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Spin-orbitronics harnesses spin-orbit coupling to generate pure spin currents for energy-efficient
information processing, particularly through the spin-orbit torque (SOT) that drives magnetization
switching. However, achieving efficient SOT switching of perpendicular magnetization, which is crucial
for high-density applications, remains challenging due to the difficulty in generating spin currents with
both high conductivity and out-of-plane polarization in conventional, industry-compatible spin sources,
such as heavy metals. Here, we overcome this limitation by demonstrating a noncollinear spin-orbit
filtering effect at the surface termination of conventional spin sources. This effect selectively transmits
electrons based on the relative alignment between their spin vectors and the interfacial Rashba-Edelstein
field. By implementing this strategy in platinum (Pt) epitaxial films with (n10) orientations (n = 2—4), we
achieve exceptionally strong z-polarized spin currents. The resulting out-of-plane spin Hall conductivity
reaches a record value of 0.75 x 10° (7/2¢) Q' m™', surpassing all previous approaches, and enables
robust field-free switching of perpendicular magnetization. Notably, the field-free switching is precisely
controlled by engineering the crystal point group symmetry from C;, to C,,. Our work establishes a
general framework for transforming conventional high-symmetry materials into out-of-plane spin sources,
paving the way for highly efficient and scalable spintronic memory technology.
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Spin-orbit torque (SOT) has become a cornerstone of
spintronics, driven by the discovery of efficient charge-to-
spin conversion via spin-orbit coupling (SOC) phenomena
such as the spin Hall effect (SHE) [1,2] and the Rashba-
Edelstein effect (REE) [3,4]. In SOT devices, an in-plane
charge current in a spin-source layer generates a transverse,
out-of-plane pure spin current that exerts torque on an
adjacent magnetic layer to switch its magnetization [5-7].
To date, SOT-based magnetic random-access memory
(SOT-MRAM) has been poised to deliver higher switching
efficiency, faster operation, and superior endurance,
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making it a leading candidate for next-generation nonvola-
tile memory technologies.

For high-density SOT-MRAM integration, perpendicular
magnetic anisotropy (PMA) is essential. However, achiev-
ing efficient and deterministic SOT switching [8-19] of
perpendicular magnetization remains a major challenge,
particularly when using conventional, industry-compatible
spin-source materials such as Pt [2], Ta [1], and W [20].
These materials exhibit strong spin Hall effects but inher-
ently support only in-plane spin polarization due to their
high bulk crystal symmetry [5,21]. As a result, the
generated spin torque lacks the necessary out-of-plane
(z) component to fully reverse perpendicular magnetiza-
tion, necessitating an external magnetic field for determin-
istic switching. To circumvent this limitation, strategies
based on low-symmetry materials [22-39] have been
explored to introduce z-polarized spin currents. While
field-free switching has been demonstrated in some of
these systems [24,25,28-32,34-36,39], their spin conduc-
tivity, thermal stability, and compatibility with existing
semiconductor processes remain limited, hindering scal-
ability and widespread adoption [40].

Here, we pursue a fundamentally different strategy:
Rather than searching for new materials, we engineer
interfacial terminations in canonical spin sources—
materials already known for their high spin Hall conduc-
tivity (SHC), chemical robustness, and CMOS compati-
bility. At the interface, a noncollinear spin-orbit filtering
effect emerges, whereby electron transmission depends on
the orientation of the electron’s spin relative to the
interfacial Rashba-Edelstein field, enabling efficient gen-
eration of strong z-polarized spin currents. Using Pt films
with specific (n10) orientations (n = 2—4) as a prototype,
we achieve a record out-of-plane spin Hall conductivity of
0.75 x 10° (h/2e) Q' m~! and demonstrate robust, field-
free switching of perpendicular magnetization without
external assistance. Our work demonstrates that bulk
crystal symmetry does not impose a fundamental limit
on spin current polarization: When interfacial quantum
transport is properly engineered, conventional materials can
surpass exotic alternatives in both functionality and per-
formance. This principle establishes a scalable route to
high-efficiency spintronic devices based on industry-stan-
dard materials, with direct implications for next-generation
memory technologies.

II. RESULTS AND DISCUSSION

A. Noncollinear spin-orbit filtering effect

The net polarization of a spin current is determined by
the ensemble spin expectation value of all participating
electrons. In heavy metals with strong SOC, where spin is
not a conserved quantity, individual electrons can possess
spin components along arbitrary directions, although a
high crystal symmetry typically enforces cancellation of

components nonorthogonal to the charge and spin current
directions. This phenomenon is exemplified by conventional
spin sources such as cubic Pt, in which an isotropic spin
conductivity tensor ensures that an x-directional charge
current always generates a purely y-polarized out-of-plane
spin current regardless of the crystallographic orientation.
Consequently, despite their superior advantages, these con-
ventional spin sources are unsuitable for deterministic
perpendicular magnetization switching according to conven-
tional wisdom. Here, we propose a way to circumvent this
fundamental symmetry constraint of conventional spin
sources (e.g., Pt) at interfacial terminations through non-
collinear spin-orbit filtering, which is a general spin-selec-
tion mechanism where electron transmission depends on the
relative orientation between the spin vector of an electron (72)
and the interfacial effective field generated by the Rashba-
Edelstein effect (ug). Unlike conventional spin filtering, in
which only parallel or antiparallel alignments of 72 and ug
are considered [41,42], our mechanism accounts for arbi-
trary 7t orientations: Transmission is maximized when 7t||ug,
monotonically reduced for noncollinear orientations, and
strongly suppressed as #2 approaches antiparallel alignment
with up (see Supplemental Material for details [43], which
includes Refs. [44-56]). This effect significantly suppresses
the cancellation of spin components that would otherwise be
nonorthogonal to the charge and spin current directions in
the bulk. Consequently, unconventional z-polarized currents
are generated through this angular selection process.

This effect can be intuitively illustrated by contrasting
high- and low-symmetry terminations. In the Pt (100) film
shown in Fig. 1(a), an x-directional charge current J.
generates orthogonal spin currents J; (y directional with z
spin) and Jy, (z directional with y spin) that encounter
purely in-plane up at the high-symmetry termination,
preserving the original polarization, as shown in Fig. 1(a).
The situation dramatically changes in Pt (n10) films
(n > 1), which can be conceptualized as Pt (100) rotated
around the [001] axis, as shown in Fig. 1(b). Here, both
spin currents adopt oblique propagation directions
with mixed polarizations. As represented by Pt (210) in
Figs. 1(c) and 1(d), the interfacial termination reduces the
symmetry to the C;, point group, retaining only a mirror
symmetry about the [001] axis. This reduced symmetry
permits finite z components in ug, enabling strong filtering
of misaligned J;; and leaving dominantly J, to contribute
z polarization to the emitted current, as shown in Fig. 1(b).
To further validate noncollinear spin filtering, we perform-
first-principles calculations based on a Pt (210) slab model.
The results reveal that the low-symmetry Pt (210)/Ti
interface naturally hosts a momentum-dependent spin-orbit
field with a finite out-of-plane component. This finding
supports the emergence of unconventional spin currents at
high-index Pt/Ti interfaces when the applied electric field
is not parallel to the mirror plane (see Sec. IV and
Supplemental Material for details [43]).
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FIG. 1. Noncollinear spin-orbit filtering effect in conventional spin sources. Schematics of spin-orbit filtering effect at high-symmetry
(100) (a) and low-symmetry (210) (b) interfaces, respectively. The purple arrows (denoted as “ug‘) represent the Rashba-Edelstein
effective field contributed by the momentum-dependent spin textures from Pt (100) and Pt (210) interfacial terminations. Compared with
Pt (100), Pt (210) has a z-tilted spin-orbit field when current is applied perpendicularly to the mirror plane. In Pt (100) (a), an
x-directional charge current J,. generates orthogonal spin currents J,; (y directional with z spin) and J, (z directional with y spin) that
encounter purely in-plane up at the high symmetric termination, preserving the original polarization. Pt (210) (b) can be conceptualized
as rotated Pt (100) around the [001] axis, where J; and J, adopt oblique propagation directions with mixed polarizations. The tilted ug
in this case enables strong filtering of misaligned J,;, leaving J, to dominantly contribute z polarization to the emitted current. (c) The
(210) plane in fcc Pt crystal structure. (d) Top view of the Pt (210) plane. The dashed line represents the mirror plane (“m”). The white
and red balls represent two adjacent Pt atomic layers (white on top and red below) projected in the (210) orientation. (e) High-angle
annular dark-field-scanning transmission electron microscopy (HAADF-STEM) image of 6-nm Pt thin film deposited on (210)-oriented
SrTiO;. The tilted dark square represents a unit cell of fcc Pt, and the scale bar is 1 nm.

B. Field-free switching of perpendicular magnetization  thicknesses matching their nominal values. For simplicity,
we refer to this stack as “Pt/FM” in subsequent discus-
sions. The Pt/FM is then patterned into 5 pm Hall bar

devices as shown in Fig. 2(a), with the charge current angle

To confirm our hypothesis that z-polarized spin currents
can be generated in Pt films with low-symmetry termi-
nations, we first deposit Pt thin films on a (210)-oriented

SrTiO; (STO) substrate by magnetron sputtering (see
Sec. 1V). X-ray diffraction (XRD) (Supplemental
Material [43]) and cross-sectional high-angle annular
dark-field scanning transmission electron microscopy
(HAADF-STEM), shown in Fig. 1(e), confirm the high-
quality epitaxial growth of (210)-oriented fcc Pt with
high crystallinity and an atomically sharp interface.
After depositing the Pt (210) film, we sequentially deposit
a multilayer stack of Ti(2 nm)/CoFeB(1 nm)/
MgO(10 nm)/Ta(2 nm), which is used to probe the spin
current generated by Pt. The HAADF-STEM image of the
Pt/Ti/CoFeB/MgO/Ta structure exhibits well-defined
interfaces (Supplemental Material [43]), with layer

(¢1) varied relative to the [001] direction in the Pt (210)
plane shown in Fig. 2(b). Anomalous Hall effect (AHE)
loops measured at ¢; = 0° and other angles [shown in
Fig. 2(c) and Supplemental Material [43]] confirm the
perpendicular magnetic anisotropy (PMA) of the samples.
The AHE amplitude (ARy) remains nearly constant across
all angles (Supplemental Material [43]). Next, we apply
electrical current pulses (1) to switch the magnetization
(see Method) in the absence of an external magnetic field,
and the result is shown in Fig. 2(d), where an anisotropic
switching behavior on ¢ is observed. Deterministic mag-
netization switching occurs at most angles except for
@; = 90° and 270°, where the current is applied parallel
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FIG. 2. Current-induced field-free magnetization switching in a Pt/ferromagnet heterostructure with C;, symmetry. (a) Schematic of
the Pt (210)/FM Hall device for electrical transport measurements. “FM” represents the ferromagnetic layer with a Ti (2 nm)/
CoFeB(1 nm)/MgO(10 nm)/Ta(2 nm) stack. (b) Definition of the current-flowing direction (¢y). The current (/) is applied along the x
direction of the Hall bar (gray cross). The blue dashed line represents the mirror plane (“m”). (c) Anomalous Hall resistance vs H, for
@1 = 0°. (d) Angle dependence of current-induced magnetization switching. The switching loops are vertically shifted for clarity. The
switching current density in the Pt layer is around 2.5 x 107 A/cm?. (e) Switching ratio as a function of ¢; and fitting curve using a

cosine function.

to the mirror plane. The amplitude of the switched Hall
resistance (AR;) is maximized at ¢; = 0° and 180° with
opposite switching polarities (indicated by arrows), where
the current is applied perpendicular to the mirror plane. The
switching ratio (AR;/ARy) follows a cos¢; dependence
[Fig. 2(e)], exhibiting a onefold angular dependence that
matches the Cy, crystal symmetry of Pt (210). In a control
sample where the Pt layer is removed from the stack, no
switching is observed, indicating that the Ti layer alone
cannot induce field-free switching (Supplemental Material
[43]). When the growth temperature of Pt is decreased from
550°C to 200 °C, field-free switching can still be achieved
(Supplemental Material [43]). We note that the incomplete
switching (AR;/ARy < 80%) in Fig. 2(d) is due to the
pinning effect from Hall voltage arms. By fabricating the
ferromagnetic layer into a round pillar above the Pt layer,
near-complete switching (over 98%) is observed, as further
confirmed by magneto-optical Kerr effect (MOKE) imag-
ing (Supplemental Material [43]).

To further investigate the noncollinear spin-orbit filtering
effect, we prepare Pt films with (010), (110), (210), (310),
and (410) surface terminations, whose top views are shown
in Figs. 3(a)-3(e), respectively. The growth conditions for
(010)-, (110)-, (310)-, and (410)-oriented Pt/FM are
identical to those for Pt (210)/FM (see Sec. IV). The
resistivity of these Pt (n10) films remains almost constant
(~3.1-3.2 x 1077 Qm), as shown in the Supplemental

Material, Fig. S12 [43]. These Pt (n10)-based samples
(n = 0-4) exhibit comparable saturation magnetization
(M,), while their anisotropic field (Hy) increases with
increasing n from 0 to 4 (Supplemental Material [43]).
Structurally, Pt (410), (310), and (210) share the same C,
symmetry (featuring only one mirror plane), which sup-
ports a tilted ug when the current is not parallel to the
mirror plane. In contrast, Pt (110) exhibits C,, symmetry
(two mirror planes + C, axis), and Pt (010) [or, equiv-
alently, Pt (100) in Fig. 1(a)] has Cy4, symmetry (four mirror
planes + C, axis), both of which restrict up to in-plane
orientations regardless of the current direction. Figure 3(k)
illustrates these planes within the Pt cubic structure. For
switching measurements, the current pulse direction is
fixed along the [001] direction for all the samples. As
shown in Figs. 3(f)-3(j), field-free switching is observed in
the Pt (210)-, Pt (310)-, and Pt (410)-based devices but is
absent for the Pt (010) and Pt (110) devices, suggesting that
the highest symmetry permitting field-free switching is a
single mirror plane. When an external magnetic field (H,)
of 50 Oe is applied, all five devices exhibit deterministic
switching with identical polarities, consistent with conven-
tional field-assisted SOT switching. The decrease in Hall
resistance at the highest current values is mainly due to
Joule-heating-induced demagnetization, which does not
affect the eventual switching ratio. The H, dependence
of the switching ratio AR;/ARy [Fig. 3(1)] is extracted
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Controlling spin-orbit torque switching via point group symmetry. (a)—(e) Top view of the Pt (010), (110), (210), (310),

and (410) planes, which exhibit three different symmetries of Cy,, C»,, and Cy,. The mirror symmetry is denoted as “m,” and the
twofold and fourfold rotational symmetries are denoted as C, and Cy, respectively. (f)—(j) Current-induced magnetization switching
in Pt (n10)/FM samples with n = 0, 1, 2, 3, and 4 under external magnetic fields of H, = 50, 0, and —50 Oe. (k) Five typical (n10)
lattice planes in the fcc Pt crystal structure. (1) H, dependences of switching ratio (AR;/ARy) and (m) switching current density
(J¢) for Pt (n10)/FM samples. (n) SOT switching efficiency (n = Hy/J..) under zero magnetic field for the Pt (210)-, (310)-, and

(410)-based heterostructures.

from the switching loops for the five devices obtained
under various H, values (Supplemental Material [43]).
The Pt (010) and Pt (110) devices exhibit an antisymmetric
AR{/ARy — H, relationship, with a near-zero switching
ratio at H, = 0. In contrast, the curves of the Pt (210), Pt
(310), and Pt (410) devices are laterally shifted
(~23-28 Oe rightwards), achieving a nearly complete
magnetization switching at H, = 0. Figure 3(m) summa-
rizes the switching current density (J.) versus H,. For Pt
(010) and Pt (110), J. decreases with increasing |H,|,
peaking near H, = 0. In contrast, for Pt (210), Pt (310), and
Pt (410), the maximum J,, occurs at 20 to 30 Oe, consistent
with the shifted fields in Fig. 3(1). Within a monodomain
model, the SOT switching efficiency (neglecting Joule
heating) is defined as [57] n = H\/J.. As shown in
Fig. 3(n), n increases from 410 Oe/(10” A/cm?) to
610 Oe/(10” A/cm?) as n increases from 2 to 4,

demonstrating the tunability of the field-free switching
efficiency through surface symmetry engineering of Pt.

C. Characterization of out-of-plane spin

To quantify the spin polarization associated with the
noncollinear spin-orbit filtering, we first measure the
current-induced out-of-plane (OOP) effective field (Hggp)-
Note that Hqgp is estimated from the anomalous Hall loop
shifts under positive and negative current pulses [8,58].
Taking the Pt (210)/FM device as an example, application
of Iy = 13 mA (=13 mA) at ¢; = 0° produces leftward
(rightward) loop shifts [Fig. 4(a)], corresponding to a
positive (negative) Hoop. The effective was calculated as
follows: HOOP = (Hright - Hleft)/z’ where Hright and Hleft
denote the central fields of the loops under positive and
negative /.. The current dependences of Hoop for the
Pt (210) device at ¢; = 0° 90° and 180° are shown in
Fig. 4(b). For ¢; = 0°, Hppp remains nearly zero below a
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FIG. 4. Spin Hall conductivity in (n10)-oriented Pt and existing low-symmetry materials. (a) Anomalous Hall loops of the Pt
(210)/FM device at ¢y = 0° under +13 mA (red solid line) and —13 mA (blue dashed line) pulsed currents. (b) Current-induced
OOP effective field of the Pt (210)/FM device as a function of the pulsed current for ¢; = 0° (red), ¢; = 90° (black), and
@1 = 180° (blue). (c) OOP effective field Hoop of the Pt (210)/FM device at /. = 13 mA. The solid line represents a cosine
fit. (d) Second harmonic Hall voltages of the Pt (210)/FM device at ¢; = 0° as a function of the in-plane magnetic field angle
(py) under H =5 kOe. The solid line is a fit using Eq. (1). (e) Pt surface orientation dependence of the charge-to-spin
conversion efficiency (6” and 6°) for the y spin and z spin. (f) OOP and in-plane SHCs summarized for other low-symmetry
materials and Pt (n10) (n = 1, 2, 3, 4) in this work. The references for the SHC of other materials are listed in the Supplemental

Material, Table S1 [43].

threshold current of 9.5 mA before rising to 7.5 Oe at
13 mA. For ¢; = 180°, the threshold current is the same as
that for ¢y =0° but Hgop exhibits opposite polarity.
For ¢; = 90°, Hpop stays near zero across all currents.
The opposite signs of Hqgp for ¢y = 0° and 180° corre-
spond to reversed switching polarities in Fig. 2(d), whereas
the near-zero Hpgp at ¢ = 90° accounts for the absence of
field-free switching. The threshold behavior in the
Hoop-1puse telation aligns with reports on z-spin induced
switching [15,25], where SOT modulates the effective
damping (see Supplemental Material [43]). Figure 4(c)
presents the ¢; dependence of Hqop measured at /e =
13 mA (see raw data in Supplemental Material Fig. S15
[43]). Similar to AR;/ARy-¢; in Fig. 2(e), Hoop-¢; also
exhibits a onefold angular dependence, which directly
correlates the generated z spin with the z component of
up in Fig. 1(b).

Second harmonic Hall voltage measurements are per-
formed to further quantify the spin polarizations in the y
and z directions [22,30,59]. An in-plane magnetic field
(H.y) exceeding the saturation field is applied, while a
small ac current (/,.) is applied to drive magnetization
oscillation, generating a second harmonic Hall voltage
(V,,,) via the SOT effect (see Supplemental Material for
details [43]). By rotating the in-plane angle (¢y) of H.y.,
the V,,, signal follows [22,59],

VAHE H DLy
V5, = P — Vv COoS
2w < ) Hext — HK + ther Pu

Hppy + Hoe

cos(2¢y) cos ¢
cht ) " "

+ (VPHE

Hpr,
+ Veue % cos(2¢y) (1)

ext

where V,ug and Vppg represent the anomalous Hall
voltage and planar Hall voltage, respectively. Here, Hpyy
(Hpry) is the dampinglike (fieldlike) effective field origi-
nating from the y spin, Hpy, is the dampinglike effective
field originating from the z spin, and Hg. represents
the Oersted field. For the Pt (210)/FM device at
¢ =0° the V,, — @y relation under H.; =5 kOe is
shown in Fig. 4(d), from which we can derive the
parameters A= (VAHE/Z) (HDLy/Hext - HK) =+ Vther and
C = Vpur(HpL./Hex) according to the fit with Eq. (1) (see
Supplemental Material for the fitting procedure [43]). By
measuring A and C at various H, values, we obtain Hpy,
and Hpy . As expected for spin-orbit torques, the extracted
Hpp, scales linearly with the applied current (see
Supplemental Material, Fig. S23 [43]). For Pt (210)/FM,
the spin-torque efficiencies Hpy,/J and Hpy,/J are esti-
mated tobe 2.8 Oe/(10” A/cm?) and 16.9 Oe/ (107 A/cm?),
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respectively. Note that J is the current density flowing in the
Pt layer. For comparison, we measure Hpy,/J and Hpyy/J
for Pt (010)-, Pt (110)-, Pt (310)-, and Pt (410)-based
heterostructures, and the results are shown in the
Supplemental Material, Fig. S24 [43]. Here, Hp,/J is
negligible for the high-symmetry Pt (010) and Pt (110)
surfaces but increases with n from 2 to 4 in the low-symmetry
Pt (n10) surfaces. In contrast, the y-spin-related Hpy/J

fluctuates [~16-19 Oe/(107 A/cm?)] across the orienta-
tions, indicating that the orientation does not greatly affect the
in-plane spin torque efficiency. In accordance with the
established method [2,60], we calculate the charge-to-spin
conversion efficiency (67, 6°) for the y spin and z spin using
the formula 6 = (2eMgtpy /1) (uoH/J) with Hpyy/J and
Hpy,/J, and their orientation dependences are shown in
Fig. 4(e). The obtained 6#” value is in the range of 0.055—
0.060, consistent with previous reports on epitaxial Pt [61,62].
In contrast, 6° is calculated to be 0.009, 0.013, and 0.024 for
Pt (210)-, Pt (310)-, and Pt (410)-based samples, respectively.
A similar trend is observed in the orientation dependence
of Hpop on the Pt (n10), as shown in the Supplemental
Material, Fig. S17 [43]. We further investigate the Hpy,
strength for different Pt (n10) orientations using a thicker
CoFeB layer with in-plane magnetic anisotropy (IMA) in
Pt/CoFeB/MgO/Ta devices (without Ti). We note that
the removal of the Ti layer does not alter the results
(Supplemental Material, Fig. S26). We compare 6° of IMA
samples with that of PMA samples and observe similar trends
across different Pt (n10) crystal textures (see Supplemental
Material, Fig. S27 [43]). By using 6” and 6%, we derive the
SHC for the y spin and z spin via o, , = (72/2¢)0c, and
o,. = (h/2e)6°c,., where o, represents the conductivity of
the Pt films (~3.1-3.2 x 10° Q=" m~! for the five orienta-
tions). Figure 4(f) summarizes the o, , and o, , values for
various low-symmetry systems (including WTe, [22],
MoTe, [37], TalrTe; [28], Mn;GaN [23], MnsIr [34],
RuO, [26], and IrO, [27]) and our Pt (n10) systems
(n=1, 2, 3, 4). Notably, Pt (410) achieves o, ~
0.75 x 10°> 7/2e¢(Qm)~!, the highest reported value thus
far, while maintaining a large o, ,(~1.8x10°71/2¢(Qm) ")
at the same time. The increasing trend of o, with n from 2
to 4 is consistent with the switching efficiency evolution in
Fig. 3(n), suggesting that Pt (410) may possess a suitable
0,/ 0,, ratio that optimizes the switching performance.
Having observed the z-polarized spin-current-induced
field-free magnetization switching, we employe the MOKE
imaging to visualize the reversal process. It is found that
the deterministic switching proceeds via domain nucleation
and domain-wall (DW) propagation (see Supplemental
Material [43]). In conventional high-symmetry spin Hall
materials, efficient DW motion relies on y-polarized
spin currents and Néel-type walls stabilized by a large
interfacial Dzyaloshinskii-Moriya interaction (DMI)
[63-65]. However, in our Pt/Ti/CoFeB system, the

measured DMI effective field is only about 30-33 Oe
(Supplemental Material, Fig. S31), much smaller than
typical Pt/FM systems [58,66], indicating that the 2-nm
Ti interlayer strongly suppresses interfacial DMI [67,68].
Under such weak DMI, the DW configuration is not
rigidly locked to a Néel state and may exhibit Bloch-type
character [65,69,70]. In this context, a z-polarized spin
current can generate an out-of-plane torque 7,
m X (m x Z) (where m is the DW center moment), which
can drive in-plane DW moments toward the z direction
regardless of DW type. This result suggests that DW-
mediated switching is not strictly constrained by the
requirement of homochiral Néel walls, providing a path-
way for field-free magnetization reversal.

III. SUMMARY AND PERSPECTIVE

We expect that the strategy we demonstrated in this work
could offer a paradigm shift for spin orbitronics. While
z-polarized spin currents have previously been pursued in
materials with low bulk symmetry, such systems often
suffer from poor CMOS compatibility, high electrical
resistivity, and low spin conductivity, limiting their prac-
tical utility in integrated spintronic devices. In contrast, our
approach only requires the presence of an interface termi-
nation that offers noncollinear spin-orbit filtering and thus
is highly versatile and broadly applicable. Beyond Pt, we
anticipate that the widely used spin sources—such as W,
Ta, and many more sources already known for their
excellent CMOS process compatibility and high spin
Hall efficiency—can also leverage this mechanism to
generate strong z-polarized spin currents. Furthermore,
while epitaxial growth along nonprincipal crystallographic
orientations [e.g., Pt (n10)] provides one route to generate
the required interface termination, we envision that even
polycrystalline films could achieve similar effects by
inserting a two-dimensional (2D) material as a spacer
between the spin source and the ferromagnetic layer.
Such a 2D layer could locally break inversion symmetry
and induce ug with finite out-of-plane components, ena-
bling noncollinear filtering for the spin current generated
by polycrystalline spin sources.

In summary, we revealed the hidden potential of Pt,
which is the most widely used spin current source, by
demonstrating efficient out-of-plane spin generation via a
noncollinear spin-orbit filtering mechanism at its high-
index facets. This mechanism enables field-free switching
of perpendicular magnetization in Pt (210)-, Pt (310)-, and
Pt (410)-based systems, with a record-high z-polarized
SHC value that underscores its exceptional efficiency. Our
findings fundamentally reshape our understanding of con-
ventional spin sources: The bulk crystal symmetry need
not dictate unconventional spin-dependent transport, and
properly engineered terminations can transform existing
materials into platforms for realizing unprecedented
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functionality. This shift from material discovery to interface
control creates opportunities for implementing energy-
efficient spintronic memory using foundry-compatible
materials, including but not limited to heavy metals and
their alloys.

IV. METHODS

A. Sample growth and device fabrication

Pt (6-nm) films were epitaxially deposited on SrTiO;
(010), (110), (210), (310), and (410) single-crystal sub-
strates by dc magnetron sputtering (AJA Orion 8). Before
deposition, the SrTiO; substrate was heated to 550°C
and held at this temperature for 1 h. For the deposition
of the 6-nm Pt film, the Ar pressure was 1.5 mTorr, and the
temperature was 550 °C. The sputtering power was 20 W,
with a deposition rate of 0.032 nm/s. After deposition, the
Pt film was annealed in situ at 550°C for 1 h and then
naturally cooled to room temperature in a vacuum envi-
ronment. Ti (2 nm), CoFeB (1 nm), MgO (10 nm), and Ta
(2 nm) were deposited on the Pt film at room temperature
and annealed at 190°C for 5 min. Afterwards, the
Pt/Ti/CoFeB/MgO/Ta stack was patterned into 5-pm
Hall bars with different in-plane orientations using a laser
writer and Ar ion milling.

B. Scanning transmission electron microscope (STEM)

STEM samples were fabricated with a focused ion beam
(FIB, ZEISS Crossbeam 350). The sample was thinned
down using a Ga ion beam first, with an accelerating
voltage of 30 kV. Afterwards, the sample was polished with
a 2-kV ion beam. Structure characterization was conducted
with a Spectra 300 STEM (Thermo Fisher Scientific)
equipped with an X-CFEG and the S-CORR probe aberra-
tion corrector operating at an accelerating voltage of
300 kV. HAADF images were acquired with a probe
forming angle of 30 mrad and a collection angle of
46-200 mrad.

C. Current-induced switching measurement

In the current-induced magnetization switching meas-
urement, for each data point, a pulsed dc electrical current
with a duration of 30 ps was applied. After 7 seconds, the
Hall resistance was recorded by using a small ac excitation
current (100-200 pA).

D. First-principles calculations

To model the Pt/Ti interface relevant to the experiment,
we constructed a slab model based on a Pt (210) supercell
separated by a vacuum region. The slab contained 11
atomic layers, and the Pt atoms in the topmost layer were
replaced by Ti atoms to mimic the Pt/Ti interfacial
termination. This model was intended to capture the
local inversion-symmetry breaking and reduced surface

symmetry at the Pt/Ti interface. The electronic structure
was calculated within density functional theory using the
QUANTUM ESPRESSO package [71], with fully relativistic
pseudopotentials [72] to include spin-orbit coupling
self-consistently and the Perdew-Burke-Ernzerhof gener-
alized-gradient approximation [73] for the exchange-
correlation functional. A plane-wave cutoff of 50 Ry
was used for the wave functions. The resulting Bloch
states were then mapped onto a tight-binding Hamiltonian
using PAOFLOW [74-76] for subsequent calculations of the
momentum-resolved spin texture and the linear-response
spin polarization.

The momentum-dependent spin texture shown in the
Supplemental Material, Fig. S3(c), was obtained from the
expectation value of the spin operator for each Bloch state,

Sn(k) = <Wnk|8|1//nk>f

where 6 = (o,,6,,0,) denotes the Pauli matrices.
The current-induced spin polarization was evaluated
within linear-response theory as

0S; = xijE;.

where y;; is the spin-response coefficient and E; is the
applied electric field. The momentum-resolved spin
response was evaluated within the constant-broadening
Kubo formalism, for which [77,78]

_eh T2Re[ (Wi 311w tm) (Wm0 Wi )]
H5K) = = D () + (s — B £ 1)

nm

with §; = (n/2)o;, »; = (1/h)(0H/0k;), Ep the Fermi
energy, and I the spectral broadening. In the calculations,
a 200 x 200 k£ mesh and I"' = 0.02 eV were used.
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