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All-electrical magnetisation switching via
tilting spin propagation and polarization in
MnTe spin source

Yu Dai1,5, Yandong Guo2,5, Yuanyuan Jiang1, Yongsen Zhang1, Tianping Ma 1,
Boyu Li3, Dongsheng Song 3, Dingfu Shao 4 , Xuepeng Qiu 2 ,
Mengmeng Yang 3 & Shouguo Wang 1

Crystallographic symmetry fundamentally governs the generation, propaga-
tion, and polarization of spin currents, which are the core processes in spin-
orbit torque technology, yet harnessing this principle to realize field-free
switching remains a critical challenge. Here, we propose a general symmetry-
engineering strategy that tailors spin currents via tilting crystal axis. In epi-
taxial tilted MnTe (0001) thin films, all-electrical magnetization switching due
to strong out-of-plane spin polarization was successfully observed, where spin
propagation was reoriented. Remarkably, this approach yields an exception-
ally high y-polarized spin-orbit torque efficiency (ξy = 0.58), together with a
significant z-polarized component (ξz = 0.07). Our work proves crystal sym-
metry engineering as a powerful and versatile pathway for designing spin-
sourcematerials, opening new avenues for integrating high in-plane symmetry
crystals into practical, energy-efficient spintronic devices.

The efficient control of magnetization via spin-orbit torque (SOT) is
central to the development of next-generation non-volatile magnetic
memory and logic technologies, offering compelling advantages in
speed, endurance, and scalability1–5. At its core, SOT-driven switching
relies on the transfer of angular momentum from a spin current to a
perpendicular magnetic moment. Deterministic switching requires a
spin component aligned anti-parallel to this moment. However, a
fundamental symmetry constraint limits conventional SOT systems:
charge-to-spin conversion in polycrystalline materials or single crystal
materials with very high symmetry, such as heavymetals Pt, W, and Ta,
produces spin currents with polarization transverse to both the charge
current and the film normal6. This geometry yields spins that either
cannot couple efficiently to a perpendicular magnet or drive it sym-
metrically into competing states, necessitating an external magnetic
field to break the degeneracy and define the final magnetization
orientation7. However, this requirement for an additional external

magnetic field complicates device design and impedes practical
integration.

To achieve field-free operation, significant research has
focused on generating a symmetry-breaking effective magnetic
field or unconventional spin polarization. Strategies include engi-
neering structural asymmetries8,9, establishing exchange bias10,11,
creating compositional gradients12, or employingmaterials with low
crystal symmetry13–15 or specific magnetic order16–19. The effective-
ness of some of these approaches relies on symmetry breaking to
activate unconventional components of the spin conductivity ten-
sor. While successful, they often involve complex heterostructure
engineering and typically achieve limited efficiency in generating
the crucial z-spin component. A promising alternative pathway
would be to coherently manipulate the propagation and polariza-
tion direction of inherently large conventional spin currents to
transform them into the desired out-of-plane component, which is a
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strategy that could unlock substantially higher overall SOT
efficiency.

This is achieved by introducing controlled tilting of the crystal
axes as a general symmetry-engineering strategy. For this purpose,
intentionally tilted hexagonal MnTe (0001) is utilized as a model spin
source system while the interfacial strain in this system, engineered
through the epitaxial lattice mismatch and Volmer-Weber growth
mode, tilts the [0001] crystal axis20,21. This structural manipulation
simultaneously reorients spin propagation and induces a substantial
out-of-plane spin polarization, effectively converting conventional
spin currents into a form that carries the necessary z-component for
field-free switching. Consequently, efficient and deterministic switch-
ing of perpendicularmagnetization is experimentally demonstrated in
the absenceof anexternalmagnetic field. Thisworkestablishes crystal-
axis tilting as a novel and powerful materials-design paradigm for
generating unconventional spin polarizations, highlighting its sig-
nificant potential to enable high-density, energy-efficient spintronic
devices.

Results and discussion
MnTe has a hexagonal crystal structure (NiAs-type, space group P63/
mmc)22, where Te atoms form a hexagonal close-packed (hcp) sub-
lattice, and Mn atoms occupy all the octahedral interstitial sites,
forming a corrugated honeycomb layer within the ab-plane (Fig. 1a).
Below its Néel temperature (TN ≈ 307 K23), MnTe exhibits A-type anti-
ferromagnetic order characterized by ferromagnetically coupled
moments within each Mn honeycomb layer, with adjacent layers
aligned antiferromagnetically along the c-axis24. Recently, MnTe has
been proposed to host the g-wave altermagnetism25,26. However,
despite the nonrelativistic spin-split band structure, the g-wave spin
distribution prevents the nonrelativistic spin current generation27.
Although single-domain altermagnetic MnTe may, in principle, host
spin-orbit coupling-enabled spin current responses with both T-odd
and T-even components, the net magnetism-related T-odd contribu-
tion is expected to be strongly suppressed in our films because MnTe
generally forms multiple antiferromagnetic domains28. The T-odd
contributions from symmetry-related domains tend to compensate
each other, whereas the T-even contributions add up to give the same
symmetry-allowed tensor structure as that of the nonmagnetic phase,
as detailed in Supplementary Note 1. Therefore, in the following dis-
cussion, MnTe is treated as a non-magnetic spin source material. As
shown inSupplementaryNote 2, the validity of this treatment is further
supported by the consistent switching behaviors observed in MnTe-
based SOT devices below and above the Néel temperature.

As illustrated in Fig. 1a forMnTe, when a charge current is applied
collinear to the [1120] crystal axis (the -x direction), it is converted into
a spin current via spin Hall effect29,30. In a well oriented (0001) film, the

in-plane component of this spin current (denoted as Js1 with the spin
conductivity σ1) propagates along the ±y direction with spin polar-
ization oriented along ±z, while the out-of-plane component (denoted
as Js2 with the spin conductivity σ2) propagates along ±z with polar-
ization along ±y. In this case, the net spin current (Js) injected into the
top magnetic layer propagates along +z and is polarized along +y.

Figure 1b shows the case where the MnTe (0001) crystal axis
is tilted away from the film normal (the z-direction) towards the
z′-direction, which can be conceptualized as rotated MnTe (0001)
around the x axis. In this case, Js1 and Js2 propagate along the z’-
and y’-directions with the mixed spin polarization, as illustrated in
Fig. 1b. A simple symmetry analysis shows that the net spin cur-
rent by summing Js1 and Js2 hosts the spin conductivity with both
y-polarized component σy = � σ1sin

2θT + σ2cos
2θT and z-polarized

component σz = σ1 + σ2

� �
cosθT sinθT, where θT is the tilted angle

of the growth direction. Since MnTe is a hexgonal crystal and thus
no symmetry will enforce σ1 + σ2 =0, nonzero σz will be expected
as long as θT ≠0 or 90� (see Supplementary Note 3).

To validate this model, MnTe (20 nm)/Pt (1.5 nm)/Co (0.4 nm)/Pt
(2 nm) multilayer films were fabricated on MgO (111) and CaF2 (111)
substrates, with the Pt/Co/Pt structure growing in a polycrystalline
form. The MnTe (0001) film epitaxially grown on MgO (111) sponta-
neously develops a tilt angle relative to the normal direction of the thin
film. In contrast, the MnTe grown on CaF2 (111) with less lattice mis-
match exhibits a (0001) crystal plane parallel to the film plane, thereby
serving as a control sample where symmetry remains unbroken.
Schematic diagrams of the stacking structure of two multilayer films
and their corresponding field-free switching results are shown in
Fig. 2a, c, where Rxy denotes the Hall resistance. A pronounced field-
free switching loop is observed in theMgO (111)/MnTe (0001)/Pt/Co/Pt
with a tilted MnTe (0001) crystal axis, while the CaF2 (111)/MnTe
(0001)/Pt/Co/Pt system,which lacks the crystallographic tilt, shows no
field-free switching, confirming that the crystallographic tilt is a pre-
requisite for this effect.

The angular relationship between MnTe [0001] and the substrate
normal direction was confirmed through pole figure measurements in
X-ray diffraction (XRD), as shown in Fig. 2b, d. Pole figure analysis
reveals that theMnTe (0001) plane on theMgO (111) substrate exhibits
a tilting angle of θT � 5� relative to the film plane, with the tilting
direction aligned toward the MnTe [1100] crystal axis. The epitaxial
relationship inMgO/MnTeheterostructure and the relative orientation
between the MgO [111] crystal axis (the substrate surface normal
direction is within ±0.5° of the <111> direction) and MnTe [0001]
crystal axis were further verified by XRD and high-angle annular dark-
field transmission electron microscopy (HAADF-STEM) image. Speci-
fically, the epitaxial relationship isMnTe (0001) //MgO (111) andMnTe
[1120] // MgO [110]. In the MgO/MnTe system, the lattice spacing

Fig. 1 | Schematic of spin propagation and polarization in MnTe. a Spin current
projected onto the in-plane and out-of-plane directions in normal MnTe, illustrat-
ing the propagation and polarization directions. The red and blue spheres with
arrows represent spin-up and spin-down electrons, respectively. The light-blue and
green spheres denoteMnandTeatoms, respectively. The large and small arrowson
the right indicate the net spin propagation and polarization directions in the

system. b Schematic showing the modified propagation and polarization of the
spin current projected onto the y′- and z′-directions when the crystal axis of MnTe,
originally along z, is tilted by an angle towards the -y direction to a new z’-direction.
JC, JS, JS1, and JS2 represent charge current, net spin current, and spin currents with
propagation along the y (y′) and z (z′) directions, respectively.
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mismatch between the film and the substrate causes MnTe to relieve
the interfacial strain by tilting during epitaxial growth31, as detailed in
Supplementary Fig. S2. In contrast, due to the small lattice mismatch
betweenMnTe and CaF2, theMnTe (0001) peak is centered in the pole
figure for the film grownon CaF2 (111) substrate, indicating a negligible
tilt angle. A direct correlation canbe established between the presence
of crystallographic tilt, as determined from the pole figures, and the
successful observations of the field-free switching.

To further substantiate our claim, two types of control samples
were fabricated: polycrystalline MnTe/Pt/Co/Pt multilayers and Pt/Co/
Pt trilayers without MnTe. Their schematic cross-sections and corre-
sponding field-free switching results are shown in Fig. 2e and f,
respectively. Neither sample showed field-free switching, thereby rul-
ing out any contribution from the MgO (111) substrate or the intrinsic
properties of the Pt/Co/Pt stack itself. Furthermore, possible factors
such as wedge-shaped film growth32,33, deviation of the easy magnetic
axis from the film normal34, and interfacial exchange bias9,10 may also
induce field-free switching. These scenarios are discussed separately
in Supplementary Notes 5–7. The results show that these factors are
not present in ourMgO (111)/MnTe (0001)/Pt/Co/Pt system.Therefore,
the field-free switching is conclusively attributed to the generation of
unconventional spin polarizations induced by the tilting of the MnTe
[0001] crystal axis.

It is necessary to further investigate the angular dependence of
field-free switching in the MgO (111)/MnTe (0001)/Pt/Co/Pt system.
The schematic and optical images of Hall bar device structures for
angularmeasurement of field-free switching are shown in Fig. 3a and b.

These devices are patterned at various in-plane orientations relative to
the crystal axis, while the angle between the charge current direction
and the MnTe [1120] crystal axis is defined as α (Fig. 3c). Since the
MnTe [0001] crystal axis is tilted toward the [1100] direction, α =0°
and 90° correspond to the current being perpendicular and parallel to
the tilt direction of the crystal axis, respectively. The field-free
switching and the field-induced anomalous Hall Effect (AHE) loop
measurement for devices with different current directions are shown
in Fig. 3d–f. When α = 0°, the Hall resistance exhibits the largest
amplitude variation and a counterclockwise hysteresis loop with
respect to the current, consistent with the configuration in Fig. 3g,
where the applied current breaks the mirror symmetry. The current-
induced change in Rxy is approximately 0.50 Ω, whereas the change in
Rxy from themagnetic-field-induced AHE loop is approximately 1.66Ω,
indicating partial switching with a switching ratio of about 30%. As α
increases, the change in Hall resistance gradually decreases. When
α = 90° (Fig. 3e), the Hall resistance remains nearly constant with the
current, indicating the suppression of field-free switching. The occur-
rence of this phenomenon is attributed to the applied current along
the tilting of the crystal axis, which fails to break the symmetry. Con-
sequently, no net z-polarized spin current propagates toward the
MnTe/ferromagnetic layer interface, corresponding to the configura-
tion in Fig. 3h. Asα increases beyond90°, the switching hysteresis loop
reappears. The change in Hall resistance reaches a maximum again at
α = 180°,where the switching curve exhibits a clockwisehysteresiswith
respect to the current (Fig. 3f). This reversal in loop direction indicates
an inversion of the spin current polarity due to the reversed charge
current direction35. In Fig. 3d–f, the changes in Rxy from the field-
induced AHE loops are approximately equal under different angles of
current, whereas the current-induced field-free switching behavior
differs. The switching ratio is defined as the ratio of the current-
induced Rxy difference at zero current to the field-induced Rxy differ-
ence at zeromagnetic field. Its dependence on the angle of current α is
shown in Fig. 3i. The maximum switching ratio, approximately ±30%,
occurs near α =0° and 180°. The angular dependence exhibits uni-
directional symmetry, which corresponds exactly to the unidirectional
anisotropy arising from the tilted crystal axis. The reproducibility of
this angular dependence of the switching ratio was further validated
using additional independent devices, as presented in Supplementary
Note 10.

To quantify the spin current generated by the crystal axis tilt in
MnTe, the shift in the AHE hysteresis loop under various auxiliary
magnetic fields was employed. Here, the auxiliary field (Hx) is defined
as an external magnetic field always applied parallel to the current
direction7. Figure 4a shows theAHE loop shift for the devicewithα =0°
at Hx =0. Under a large current of ±11mA, the AHE loop of the MnTe/
Pt/Co/Pt stack exhibits a certain horizontal shift along the field axis, as
shown in the inset of Fig. 4a. We quantify this shift via an effective
magnetic field ΔHz , defined as ΔHz =Hcenter I +

� ��Hcenter I
�ð Þ, where

Hcenter I ±
� �

=
H+

r I ±ð Þ�H�
r I ±ð Þ

2 represents the center position of AHE loop
for positive and negative currents36. For the device with α =0° and
Hx =0, ΔHz is 6.3 Oe at ±11mA, confirming the presence of a net z-
polarized spin current along the film’s normal direction in this system.
By varying the magnitude of the auxiliary field, the value of the effec-
tive field ΔHz can be considerably modulated. Figure 4b shows the
variation of ΔHz with current density as Hx is swept from −200 Oe to
200Oe. The current density is calculated using a current shunt

model37, where IMnTe =
RPt=Co=Pt

RPt=Co=Pt +RMnTe
× ITotal, and the current density is

defined as the current per unit cross-sectional area in the MnTe layer.
For each auxiliary magnetic field Hx, ΔHz increases linearly with the
current density over the range of 1.9 × 106A/cm² to 3.4 × 106A/cm².

The slope of the linear relationship, defined as χ = ΔHz
JMnTe

, exhibits a
strong dependence on the auxiliary field Hx. As shown in Fig. 4c, the
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magnitude of χ exhibits a monotonic increase with Hx, eventually
saturating at a value χs for both positive and negative fields. Crucially,
at zero external field (Hx =0), χ shows a finite value
χσz =0:54 × 10�5Oe= A=cm2

� �
, which is attributed entirely to the z-

polarized spin current. At high auxiliary magnetic field, χ is jointly
contributed by the y-polarized and z-polarized SOTs, i.e.,
2χs =2 χσz + χσy

� �
, from which the χσy =4:5 × 10�5Oe= A=cm2

� �
can be

calculated.
The effective SOT efficiency is a function of χ:7

ξ i =
4eμ0Mst

πℏ
χσi , ð1Þ

where i = z or y. Here e, μ0, Ms, t and ℏ represent the electron charge,
vacuum permeability, saturation magnetization of the magnetic layer
Co, thickness of Co layer, and reduced Planck’s constant, respectively.
As mentioned earlier, the thickness of Co layer is 0.4 nm, and the
saturation magnetization is measured to be 1070 emu/cm3 (see Sup-
plementary Fig. S7). Using Eq. (1), when α =0°, the z-polarized and y-
polarized SOT efficiencies are calculated as ξz =0.07 and ξy =0.58,
respectively, yielding a ratio ξz/ξy of approximately 12 %. The variation
of this ratio with current direction is summarized in Fig. 4d. As the α
increases from 0° to 135°, ξz/ξy gradually decreases from 12 % to -9 %.
This trend aligns perfectly with the unidirectional anisotropy observed
in the difference in Hall resistance ΔRxy (Fig. 3i), providing conclusive
evidence that the switching is driven by the z-polarized spin current
generated via the crystal axis tilt.

For a quantitative analysis of the SOT efficiencies, it is essential to
compare the findings of this study to the broader landscape of spin-
source materials. As summarized in Fig. 5, the z- and y-polarized SOT
efficiencies of tilted MnTe are systematically compared with those of
low-symmetry 2Dmaterials (2DM), heavymetals (HM), and topological
insulators (TI). Here, the contribution from the Pt layers to ξy is omit-
ted, with further details provided in Supplementary Note 11. This
comparison serves twopurposes: first, to compare the performance of
the proposed symmetry-engineering strategy against established
alternative approaches for generating out-of-plane spin currents; and
second, to highlight the unique advantages enabled by decoupling
high SOT efficiency from inherent low in-plane symmetry.

The results clearly validate the core principle of our strategy. In
comparison with low-symmetry 2D materials (such as WTe2

13,38–40 and
TaIrTe4

15), which rely on their intrinsic crystal structure to break
symmetry, the tilted MnTe demonstrates superior values for both ξy
(0.58) and ξz (0.07). This difference arises from the distinct mechan-
isms of z-spin generation in the two cases. In low-symmetry 2D mate-
rials, the values of the spin conductivity tensor for the z-polarization
(σz) at the k+ and k- wave vectors in the Brillouin zone are no longer
equal, and their mutual cancellation yields only a weak net σz. In con-
trast, σy is generally large because it originates from the sumof σy at the
k+ and k- points. This fact is exploited in our work on MnTe: by tilting
the crystal axis, the intrinsically large σy is linearly recombined along
the film normal direction, thereby generating a σz component. Given
thatMnTe’s relatively large lattice constant ratio c/a ≈ 1.6, substantial z-
spin generation is achieved, with performance comparable to or even
surpassing that of low-symmetry systems.

Furthermore, when compared with traditional polycrystalline
heavy metals (e.g., Pt41–44, W45, Ta2,46), a significant advantage in ξy is
observed in MnTe. This highlights a key strength of this approach,
which lies in the fact that the magnitude of the conventional in-plane
spin current is not sacrificed to obtain the out-of-plane component.
Instead, the inherently large spin Hall efficiency of materials such as
MnTe is leveraged, and a portion of the spin Hall conductivity (SHC) is
generated along the out-of-plane direction via the linear combination
of SHC components along the tilted crystal axes, an effect enabled by
the crystal geometry. The exceptionally high ξy provides a significant
performance margin, which is advantageous for overcoming reversal
barriers in a wider variety of device geometries, thereby enhancing
practical integration potential and device reliability. The combination
of remarkably high y-polarized efficiency alongside a functionally sig-
nificant z-polarized component distinguishes the crystal-axis-tilting
paradigm, thereby establishing it as a versatile and powerful materials-
design strategy for next-generation, field-free spintronics devices.

While other superior spin source materials like TIs have been
reported to exhibit in-plane SOT efficiencies exceeding 147, MnTe
offers a distinct advantage through its finite out-of-plane SOT effi-
ciency, which is sufficient forfield-free switching. At the same time, it is
worth noting that, due to the semiconducting nature of MnTe and its
relatively high resistivity, a given SHC can generate a larger spin cur-
rent, which is one of the key reasons for the relatively large SOT effi-
ciency observed in MnTe. In the present case, the estimated spin Hall
conductivities are σz = 3× 103 2e=ℏ

� �
Ω�1m�1

� �
and

σy =25× 103 2e=ℏ
� �

Ω�1m�1
� �

. Therefore, while MnTe exhibits excep-
tionally large SOT efficiency, its SHC remains on the same order as - or
even lower - than that of conventional heavy metals when its high
resistivity is taken into account. It is worth noting that the resistivity of
MnTe is not afixed limitation, but rather a tunable parameter. Through
gating or doping, this parameter can be leveraged to simultaneously
engineer both the SOT efficiency and the SHC, opening new avenues
for future functional material design48.

Our work demonstrates a novel and effective mechanism for
achieving field-free switching not through conventional in-plane
symmetry breaking, but by geometrically tilting the propagation
direction of a conventional, high-efficiency spin current. This strategy
of controlled crystal axis tilting establishes a general paradigm for
transforming conventional spin currents - typically limited to in-plane
polarization - into a form that carries the necessary out-of-plane spin
component for deterministic switching of perpendicular magnetiza-
tion. The key distinction lies in actively tilting the spin propagation
vector, thereby accessing unconventional components of the spin
conductivity tensor from materials that may possess high in-plane
lattice symmetry. A significant advantage of this approach is that it
does not require low in-plane symmetry of the spin source material, a
prerequisite for many conventional field-free switching
schemes13,15,37–39. The effect instead relies on the inherent anisotropy
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Fig. 5 | Comparison of z-polarized and y-polarized SOT efficiencies across low-
symmetry 2D materials (2DM), heavy metals (HM), and topological
insulators (TI). Each color represents a distinct material system, and the ξy and ξz
values alongwith the correspondingmeasurementmethodologies are summarized
in Supplementary Note 9.
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between in-plane and out-of-plane spin conductivities, which is natu-
rally present in many hexagonal systems. This work does not distin-
guish between the contributions of spin current and orbital current
due to their identical symmetry. However, it should be noted that
distinguishing and harnessing the orbital contribution remains an
important direction for future research.

The compatibility of this tilt-engineering method with MgO (111)
substrates facilitates its integration into existing semiconductor pro-
cess flows. Looking ahead, this approach could be extended using
techniques such as chemical templating on amorphous substrates49,
paving the way for scalable device fabrication. It is important to note,
however, that this mechanism relies on the presence of a significant
intrinsic spin current with a well-defined polarization axis relative to
the crystal lattice, which is then coherently reoriented by the tilt. As
detailed in Supplementary Note 3, this method takes advantage of the
in-plane/out-of-plane anisotropy of the material and is particularly
effective for non-cubic crystal systems (e.g., hexagonal or tetragonal).
In contrast, for materials with highly symmetric in-plane/out-of-plane
isotropic structures (such as cubic systems), field-free switching can-
not be induced even if the crystal axis is tilted. Future work should
therefore focus on exploring a broader range of material systems with
suitable crystal structures, in which the proposed tilt-engineering
strategy can be applied to harness their potentially large conventional
spin currents for efficient field-free switching, thereby opening new
avenues for material discovery and functional device design.

In conclusion, we have introduced and demonstrated a general
symmetry-engineering strategy for field-free SOT switching based on
the tilting of spin current propagation. By epitaxially growing a tilted
MnTe (0001) layer on MgO (111) substrate, we coherently reorient the
generated spin current. This geometric manipulation effectively con-
verts a portion of the conventional, high-magnitude in-plane spin
current into a crucial out-of-plane spin polarization, enabling deter-
ministic switching in an adjacent Pt/Co/Pt heterostructure without any
external magnetic field. The unidirectional switching anisotropy is
directly correlated with crystal axis tilting. The system exhibits an
outstandingly high y-polarized SOT efficiency (ξy =0.58), which serves
as the powerful source current, alongside a significant generated z-
polarized component (ξz =0.07). This work establishes crystal axis
tilting as a powerful and versatile materials-design paradigm, high-
lighting a promising pathway towards developing high-performance,
energy-efficient spintronic devices by ingeniously harnessing con-
ventional spin currents.

Methods
Sample preparation and characterization
The MnTe/Pt/Co/Pt sample was fabricated by ultra-high-vacuum
magnetron sputtering, with MgO (111) and CaF2 (111) as substrates.
MnTe was deposited at 550 °C, followed by post-deposition annealing
for 20min before cooling down to room temperature. Subsequently,
the Pt/Co/Pt trilayer was deposited at ambient temperature to form a
polycrystalline structure. All layers were deposited at anAr pressure of
0.4 Pa, with sputtering powers of 10W for MnTe and Pt, and 6W for
Co. The structure of the thin film was characterized by XRD and
HAADF-STEM, and the magnetic properties were measured using a
superconducting quantum interference device (SQUID).

Device fabrication and transport measurement
The sample was fabricated into a Hall-bar device using micro-nano
fabrication techniques, with adjacent devices oriented differently
relative to the crystal axis. The width of the current channel of a
switching device is 8 μm. The combination of the Keithley 6221 AC/DC
Current Source and 2182 A Nanovoltmeter forms a powerful, inte-
grated solution, enabling easy implementation of AHE measurements
with an in-plane auxiliary magnetic field. For field-free switching

measurements, the sample was positioned away from the magnet to
ensure the absence of external magnetic field interference.

Data availability
The datasets generated and/or analyzed in the current study are pro-
vided in the Source Data file. Source data are provided with this paper.
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