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% Check for updates Spin-orbit torque (SOT) provides a promising mechanism for electrically

encoding information in magnetic states. Unlike existing schemes, where the
SOT is passively determined by the material and device structures, an active
manipulation of the intrinsic SOT polarity would allow for flexibly program-
mable SOT devices. Achieving this requires electrical control of the current-
induced spin polarization of the spin source. Here we demonstrate a proof-of-
concept current-programmed SOT device. Using a noncollinear-anti-
ferromagnetic/nonmagnetic/ferromagnetic Mn;Sn/Mo/CoFeB hetero-
structure at zero magnetic field, we show current-induced switching in the
CoFeB layer due to the spin current polarized by the magnetic structure of the
Mn;Sn; by properly tuning the driving current, the spin current from the
CoFeB further reverses the magnetic orientation of the Mn;Sn, which deter-
mines the polarity of the subsequent switching of the CoFeB. This scheme of
mutual switching can be achieved in a spin-valve-like simple protocol because
each magnetic layer serves as a reversible spin source and target magnetic
electrode. It yields intriguing proof-of-concept functionalities for unconven-
tional logic and neuromorphic computing.

The electrical control of magnetic states is the foundation of magnetic
memory, logic, and computing. The spin-orbit torque (SOT), arising
from the spin current produced by an electric current via spin-orbit
interactions, offers an efficient approach for controlling the magnetic
states'™. In the conventional scenario that has been used in integrated-
circuit demonstrations of non-volatile memory®, the scheme of SOT
switching is fixed by the material and device structures’. Moving for-
ward, an effective manipulation over the polarity of SOT switching

(clockwise or counter-clockwise under a fixed direction of electric
current) can stimulate rich opportunities for information processing
beyond the binary data storage. In the existing studies, such a task
requires external control panels, such as preset’” or persistent mag-
netic fields'®" and strains from piezoelectric substrates” ™. These non-
electric-current components bring additional complexity to the
implementation of SOT devices. Given that the basic elements of SOT
are just a magnetic heterostructure and an electric current’, it should
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in principle be possible to reverse the intrinsic SOT polarity by only
programming the electric current in a simple protocol without the
assistance of magnetic fields. This goal is of fundamental and practical
significance because it represents a thorough exploitation of the
interactions between the internal magnetic and electronic structures,
which will enable new schemes of SOT switching and flexibly pro-
grammable devices that advance the current logic and computing
technologies.

To achieve electric current control of the intrinsic SOT polarity, a
spin source owning tunable signs of the charge-spin conversion is
necessary. A potential solution arises from the magnetic spin Hall
effect'® (MSHE) and the resultant magnetic spin Hall torque" " (MSHT)
in noncollinear antiferromagnets (NCAFMs) with chiral-spin
structures®® %, DOo-Mn3Sn (Fig. 1a) is a representative NCAFM exhi-
biting the MSHE, that is, the current-induced non-equilibrium spins are
reversible upon flipping the chiral-spin structure of MnzSn (ref. 16).
The MSHE makes the field-free switching of perpendicular magneti-
zation possible due to the out-of-plane polarization of the non-
equilibrium spins'®'**?*_ Nevertheless, there remains a major obstacle
towards the electric-current control of the MSHE, because the
mechanism to achieve field-free switching of the magnetic spin source
is still missing.

In this work, we demonstrate electrical mutual switching between
the NCAFM Mn;Sn and a ferromagnet (FM) CoFeB, that is, each mag-
netic layer works as both a reversible spin source and a target magnetic
electrode. To be specific, CoFeB with a perpendicular magnetic easy
axis undergoes field-free switching induced by the MSHT from Mn;Sn,
while Mn;Sn with in-plane magnetic anisotropy can be switched by the
spin current from CoFeB, also without external magnetic fields
(Fig. 1b). The switching conditions of CoFeB and Mn;Sn are separated
in different regimes of electric current. In contrast to previous studies

that rely on external tuning knobs beyond a magnetic heterostructure
and a current’™, our mutual switching exclusively implements the
interplay between the spin current and the magnetic structures of the
FM and the NCAFM, thus leading to a switching protocol as succinct as
a spin valve”. We further demonstrate a function of electrical turning
on/off for the switching process and polarity-programmable memris-
tive behaviors that arise from the multistep switching of Mn;Sn. These
functionalities open up new opportunities that cannot be achieved by
conventional SOT switching”>'8%*?%?” for logic and neuromorphic
computing.

Results and discussion

Basic structural, transport, and magnetic properties

Figure 1b illustrates a noncollinear-antiferromagnetic/nonmagnetic/fer-
romagnetic Mn;Sn/Mo/CoFeB heterostructure and the mechanism
of the electrical mutual switching between Mn;Sn and CoFeB. We
prepare Ru(2 nm)/Mn;Sn(17 nm)/Mo(ty.)/CoFeB(1 nm)/MgO(1.3 nm)/
TaO,(1nm) stacks on MgO(111) substrates (see Methods), where CoFeB
has a perpendicular magnetic easy axis®® and Mn;Sn shows a magnetic
easy plane lying in the film plane”. A Mo layer with a thickness of ty,
is inserted between Mn;Sn and CoFeB for magnetic separation. The
(0001) orientation of Mn;Sn is chosen to produce z-component
spins'®" for the field-free switching of CoFeB. We measure the X-ray
diffraction to characterize the crystal structure of Mn3Sn. Only the
(0002) and (0004) peaks of Mn3Sn are observed in the 26-6 scan
(Fig. 1¢), indicating that the (0001) kagome plane is formed in the
film plane. Moreover, the 60°-periodic Mn;Sn(2021) peaks in the ¢
scan (Supplementary Fig. 1) confirm the fully epitaxial growth with
the relationship of MgO(111)[110] |[Mn3Sn(0001)[1120]. We note that
Mn;Sn has a chiral-spin structure with a weak net magnetization due
to the distorted magnetic moments of the Mn atoms from a perfect
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Fig. 1| Structural, transport, and magnetic properties. a Atomic and chiral-spin
structures in a kagome plane of the NCAFM DO;o-Mn;Sn. The blurred color denotes
the atoms and magnetic moments in the neighboring kagome plane. b Schematic
of the electrical mutual switching in Mn;Sn/Mo/CoFeB. Red, blue, and gray arrows
denote the magnetic orientations of Mn;Sn, CoFeB, and non-equilibrium spins with
z-component, respectively. NM: nonmagnetic material. ¢ Out-of-plane X-ray dif-
fraction result in a Ru(2 nm)/Mn3Sn(30 nm)/MgO(1.3 nm)/Ru(l nm) stack. A large

thickness of Mn;Sn is used here in order to obtain clear signal. d Optical image of a
Hall bar device, which is connected to a current source and a voltmeter for trans-
port measurements. e R,; — H, loops of Mn;Sn/Mo/CoFeB/MgO (black) and Mn;Sn/
Mo/MgO (red). The inset shows the zoomed-in region around the switching of
CoFeB. f Magnetization M as a function of the in-plane magnetic field yyH, in the
same stack of (c).
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triangle. The magnetic orientation of the chiral-spin structure can be
represented by the magnetization vector (similarly, the octupole
moment) and is controllable by magnetic fields®.

The films are patterned to Hall bar devices (Fig. 1d) with which the
magnetic states of CoFeB can be detected via the anomalous Hall
effect (AHE)*°. Meanwhile, because the AHE in MnsSn appears in the
transverse direction to the Berry curvature that arises in the kagome
plane, the AHE voltage is not observable for the (0001)-oriented
Mn;Sn thin films®. Figure 1e shows the Hall resistance Ry; under an out-
of-plane magnetic field H,. A sharp hysteresis loop with ~-100% rema-
nence is observed in Mn;Sn/Mo/CoFeB/MgO, whereas a control sam-
ple of Mn3Sn/Mo/MgO shows a linear background from the ordinary
Hall effect. This comparison confirms that the jump of Ry corresponds
to the switching of the perpendicularly magnetized CoFeB without any
exchange coupling with Mn;Sn layer (also see Supplementary Fig. 2 for
the M — H, loop of Mn;Sn/Mo/CoFeB/MgO). The reversal field of
CoFeB is less than 10 mT.

The magnetic property of Mn;Sn is characterized by the in-plane
magnetic hysteresis loop in Fig. 1f. The remanence at zero field is ~20%
of the saturation magnetization, which is consistent with previous
studies on (0001)-oriented MnsSn thin films'®*** and suggests the
multi-domain structure of our Mn;Sn layer at zero magnetic field.

Polarity-reversible field-free switching of CoFeB by the MSHT
from Mn;Sn

The prerequisite of electrical mutual switching is to verify a reversible
switching polarity of CoFeB by the MSHT from Mn;Sn. In this section,
we use a magnetic field to control the magnetic orientation (repre-
sented by the net magnetization vector) of the spin source Mn;Sn. The
measurement sequence is shown in Fig. 2a. We first initialize MnzSn
with goHM = +1T and then withdraw the field. Due to the multiple
equivalent easy axes within the (0001) kagome plane®, Mn;Sn acquires
a multi-domain state that maintains an overall preference of the
magnetic orientation along the initialization field**. Next, CoFeB is

aligned by poHIt =0, +40 mT, followed by withdrawing the field.
Subsequently, 100-ms pulse current is applied along the x direction
with an in-plane magnetic field goHy* = — 10 ~ +10 mT to perform
the current-induced switching.

Here we focus on the results at g, H7'*® = 0. Figure 2b, ¢ show the
Ry —1 loops of CoFeB switching (critical current density of
~ 9 MAcm~2) after Mn;Sn is initialized in the opposite directions +x.
The field-free switching cannot be achieved by the weak spin Hall
effect of Mo (Supplementary Fig. 3, also see refs. 35,36), but is con-
sistent with the anti-damping MSHT switching via the z-component
spins of Mn3Sn. Remarkably, the switching polarity is reversed by
flipping the magnetic orientation of Mn;Sn (also see Supplementary
Fig. 4a), in sharp contrast to the existing studies in which the field-free
switching polarity is immune to the magnetic influence on the
NCAFM'®¥, We thus verify that the MSHE (that is, the +z spin polar-
ization is determined by the magnetic orientation of Mn;Sn along +x)
plays a critical role in the observed current-induced switching”. This is
further supported by the absence of field-free switching when Mn;Sn is
initialized along +y (Fig. 2d, e), in agreement with a spin-torque fer-
romagnetic resonance study in Mn;Sn(0001)/NiFe bilayers” and the-
oretical calculations'®’®, These results verify that Mns;Sn can serve as a
reversible magnetic spin source to induce polarity-controllable field-
free switching of CoFeB via the MSHT.

As an additional note, while Mn3;Sn obtains a net magnetic
orientation from poHW,, it has a multi-domain structure after
withdrawing the field. Taking the configuration of Fig. 2b as an
example, under a positive current, the Mn;Sn domains with +x
components provide the spins whose polarization is suitable to
switch CoFeB from down to up, while other domains with -x com-
ponents provide opposite spins that do not support such switching.
As a whole, we obtain a partially compensated MSHT and a reduced
switching ratio of CoFeB containing unswitched domains (also
see Supplementary Information). We also note that the intralayer
spin-transfer torque in CoFeB, with the possibility of inducing
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Fig. 2 | Switching of CoFeB by the MSHT of Mn;Sn. a Sequence of the switching
measurements. Hiit | HINE and H™ are the AFM initialization field, FM initi-
alization field, and the field applied during the measurement, respectively. 100-ms

pulse current is applied to induce the switching. Field-free switching of CoFeB. The

magnetic spin source Mn;Sn is initialized by a magnetic field of 1 T along (b) +x, (c)
-x, (d) +y, and (e) -y directions, respectively. Open (closed) symbols indicate the
data plots during the forward (backward) scan. The error bars indicate the standard
deviation errors in three continuous rounds of measurements.
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Fig. 3 | Electric control of the MSHT via switching Mn;Sn. a-c R,; — / measure-
ments performed in various conditions. Shared conditions of neighboring figures
are shown in a legend between the figures. Current range dependence of Ry;, where
the absolute value of the maximum current at positive side, /. is smaller (larger)
than that of the minimum current at negative side, /. in (a, b). CoFeB initialization
dependence of Ry, where CoFeB is initialized along -z (+2) in (b, ¢). d In-plane
magnetic field uyHy** dependence of /_-biased (left) and /., -biased (right) loops.
HoHY® varies from -10 to +10 mT with a step of 2 mT. The switching magnitude
AR, is qualitatively described by a scaling arrow with a colored gradient.

oy

e Switching ratio of the loops shown in (d) and the difference 6 between /_-biased
and /, -biased loops. f ty, dependence of 6 at zero magnetic field. The error bars in
(e, f) indicate the standard deviation errors in five continuous rounds of mea-
surements. g Key factors of the Mn;Sn switching, where H)?e is an Oersted field
along y direction. h Schematic for the switching process of Mn;Sn. Red arrows
indicate the net magnetization representing the overall magnetic order of Mn;Sn.
Orange arrows denote the effective rotation direction of the net magnetization of
Mn;Sn under spin injection. Green arrows denote the rotation of the net magne-
tization of Mn3Sn driven by the Oersted field.

Initial Final

domain wall motion, cannot explain our experimental results in
Fig. 2b-e, which, otherwise, should not depend on the initialization
along +x and *y. To be seen in the next section, similar arguments
apply to exclude the spin-transfer torque within Mn;Sn according to
Fig. 3b, c. Moreover, the larger bias current in Fig. 3a should not be
attributed to the critical current for the spin-transfer torque-induced
domain wall motion, because a smaller current in the opposite
direction also triggers the switching of CoFeB.

Electrical control of the MSHT polarity from the magnetic spin
source Mn;Sn

The subsequent step towards the electrical mutual switching is to use
electric current, instead of magnetic field, to set the magnetic orien-
tation of Mn;Sn. We find that it can be achieved in the same device
using the polarized spin current flowing from CoFeB to Mn3Sn, where
the critical treatment is just to apply a larger current as a bias at the

beginning. Figure 3a, b show the R;; — I loops, where the electric cur-
rent is applied in the range of -12 mA </< +8 mA and ~-8 mA </<+12 mA,
respectively, in the absence of magnetic field. We call the former
(latter) an /_(/,)-biased loop. Notably, opposite polarities of the MSHT-
induced CoFeB switching are obtained only by changing the bias
current direction. Given that the switching polarity is determined by
the magnetic orientation of the spin source Mn;Sn (verified by the
measurements with a symmetric current range of -8 mA </< +8 mA in
Fig. 2b, c), the observed phenomena indicate that Mn3Sn is switched in
the large current regime of |/| >8 mA (also see Supplementary Fig. 4b).

To elucidate the field-free switching of Mn;Sn, we first figure out
the role of the CoFeB layer. Figure 3b, c show the polarity dependence
of the CoFeB switching on the CoFeB initialization along -z and +z,
respectively (indicated by the sign of Ry;). We can see that the opposite
switching polarities are correlated to the different initialization direc-
tions of CoFeB (Supplementary Fig. 4b). Given that the switching
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polarity is determined by the magnetic orientation of Mn;Sn, this
result indicates that CoFeB, while playing a traditional role as the target
magnetic electrode being switched, also works as a magnetic spin
source to switch MnzSn. As a consequence, the intrinsic SOT polarity of
the CoFeB switching from Mn3;Sn becomes programmable by current.
Thermal effects such as demagnetization and magnetoelastic effect
cannot explain the dependence of CoFeB on the bias current or CoFeB
initialization (see Supplementary Information).

We then investigate the influence of in-plane magnetic fields on
the Mn;Sn switching. Figure 3d shows the H** dependence of Ry, — /
loops in /_-biased (left) and /,-biased (right) regimes. Figure 3e sum-

marizes the switching ratio defined as ARH(IT?E))/RO, where

ARy (IT?;) and RS are the magnitudes of CoFeB switching in the

1, (I_)-biased loop (dashed arrows in Fig. 3a, b) and the R — H, loop
(Fig. 1e), respectively. The switching ratio varies from —1% to +4% for
1, -biased loop and -4% to +1% for /_-biased loop with a constant dif-
ference 6 of -3%. & by definition represents the portion of MnzSn
domains that are oriented by the bias current rather than Hy'***. The
monotonic variation of the switching ratio can be attributed to the
Mn3Sn domains that are gradually oriented as the external magnetic
field HY*® increases, which is illustrated in Supplementary Fig. 5. On
the other hand, the switching ratio is suppressed by the constant
magnetic field along y (H}'***), as the y-oriented Mn3Sn domains do not
facilitate the MSHT switching". Figure 3f shows ty;, dependence of 6 at
zero magnetic field, which increases with ¢y, in the region of
0.6 nm<ty,<1.4 nm and decreases back at t,;, =2 nm. This result
implies that Mn;Sn can be manipulated only when ¢y, is larger than a
threshold (0.6 nm), and the effect decreases after a certain value of ty;,.

Here we propose a possible mechanism of MnsSn switching to
consistently explain the observations above. Previous studies showed
that both spin injection and external magnetic field are indispensable
for the current-induced switching in Mn;Sn/heavy metal bilayers®®**,
In our case, the switching of Mn;Sn can be attributed to the combined

effect of the sign-fixed z-oriented spins polarized by the perpendicu-
larly magnetized CoFeB and the sign-flippable y-oriented Oersted field
from the electric current (Fig. 3g, h, also see Supplementary Informa-
tion). The z-oriented spins in Fig. 3g are polarized by the perpendicular
magnetization of CoFeB, similar to the spin transfer in current-in-plane
spin valves®. These spins do not flip sign when the current is reversed.
As a result, the switching mechanism in Fig. 3h (demonstrated in ref.
44) can work in our system if Mn3Sn contains certain domains with an
easy axis along x (refs. 41,44), which is possible under current-induced
effects®. Moreover, the magnitudes of the Oersted field and the
injected z-oriented spins scale in the opposite way as t;, increases
(Supplementary Fig. 6), which can explain the observed non-
monotonic ty, dependence of 6 in Fig. 3f. We notice the different
switching behaviors in the t,, = 0.6 nm sample compared to those of
tmo 21.2 nm samples in terms of no field-free switching and the
opposite switching polarities, which can be interpreted by the ran-
domly oriented Mn;Sn domains due to the chiral-spin rotation® that
appears in the samples with a very thin Mo layer (also see Supple-
mentary Figs. 6b and 7). We have also examined other scenarios by
considering the stray field from CoFeB and the non-equilibrium spins
from various mechanisms in CoFeB (ref. 25) and Mo (refs. 35,36) bulks
as well as at the Mo/CoFeB interface”*°. However, as detailed in Sup-
plementary Table 1, all the other scenarios cannot describe the
observed Mn;Sn switching.

Full sequence of the electrical mutual switching

After studying the field-free switching of CoFeB and of Mn;Sn sepa-
rately, we provide in Fig. 4a a full sequence of the electrical mutual
switching in a wider current range of —12 mA</< +12 mA. The
unchanged sign of Ry during the current scan indicates the existence
of unswitched CoFeB domains, which is essential for the repeatable
mutual switching (otherwise, demagnetization of both magnetic layers
will occur in the large current regime). Figure 4b sketches a self-
consistent qualitative model of the critical steps in Fig. 4a. Steps (A) to
(E) ((F) to (J)) show the forward (backward) process with the electric

CoFeB Mn3Sn
IC IC

B C D E

i

a b
Start
-0.10} Current [
A
-1t N T 4]
T o
: IR RY
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i/gnssn
0.13 s ‘ ‘ ‘ ‘
-15 -10 -5 0 5 10 15

: Switched CoFeB S S

Unswitched CoFeB

------

: Switched Mn,Sn

Unswitched Mn;Sn

Fig. 4 | Full sequence of the electrical mutual switching in Mn;Sn/Mo/CoFeB.
a Full Ry, — / loop measured in the range of —12 mA </< +12 mA without external
magnetic fields. /7™ denotes the critical current for switching CoFeB
(Mn3Sn). Mn3Sn and CoFeB are initialized along +x and -z directions by magnetic
fields, respectively. b Schematics for the electrical mutual switching between
CoFeB and Mn3Sn. Panels (A-J) correspond to the states labeled in (a). Red (blue)

and green (purple) dashed rectangles indicate the switched (unswitched) CoFeB
domains and the switched (unswitched) Mn;Sn domains, respectively. The blue-
boxed unswitched CoFeB domains exist on top of the multi-domain structure of
Mn;Sn. Dashed arrows indicate the spin flow pointing from its origin to the target.
Yellow curved arrows illustrate the torque acting on the target magnetic moments.
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various /_ and fixed /, of +8 mA in the absence of external magnetic fields.

current increasing (decreasing) from -12mA to +12mA (+12mA to
-12mA) (A) Magnetic states are set by /= — 12 mA, where CoFeB is
dominated by -z-oriented domains and the net magnetic orientation
of Mn;Sn is switched to -x. (B) Certain CoFeB domains, marked by the
red dashed rectangles in Fig. 4b, start to be switched by the MSHT from
MnsSn. (C) Beyond the critical current /<8, CoFeB has already been
switched and the reversible Mn;Sn domain in the green dashed rec-
tangle starts to undergo the mechanism in Fig. 3g due to CoFeB
dominantly oriented along -z. (D, E) Beyond another larger critical
current /M35 Mn,Sn is switched, so that the net MSHT from Mn;Sn
reverses its polarity and further switches CoFeB. The backward steps
of (F) to (J) can be understood in a similar way. Since the magnetic
domains are randomly dispersed in Mn;Sn and CoFeB, the ensemble
effect throughout the film is a reduced magnitude of CoFeB switching
(see Supplementary Information). We note that this multi-domain
model, supported by magnetic measurements (Fig. 1f and Supple-
mentary Fig. 8), provides a reasonable explanation of our experimental
results. Further increasing the switching ratio can be potentially
achieved by enhancing the x-axis uniaxial anisotropy of Mn;Sn or
reducing the switching barrier of CoFeB.

Proof-of-concept device functionalities
The electrical mutual switching triggers intriguing functionalities in
logic and computing. First, it enables selective turning on and off for
the switching process by current. The Mn;Sn domains contributing to
the CoFeB switching can be controlled by the electric current and the
magnetic field independently as represented in Fig. 3e. Therefore, by
tuning the in-plane magnetic field u,H7** (e.g., £6 mT in Fig. 3d) to
enlarge or reduce the Mn3;Sn domains in a typical orientation, the
switching process can be precisely turned on and off. Such a con-
trollable switching process (output) by reversing the sign of the input
current can be used to design SOT-based logic devices (Fig. 5a (i)).
Another unique application of our electrical mutual switching lies in
the neuromorphic computing built on memristive behaviors, where the
amount of past electric charge is memorized in its magnetic states®’.
Such behaviors are manifested by the multistep magnetic switching in
our device. As plotted in Fig. 5b, the switching magnitude is determined
in an analogue way by the magnitude of the applied current. This mul-
tistep switching is caused by the nucleation and expansion of Mn;Sn
domains dispersed in the film (a common phenomenon in the switching
of antiferromagnets®*”*%), which determines the switching of CoFeB via
the MSHT (Supplementary Fig. 9). Strikingly, our mutual switching
allows one to electrically reverse the polarity of the memristive transi-
tion (output) by the bias current direction (input) (Fig. 3a, b, also illu-
strated in Fig. 5a (ii)). It provides an extra tuning knob for the build
blocks of neuromorphic computing, in contrast to the existing schemes
whose polarity cannot be electrically programmed’*.

In summary, we show a proof-of-concept current-induced
mutual switching between a NCAFM and a FM, using a spin-valve-
like simple protocol consisting of Mn;Sn/Mo/CoFeB. The spin cur-
rent to switch one magnetic layer arises from the interactions
between the intrinsic magnetic structure and the electric current in
the other magnetic layer, which is the key to the mutual switching.
Particularly, it allows us to control the polarity of the CoFeB
switching by electrically flipping the magnetic orientation of Mn3Sn.
This distinct switching scheme gives rise to electrically program-
mable logic and computing functions, paving a way towards inno-
vative spintronic devices.

Methods

Sample preparation

Stacks of Ru(2nm)/Mn3Sn(30 nm)/MgO(1.3 nm)/Ru(lnm) were
deposited by DC/RF magnetron sputtering on MgO(111) single crystal
substrates. Ru and Mn;Sn were deposited at 450 °C and MgO was
deposited at room temperature. The deposition was implemented
under the base pressure of less than 1 x 10~ Pa. Subsequently, samples
were annealed at 500 °C for 1h in vacuum. After annealing, capping
layers of MgO/Ru and a part of MnsSn layer were etched by bias-
sputtering, with 17nm thick Mn;Sn left, followed by depositing
Mo(tumo)/CoFeB(1 nm)/MgO(1.3 nm)/TaO,(1 nm) at room temperature.
The Mo thickness ty;, varied as 0.6, 1.0, 1.2, 1.4, and 2.0 nm. To obtain a
perpendicular magnetic easy axis of CoFeB, the stacks were annealed
at 300 °C for1 hiin vacuum. The stacks were fabricated into Hall bars by
photolithography with channel width and length being 3 and 20 um,
respectively. Finally, contact pads consisting of Cr(5 nm)/Au(100 nm)
were fabricated by standard photolithography and lift-off procedures.

X-ray diffraction
A Cu-Kal X-ray with a wavelength of 1.54056 A was used in our X-ray
diffraction measurements on a Bruker X-ray diffractometer.

Transport measurements

Transport measurements were performed on Hall bar devices via the
four-probe method shown in Fig. 1d. All the transport measurements
except the ty, dependence used a stack consisting of MgO(111) sub-
strate/Ru(2 nm)/MnzSn(17 nm)/Mo(1.4 nm)/CoFeB(1 nm)/MgO(1.3
nm)/TaO,(1 nm). In the switching measurements, current pulses with a
duration of 100 ms were applied to induce the switching, followed by a
constant current of 0.5 mA to measure the Hall voltage.

Data availability

All data supporting the findings of this study are included within the
main text or Supplementary Information and are also available from
the corresponding authors upon reasonable request.
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