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Spin-source materials for spintronic devices are required to convert charge
currentsinto spin currents efficiently and maintain minimal electrical losses.
However, conventional strategies to enhance charge-spin conversion often
come at the cost of increasing ohmic dissipation. Here we demonstrate that

introducing polar lattice distortions into a highly conductive metal can
overcome this trade-off. We report the discovery of polar displacementsin
PtCo0,and show that these displacements enhance charge-spin conversion
by two orders of magnitude compared with its non-polar phase. The
coexistence of polarity and metallicity yields aroom-temperature spin Hall
conductivity of 1.6 x 10’7/2e (A m) . Electron ptychography reveals that
theinversion-symmetry breaking originates fromlocal polar nano-regions.
Polar PtCoO, drives efficient spin-orbit torque switching with substantially
reduced switching voltage and power compared with Pt-based control
devices, and is compatible with silicon substrates, establishing a strategy for
designing highly efficient spin-source materials.

Spintronics, which exploits spin currents to process information'>,
promises next-generation memory and computing applications
beyond conventional electronics*”. In particular, spin-orbit torque
(SOT) enables electric currents to manipulate the magnetization
of nanoscale magnetic devices®’, opening up a range of emerg-
ing spintronic devices**™"2. One such application is SOT magnetic
random-access memory (MRAM)”", in which a charge current passed
through aheavy-metal spin-source layer generates a pure spin current
or spin accumulation via mechanisms such as the spin Hall effect?,
orbital Hall effect™ or the Rashba-Edelstein effects®. The resulting
pure spin current diffuses into an adjacent magnetic bit (typically
the free ferromagnetic layer of a magnetic tunnel junction), where
it exerts atorque that flips the magnetization. Compared with com-
mercialized spin-transfer-torque MRAM®, SOT-MRAM is expected
to provide higher switching efficiency, faster operation speed using

spin-source materials, and greater device endurance by decoupling the
read and write current paths in a three-terminal device geometry'®".
This combination of non-volatility, high endurance and fast opera-
tion makes SOT-MRAM a compelling candidate for next-generation
non-volatile memories.

One of the key limiting factors for SOT-MRAM is the spin-source
materialitself’. Its charge-spin conversion efficiency 8, and resistivity
ptogether determine the key device metrics inSOT-MRAM, suchasthe
write energy and memory cell size. Conventional spin-source materials
(such as elemental heavy metals like Pt) typically exhibit low resistivity
but only moderate charge-spin conversion efficiency'®2°. Toenhance
the charge-spin conversion efficiency, researchers are actively explor-
ing new materials and novel charge-spin conversion mechanisms. In
metal-based spinsources, introducingimpurities can enhance the spin
Hall effect, but this approach inevitably comes at the cost of higher
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Fig.1|Experimental evidence of OOP polarity in PtCoO, thin films and DFT
calculations. a, Schematic of the bulk PtCoO, crystal structure, showing
alternating conductive Pt layers and insulating CoO, layers. b, Temperature-
dependent resistivity of PtCoO, thin films with film thicknesses of 8 nm, 16 nm
and 24 nm. ¢, Optical SHG signal £,,0f PtCoO, thin films as a function of incident
polarization angle ¢ of the incident beam measured in the p-out configuration.
Thessolid lines are fit based on the functions derived from C;, point symmetry
(Methods). Theinset illustrates the optical SHG measurement setup: an incident
beam of frequency fwith linear polarization angle ¢ is directed onto the sample
surface, and the reflected harmonic beam of frequency 2fis detected in either the
p-out or s-out polarization. d, Ptychographic phase image of a24-nm PtCoO,
film. e, Spatial map of the Co-Pt displacement §¢,_p,, defined as the offset of Co
relative to the midpoint of the two nearest Pt atoms, extracted from d. f, Spatial
map of the O-Pt displacement &y_p, defined as the offset of the centre of two
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nearest O ions relative to the midpoint of two nearest Pt atoms, also extracted
fromd. g, Distribution of the relative phase of oxygen in the Co-O octahedra,
derived from d. The green and orange areas represent the relative phase
difference between the nearest O in the upper and lower rows of each Co atom
(Gaussian filtered with awidth of 18 pixels to enhance the visualization). This
patternreveals the O intensity asymmetry within each CoO, octahedron.

h, Schematics of the polar phase in PtCoO,, showing the Co-Ptand O-Pt
displacements. i, Momentum-space distribution of spin Berry curvature £2,.in
the first Brillouin zone for the PtCoO, supercell containing a single oxygen
vacancy, derived from the calculated band structures shown in Extended Data
Fig. 5b.j, Schematics of the atomic structure in non-polar (centrosymmetric)
PtC00,. k, Momentum-space distribution of spin Berry curvature (2, in the first
Brillouin zone for the pristine (centrosymmetric) PtCoO, supercell, derived from
the calculated band structures shown in Extended Data Fig. 5d.

resistivity’® . For unconventional materials, topological insulators
can produce large spin currents via spin-momentum locked states .
Oxide interfaces” and transition metal oxides™ also exhibit sizable
charge-spin conversion that can be tuned by external electric-field”
or crystalline symmetry®**’, However, all of these unconventional
materials suffer from high resistivity, meaning the spin-source layer
made from themwill be highly resistive. In practical devices, thisleads
tolarge resistive losses, high write voltages, substantial current shunt-
ing into the magnetic layer, slower operation and reliability issues.
After over adecade of intensive investigation into spin-source materi-
als, a universal trend has emerged: attempts to increase charge-spin
conversion are almost invariably accompanied by higher resistivity*°.
This trade-off is often quantified by the spin Hall conductivity (SHC),
afigure of merit that combines charge-spin conversion efficiency and

electrical resistivity, expressed as 05 = n/2e% (where fiand eare the
reduced Planck’s constant and electron charé)e, respectively).

Here we propose an alternative strategy to enhance the charge-
spinconversion, thatis, introducingapolar distortion (to break spatial
inversion symmetry) in a highly conductive quasi-two-dimensional
metal. It is known that breaking inversion symmetry at interfaces
and surfaces (in materials with a strong spin—-orbit coupling) can
produce pronounced charge-spin conversion by lifting the spin
degeneracy of electronic bands (via Rashba effects)”. Recent stud-
ies suggested that breaking inversion symmetry in bulk crystals can
enhance charge-spininterconversion®, for example, in ferroelectric
semiconductors®and in locally non-centrosymmetric oxides*. Polar
metals that are electrically conductive and lack inversion symme-
try* become a promising material platform for achieving efficient
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Fig.2|Measurements of SOT efficiency in PtCoO,-based heterostructures.

a, Schematic of the angle-dependent HHV measurement setup. An alternating
current (/,.) is applied in the presence of an in-plane magnetic field H,,,, causing
the magnetization (M) to oscillate due to field-like (t; ) and damping-like (t;,)
SOT, which induces a second HHV. The first (V4%) and second (V?) HHVs were
measured by rotating the in-plane magnetic field angle (¢). b, Cross-sectional
HAADF-STEM image of a polar PtCoO,/NiFe heterostructure. ¢, Measured V,Z‘;’,’ asa
function of ¢ for an 8-nm polar PtCoO,/6-nm NiFe sample at different magnetic
field strengths. The solid curves represent fits to the experimental databased on
equation (6).d, Ratio of the cosp component of — V%’ and anomalous Hall voltage
=Vp/Vaneasafunction of 1/pg(Hex, + Hy). The solid lineis alinear fit that yields a
damping-like SOT effective field H,, of (0.36 + 0.04) mT MA™ cm™for polar
PtCo0,/NiFe and (0.01 + 0.03) mT MA™ cmfor non-polar PtCoO,/NiFe. Error

8-nm PtCoO,/6-nm NiFe

0.6

0.4

Second HHV (uV)

0.2

o 70 mT 125 mT
090 mT © 150 mT
410 mT <175 mT
0 . . .
0 90 180 270 360
Magnetic field angle, ¢ (°)
12
[0 Angle-dependent HHV PtCoO,/NiFe
10L O High-field HHV PtCoO,/Pt/Co
Loop shift PtCoO,/Pt/Co
0.8 |_-}| /A Loop shift PtCoO,/CoFeB
06 L Polar PtCoO, I;I
©)
0.4 |- (=)
02+
Non-polar PtCoO,
-0.2 1 1 |
0 8 16 24 32

PtCoO, thickness (nm)

barsindicate the standard errors of the fitted parameters obtained from the
second-harmonic voltage fitsin c. e, Thickness-dependent SOT efficiency for
polar PtCoO,/NiFe heterostructures (obtained from angle-dependent HHV
measurements) for polar PtCoO,/Pt/Co heterostructures (obtained from
current-induced hysteresis loop shift and high-field HHV measurements) and
polar PtCoO,/CoFeB heterostructures (obtained from current-induced
hysteresis loop shift measurements). For comparison, the SOT efficiency of a
13-nm non-polar PtCoO,/8-nm NiFe sample is also shown (obtained from the
angle-dependent HHV measurements). The error bars indicate the standard
errors of the fitted parameters obtained from the linear fitsin d. All
measurements were performed at room temperature on 10 pm x 50 pm
Hall-bar devices.

charge-spin conversion. We choose PtCoO, as a model system to
investigate how polarity influences charge-spin conversion. As shown
inFig.1a, PtCoO, comprises alternating layers of conductive Pt trian-
gular lattice and insulating Co-0 octahedra (Fig. 1a). Bulk PtCoO, is
centrosymmetric (non-polar) and is renowned for its ultralow resis-
tivity, resulting from its highly dispersive conduction band and low
electron-phonon coupling®*. The confinement of charge carriers
withinthe Pt monolayers could allow polar distortions to persistinthe
insulating CoO, layers, as the free carriers cannot effectively screen
the out-of-plane (OOP) fields™.

Results

Polar structure of PtCoO, thin films

We grew high-quality epitaxial PtCoO, thin films on two-inch
Al,0,(0001) wafers (Extended Data Fig. 1a) using a chemical solution
deposition (CSD) method developed previously by us (Methods)*°.
Atomic force microscopy imaging reveals a smooth film surface
with roughness below 1 nm (Extended Data Fig. 1b). X-ray diffraction

(Extended Data Fig. 1c-e) confirms the good crystalline quality and
epitaxial growth of the films. Temperature-dependent resistivity meas-
urements show metallic behaviour, with ultralow room-temperature
resistivity ranging from3to 5 pQ cmfor films between 8 nmand 24 nm
thick (Fig. 1b), which are approaching the value of the PtCoO, bulk
single crystals (-2 pQ cm)*. For acomparative study, we also prepared
a13-nm PtCoO, thin-film sample by molecular-beam epitaxy (MBE;
Supplementary Note 1), which showed similar transport properties
as the CSD-grown films (Supplementary Note 2).

Weinvestigated inversion symmetry in PtCoO, thin films by using
optical second-harmonic generation (SHG) measurements (Methods).
AsshowninFig.1c, the CSD-grown films produce a two-fold anisotropic
SHG pattern, whichindicates brokeninversion symmetry withapolar
axisoriented along the OOP direction. The increasing signal amplitude
with film thickness (Fig. 1c) confirms that the SHG originates from
the bulk rather than the surface or interface. No evidence of in-plane
polarity is observed (Extended Data Fig. 2). By contrast, MBE-grown
samples show no anisotropic SHG signal under the same measurement
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conditions (Supplementary Note 3), asignature of acentrosymmetric,
non-polar structure.

Wedirectly visualized the polar structure inthe CSD-grown PtCoO,
film using four-dimensional (4D) scanning transmission electron
microscopy (STEM) ptychography (Methods), measuring the Pt, Coand
O atomic positions at deep-sub-angstrom resolution and
deep-sub-picometre precision*. The ptychography reconstruction of
a24-nm PtCoO, film sample yields a series of depth-resolved slices,
fromwhich Fig.1d shows arepresentative slice revealing distinct polar
atomic displacements of both Co ions and oxygen octahedra, shifted
off-centrerelative to the adjacent Ptlayers along the OOP direction with
apredominantly upward offset. Spatial maps of Co-Pt (6¢,_py; Fig. 1)
and O-Pt (6_p,; Fig. 1f) displacements exhibit closely matching
nanoscale domains, with smaller O-Pt displacements that produce a
smallupward shift of Corelative to the octahedral framework (Fig. 1h).
Statistical analyses of Co-Pt and O-Pt displacement distributions
(Extended Data Fig. 3) show mean values of -2 pm and ~1 pm, respec-
tively. These values, averaged over nanoscale polar domains with vary-
ing amplitude and orientation of electric dipoles, indicate a small net
OOPpolarization. Depth-resolved reconstructions (Extended DataFig.4)
further demonstrate that the polar displacements vary along thebeam
direction and show correlation over several nanometres, consistent
with that derived from the spatial distribution map in the slice. These
observations indicate a picture of short-range polar nano-regions
throughout the film that, in aggregate, gives rise to the macroscopic
inversion-symmetry breaking detected by SHG.

Interestingly, these polar displacement domains correlate
strongly with oxygen-vacancy distributions (Fig. 1g), suggesting
that although bulk PtCoO, is centrosymmetric, polar displacement
domains canbeinduced by localized oxygen vacancies. The absence
of inversion-symmetry breaking in MBE-grown samples may result
from a lower oxygen-vacancy concentration, imposed by the more
strongly oxidizing growth environment (Supplementary Note 1).
This mechanism is similar to the formation of polar nano-regions in
strontium titanate in which polar domains emerge from local disor-
der®. The large structural anisotropy of the quasi-two-dimensional
delafossite structure makes the lattice more compliant along the ¢
axis; therefore, the oxygen vacancies preferentially induce displace-
ments in this direction. Importantly, this polarity from Co and O
off-centring does not compromise the low resistivity in PtCoO,. This
observation is consistent with the recently reported sublattice puri-
fication mechanisminbulk metallic delafossites, which revealed that
impuritiesare forced toresideinthe octahedral layers, whereas leav-
ing the conductive layers ultrapure and electrically decoupled from
disorder™®.

Density functional theory (DFT) calculations reveal that the
oxygen-vacancy-induced polarity affects the electronic band struc-
ture (Extended Data Fig. 5). In the supercell model containing oxygen
vacancies, the relaxed structure exhibits local OOP polar distortions
with Co-Pt and O-Pt displacements of the same order of magnitude
as those observed in individual polar nano-regions from ptychogra-
phy. The local inversion-symmetry breaking produces pronounced
band splitting near the Fermi surface in the conduction bands, which
enhances the intrinsic spin Berry curvature (following the Kubo for-
mula (equation (4))). The calculated momentum-space distribution of
thespinBerry curvature shows that the oxygen-vacancy-induced polar
phase exhibits a stronger overall spin Berry curvature (Fig. 1i) than the
centrosymmetric phase (Fig. 1k). Consequently, the computed SHC
increases by afactor of 3-4 (Extended Data Fig. Se).

Charge-spin conversionin PtCoO,

We next measured the charge-spin conversion of our PtCoO, films by
conducting SOT measurements at room temperature on various
PtCoO,/ferromagnetic heterostructures, including those with NigoFe,,
(NiFe; in-plane magnetic anisotropy) and Pt/Co multilayers
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Fig.3|Benchmarking SHC in polar PtCo0,. Comparison of SHC and resistivity
of polar PtCoO, with those of representative spin-source materials, including
heavy metals, topological insulator, topological semimetals and oxides. The
dashed lines represent fixed SOT efficiency, which is the product of SHC

and resistivity.

(perpendicular magnetic anisotropy). Passing a charge currentin the
PtCoO, layer generates spin currents that diffuse into the adjacent
ferromagnetic layer and exert torques on its magnetization. To quan-
tify these torques, we first used angle-dependent harmonic Hall voltage
(HHV) measurements (Methods). Figure 2b shows the high-angle annu-
lar dark-field (HAADF) image of the PtCoO,/NiFe heterostructure with
a well-defined interface. Figure 2c shows the representative
angle-dependent HHV curves for an 8-nm polar PtCoO,/6-nm NiFe
device measured under various field strengths. Figure 2d illustrates
the linear fits of the field-dependent damping-like SOT component,
fromwhich we extract the damping-like effective field and determine
the SOT efficiency 6, (Methods and Extended DataFig. 6). Theintrin-
sic charge-spin conversion efficiency is given by 85y = 6p, /T, where
Tis the interfacial spin transparency. The lower bound of 65, can be
obtained with T =1, since only a fraction of the spin current can trans-
mit across the interface without reflection or absorption (7< 0.5 for
typical heavy metal/ferromagnet heterostructures)®.

Remarkably, the 8-nm polar PtCoO,/6-nm NiFe heterostructure
achieves 6, =0.70 + 0.09, about an order of magnitude higher than the
reported values for conventional Pt-based heterostructures (typically
6, =-0.05-0.15)*. For reference, our control sample of 8-nm Pt/6-nm
NiFe measured under the same condition gives 6y, = 0.11 + 0.01 (Sup-
plementary Note 4). Increasing the PtCoO, thickness slightly lowers
6, (Fig. 2e), probably dueto the reductioninresistivity in thicker films,
whichindicates that the charge-spin conversionin PtCoO,is dominated
by the intrinsic spin Hall effect. In stark contrast, the heterostructure
(13-nm PtCo0,/8-nm NiFe) with centrosymmetric (non-polar) PtCoO,
grown by MBE exhibits negligible damping-like SOT signals (Supplemen-
tary Note 5), corresponding to asmall SOT efficiency (6, = 0.02 + 0.07).
This enhancement in SOT efficiency for polar PtCoO, reveals the link
between the charge-spin conversion and polar distortion.

We also measured the SOT efficiency in polar PtCoO,/[Pt (0.8 nm)/
Co(0.5nm)] x 2/Pt (1 nm) heterostructures by independent SOT char-
acterizationtechniquesincluding current-induced hysteresis loop shift
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heterostructure. a, Schematic of SOT-driven perpendicular magnetization
switching. A pulse current (/) is applied in the presence of an in-plane field (H,).
b, Hysteresis loop of the anomalous Hall resistance (R,,) for an 8-nm PtCoO,/[Pt
(0.8 nm)/Co (0.5 nm)] x 2/Pt (1 nm) heterostructure, measured by sweeping an
OOP magpnetic field H,. ¢,d, Current-induced magnetization switching under +30-
mT (c) and -30-mT (d) in-plane fields. The curved arrows indicate the switching
polarity. The slight waviness in anomalous Hall resistance reflects small changes
inresponse to current pulses weaker than required for full magnetic reversal,
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probably associated with domain nucleation and domain-wall motion. The
switching ratio is smaller than that obtained under an OOP magnetic field sweep
(b), which could arise from domain-wall pinning and current shunting in the Hall
voltage arms. e, Comparison of the SOT-induced switching critical current/,,
switching critical voltage V, and switching power P for 8-nm PtCoO,/[Pt (0.8 nm)/
Co (0.5nm)] x2/Pt (1 nm) versus 5 nm Pt/[Pt (0.8 nm)/Co (0.5 nm)] x 2/Pt (1nm),
measured under identical Hall-bar geometry and experimental conditions. All
measurements were performed at room temperature on 20 pm x 100 pm Hall-
bar devices.

(Methods and Extended Data Fig. 7a-d) and high-field HHV measure-
ments (Methods and Extended DataFig. 8). From these measurements,
6y, exhibits a similar PtCoO, thickness dependence to that observed
in PtCoO,/NiFe heterostructures (Fig. 2e). The reduced 0,, in these
samples compared with PtCoO,/NiFe heterostructures is probably
caused by the decreased interfacial spin transparency’.

In addition, to demonstrate compatibility with semiconductor
platforms, we grew PtCoO, thin films directly on Si(001) substrates with
anative SiO, layer. The films exhibit strong c-axis texture (Supplemen-
tary Note 6), which preserves both high conductivity (11 pQ cmatroom
temperature for a24-nm film; Supplementary Note 7) and OOP polarity,
as confirmed by SHG measurements (Supplementary Note 8). The SOT
efficiency ina24-nmPtCo0,/20-nm NiFe heterostructure grown onSi
isdetermined to be 0.54 + 0.04 (Supplementary Note 9), comparable
with those of sapphire-based devices. To further assess integration
with MRAM-relevant ferromagnets, we developed PtCoO,/Ta/CoFeB/
MgO heterostructures exhibiting robust perpendicular magnetic ani-
sotropy,onboth Al,O;and Sisubstrates. These devices (24-nm PtCo0,)
show SOT efficiencies of 0.44 + 0.02 on Al,O, (Extended Data Fig. 7e,f)
and 0.37 £ 0.010nSi (Supplementary Note 10), comparable with those
of Pt/Co multilayers. The ultrathin Tainterlayer is used to induce per-
pendicular anisotropy in CoFeB and acts as a spacer rather than a
spin-current source (Supplementary Note 11).

The combination of high charge-spin conversion efficiency and
ultralow resistivity in polar PtCoO, leads to an unprecedently high
value of SHC, spanning from 0.67 x 10’ to 1.6 x 10’ i/2e (Q m) " atroom
temperature, with the 24-nm PtCoO, film reaching the highest value.
Thisvalueis higher than those reported for allknown spin-source mate-
rials, including heavy metals™*?°?*** topological insulators*?¢>¢,
topological semimetals*~' and oxides***"****>** Figure 3 compares
our polar PtCoO, (red star) with representative spin-source materials

from each of these categories. In particular, polar PtCoO, exhibits a
resistivity oneto three orders of magnitude lower than these materials.

Efficient SOT magnetization switching

To evaluate the implications of the high SHC in polar PtCoO, for SOT
switching, we first investigated the power consumption required for
magnetization switching in micrometre-scale Hall-bar devices and
compared it with that of a conventional spin-source material, Pt, under
identical geometry and measurement conditions. We applied current
pulses /5. under a small in-plane magnetic field to induce the deter-
ministic switching of perpendicular magnetization (Fig. 4a). The 8-nm
PtCo0,/[Pt (0.8 nm)/Co (0.5 nm)] x 2/Pt (1 nm) heterostructure exhib-
its robust perpendicular magnetic anisotropy (Fig. 4b). We achieved
efficient SOT switching atacritical current/, of ~10 mA corresponding
toacurrentdensity in the spin-source layer/. of 5.8 MA cm ™ (Fig. 4¢,d).
The switching polarity reverses on reversing the in-plane field, consist-
entwith the expected behaviour of SOT-induced switching™. Complete
SOT switchingis confirmed by polar magneto-optical Kerr effect micros-
copy (Extended DataFig.9a,b). Furthermore, endurance measurements
over100 consecutive current pulse cycles (Extended DataFig. 9c) dem-
onstrate stable and reproducible switching. Underidentical conditions,
the 5-nm Pt/[Pt (0.8 nm)/Co (0.5 nm)] x 2/Pt (1 nm) control device
requires asubstantially higher current density of 46 MA cm™for switch-
ing (Supplementary Note 12). Owing to the much lower resistivity of
PtCoO, and larger SOT efficiency, the measured switching voltage
(V.=1I.R) and switching power (P = I>R) are correspondingly reduced
compared with Pt-based devices (Fig. 4e).

Conclusion
Inconclusion, we have achieved over 30 times enhancement in charge-
spin conversion in polar PtCo0O,, compared with its non-polar phase.
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We further demonstrated PtCoO, as a promising spin-source material
with notably reduced operation voltage and power for magnetization
switching, and that it can be integrated onto silicon substrates.

Our study illustrates that delafossites can retain ultrahigh
two-dimensional conductivity as well as accommodate functionali-
ties like polarity, due to their highly defect-tolerant conductionlayers™.
This approach can unlock arange of exotic states and enable innovative
device concepts by merging multiple correlated functionalities in a
single material, alongside previously reported surface states*, surface
magnetism®> and ballistic transport at low temperatures®. This makes
metallic delafossites as acompelling platform for spintronics research.
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Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
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Methods

Sample growth, characterization and device fabrication
Thin-film PtCoO, samples were grown using the CSD method. The
precursor solution of PtCoO, was prepared at room temperature using
a platinum(ll) nitrate solution (Pt(NO,),, Pt of 18.02%) and cobalt(II)
nitrite hexahydrate (Co(NO,),-6H,0) as precursor reagents. Initially,
the Pt-based salt was dissolved in 1 ml of nitric acid (HNO,) and then
mixed with4 ml of 2-methoxyethanol (CH,0CH,CH,OH). After stirring
for 8 min, Co(NO,),-6H,0 was added, and the solution underwent 8 h of
magnetic stirring to achieve ahomogeneous precursor solution. This
solution was subsequently filtered through a 0.22-um aperture filter.
The cation concentration of the solution was maintained at 0.2 mol |7,
with a Pt-to-Co molar ratio of 1:1. Thin films of PtCoO, were deposited
onc-cutAl,O;singlecrystals (twoinches) as substrates. Before thin-film
deposition, the sapphire substrates were thoroughly cleaned with ace-
tone, ethanol and demineralized water inan ultrasonic bath for 10 min
each. Additionally, Ar-ion plasma cleaning was performed to enhance
the surface wettability of the substrates. The precursor solution was
spin coated onto the Al,O; substrates at a rotation rate of 4,000 rpm
for 30 s under an ambient temperature of 45 °C. The as-coated dried
thin films were cured at 120 °C for 1 min, followed by a pyrolysis step
at 250 °C for 10 minin a tube furnace. Finally, the pyrolytic films were
annealed at 720 °C for 30 minin the ambient atmosphere using a rapid
thermal annealing procedure. This entire process was repeated multi-
ple timesto achieve the desired thickness of PtCoO, thin films. PtCoO,
thin films were grown on Si(001) wafers (two inches) with a native SiO,
layer using the CSD method under similar conditions to those used
for Al,O; substrates, except that the annealing step was optimized for
the silicon substrate. Specifically, the pyrolytic films were annealed
at700 °Cfor20 mininthe ambient atmosphere using a rapid thermal
annealing procedure. The details of the PtCoO, thin films grown using
the MBE method are provided in Supplymentary Note 1°°.

After the fabrication of the PtCoO, thin film, the samples were
immediately transferred into a magnetron sputtering chamber with
abackground vacuum of 2 x 1078 torr and then annealed at 150 °C for
30 min. Ferromagnetic NiFe, Pt/Co and CoFeB layers were sputtered
with an Ar pressure of 3 mtorr at room temperature by d.c. sputter-
ing. The film thickness was characterized by X-ray reflectivity. The
saturation magnetization Ms of NiFe, [Pt (0.8 nm)/Co (0.5 nm)] x 2/
Pt (1nm) and Ta (2 nm)/CoFeB (1.1 nm)/MgO (1 nm) were measured
tobe-~7.95x10°Am™, -4.02 x10°Am™and -1.17 x 10° Am™’, respec-
tively, by using vibrating-sample magnetometry. The epitaxy quality
of PtCoO, was characterized by a high-resolution X-ray diffractometer.
Thetransport properties were measured ina Quantum Design Physical
Property Measurement System. Devices for HHV, loop shift and SOT
switching measurements were patterned into Hall bars, by using pho-
tolithography followed by Ar-ionbeam milling. Then, 5-nm Ti/120-nm
Ptelectrodes were deposited and defined by the lift-off process.

Optical SHG

Forthe SHG experiment, atitanium sapphire oscillator system (800-nm
central wavelength, 80-MHz repetition rate and 20-fs pulse width) was
utilized as the fundamental light. The ultrafast laser beam was modu-
lated by achopper at 941 Hz to facilitate lock-in detection. Allmeasure-
ments were conducted inthe 45° oblique incidence reflection geometry
atroom temperature. The angle ¢ in the polarization-dependent data
curve was defined by the incident-beam polarization, which was con-
trolled by a Glan-Taylor polarizer followed by a rotational half-wave
plate (with¢= O correspondingto the p-polarizedincident beam). The
output second-harmoniclight was fixed as either p or s polarization by
another Glan-Taylor polarizer. The fundamental light source was fil-
tered by an800-nm bandpassfilter to eliminate the second harmonics
generated by the optics in the front optical path and was focused by a
f=300 mm lens before reaching the sample. The output second-
harmonicsignal passed through three lowpass filters to guarantee the

elimination of fundamental light before being concentrated and col-
lected into aphotomultiplier tube. Photonsin the photomultiplier tube
were converted to a photocurrent, which was amplified by a current
preamplifier and ultimately recorded by a lock-in amplifier as a corre-
sponding voltage signal. The polarization-dependent SHG intensities
corresponding to the OOP response (p-out; Fig. 1c) and the in-plane
response (s-out; Extended Data Fig. 2) were fitted using the following
expressions derived for a crystal with C;, symmetry in the 45° oblique
incidence reflection geometry:

V2 V2 ’
I, = [Tz (2dys5 + d3; + d33) cos?gp — d, cos @sing + 72d3lsin2(p] , @

2
Iy = [—%dzzcosz(p —2d;5 cos psingp + dzzsinzlp] , 2)
where /, ((¢) are the SHG intensities for pand s polarization, and dj;are
the elements of the second-order nonlinear susceptibility tensor. Fit-
ting the experimental data yields d;;=0.34 £ 0.01 and
d;s=-0.066 + 0.001, with other tensor elements negligible. The domi-
nant d;; component indicates a strong OOP polarity.

Electron ptychography
Electron ptychography represents aremarkable advancementinelec-
tron microscopy”®. This technique captures the diffraction intensity
ateach electron-beam scanning position and uses aniterative process
to simultaneously reconstruct the complex functions of both sample
and electron beam. Unlike traditionalimaging methods such as HAADF
andintegrated differential phase contrastin STEM, electron ptychogra-
phy effectively eliminates the influence of lens aberrations, achieving
deep-sub-angstrom resolution*>*°, Additionally, it can simultaneously
reconstruct heavy and light elements, whereas avoid artefacts fromsur-
face damage layers and misorientation, thereby enhancing the accuracy
inthe object phase and atomic positions and providing a true represen-
tationof the sample’s structure. Here we used the adaptive-propagator
ptychography method®® within the framework of multislice electron
ptychography to mitigate the misorientation effect. The HAADF images
and4D-STEM datasets for ptychography reconstructions were acquired
using an aberration-corrected electron microscope (JEOL ARM300)
operated at 300 kV. The 4D-STEM datasets were captured using a Gatan
K3 detector. An underfocus of about 25 nm, scan step size of 0.4 A,
beam current of 15 pA and dwell time of 0.87 ms were used. During the
adaptive-propagator ptychography reconstruction, the sample was
divided into 30 slices and the slice thickness was about 0.5 nm. The
reciprocal-space pixel size is 0.0308 A and the real-space pixel size is
0.12 A for ptychographic reconstructions. Potential sources of error
such as phaseretrieval artefacts, astigmatismand scan distortion were
carefully minimized, ensuring that the ptychographicreconstructions
provide high-precision and reliable measurements of atomic-scale
displacements in PtCo0,. Detailed validation procedures and recon-
struction quality assessments are provided in Supplementary Note 13.
The Atomap Gaussian peak finding function® was used to deter-
mine the accurate atomic column positions of Pt, Co and O. The mask
radii for peak finding of the Pt, Coand O atomic columnsare1.32 A,1.32 A
and 1.08 A, respectively. Details of the phase integration and mask-based
analysis for O columns are provided in Extended Data Fig. 10. Relative
displacement of Co-Pt is defined as the distance from a Co atomic
columnto the average position of its nearest-neighbour Ptatomsinthe
adjacentupper and lower layers, as well as to the average position of its
nearest-neighbour O atomsinthose layers.

First-principles calculations

First-principles DFT calculations were performed using a plane-wave
pseudopotential method with the fully relativistic ultrasoft pseu-
dopotentials implemented in QUANTUM ESPRESSO. The exchange
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and correlation effects were treated within the generalized gradient
approximation®. We used a plane-wave cut-off energy of 40 Ryand a
16 x 16 x 16 k-point mesh in the irreducible Brillouin zone. Spin-orbit
coupling was included in all electronic structure calculations. The
SHCwas calculated using the PAOFLOW code based on pseudo-atomic
orbitals®’. Tight-binding Hamiltonians were constructed from the
non-self-consistent DFT calculations on an 8 x 8 x 8 k-point mesh for
the SHC calculations. The SHC and Berry curvature were calculated as®

e [ d’k
B ) G B o

(nkK|n'K) (n' K| ;|nk)
Enc—En®

Here f,, is the Fermi-Dirac distribution function for band n and
wavevector k, Q’;y (k) is the spin Berry curvature, J* = % {v;, s} is the
spin-current operator. Also, v;and s, are the velocity and spin operators,
respectively, and i, j, k=X, y, z. To capture the influence of local
inversion-symmetry breaking, we constructed fully relaxed 2 x2 x 2
supercells of PtCoO, with and without oxygen vacancies. The pristine
supercell represents the centrosymmetric phase, whereas supercells
containing one or two oxygen vacancies simulate local polar distortions
near vacancy sites. We note that this supercell treatmentis anidealized
periodic approximation of vacancy disorder, whereas quantitative
modelling of realistic, disordered and aperiodic systems remains a
challenging open problem. The local Co-Pt and O-Pt displacements
and SHC values were extracted for comparison between pristine and
oxygen-vacancy-induced polar configurations (Extended Data Fig. 5e).

@)

2 (k) =-2Im

n'#n

HHV measurements
An alternating current at 1,137 Hz was applied using a Keithley 6221
currentsource. Thefirstand second HHV signals were measured simul-
taneously by two lock-in amplifiers.

Whena current/flows along the x axis, the Hall voltage V,, canbe
expressed as®*

Vi =1IRyy = I(RAHE 0s 0 + Rpyesin®Osin 2(p) , (5)

where 8 and ¢ are the polar and azimuthal angles of the external mag-
netic field H,,,, respectively; Ry, is the planar Hall resistance; and R,
is the anomalous Hall resistance. An in-plane external magnetic field
Hey = Hey(@, B)is applied to align the magnetization Mtoits equilibrium
position (¢y,0,). Under an alternating current /, . = I, sin wt, the SOT
produces an effective field expressed as Heg = (AH,, AH,, AH,)sinwt ,
which causes the magnetization Mto oscillate around the equilibrium
position, (¢}, 6;,) = (po + A@sin wt, 8, + Afsin wt) Asaresult, the second
HHYV can be written as

Vo = _% Vy = %/0 [(Rasee Sin 8o — Roye sin 26, sin 290) A ©
—ZRPHEsinZOO cos Z(pOA(p] .

Angle-dependent second HHV measurements

In samples for the angle-dependent HHV measurement® %, the fer-
romagneticlayer NiFe has anin-plane magnetic anisotropy. The exter-
nal field Hey = Hex (@, 0) is applied at a constant-magnitude H,, but
varying azimuthal angle ¢, such that M(¢, = @, 8, = 6 =90°). On the
basis of prior analyses correlating A, AG and the external field H,,,,
the second HHV is given by

VZ

HDL H
Y= —(Vagp m—————~ + V, cos Ve 75— COS @ cOs 2 7
Xy AHEZ(HeXt +HY + VaNg | COS @ — PHE I @ o, @)

which canberewrittenin the simplified form as

Vf(;’ = VpL cos@ + Vg cos @ cos 2, (8)

where
HDI.
VoL = —VauE =—=————— — Vane» 9
DL AHE Z(Hext + Hk) ANE ( )
H,
Vi = ~Voue 77 (10)

ext

Here V,, is the component contributed by T, and thermal effect;
V; is the component contributed by the T, H, is the OOP magnetic
anisotropicfield; V,y; is the extra voltage contribution from anomalous
Nernst effect; and V,,,: and V,,, are the anomalous and planar Hall volt-
ages, respectively. By varying the magnitude of the external field H,,,,
Hp, canbe extracted by performingalinear fit of V;, /), against —— Mot T
The SOT efficiency can be estimated as 6, = —uOM o 2ot _where tFM is
the ferromagneticlayer thickness and /. is the current density.

High-field second HHV measurements

In the high-field second HHV measurements®***, the ferromagnetic
layer exhibits OOP magnetic anisotropy, and the external field
Hey = Heyt(@,0) is applied along a fixed direction. The second HHV is
measured as a function of magnitude H,. In the high-field regime
(Hey > Hy),themagnetization Mis reoriented by the external field from
the OOP directionto thein-plane direction. When H,.isapplied along
the xaxis, ¢ ~ 0°,and V3 can be written as

y2 Hio.

Hp,
5 = —Vaue 2 (Hoe —HD) + VPHEH + Vane- (11)

For the PtCoO,/[Pt (0.8 nm)/Co (0.5 nm)] x 2/Pt (1nm) sample,
Veue is about one order of magnitude smaller than V,,, allowing us to
simplify the expression to

H,
V2 DL

1
w O —— —
o N A G 12

+ VANE'

The Hp, value can be extracted by varying the intensity of the
external field H,,,, and linear fitting of the V22 / Ve to . The cor-

—Hk

responding SOT efficiency can be estimated as 6, = ;qustrM %

Current-induced hysteresis loop shift measurements
Inthe loop shift measurement®®, the ferromagnetic layer exhibits OOP
magneticanisotropy.Ad.c. current/, . isapplied along the x direction
as the Hall resistance R,, is measured. During the measurements, a
magnetic field H, is applied along the x direction and an OOP magnetic
field H, was swept back and forth. Because the presence of H, tilts the
magnetization M towards the x direction, it acquires an x component
M,. Adamping-like effective field Hp, ~ M, x o arises, with azcompo-
nent H<%. This KT shifts the anomalous Hall resistance loop, producing
an asymmetric coercive field (|Hy| # |He,|)- The HET value can be
estimated via
HE = |Hal = IchII 13)
2
Reversing the /, . or H, reverses the polarity of H:f. By measuring
the HT value at different Id ..and H, values, the SOT efficiency 6,, can
be obtained using 6p, = —yOM tem ’jl
Current- and field-induced magnetization switching
measurements
The SOT-induced magnetization switching measurements were con-
ducted using Keithley 2900 as the current pulse source. Current pulses
with afixed duration of 500 ps and variable amplitude were applied to
the Hall-bar devices. After each current pulse, the device was allowed to
relax for 2 sbefore the anomalous Hall resistance was measured using
aKeithley 2182A with asmall d.c. probe current of 0.1 mA. Anin-plane
magnetic field was applied to break symmetry and enable determin-
istic switching. For magnetic-field-driven switching measurements,
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a constant probe current of 0.1 mA was applied as the OOP magnetic
field is swept between positive and negative values.

Data availability
The data supporting the findings of this study are available within the
Article and its Supplementary Information. Source data are provided
with this paper. Additional data are available from the corresponding
authors upon request.
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Extended Data Fig.1| Morphology and structural characterization of
CSD-grown PtCoO, thin films. a, Optical image of PtCoO,on a2-inch
Al,05(0001) wafer. b, Atomic force microscopy (AFM) image of the 8 nm PtCoO,
thin film. The root-mean-square (RMS) surface roughness is= 0.63 nm. The scale
baris 100 nm. ¢, Out-of-plane 26-w X-ray diffraction patterns for PtCoO, thin

1.5 nm

w ()

D,, are observed.

films of 8,16 and 24 nm thicknesses. d, Rocking curve around the (0006)

(%)

diffraction peak of the 8 nm PtCoO, thin film, showing a full-width-at-half-
maximum (FWHM) of approximately 0.224°. e, Azimuthal ¢-scan of the (1216)
diffraction peaks from the 8 nm PtCoO, thin film, confirming the epitaxial
relationship with the Al,O; substrate. Two structural domains, labelled as D, and
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Extended Data Fig. 2| S-out SHG signals for CSD-grown PtCoO, films. Optical p-out configuration (Fig. 1c in the main text). All s-out signals are relatively small
second-harmonic generation (SHG) signal E,-0f PtCoO, thin films as a function compared to the p-out signals, indicating minimal in-plane (IP) polarity.
ofincident polarization angle ¢ of the incident beam measured in the s-out The solid lines are fitting based on the functions derived from C;, point symmetry
configuration. Note that they are plotted in the same intensity scale as for the (see Methods).
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Extended Data Fig. 3 | Statistical analysis of the polar displacement distributions. a,b, Histograms of the (a) Co-Pt and (b) O-Pt displacements.
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Extended Data Fig. 4 | Depth-resolved ptychographic reconstruction. To exclude possible artifact signals near the specimen surface, only the
a, Co-Ptdisplacements and b, O-Pt displacements from slices 12" to the 17" of a middle layers were analyzed for displacement mapping. All scale bars
CSD-grown PtCoO, specimen, where a total 30 slices in depth are reconstructed. correspondtolnm.
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Extended Data Fig. 5| Density functional theory (DFT) calculations.

a, Schematic ofa2 x 2 x2 PtCoO, supercell containing a single oxygen vacancy
(grey dashed circle). b, Calculated band structure corresponding to the
oxygen-vacancy supercell shownin a, exhibiting band splitting near the Fermi
level. ¢, Schematic of a pristine 2 x 2 x 2 PtCoO, supercell without vacancies.

d, Calculated band structure for the pristine supercell shown in c. e, Summary of
DFT results showing the number of oxygen vacancies in the 2x2x2 supercell, local
Co-Ptand O-Ptdisplacements near the vacancy in the relaxed structure, and the
corresponding computed spin Hall conductivity magnitude (|o)|).
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Extended Data Fig. 6 | Angle-dependent second-harmonic Hall measurement
onPtCo0,/NiFe heterostructures. a, Angular dependence of the first-HHV for
the 8 nm PtCo0,/ 6 nm NiFe heterostructure. b, Hall resistance of the 8 nm
PtCo0,/ 6 nm NiFe heterostructure measured under an out-of-plane

magnetic field sweep. ¢,d Angular dependence of the second-HHV for

(c)16 nm PtCo0,/12 nm NiFe and (d) 24 nm PtCo0O,/16 nm NiFe
heterostructures at various external magnetic fields H.,.. The solid lines are
fitsto Vf(;’ = VpL cos @ + Vi cos @ cos 2¢. e,fExtracted normalized — % plotted

against with linear fits (solid lines), for the (¢) 16 nm PtCo0O,/12 nm

Ho (Hexe+Hy)'
NiFe and (f) 24 nm PtCo0,/16 nm NiFe heterostructures. The corresponding
damping:like effective fields H,, are (0.21+0.02) mT per MA-cm2and
(0.11+0.01) mT per MA-cm™from e and f, respectively. In e and f, data points
represent fit values obtained from the angular second-HHV fitsin c and

d, respectively; error bars indicate standard errors of the fitted V, values
and represent fitting uncertainty.
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Extended DataFig. 7 | Current-induced hysteresis loop shift measurements of
PtCo00,/Pt/Co heterostructures. a, Representative anomalous Hall resistance
loop shift for the 8 nm PtCoO, /[Pt (0.8 nm) /Co (0.5nm)]x2 /Pt (1 nm)
heterostructure under a dc current /pc = 3.5 mA and in-plane magnetic fields
HoHy = 20 mT.b-d, Extracted effective fields poH:** plotted as a function of /¢
for the (b) 8 nm, (¢) 16 nm, and (d) 24 nm PtCoO,/ [Pt (0.8 nm) /Co (0.5 nm)]x2/
Pt (1nm) heterostructures. All measurements were taken with poH, = £20 mT.
Solid lines are linear fits, yielding damping-like effective fields of (0.84 + 0.07)

mT per MA-cm™, (0.71+ 0.14) mT per MA-cm2and (0.67 + 0.09) mT per MA-cm™
forb, c,and d, respectively. e, Representative anomalous Hall resistance loop
shift for the 24 nm PtCoO,/2nmTa/1.1nm CoFeB/1nmMgO/3nmTa
heterostructure under a dc current /. = +2.5 mA and in-plane magnetic fields
HoHy, = £50 mT.f, Extracted effective fields p1oH* plotted as a function of /. for
the24 nm PtCoO,/2nm Ta/1.1nm CoFeB/1nmMgO/3 nm Ta heterostructure.
Solid lines are linear fits, yielding damping-like effective fields of (2.31+ 0.03) mT
per MA-cm™.
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Extended Data Fig. 8 | High-field harmonic Hall measurements of PtCoO,/ Pt/
Co heterostructures. a, First-harmonic Hall resistance R}é‘v’ forthe 8 nm PtCoO,/
[Pt (0.8 nm)/Co (0.5 nm)]x2/Pt (1 nm) heterostructure measured under an
in-plane magnetic field sweep (along the current axis). b, Second-harmonic Hall
resistance Rf;’ ofthe 8 nm PtCo0O,/ [Pt (0.8 nm) /Co (0.5 nm)]*x2 /Pt (1 nm)

heterostructure. Solid lineis afit to V)Z(;’ ~ —% Vaue (H—"LH) + Vg
ext~ Tk

Magnetic field, yyH, (T)

Charge current density, J, (10° A/cm?)

¢, Extracted damping-like effective field uoHp, plotted as a function of current
densities /. for heterostructures with different PtCoO, thicknesses. Solid lines
are linear fits, yielding (1.1 £ 0.1) mT per MA-cm 2, (0.91 + 0.05) mT per MA-cm™
and (0.84 + 0.11) mT per MA-cm™for the 8 nm, 16 nm, and 24 nm PtCoO, /[Pt
(0.8 nm) /Co (0.5 nm)]x2 /Pt (1 nm), respectively.
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Extended Data Fig. 9 | SOT-induced magnetization switching probed by polar
MOKE microscopy and endurance of SOT switching cycles. Polar MOKE images
ofan8 nm PtCo0, /[Pt (0.8 nm) /Co (0.5 nm)]x2/ Pt (1 nm) heterostructure
grown on Al,O; substrate. a, Initialization to +M, (top panel) followed by
switching to -M, after applying a pulsed current under anin-plane field of 30 mT
(bottom panel). b, Initialization to -M, (top panel) followed by switching to +M,

J,= 6x10° Alcm? WoH, = 30 mT

2} G X0 b Xho o)

Anomalous Hall resistance, ny(mQ)
o

-2 %WL&LD‘E&ESS%J&%WMZ

3 0 20 40 60 80 100
Pulse counts

after applying a pulsed current under a reversed in-plane field (bottom panel).

The contrast change between black and white regions presents magnetization

reversal between +M, states. ¢, Anomalous Hall resistance measured during

successive positive and negative current pulse cyclesin an

8 nmPtCo0,/[Pt (0.8 nm)/Co (0.5 nm)]x2/Pt (1 nm) heterostructure grown on

Al O, substrate.
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Extended Data Fig.10 | Electron ptychography analysis. a, Histogram of the integrated phase is defined as the sum of the phase values of the pixels within the
Co-Odistance. Asindicated by thered line, the O mask radius is approximately mask region. ¢, Statistical distribution of the relative phase of oxygenin
1/3 of the Co-O distance. This ensures a pure O signal in the ptychographic Fig.1d, whichis calculated by taking the difference in the integrated phases
intensity analysis, given the narrow Co and O atomic widths in the ptychographic between two adjacent oxygen atoms for each Co atom and multiplying by
image (Fig. 1d). b, Illustration of the product of the mask and the original phase the pixel area (0.0144 A?). The red dashed line marks the average value of the
map at the position (170-180,190-202 pixels) for a single oxygen column. The distribution (-0.0012 rad-A?).

Nature Materials


http://www.nature.com/naturematerials

	Polar nano-regions enable large spin Hall conductivity in metallic PtCoO2

	Results

	Polar structure of PtCoO2 thin films

	Charge–spin conversion in PtCoO2

	Efficient SOT magnetization switching


	Conclusion

	Online content

	Fig. 1 Experimental evidence of OOP polarity in PtCoO2 thin films and DFT calculations.
	Fig. 2 Measurements of SOT efficiency in PtCoO2-based heterostructures.
	Fig. 3 Benchmarking SHC in polar PtCoO2.
	Fig. 4 SOT-induced magnetization switching in the PtCoO2/Pt/Co heterostructure.
	Extended Data Fig. 1 Morphology and structural characterization of CSD-grown PtCoO2 thin films.
	Extended Data Fig. 2 S-out SHG signals for CSD-grown PtCoO2 films.
	Extended Data Fig. 3 Statistical analysis of the polar displacement distributions.
	Extended Data Fig. 4 Depth-resolved ptychographic reconstruction.
	Extended Data Fig. 5 Density functional theory (DFT) calculations.
	Extended Data Fig. 6 Angle-dependent second-harmonic Hall measurement on PtCoO2 / NiFe heterostructures.
	Extended Data Fig. 7 Current-induced hysteresis loop shift measurements of PtCoO2 / Pt/Co heterostructures.
	Extended Data Fig. 8 High-field harmonic Hall measurements of PtCoO2 / Pt/Co heterostructures.
	Extended Data Fig. 9 SOT-induced magnetization switching probed by polar MOKE microscopy and endurance of SOT switching cycles.
	Extended Data Fig. 10 Electron ptychography analysis.




