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ABSTRACT

Materials that host intrinsic coexisting ferromagnetism, polar distortion, and metallicity, a ferromagnetic polar metal (FPM), can
combine the advantages of both multiferroics and polar metals, and thus are expected to provide unforeseen opportunities for
spintronics with ultra-low-power consumption. However, generalizable routes for creating FPMs with strong coupling between
itinerant ferromagnetism and polar distortions are still limited. Meanwhile, efficient electrical control of magnetism in such
systems remains unexplored. Herein, we introduce a design strategy based on interfacial oxygen-octahedral-rotation mismatch
to create an intrinsic FPM state in superlattices composed of two nonpolar perovskites, STRuO; and CaTiO;. Unlike previous
layered oxide systems, which often result in in-plane polarization, our superlattice FPM exhibits pronounced out-of-plane polar
displacements directly within the perpendicular ferromagnetic RuO, metal network, enabling a strong entanglement between
magnetic order and polarity. Consequently, the Rashba spin-orbit torque in the superlattice FPM gives rise to extraordinary current-
driven magnetization self-switching at a current density as low as 2.5 x 10° A cm~2, about two orders of magnitude lower than that
of conventional heavy-metal/ferromagnet heterostructures. Our work not only identifies a robust strategy for accessing FPM states
but also provides a promising platform for exploring ultra-low-power spintronic devices.
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1 | Introduction

Polarity and metallicity have traditionally been viewed as mutu-
ally exclusive, because free carriers in a metal are expected to
efficiently screen internal electric fields and thereby suppress
the ferroelectric-like atomic displacements that define a polar
state [1, 2]. This canonical view was first challenged in 1965 by
Anderson and Blount, who proposed that a “ferroelectric metal”
could be realized in the limit of weak electron-lattice coupling [3].
Experimental verification has been highly challenging, and it was
not until decades later that the first polar metal, the perovskite
LiOsO;, was discovered [4]. The coexistence of polarization and
metallicity in this ABO; perovskite oxide was rationalized by
weak coupling between the A- and B-site cation sublattices:
A-site cations can undergo polar displacements while the B-
site sublattice simultaneously maintains metallic conduction.
This guiding principle subsequently led to the discovery of
other polar metallic systems, including strained NdNiO; [5] and
electron-doped BaTiO; [6].

While this breakthrough accelerated the search for polar metals,
incorporating spin order as a third degree of freedom to create
magnetic polar metals, remains a formidable challenge. This diffi-
culty stems from the so-called d° rule in simple ABO, perovskites:
conventional ferroelectricity typically originates from the second-
order Jahn-Teller effect, which favors empty d orbitals, whereas
magnetism requires partially filled d orbitals [7, 8]. To circumvent
this incompatibility, hybrid improper ferroelectricity (HIF) has
been proposed as a geometric route to induce polarity via trilinear
coupling between the nonpolar octahedral rotation and the
polar mode [9, 10]. Since its proposal, HIF has been explored
primarily in layered oxides [11-13] and perovskite superlattices
[10, 14], which likely underlie the recent creation of polar metallic
oxides such as the polar antiferromagnets Ca;Ru,0; [15, 16]
and Sr;Co,0, [17], as well as the polar ferromagnet Ca;Co;0q
[18]. However, layered systems are subject to intrinsic structural
constraints. Rock-salt AO layers interrupt structural continuity
[11, 12], defining a 2D layered architecture, which results in
a massive depolarization field that restricts the polarization
to be in-plane. In practice, out-of-plane polarization is often
preferred for functional devices [12, 19]. Magnetically, exchange
interactions in these layered systems are typically dominated by
antiferromagnetic coupling (e.g., Ca;Ru,0; [15, 16] and Sr;Co,0,
[17]) or by in-plane magnetic anisotropy (e.g., Ca;Co;04 [18]),
preventing strong ferromagnetism with perpendicular magnetic
anisotropy (PMA) [20]. More importantly, owing to their limited
magnetoelectric coupling, efficient electrical control of mag-
netism has not yet been achieved in these layered oxides—the
very capability that multiferroics most eagerly pursue. In prin-
ciple, atomically engineered ABO; perovskite superlattices (SLs)
can overcome these disadvantages by maintaining a continuous
octahedral network [10]. Therefore, the key challenge is to create
a magnetic polar metal in which out-of-plane polarity, itinerant
ferromagnetism, and PMA coexist within a continuous BOjy
network.

Recent advances in self-spin-orbit torque (self-SOT) switch-
ing have demonstrated electrical control of magnetic order in
low-symmetry magnetic systems, including the van der Waals
ferromagnet Fe,GeTe, [21-24], non-collinear antiferromagnet

Ni,;;NbS, [25], and topological antiferromagnet Co,;;TaS, [26].
These studies establish symmetry-enabled self-SOT as an efficient
route for the electrical control of magnetism. Ferromagnetic
polar metals (FPMs) provide a particularly attractive platform
for self-SOT switching, because their polar distortions can gen-
erate a Rashba-type spin accumulation under an applied charge
current. This spin accumulation exerts an anti-damping torque
directly on the magnetization, thereby enabling magnetization
self-switching. We therefore studied a distinct design strategy
based on interfacial oxygen-octahedral-rotation (OOR) mismatch
to realize an intrinsic FPM state in SLs composed of two non-polar
perovskites. We deliberately choose the itinerant ferromagnet
SrRuO; (SRO), characterized by strong spin-orbit coupling (SOC)
and robust PMA [27, 28], and the wide-bandgap insulator CaTiO,
(CTO) as building blocks. Although both materials crystallize in a
GdFeO;-type orthorhombic structure in bulk, their OOR patterns
become incompatible when grown as thin films. SRO films
typically exhibit the a”a”c* rotation pattern [27], whereas CTO
films favor the a~b*a~ pattern [29, 30]. As schematically shown
in Figure 1a, the conflict between in-phase (b™) rotations in CTO
and out-of-phase (a~) rotations in SRO along the pseudo-cubic b-
axis triggers a cooperative structural distortion, forcing the RuOq
and TiO, octahedra into a polar configuration (Figure 1b).

Herein, we report pronounced out-of-plane polar displacements
of the magnetic B-site Ru cations in SRO/CTO SLs, which are
fundamentally different from the conventional A-site driven HIF
mechanism that is typically restricted to in-plane polarization.
These atomic-scale displacements are directly visualized by
multi-slice electron ptychography (MEP). The resulting polariza-
tion is further corroborated by robust optical second harmonic
generation (SHG) signals that persist up to room tempera-
ture. More importantly, simultaneous space-inversion symmetry
breaking (polarity) and time-reversal symmetry breaking (ferro-
magnetism) within the same RuO, sublattice unlock strong mag-
netoelectric coupling and emergent phenomena. Specifically, the
space-symmetry breaking generates strong Rashba-SOC [31-36],
enabling efficient current-driven magnetization self-switching at
an ultra-low critical current density of 2.5x 10° A cm~2. This value
isone or two orders of magnitude smaller than those of other com-
plex oxides [37-40] and conventional heavy-metal/ferromagnet
systems [41-43]. Leveraging the multi-interface advantages of the
SL architecture, we achieve a switching ratio of 75 %, the highest
reported among self-switching systems to date. The low switching
energy, combined with the scalability of oxide epitaxy, positions
FPMs as promising building blocks for next-generation spin-
tronic logic, nonvolatile memory, and neuromorphic computing
architectures.

2 | Results

2.1 | SRO/CTO Superlattices With Strong Oxygen
Octahedral Rotation Mismatch

The high-quality (SRO,/CTO;),, SLs with alternately stacked
SRO and CTO layers were epitaxially grown on (001)-oriented
SrTiO; (STO) substrates by pulsed laser deposition. Each period of
the SL is composed of n unit cells of SRO and 3-unit cells of CTO,
where n ranges from 4, 6 to 8. The out-of-plane lattice structure
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FIGURE 1 | (a)Schematicviews oflattice structures of SRO with an a~a~¢* OOR pattern (up panel) and CTO with an a~b*a~ OOR pattern (bottom
panel). Purple and orange octahedra represent RuOg and TiOg, respectively. The right panel shows the out-of-phase rotation (a~) and in-phase rotation
(b*) along the b-axis for the SRO and CTO, respectively. (b) Schematic illustration of the polar structure. (¢) Out-of-plane 6-26 scans for the SRO/CTO
SLs on (001)-oriented STO substrate. SL indicates the (002) main peak and SL.,indicate the satellite peaks. (d) Enlarged cross-sectional HAADF-STEM
image of the SL, together with the corresponding EDS elemental maps of Ti, Ca, Ru, and Sr, showing periodic SRO/CTO stacking and chemically sharp
interfaces. (e) Half-order peaks obtained from the SRO, (f) CTO, and (g) SRO/CTO SL on STO substrates. On the right is a schematic of the irreducible

representations for the corresponding OOR modes.

of the SLs was analyzed by X-ray diffraction (XRD), as shown in
Figure 1c. For comparison, data from bare SRO (cszo = 3.95 A)
and CTO (coro = 3.80 A) films are also presented, respectively.
Clear (002) Bragg peaks with thickness fringes indicate high
crystallinity and a flat surface of the samples. Moreover, distinct
satellite peaks are detected, shifting toward the (002) main peak
as n increases, which is a general feature of the XRD spectra for
SL structures. Based on the results of 6-26 scanning, the average
c-axis lattice constants of the SLs increase smoothly from 3.88 to
3.91 A as the SRO thickness (n) increases from 4 to 8 u.c. (Figure
Sla). To determine the in-plane strain state of the SLs, reciprocal
space mapping (RSM) around the (103) reflection was performed.
Taking (SRO4/CTO;),, SL as an example, the SL diffraction
spots (marked by a red arrow in Figure Slb) are vertically
aligned with those of the substrate, that is, the SL is coherently
strained to the substrate without lattice relaxation, giving rise
to @ = b = 3.905 A. The high-quality epitaxial growth of the SL
was further confirmed by cross-sectional scanning transmission
electron microscope (STEM) image (Figure 1d), where the energy-
dispersive X-ray spectroscopy (EDS) mappings reveal distinct Ti
(green), Ru (yellow), Ca (red) and Sr (blue) atomic positions with
no interdiffusion, thereby confirming perfectly coherent stacking
of the SRO and CTO layers, further confirmed by EELS like scan
analysis (Figure S2).

The OOR patterns of the SRO, CTO, and the SL were identified
unambiguously by mapping the half-integer Bragg peaks via
synchrotron XRD [44, 45]. Generally, the half-integer Bragg peaks
arise when the pseudo-cubic unit cell is doubled by octahedral

rotations, and their presence or absence can provide a direct
fingerprint of the underlying crystal symmetry and tilt system
[46, 47]. In the reference SRO film, we confirmed an a~ac*
tilt pattern (Figure le): the half-integer peaks such as (1/2, 1/2,
3/2) signal the out-of-phase rotations along the in-plane axes,
while the concurrent (1/2, 3/2, 1) reflection whose out-of-plane
index is an integer confirms an in-phase rotation along c, i.e. the
a~a"c* assignment (corresponding to the combined irreducible
representations M; @ A;). Conversely, the reference CTO film
exhibited an a~b*a" tilt pattern (corresponding to the combined
irreducible representations A} @RI’ @ A7): evidenced by the
(1/2, 0, 3/2) reflections that signify in-phase rotation along its in-
plane axis (Figure 1f). In contrast, a dramatic structural transition
is observed in the diffraction pattern of the (SRO¢/CTO,),, SL
(Figure 1g). Reflections characteristic of the CTO a~b*a~ pattern,
specifically (1/2, 0, 3/2), completely disappear. In their place,
reflections corresponding to the a"a~c* pattern, the (1/2, 3/2, 1)
peak, emerge. This result provides definitive evidence that the
octahedral rotation in the CTO layers transitions from its native
a~b*a pattern to the a“a~c* pattern, which is then coherently
imposed throughout the entire heterostructure (corresponding to
the combined irreducible representations M, & M;). To under-
stand the energetic origin and symmetry consequences of this
structural reconstruction, we performed density functional the-
ory (DFT) calculations exploring all 10 possible rotational types
(Figure S3). The calculations confirm that the experimentally
observed a~a~c* pattern corresponds to the ground state with
the lowest total energy. Crucially, symmetry analysis reveals that
this specific rotational configuration reduces the crystallographic
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FIGURE 2 | (a)Atomic-resolution MEP reconstruction of the (SRO¢/CTOj3);o SL acquired along the [110] zone axis. Alternating SRO (purple) and
CTO (orange) blocks stack along [001]; arrows indicate crystallographic directions. The green box marks the region enlarged in (b). (b) Locally magnified
MEP views from (a). Top: SRO region; bottom: CTO region, separated by a dashed line. Overlaid colored circles mark the atomic columns (legend: O,
Ru, Sr, Ti, and Ca). (c) Schematic definition of the local B-site polarization displacement in an ABO; lattice. The in-plane (6p,) and out-of-plane (&p,)
components are measured from the B-site cation (Ru/Ti) to the center of its adjacent in-plane oxygen pair (red spheres). (d) Schematic definition of the
A-site (Sr/Ca) polarization. Here, 84, and d,, are defined as the displacement of the A-site relative to the midpoint between the neighboring upper and
lower B-site planes. (e) Two-dimensional map of B-site polarization vectors. Background colors represent dg, (red, positive; blue, negative), while black
arrows show the in-plane component. The even (E) and odd (O) atomic columns along [110] are labeled at the top. Right: layer-resolved averages of
the B-site displacement magnitude along x (8p,, blue) and z (8p,, red). Scale bar in the lower-left corner: 20 pm. Red circles indicate manually removed
outliers. (f) Layer-resolved A-site d4, for odd (blue) and even (red) columns. Error bars represent one standard deviation. (g) Layer-resolved B-site &g,
for odd (blue) and even (red) columns. Error bars represent one standard deviation. The white line in the image represents 1 nm.

symmetry to the polar space group Pc, corresponding to the B-site displacements reach up to +5 pm, while the variation
polar point group C,. Within this noncentrosymmetric frame- within each layer is about 1.3 pm, close to the measurement
work, the geometric constraints necessitate cooperative polar precision of MEP with additional small lattice fluctuations.
displacements of both the Ru** and Ti*" cations away from their Layer-resolved analysis shows that the B-site cations exhibit
centrosymmetric positions, as also visualized by the MEP results essentially no net polarization along x: the positive and negative
presented next, thereby establishing a robust, macroscopic polar dp, components cancel within each layer. In contrast, the out-of-
state throughout the SL. plane component &g, is finite and exhibits a clear sign reversal
between neighboring SRO and CTO blocks, as highlighted by the
alternating red and blue bands in the polarization heat map in
2.2 | Microscopic Signature of the Polarity Figure 2e. Within both the SRO and CTO slabs, 8y, reverses sign
between the top and bottom interfaces, giving a sawtooth-like
Aberration-corrected STEM and MEP were performed to directly profile in which the magnitude peaks (~ 5 pm) at the interfaces
probe the atomic-scale origin of the possible polarity [48]. and decreases toward the layer interior. This indicates that the
Figure 2a presents an atomic-resolution MEP reconstruction local polar distortion is strongly interface-centered and induced
showing the sharp SRO and CTO layers in the (SRO,/CTO3),, SL. by the interfacial structural or electronic reconstruction.
Octahedral rotations can be directly visualized in the enlarged
atomic images in Figure 2b. The polarization is considered = The layer- and column-resolved line profiles in Figure 2f,g further
from both the B-site cation displacement corresponding to the clarify the symmetry of these displacements. For the A sublattice,
center of the oxygen sub-lattice (65, and Jp,) and A-site dis- the in-plane component §,, shows a strict odd-even alternation
placement corresponding to the B sublattice (54, and d,,), as along [110]: the even (E) and odd (O) columns possess equal
illustrated in Figure 2c,d. Figure 2e maps the unit-cell-resolved but opposite x displacements in each layer, as seen in Figure 2f,
two-dimensional displacements of the B-site cations, with the yielding an antiferroelectric-like arrangement with vanishing
line plot on the right showing the layer-averaged magnitude. The net A-site polarization. By contrast, the out-of-plane B-site
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displacement dp, is almost identical for the odd and even columns
(Figure 2g), demonstrating that the polar distortion along z
is uniform within each layer and is dominated by the B-site
cations. The combination of odd-even antiphase A-site shifts in x
together with in-phase B-site shifts in z corresponds to a C; point-
group symmetry, fully consistent with the macroscopic SHG
response. Overall, the atomic-displacement-vector maps reveal
that the primary polar degree of freedom in the (SRO;/CTO;),, SL
resides on the B-site cations, which develop sizable out-of-plane,
interface-centered dipoles with negligible in-plane component,
while the A-site cations form an antiferroelectric-like pattern that
cancels macroscopically.

There is also a checkerboard-like modulation of the octahedral
tilt determined from angles 6 (O-B,-B, shown in Figure S4c),
with the average value of absolute 6] of 5.9° and a standard
deviation of 2.0°. The layer-averaged amplitude of octahedral
rotation § (B,-O-B, shown in Figure S4c) reaches a minimum
of ~164° at the SRO/CTO interface and a maximum of ~171° at
about the middle layer of SRO (Figure S4b), exhibiting a layer-by-
layer wavelike variation and exceeding the values in single-layer
SRO (163°) [49] and CTO (156°) [50]. It is noted that large
OORs coexist with antipolar cation displacements, both of which
are typically thought to suppress the ferroelectric mode [51].
Nevertheless, a mismatch of octahedral rotation patterns at the
interface induces an out-of-plane polarization in SRO. This leads
to the unusual co-stabilization of modes that are conventionally
incompatible: OORs with ferroelectricity, and antipolar cation
displacements with ferroelectricity. The net polarization arises
from an unconventional microscopic distortion dominated by
displacements of B-site cations relative to the geometric centers
of the oxygen-octahedral sublattice.

2.3 | Macroscopic Evidence of Out-of-Plane
Polarization

Macroscopic evidence of the FPM state in the SRO/CTO SL is also
observed. Temperature-dependent magnetization measurements
(Figure 3a) reveal a ferromagnetic ground state with a Curie tem-
perature (T,.) of ~150 K, dominated primarily by the SRO sublayer
[27]. Meanwhile, the system exhibits metallic behavior across
the whole temperature range, as confirmed by the temperature-
dependent resistivity curve in Figure 3b, which shows a clear
kink at ~150 K where the ferromagnetic transition suppresses
the spin-dependent scattering. Below T, the data follow excellent
T? dependence, characteristic of a Fermi-liquid-like behavior
[52], whereas above T, a linear T dependence is observed. The
slight upturn at ~ 30 K is probably attributed to disorder-induced
localization. The saturation magnetization is 1.2 uz/Ru, consistent
with the typical value of SRO single layers (Figure S5). Notably,
magnetic measurements reveal that the magnetic anisotropy is
highly sensitive to the SRO layer thickness. Unlike the PMA
observed in the n = 6, 8 SLs, the thinner (SRO,/CTO;),, SL
exhibits in-plane magnetic anisotropy (Figure S6).

The macroscopic polarization was determined by optical second-
harmonic generation (SHG) measurement with the experimental
setup as shown in the inset of Figure 3d. For comparison, in addi-
tion to the SRO/CTO SL, we systematically characterized three
reference samples (bare SRO, CTO, and STO substrate) under

identical conditions using two complementary SHG geometries:
normal incidence (0°), predominantly sensitive to in-plane polar-
ization, and oblique incidence (45°), sensitive to both in-plane
and out-of-plane components. Under normal incidence, the SL
and all reference samples exhibited weak fourfold patterns with
comparable amplitudes (maximum intensity ~ 28 a.u.) in both
colinear polarization (XX) and cross-linear polarization (XY)
geometries (Figure S7), indicating negligible in-plane polariza-
tion. In contrast, oblique-incidence measurements, obtained by
rotating the linear polarization of either the incident or the
detected beam, reveal a pronounced SHG signal from the SL
with distinct polarization-angle dependences. Figure 3c presents
the SHG polar plot for the SRO/CTO SL, measured with P(S)-
polarized incident beams (P(S);,) and P(S)-polarized output
beams (P(S),.)- SHG signals for P,,, S;,, and P, configurations
exhibit twofold rotational symmetry, whereas the S, signal
shows fourfold rotational symmetry. To quantitatively determine
the crystal point group of the SL, we fitted the angle-dependent
SHG intensities using the appropriate second-order nonlinear
susceptibility tensors [29, 53]. Experimental data for all configu-
rations are in excellent agreement with the fitting curves dictated
by the polar C; point group (solid lines in Figure 3c). Moreover,
the peak SHG intensity from the SRO/CTO SL under oblique
incidence reaches 4358 a.u. (Figure 3d), two orders of magnitude
stronger than that of the reference samples (SRO, CTO, and
STO substrate, Figure S8), which is also much larger than that
of the recently discovered Ca;Co;04 [18]. To further examine
whether the polar response could arise solely from the built-in
electric field associated with chemically inequivalent interfaces,
we synthesized an interface-symmetrized (SRO4/STO,/CTO;),,
SL, in which one-unit-cell STO is inserted between SRO and
CTO to make the two effective interfaces equivalent. This control
sample still exhibits a pronounced SHG response with the same
characteristic polar symmetry (Figure S9), demonstrating that
strong out-of-plane polarity persists in the interface-symmetrized
structure. Therefore, the observed polarity cannot be attributed
only to the electrostatic asymmetry of inequivalent interfaces.
Taken together with the negligible normal-incidence response,
these results confirm that the strong polar signal arises primar-
ily from an out-of-plane polar displacement, establishing the
intrinsic polar structure of the SL. Notably, the SHG intensity
is robust at 300 K, unambiguously confirming the realization
of a room-temperature polar metal state. Moreover, as also
shown in Figure 3a, the SHG intensity for P;, configurations
shows a distinct anomaly near T, (~ 150 K), indicating a strong
interaction between polarity and ferromagnetism in the SRO
sublayer (results for other configurations in Figure S10).

2.4 | Current-Driven Magnetization
Self-Switching in SRO/CTO Superlattices Under
Ultra-Low Current Density

The coexistence of polarity, metallicity, and ferromagnetism gives
rise to a wealth of emergent phenomena. In particularly, the
perpendicular electric field generated by interface polarization
could break the symmetry of SRO and induce Rashba-splitting
[31-36], as verified by first-principles calculations. To estimate
the strength of Rashba-splitting, we employ an SL structure
composed of six SRO and two CTO unit cells. Despite differing
from the experimental three-CTO unit cell, we expect this model
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FIGURE 3 | (a) Temperature dependence of the magnetization (blue curve) and the SHG intensity in the Py, configuration (black dots) for the

SRO/CTO SL. The magnetization was measured under an out-of-plane magnetic field of 500 Oe. (b) Resistivity versus the temperature curve of the
SRO/CTO SL. (c) Polar plots of SHG intensity versus polarization angle for the SRO/CTO SL at 300 K with oblique incidence. P(S);,: the input beam is
fixed to the P(S) polarization while revolving the polarization direction of the output beam; P(S),: the output beam is fixed to the P(S) polarization while

rotating the polarization direction of the input beam. Scattered circles are experimental data, and the solid lines are the fitting curves of experimental
data with the Cy point group. (d) Maximum SHG intensities at room temperature for the SRO/CTO SL under various polarization configurations (Pj,,
Souts Pout> and Sj, ), compared with reference samples (STO, CTO, SRO, and Ca;Co;0g [18]).

to capture the essential physics (Figure S11). The fully optimized
SL structure exhibits the polar C; point group, which aligns
with experimental findings. This validates our design concept of
achieving spontaneous polarization in two nonpolar materials
through interface engineering. Charge analysis indicates that the
formation of the interface indeed leads to electron accumulation
on the SRO side and electron depletion on the CTO side, which
provides direct evidence for the existence of a perpendicular elec-
tric field. Using the spin-projected band structure in Figure 4a, we
estimate that the polar inversion-symmetry breaking generates
a Rashba coefficient with a value of ay = 0.125 eV A, which is
highly significant for oxides [54, 55]. Due to the presence of a
large Rashba effect in our SL, when an electric field is applied
along the x/y direction, the inner and outer Fermi circles shift in
opposite directions because their Fermi velocities are opposite.
When current is applied along the x direction, the shift pro-
duces a nonequilibrium spin accumulation (o, ), which generates
an anti-damping torque in the form Zg = M X &), X it on the
magnetization of the SL, enabling current-induced magnetization
self-switching [35, 56-58]. A larger a; corresponds to a stronger
spin-orbit torque, implying that current-driven magnetization
self-switching would be observed at lower thresholds. This
microscopic picture is further supported by the polar monoclinic
C, symmetry of the SRO/CTO SLs, consistently established by
SHG, MEP, and the DFT-relaxed structure. For the C point
group, a magnetization-independent linear spin-charge response,
0; = X J;» is symmetry-allowed [33], providing an independent
symmetry basis for the current-induced spin accumulation.

To examine it, spin-orbit torque (SOT) switching measurements
were performed on a 10 um-wide Hall bar, as schematically shown
in Figure 4(b), following the experimental procedure detailed in

the Methods section. We measured the Hall resistivity o, as a
function of pulse current J,;. in the FPM SRO/CTO SL. Apy, is
defined as pj; relative to the center of the hysteresis loop. Spin
accumulation generated by the injecting pulse currents reverses
the magnetization of the SL, causing Apy to flip. To confirm
that this mechanism is unique to the polar SL interface, we first
performed this measurement on a control sample of a single-layer
SRO film using the same device geometry. Lacking the requisite
interfacial symmetry breaking, this control film exhibited no
current-induced switching, that is, no change in Apy (Figure
S12). In stark contrast, the SRO/CTO SL exhibits highly efficient
switching, as shown in Figure 4(c). The hysteresis loop amplitude
exhibits a non-monotonic dependence on auxiliary magnetic field
(H,), peaking at H, = 2000 Oe before decreasing at higher fields.
This behavior arises from the magnetization tilting along H,
and is typical of SOT switching [58]. The hysteresis direction
reverses when H, is reversed, confirming that magnetization is
switched by current-driven SOT. Magnetization switching occurs
at a critical current density (J) of 4.5 x 10°A cm™2. No change in
Apy; is observed at zero magnetic field. Within this measurement
range, the maximum Apy; is ~ 0.32 uQ cm, which is approximately
75% of full magnetization reversal. The Hall resistivity for the
full magnetization switching under a magnetic field is shown
in Figure S13. Notably, this is the highest switching ratio yet
reported for a self-switching device [35, 39, 40, 57]. From these
data, the threshold J. was extracted (Figure 4e): J. decreases
with increasing H, for H, < 2000 Oe but increases for H,
> 2000 Oe. This is because, for H, < 2000 Oe, the auxiliary
magnetic fields assist SOT switching and reduce the switching
current density, consistent with typical SOT behavior. However,
for H, > 2000 Oe, this field tilts part of the magnetization
toward its own direction, driving switching closer to the film
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(1.

plane [32]. In this regime, large H, hinders rather than aids the
switching process, leading to an increase in switching current
density. The impact of SRO layer thickness on SOT switching
efficiency further corroborates the critical role of polarity. For
the thicker (SRO3z/CTO,),, sample, although it retains PMA, its
switching performance is notably degraded. Since the polarity is
primarily interface-induced and decays toward the SRO interior,
increasing the SRO thickness leads to a reduction in the average
B-site polar displacement (Figure S14). This directly weakens the
Rashba-SOC strength, resulting in a significantly increased J.
and a decreased switching ratio for the 8-uc sample (Figure S15).
This thickness dependence—where the 4-uc sample fails due
to in-plane anisotropy and the 8-uc sample suffers from diluted
polarity—identifies the 6-uc thickness as the optimal balance,

strongly supporting our conclusion that the ultra-low current
switching originates from the polarity-induced giant Rashba
effect. To further examine the impact of CTO layer thickness
on SOT switching efficiency, we measured the current-induced
switching behavior of the (SRO,/CTO,),, sample. Although the
2-uc CTO sample exhibits a slightly lower critical switching
current density, its switching ratio is only approximately 40%,
substantially smaller than that of the 3-uc CTO sample (75%)
(Figure S15).

In addition, the temperature dependence of SOT switching in the
SL is shown in Figure 4d. The same counter-clockwise App-Jyuse
loop remains stable up to 90 K. The SOT magnetization switching
loop disappears above T, ~150 K. As shown in Figure 4f, J.
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decreases with increasing temperature, owing to the reduced
saturation magnetization and weakened magnetic anisotropy
(Figure S16). Using the longitudinal resistivity p, as an internal
thermometer [26], the Joule-heating-induced temperature rises
at the critical switching current density are estimated to be only
9.8, 3.4, and 1.6 K at base temperatures of 10, 50, and 90 K,
respectively, confirming that the device remains below T, ~150 K
during switching (Figure S17). Thermal fluctuations may also
assist the magnetization in overcoming the switching energy
barrier, further reducing J.. The lowest critical switching current
density obtained is ~ 2.5 x 10° A cm™ at T = 90 K. This
value is approximately two orders of magnitude lower than the
typical values of ~ 107 A cm~2 required for conventional heavy-
metal/ferromagnet bilayers such as Pt/Co and Ta/CoFeB [41-43].
Furthermore, it is also approximately one order of magnitude
lower than the ~ 10° A cm™ reported for state-of-the-art all-
oxide heterostructures such as SrIrO;/SrRuO; or single-layer
SrRuO; systems [37-40]. This superior performance stems from
two key factors: first, operating within a single material eliminates
interfacial spin-memory loss and scattering that typically limit the
efficiency of bilayer heterostructure systems. Second, and more
fundamentally, the polar system hosts a large intrinsic Rashba
effect that enables the highly efficient charge-to-spin conversion.

3 | Conclusion

In summary, we have experimentally realized a robust FPM state
within atomically engineered SRO/CTO SLs, where an uncon-
ventional out-of-plane B-site polar distortion resides directly
within the itinerant ferromagnetic RuOy network. Thanks to
the robust and intrinsic entanglement between polarization,
ferromagnetism, and metallic conduction within the same lattice
site, the resulting FPM shows magnetization self-switching at
an ultra-low threshold of 2.5 x 10° A cm™2, which is the lowest
among all reported oxide systems and is approximately two
orders of magnitude lower than that of conventional heavy-
metal/ferromagnet heterostructures. Additionally, the device
achieves a switching ratio of 75%, the highest value reported
among self-switching systems to date. Our findings not only
establish a general strategy for extracting polarity from non-polar
perovskites but also position FPMs as a premier platform for
energy-efficient, single-layer spintronic technologies.

4 | Methods
4.1 | Sample Fabrication and Characterizations

High-quality [SRO/CTO],, SL were epitaxially grown on (001)-
oriented STO substrate by the technique of pulsed laser depo-
sition (KrF, 4 = 248 nm). During film growth, the substrate
temperature was kept at 650°C, and the oxygen pressure was
set to 20 Pa. The adopted fluence of the laser pulse was 1.2
J/cm?, and the repetition rate was 2 Hz. The deposition rate for
the SRO and CTO layers has been carefully calibrated by the
technique of small-angle X-ray reflectivity (XRR, see Figure S1).
The surface morphology of as-prepared films was measured by
atomic force microscopy (AFM, SPI 3800N, Seiko). The crystal
structure was determined by a high-resolution X-ray diffractome-
ter (D8 Discover, Bruker) with Cu-Ka radiation. The magnetic

properties were measured by a Quantum Design vibrating sample
magnetometer (VSM-SQUID) in the temperature range of 5-300
K, with the maximal magnetic field of 7 T. The magnetic field was
applied along the out-of-plane direction or the in-plane direction
of the (001) films.

4.2 | Scanning Transmission Electron Microscopy

Multislice electron ptychography (MEP), a newly developed scan-
ning transmission electron microscopy (STEM) technique that
solves the inverse problem of electron scattering to obtain high-
resolution and high-precision measurements of atomic structure,
including both light and heavy atoms. Four-dimensional STEM
(4D-STEM) electron diffraction datasets were acquired using
a probe-aberration corrected JEOL NEOARM 200F equipped
with a DECTRIS ARINA fast-readout detector at 200 kV. MEP
reconstructions were performed using foldslice with similar
parameters in previous publications (Z. Chen, et al., Science
372, 826 (2021)). Electron-transparent samples were prepared by
Ga+ focused ion beam (FIB, FEI Strata 400) with progressively
decreased beam energy from 30 to 2 keV to reduce ion-
damage. EELS measurement was performed with a dispersion
of 0,5 eV/pixel on a double aberration corrected Thermofisher
Scientific Titan 80-300 microscope at the University of Antwerp,
Belgium, operated at 300 kV, with a convergence semi-angle
of 2lmrad, collection angle of 64mrad and acquisition time
of 0,2s/pixel in dual EELS mode. Raw data is presented after
background subtraction.

4.3 | In-Plane Polarization Measurement (Normal
Incidence)

0°-SHG measurements were performed using a Ti: sapphire
femtosecond laser system (hw = 1.55 eV, pulse width ~ 100
fs, repetition rate 80 MHz) as the fundamental light source.
The beam was focused onto the sample surface with a 50x
microscopy objective, producing a spot size of approximately 1
um. The average power of the incident beam was kept at 8 mW to
avoid laser-induced heating or damage. All measurements were
conducted at a fixed incident angle of 0° (defined between the
sample normal and incident beam direction), with a temperature
of 300 K. The polarization state of the fundamental beam was
controlled using a half-wave plate and linear polarizer. Two
distinct polarization configurations were systematically inves-
tigated. Specifically, the polarization of the incident light is
parallel to the detection polarization direction of the output
light (XX configuration), and the polarization of the incident
light is perpendicular to the detection polarization direction
of the output light (XY configuration). For each channel, the
polarization-dependent SHG patterns were obtained by rotating
360°.

4.4 | Out-of-Plane Polarization Measurement
(Oblique-Incidence)

45°-SHG measurements were performed using a Ti: sapphire
femtosecond laser system (hw = 1.55 €V, pulse width ~ 150 fs,
repetition rate 1 kHz) as the fundamental light source. The laser
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pulses were focused onto the sample surface using a plano-convex
lens (f = 200 mm), producing a spot size of approximately 200
um, with the incident beam power maintained at 1 mW (average
power) to prevent sample damage. All measurements were
conducted at a fixed incident angle of 45° (defined between the
sample normal and incident beam direction), with temperature-
dependent studies spanning 77 to 300 K. The polarization state of
the fundamental beam was controlled using a half-wave plate and
linear polarizer. Four distinct polarization configurations were
systematically investigated: Specifically, fundamental polariza-
tion fixed parallel or perpendicular (P;, or S;,) to the incidence
plane while rotating the analyzer through 360°; Analyzer fixed
parallel or perpendicular (P, or S,,) to the incidence plane
while rotating the fundamental polarizer through 360°.

4.5 | Device Fabrication and Electrical
Measurement

The films were fabricated into Hall bar devices with a channel
width and length of 10 and 40 pm, respectively, by ultravio-
let photolithography and Ar ion milling. Afterward, Au was
sputtered to produce four electrode terminals. The transport
measurements were performed in a Quantum Design physical
property measurement system (PPMS). The Anomalous Hall
Effect (AHE) was measured using a 10 pA DC current. For the
SOT switching measurements, a weak external magnetic field
H, along the x direction to ensure deterministic magnetization
switching. Under the continuous application of H,, a short-pulsed
writing currentJp,., with a pulse width of 1 ms, was applied along
the x direction of the Hall bar by a Keithley 6221 current source. To
minimize Joule heating, a small pulsed reading current of 10 A
with a pulse width of 0.1 s was applied after a 0.2 s interval with
no current flow. By measuring the p,; under the reading current,
the magnetization state of the SL was determined.

4.6 | First-Principles Calculations

DFT calculations were performed using the Vienna Ab initio
Simulation Package (VASP) [59] with the Perdew-Burke-Ernzerh
of exchange-correlation functional [60]. The electron-ion interac-
tions were described using the projected augmented wave (PAW)
method [61, 62] with a cutoff energy of 500 eV. The Brillouin
zone was sampled using a Monkhorst-Pack k-mesh of 5x5x1. The
experimental lattice constant was used while the atomic positions
were fully relaxed until the residual force converged to 1072 eV/A.
The spin-orbit coupling was included during electronic structure
calculations, and the spin-projected band structure was drawn by
the VASPKIT software package [63, 64].
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