oxygen octahedral mismatch and coupling. The gradual change of
octahedral tilt/rotation along the out-of-plane direction has been
observed in CRO grown on orthorhombic NdGaO; substrate, which
can be attributed to the regulation of tensile strain and growth
conditions®. By designing symmetry mismatched interface in CRO/
LAO heterostructure, the gradual change of octahedral tilt/rotation
with larger thickness is obtained, in which the trend of gradual change
is opposite to that in CRO/NdGaOj; heterostructure. Fig. 1d shows the 6
-20 x-ray diffraction (XRD) spectra for CRO films with thickness of
14 nm, a main peak and a broad peak (marked by black arrow) are
observed, corresponding to LAO substrate and CRO films, respec-
tively. The low surface roughness derived from atomic force micro-
scope (AFM) image and the narrow peak of the rocking curve further
confirm that the CRO films have good crystallinity* (refer to Section 1
of Supplementary Information). The reciprocal space mappings
(RSMs) for the (103) reflections of CRO films grown on LAO are shown
in Section 2 of Supplementary Information, the reflections of the CRO
films are aligning vertically with that of the substrate, which indicates
the CRO films are fully coherently grown on the substrate, sharing the
same in-plane lattice constant with LAO substrate. Phi scan of the CRO
films yields four diffraction peaks with essentially the same positions,
demonstrating that the (103) reflection is fourfold symmetric. We
further study the anisotropy between the [110] and [110]-axes by
resistivity measurements. The differences of resistivity between the
two axes are pretty small which confirms the isotropic behavior
between the [110] and [110]-axes (refer to Section 3 of Supplementary
Information).

Theoretical analysis
Due to the structural modification, the crystal symmetry of the CRO
films needs further analyses. The space group of bulk CRO is Pbnm,

which preserves the inversion P, three screw axes 6; ={CoalT121/2.0)

Cop={CoplT1p21212  Cac={CoclTo0,1/21
Mo={Ma|T1 2120 Mp={My|T1121/21/2), and mirror Mo ={M.|T 01,2},
where T, . is the translation operator, a, b and c are the axes of the
orthorhombic structure. These symmetries will produce constraints
on the polarization direction of spin current. When we apply a charge
current along the a-axis, we can find that the y-direction polarized spin

two glide plane
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Fig. 1| Crystal structure of CRO films grown on LAO substrate. a HAADF image
of the cross-section of CRO (14 nm)/LAO, 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 (14 nm)/LAO, the interface is
marked by red dashed line. The colored diagrams depict the tilted octahedra.

¢ Averaged Ru-O-Ru bond angle @ (left) and displacements of O anion x¢ (right)

A%is

————

L L

L

|
|

T ]

(o3
30 T — P 30
2 2l e
= ol o
= &} —e—i
25 L% 1 et {25
o +—o—i
= ol o
L —e—
20 | ver 1t o 4120
e+ o
— o -
8 15 e 1t s 115
o —o—
-— o+ 3 2
< fu-al -
DO 10F +—e- 1F —e—i 4110
12 2l —e—
o —e—i
HH —eo—
5F o 4F [ 45
e+ e
X3 —o—i
—e—i
0 --" ?? ')---"J..-- Liei-2  8.--- 0
O —mfmmg—
. eV Yo
-5 1 d)l 1 1 1 _
160 170 180 0.00 0.05 0.10
d @ (degree) Xg (nm)
105,
— LAO
> CRO
S 103 1
P
‘n
[
9
£
10" : : ’
20 22 24 26 28
26 (degree)

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. d XRD spectra of the
CRO films with the thickness of 14 nm. The black arrow marks the (001) diffraction
peak of CRO layers.

current is allowed, but the out-of-plane polarized spin current is for-

bidden due to the constraint of C,,, C,, M, M.. (refer to Section 4 of
Supplementary Information for the detailed proof). Therefore, the
generation of out-of-plane polarized spin current needs symmetry
breaking. Fig 2a schematically shows the relaxation of oxygen octa-
hedral tilt/rotation along out-of-plane direction derived from struc-
tural analyses, where a, b and c-axes correspond to the [110]-, [110]-
and [001]-axes directions of pseudo-cubic structure, respectively. The
mirror M, cannot be preserved due to the non-uniform structural
distortion along the [001]-axis direction, as shown in Fig. 2a. The screw
axis EZZ is composed of rotation symmetry C, and translation sym-
metry Tg o4, along the c-axis (Fig. 2b), which entails rotating 180° and
then translating half a cell of orthorhombic structure along the c-axis.
The blue boxes with solid and dashed line mark the locations before
and after symmetry operation, respectively. Due to the non-uniform
structural distortion along the [001]-axis direction, the translation
symmetry Tg,,, will not be preserved, thus the screw axis Cy is
broken. Similar to the C,., M, is also broken, which include the
translation operation along c-axis. The E; and E; cannot be pre-
served under the structural distortion. However, the glide plane I\7Iva is
preserved, because it only involves the in-plane translation T;,,;,, 0
(refer to Section 5 of Supplementary Information). Based on the above
analysis, the CRO with the reduced symmetry could allow out-of-plane

polarized spin current when the charge current is applied along the
a-axis.

To gain further knowledge about the polarization of the spin
current under symmetry breaking, we calculated the intrinsic spin Hall
conductivity (SHC) of CRO with non-uniform structural modification
using density functional theory (DFT) calculations. To simulate the
non-uniform structural modification along the c-axis, we propose a
model for CRO as plotted in Fig. 2c. In a single CRO layer, the O anions
migrate either upwards or downwards along the c-axis direction
represented by green and blue arrows, respectively. Accordingly, the
Ru-O-Ru bond angle is altered and exhibits non-uniformity between
CRO layers along the c-axis direction, which is consistent with crystal
structural analyses. The DFT model of CRO with non-uniform struc-
tural modification adopted the same lattice parameters experimentally
determined. The surface states from DFT calculations qualitatively
match the experimental results” (refer to Section 6 of Supplementary
Information). The corresponding band structure is shown in Fig. 2d,
and we project the energy state onto the d,,, dy, and d,._y. orbitals of
the Ru ions. It can be seen that the metallic bands near the Fermi
energy are mainly formed by these three orbitals. And the three orbi-
tals are hardly involved with deep energy bands. So, we take the d
orbitals of the Ru anions to construct the Wannier functions. The SHC
element o, of CRO as a function of energy is demonstrated in Fig. 2e,
where, a denotes the direction of the spin flows, § denotes the direc-
tion of the applied electric field, and y denotes the direction of the spin
polarization. Here, the external electric field is along the a-axis, and the
generated spin current will inject into ferromagnetic layers and induce
the SOT. The calculation results show that the o,,,, of y-direction
polarized spin current is (f/2€)1.39 x 10* Q™' m™ near the Fermi surface.
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Fig. 2 | Theoretical analysis. a Relaxation of oxygen octahedral tilt/rotation along
out-of-plane and schematic of mirror I\Z symmetry. The non-uniform oxygen

octahedral tilt/rotation introduces difference on either side of the mirror plane and
so breaks the mirror symmetry. b Schematic of screw axis E; The blue boxes with
solid and dashed line mark the location before and after screw axis C; operation.
¢ Model of CRO with non-uniform structural modification. In a single CRO layer, the
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O anions migrate either upwards or downwards along the c-axis direction repre-
sented by green and blue arrows, respectively. d Electron energy band structures of
bulk CRO with distortion. The figure shows the band structure projected onto d,,,
d,, and d,._. orbitals. e Spin Hall conductivity of CRO structure with distortion

versus the Fermi energy.

As expected, the out-of-plane polarized spin current emerges and ..,
is (7/2€)2.59 x 10> Q' m™. For comparison, we calculated the SHC of
bulk CRO without lattice distortion, and obtained the result of g,,., = 0
(refer to Section 7 of Supplementary Information). The calculation
results confirm that CRO with reduced crystal symmetry can generate
out-of-plane polarized spin current.

Experimental determination of out-of-plane polarized spin
current

The current-induced SOT is evaluated by the technique of ST-FMR,
with all the measurements performed at room temperature. For the
ST-FMR measurements, the Py (NiFe, 6 nm)/CRO (10 nm) hetero-
structure were fabricated into a strip with a length of 30 um and width
of 20 um along the [110]-axis. The sketch of the ST-FMR measurements
is shown in Fig. 3a. A radio frequency charge current /. with a frequency
of 5 GHz and a power of 15 dBm is applied to the device, which induces
an alternating spin current J; due to the spin Hall effect. The spin
current then flows into the adjacent Py layers and exerts a torque on
the magnetization. The ST-FMR spectra of Py/CRO device on LAO
substrate are shown in Fig. 3b when an in-plane magnetic field with a
fixed angle of ¢ =-45° relative to the current axis is applied. The
measured voltage signals (V,,;,) are a superposition of symmetric (Vs)
and antisymmetric (V) components and can be well described by a
Lorentzian function V,,; (H)=V, Aj”’fg)Az S HA0§Z+ <2 Where 4 is
the linewidth (full width at half maximum) and Hy is the resonant
magnetic field®. Based on the analysis of V. (H), the Vs and V,

components of the spectrum can be determined, and the results are
shown in Fig. 3b.

To get further information on SOT, we recorded the ST-FMR
spectrum by applying a microwave current with a fixed frequency and
sweeping the angle ¢ from —90° to 270° at a step of 10°, where ¢ is the
angle of the in-plane magnetic field with respect to the direction of the
current flow. Different from the case of ordinary heavy metals, the
symmetric component Vs and the antisymmetric component V, of the
Py/CRO device cannot be fitted using the conventional torque terms
cosgsin2¢ (7" and 7/* components). They are well described by Egs.
(1) and (2), and the x-, y- and z-direction torque can be separated from
the ¢ dependence voltage signals®

V(@) o sin 2@[1y" sin @ + )" cos @ + 73] @
VA(@) oc sin 2¢[r;" sin @+ 15" cos g +12'] )

where 2t, t, 28 are coefficients of the damping-like torque
generated by the spin Hall effect, and 7{*, 7}, 74" are field-like torque
counterparts (x, y and z represent the direction of torque). The angular
dependences of Vs and V, of Py/CRO device are respectively shown in
Fig. 3¢ and d, which can be nicely fitted by the Egs. (1) and (2). The
angular dependences of spectra display that Vs is significantly larger
than V,, representing a large damping-like torque efficiency. It can be
found that the 77> dominates the Vs signals and the 72", 75" contribute
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Fig. 3 | ST-FMR measurement. a Schematic of ST-FMR measurement. A radio
frequency charge current J. with a frequency of 5 GHz and power of 15dBm is
applied to the device, which induces an alternating spin current /s due to the spin
Hall effect. The spin current then flows into the adjacent Py layer and exerts a
torque on the magnetization. The mixing voltage is measured by using lock-in
amplifier. b ST-FMR spectra of the Py/CRO device at 300 K. The external magnetic
field is oriented at ¢ =-45° with respect to the charge current direction. Black
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circles denote the measured raw data. Red solid lines are the fitting curves, which
are composed of the symmetric (blue short dashed) and antisymmetric (purple
short dashed) components. ¢, d 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 7,, 7,, and 7, respectively, from the analyses using Egs.
(1) and (2).

a small portion to Vs. The V, signals are dominated by 7/, which is
induced by the Oersted field. The unconventional damping-like torque
2L contributes to V, signals and cannot be ignored. This result
indicates the generation of tilt damping-like torque which does not
exist in transition metal oxides with high symmetry. Since the x-
direction damping-like torque is forbidden by crystal symmetry, we
mainly focus on the y- and z-direction damping-like torque.

From the measurement results, the y- and z-direction damping-
like torque efficiencies of CRO films can be evaluated. In ST-FMR, we
can use the value of TJfL as a measure of the current density in the CRO,
allowing us to quantify the amplitude of the damping-like torque
efficiencies 6 per unit current density in CRO:

DL

6 - TyﬁeﬂOMsthtCRO 14+ Mt 3)
Ty h ﬂOHO

pi T2t eoMtpytcro 4

S 4

where 4niM is the effective magnetization, poMs is the saturation
magnetization, tpy and tcro are the layer thicknesses of Py and CRO,
respectively. By performing ST-FMR with a sequence of microwave
frequencies and fitting the resonance fields to the Kittel equation:
f=/2m) [Ho(Hy + 4miM.)]7%, 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 Section 8
of Supplementary Information. The Gilbert damping coefficient a is
derived from the linear fitting of line width A versus resonant

frequency fi 4=40+ (2ma/y) f, and the slope defines the Gilbert
damping coefficient, where 4, is the extrinsic contribution that is
usually frequency independent”, and a is 0.010 for Py/CRO bilayers
(refer to Section 8 of Supplementary Information). Notably, « = 0.010
agrees with the result of the Py films in spin valves®. The average y-
direction torque efficiency BfL of several Py/CRO devices is 1.4. In
order to eliminate the influence of resistivity, the magnitude of SHC is
provided by a function of ¢® = (fi/2€)6""/p,,. The CRO films exhibit
metal conductivity (refer to Section 9 of Supplementary Information).
The corresponding 0" reaches (%/2€)7.7 x 10* O™ m™. The efficiencies
of z-direction torque are determined to be 0.0086 and the
corresponding o2 is approximately (#/2e)4.8 x 10> Q'm™, which is
on the same order of magnitude as the SHC derived from theoretical
calculation.

To exclude Joule heating effect from microwave power, the
microwave-power-dependent ST-FMR signals in the CRO/Py device are
measured. As the power increases, the voltage of the symmetric
component Vs in our device varies linearly, which eliminates the
influence of the thermal effect induced by microwave power (refer to
Section 10 of Supplementary Information)*. We further employ sec-
ond harmonic measurements which can separate the voltages from
spin current and Joule heating. The efficiency obtained from second
harmonic measurements is 1.2, thus, we conclude that the SOT from
spin Hall effect in CRO is predominant, and the contribution of Joule
heating is pretty small (refer to Section 10 of Supplementary Infor-
mation). By comparing the parameters (i.e. effective magnetic field
from second harmonic measurement and SOT efficiency from ST-FMR
measurement) in a series of 4d/5d transition oxides, we can see that the
CRO films provide one of the largest efficiencies of charge-spin
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interconversion among 4d/5d transition oxides (refer to Section 11 of
Supplementary Information).

Considering that ferromagnetism can lead to spin currents with
out-of-plane polarization, we further analyze the magnetism of CRO
films. The results illustrate that the curve of magnetization versus
temperature (M-T) measured under zero-field-cooled (ZFC) condition
coincides very well with the curve under field-cooled (FC) condition. In
addition, the curves of magnetization versus field (M-H) exhibit almost
linear field dependence from 50 K to 300 K, suggesting that CRO films
are paramagnetic. At a temperature of 10K, the M-H curve shows a
slightly curvature under lower magnetic fields, implying the existence
of possible magnetic order at low temperatures (refer to Section 12 of
Supplementary Information)*>*>, Due to the fact that both ST-FMR and
switching measurements are performed at room temperature, it can
be excluded that out-of-plane polarized spin currents originate from
ferromagnetism.

The oxygen octahedral tilt/rotation tend to keep uniform for CRO
layers near the Py/CRO interface according to the structure analyses.
When the thickness of CRO films is increased to 25nm, the ST-FMR
signal is mainly from the CRO layers near Py/CRO interface. The
measurements result show that the antisymmetric component V, can
be well fitted simply using the conventional torque terms cosgsin2¢,
which means that the z-direction SOT can be ignored (refer to Sec-
tion 13 of Supplementary Information). This result indicates that the
Py/CRO interface is different from the Py/WTe, interface where the z-
direction SOT was observed". This difference can be ascribed to the
different structural symmetries of CRO and WTe,: bulk CRO is more
symmetric compared to WTe,. The oxygen octahedral tilt/rotation
keeps uniformin CRO layers near the Py/CRO interface, and CRO layers
still maintain high symmetry. Thus, the generation of z-direction SOT is
forbidden. This result further confirms that the relaxation of oxygen
octahedral tilt/rotation near CRO/LAO interface is necessary for the
generation of out-of-plane polarized spin current.

In addition, we investigated the in-plane anisotropy of the out-of-
plane polarized spin current generated SOT by rotating the ST-FMR
measurements device at 90° (refer to Section 14 of the Supplementary
Information). According to theoretical analysis, z-direction SOT is
forbidden when the charge current is applied along b-axis. However,
the z-direction SOT can be observed when the charge current is
applied along [110] or [110]-axes, 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 struc-
tures produced on a cubic substrate flatten the in-plane anisotropy of
SOT in measurement, even though it exists intrinsically.

Numerous studies exhibit that the relaxation of oxygen octahe-
dral tilt/rotation can be controlled by the strain induced from sub-
strate. We further study the z-direction SOT of CRO films under
different strain (refer to Section 15 of Supplementary Information).
The mismatch between bulk CRO and substrate varies from —1.53% on
LAO, +0.47% on (LaAl03)0_3(STA10_5T30.503)0'7 (LSAT) to +1.41% on
SrTiO; (STO) (“=” denotes compressive strain, “+” denotes tensile
strain). The oxygen octahedral tilt/rotation of CRO films grown on STO
substrate is derived from STEM image as shown in Fig. S13. The oxygen
positions can be easily determined in the atomic-resolution ABF image
of the CRO films near STO substrate, as shown in Fig. S13b. The aver-
aged Ru-O-Ru bond angle @ as a function of the atomic layer is plotted
in left plot of Fig. S13c. As expected, the bond angle of the STO sub-
strate is approximately 180°, without oxygen octahedral tilt/rotation.
For the CRO films, the Ru-O-Ru bond angle is nearly 180° in the atomic
layer closest to STO substrate. Away from the interface, the Ru-O-Ru
bond angle in the atomic layer relaxes gradually and finally gets a value
of ~176°. The relaxation length scale of the oxygen octahedral tilt/
rotation is about 8 unit cells. The displacement x 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 exhibited in the right
panel of Fig. S13c. Compared to the CRO films on the LAO substrate,
the oxygen octahedral tilt/rotation of CRO films on the 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 CRO films grown on different substrates is plot-
ted in Fig. S14. The SHC of z-direction polarized spin current demon-
strates obvious dependance on the stain, decreasing from
compressive strain to tensile strain as shown in Fig. S14d. This trend is
consistent with the change of crystal structure under different strains,
confirming that the generation of z-direction SOT is dependent on the
modification of the structure.

The strain relaxation in cubic or tetragonal materials can result in
the gradual change of lattice parameters, which may reduce the crystal
symmetry if this material has the symmetries composed of translation
operation along the c-axis. However, gradual strain relaxation occurs
when the thickness of the films reaches several tens of nanometers,
and the amplitude of lattice constant changes is relatively limited. So,
it’s hard to ensure the generation of obvious z-direction polarized spin
current. Compared to the tetragonal or cubic materials, bulk CRO has
large oxygen-octahedral rotation/tilt angle. In the absence of strain
relaxation, the obvious relaxation of oxygen octahedral in CRO films
occurs due to the coupling with substrate, which significantly regulates
the Ru-O bond hybridization. Besides the satisfactory of symmetry
constraints, large spin Hall effect requires that the material should
have strong spin-orbit coupling effect and adequate density of states
near the Fermi surface, which is shown in CRO films from our DFT
calculations. The above points enhance the perpendicular spin current
polarization in CRO films.

Efficient field-free perpendicular magnetization switching

Further investigates demonstrate that the CRO films can provide SOTs
that switch of perpendicular magnetization at room temperature
without the help of an external magnetic field, favoring high-density
spintronic devices. We studied the field-free perpendicular magneti-
zation switching using the out-of-plane polarized spin current from
CRO films. For the experiment, we prepared the Ta (2nm)/MgO
(2 nm)/CoFeB (Co,oFegoB2o, 1.2 nm)/Ti (3 nm)/CRO (9 nm) multilayer
structure, where the Ta and MgO layers were deposited to prevent
oxidation of films. The Ti layer is introduced to get perpendicularly
magnetized CoFeB layers, and the contribution of current-induced
torque from the Ti layer is negligible due to the extremely small spin
Hall angle of Ti*". The multilayers are fabricated into 16-um-width Hall
bar device and the Ta/MgO/CoFeB/Ti layers are etched into round
pillar structure with a diameter of 10 um (Fig. 4a). The anomalous Hall
loops are illustrated in Section 16 of Supplementary Information,
which confirm the perpendicular magnetic anisotropy (PMA) of the
CoFeB layer. Then we applied a pulsed currents and measured the Hall
resistance change for Hall bars. The magnetization can be reversibly
switched without external magnetic field H., as shown in Fig. 4b.
Ru—Jcro loops are obtained under an external magnetic field Hey
between +40 Oe to —20 Oe along current direction, where Ry and Jcro
are Hall resistance and the amplitude of the current pulses, respec-
tively. The polarities of the switching loops are opposite when the
magnetic field is +40 Oe and -20 Oe. Switching of magnetization
cannot be achieved with H=+200Oe, which happens when the
external magnetic field is equal to the effective internal field. These
results confirm that spin current generated from CRO films possesses
out-of-plane component which participates in the switching process as
effective internal field. The critical current for the field-free switching is
9 mA and the critical current density is as low as 6.3 x 10°°Am™, which is
almost one order of magnitude lower than that of heavy-metal SOT
source systems. The comparison with other field-free systems exhibits
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Initial

-8 mA

Fig. 4 | Current-induced field-free perpendicular magnetization switching.

a Schematic of the Ta/MgO/CoFeB/Ti/CRO Hall bar device for switching mea-
surements and the Ta/MgO/CoFeB/Ti films are etched into pillar with a diameter of
10 pm. b Current-induced magnetization switching of Hall bars device when dif-
ferent in-plane magnetic fields are applied along the direction of the current. The
loops are shifted for better visualization and the baseline resistance is about 1.6 Q.
¢, d Background-subtracted MOKE images of the Hall bar device during field-free
SOT switching. To enhance the contrast, the background in the whole image is
subtracted, thus, the whole image in the initial state maintains the same color (gray)
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-8 6 -4-20 2 4 8

Jero (1 01°A/m2)

+8 mA +10 mA

though the pillar area is in magnetic polarity state. c MOKE images of the field-free
SOT switching magnetization from +M, state to —M, state. The positive magnetic
field was applied along the +z direction to initialize the magnetization to +M, state.
The gray-colored pillar region represents the +M, state and white-colored pillar
region represents the —-M, state. d MOKE images of the field-free SOT switching
magnetization from -M, state to +M, state. The negative magnetic field was applied
along the -z direction to initialize the magnetization to —M.. The gray-colored pillar
region represents the —M, state and white-colored pillar region represents the
+M, state.

the high switching efficiency and the advantage of working at room
temperature for CoFeB/CRO system (refer to Section 17 of Supple-
mentary Information). When considering the shunting effect, about
seventy percent portion of the current flows into the CRO films, and
the critical switching current density correspondingly becomes smal-
ler (refer to Section 18 of Supplementary Information). The analysis of
Joule heating effect in SOT switching measurement is also performed,
from which the CoFeB ferromagnetic layer is found to maintain per-
pendicularly ferromagnetic even with a rise in temperature (refer to
Section 19 of Supplementary Information).

We further verified the switching process by magneto-optical Kerr
effect (MOKE) microscopy measurements. Fig. 4c shows the
background-subtracted MOKE images of field-free SOT switching
magnetization from +M, state to —M, state. We initialize the magneti-
zation of the pillar structure to +M, state by applying a saturation
magnetic field along the +z direction and the initial contrast of image is
grey after the background is subtracted. Then the external field is set
back to zero, when a -8 mA pulsed current is applied into the channel,
the pillar area turns white partially, indicating that the magnetization
has changed from the +M, state to the —-M, state partially. When the
pulsed current is increased to -10 mA, the pillar area turns white
totally, indicating that the magnetization has changed from the +M,
state to the —M, state totally. After the application of the electric pulse
of +10 mA, the pillar area turns back to grey, i.e. the magnetization
turns back to the +M, state. In order to confirm the process of mag-
netization switching, we initialize the magnetic moment to the -M,
state and the contrast is gray after the background is subtracted, as
shown in Fig. 4d. The device takes the +M, state after the electric pulse

of +10 mA, then turns back to the —M, state after the electric pulse of —
10 mA (Fig. 4d). Notably, this process is reversible. These results pro-
vide direct evidences for the field-free electric switching of the direc-
tion of the perpendicular magnetization of CoFeB, driven by the SOT
of the CRO films.

In summary, our work demonstrates an approach for generat-
ing out-of-plane polarized spin currents in perovskite oxide CRO
films. Experimental results and theoretical calculations confirm that
the relaxation of oxygen octahedra along out-of-plane direction can
serve as an effective way to lower the crystal symmetry, yielding
out-of-plane polarized spin current. Efficient field-free perpendi-
cular magnetization switching is realized at room temperature. The
present work suggests that engineering crystal symmetry is a pro-
mising pathway towards realizing spintronic devices of high density
and energy efficiency.

Methods

Sample preparation

The target of CRO was mixed in stoichiometric composition of the
elements, with five percent extra RuO, to compensate for the rapid
evaporation of Ru atom. CRO films was grown on (001)-oriented LAO
single crystalline substrate (5 x 5 x 0.5 mm?®) by pulsed laser deposition.
The repetition rate is 2 Hz and the fluence is ~2 Jem™ (KrF Excimer
laser, wavelength = 248 nm). During the deposition process, the sub-
strate temperature was set to 670 °C and the oxygen pressure was
maintained at 30 Pa. After deposition, the samples were cooled to
room temperature in an oxygen pressure of 100 Pa. The deposition
rate of CRO layers was calibrated by X-ray Reflection.
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ST-FMR measurements

The CRO films were transferred to the chamber of magnetron
sputtering, and the chamber was vacuumed. Then, the Py layers
with the thickness of 6 nm were sputter deposited at Ar pressure of
0.35 Pa with a background pressure = 3 x 10~ Pa at room tempera-
ture. The SiO, (3 nm) layers were fabricated on the top of the het-
erostructure in order to prevent oxidation of Py layers. For ST-FMR
measurements devices, the heterostructure was patterned into
rectangular bars with a length of 30 um and width of 20 um by
optical lithography and ion milling techniques. The magnetron
sputtering was employed to form electrodes with Ti (20 nm)/Au
(80 nm) bilayers. A radio frequency charge current J. with a fre-
quency of 5GHz and a power of 15dBm is applied to the device,
which produces a DC mixing voltage and is detected by a bias tee.
Then a fixed-frequency microwave current was applied and an in-
plane magnetic field was swept at an angle ¢ with respect to the
current flow direction changed from ¢ =-90° to 270° in steps of 10°.

Magnetization switching measurements

The CRO films was then transferred into a magneto sputtering system
to grow Ta (2nm)/MgO (2 nm)/ CoxoFegoB2o (1.2 nm)/Ti (3 nm) stack,
with a vacuum of 0.08 Pa. The Ta and Ti layers were deposited using a
direct current (DC) power supply. Other materials were deposited
using a radio frequency (RF) power supply. The films were fabricated
into Hall bar devices of 16 pm width and the Ta/MgO/CoFeB/Ti layers
are etched into round pillar with a diameter of 10 pm by optical
lithography and ion milling techniques. For SOT switching measure-
ments, current pulses (1 ms width) were applied.

Calculation of spin Hall conductivities

Our density functional theory (DFT) calculations are performed by
using the Vienna Ab initio Simulation Package (VASP)*®, with the
Perdew-Burke-Ernzerhof (PBE) functional*’, in the presence of spin-
orbit coupling. We take the d orbitals of Ru ions to construct the
Wannier functions, using the Wannier 90 package®™. The calculations
of intrinsic spin Hall conductivities are performed in the Wannier Tools
package™, using the Kubo formula

Gaﬁ;y(w) / (2”)3 a,B y(k) 5)

Kljgy In'K) (n'K|vg k)
sy 10= — 225" fu 3 Im | e s 6
ﬂ)’( ) fkn;tn |: n) —(ha)+16) ( )

Here |nk) is the Bloch wavefunction, £, is the eigenvalue of the Bloch
state. j, = {sy,u } is the spin current operator and vy is the velocity
operator, respectlvely. The finite lifetime broadening 6 is set to be
1.00 meV. The subscription @ denotes the direction of the linear
response current, S denotes the direction of the applied electric field,
and y denotes the direction of the spin polarization. The k-meshes are 5
x5x 3 and 200 x 200 x 200 for the self-consistent calculations and the
SHC calculations, respectively. The conductivities are multiplied by (-
fi/2e) to convert into the (/2e) Q' m™ units.
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available from the corresponding author upon request.
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