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Noncollinear antiferromagnet Mn3Sn has shown remarkable efficiency in charge—spin conversion, a novel magnetic
spin Hall effect, and a stable topological antiferromagnetic state, which has resulted in great interest from researchers in
the field of spin—orbit torque. Current research has primarily focused on the spin—orbit torque effect of epitaxially grown
noncollinear antiferromagnet Mn3Sn films. However, this method is not suitable for large-scale industrial preparation. In
this study, amorphous Mn3Sn films and Mn3Sn/Py heterostructures were prepared using magnetron sputtering on silicon
substrates. The spin-torque ferromagnetic resonance measurement demonstrated that only the conventional spin—orbit
torque effect generated by in-plane polarized spin currents existed in the Mn3Sn/Py heterostructure, with a spin—orbit
torque efficiency of 0.016. Additionally, we prepared the perpendicular magnetized Mn3Sn/CoTb heterostructure based
on amorphous Mn3Sn film, where the spin—orbit torque driven perpendicular magnetization switching was achieved with a
lower critical switching current density (3.9x107 A/cm?) compared to Ta/CoTb heterostructure. This research reveals the
spin—orbit torque effect of amorphous Mn3Sn films and establishes a foundation for further advancement in the practical

application of Mn3Sn materials in spintronic devices.

Keywords: spintronics, noncollinear antiferromagnetism, spin—orbit torque
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1. Introduction

The spin—orbit torque (SOT) effect, based on spin—orbit
coupling (SOC), can efficiently manipulate magnetization di-
rection and achieve perpendicular magnetization switching by
current injection. This capability is crucial for the devel-
opment of next-generation ultrafast, high-density, and low-
power spintronic, logic, and neuromorphic devices. Conse-
quently, it has attracted extensive attention and research over
the past decade.!'®! Among these efforts, enhancing the ef-
ficiency of SOT and achieving deterministic perpendicular
magnetization switching without external magnetic fields (i.e.,
field-free switching) are hot and critical issues in constructing
energy-efficient SOT devices.>®! Compared with traditional
5d heavy metal materials, the noncollinear antiferromagnetic
materials exhibit high spin Hall conductivities, and generate
out-of-plane polarized spin currents and corresponding uncon-
ventional out-of-plane SOTs due to lower magnetic structure
symmetry. These unique characteristics can break the spatial
symmetry of perpendicular magnetization and allow for field-
free switching. As a result, noncollinear antiferromagnetic
materials have become a focal point in SOT research.!7-!!]

Hexagonal Mn3Sn is a typical noncollinear antiferro-
magnetic material. Below the Néel temperature (Tn ~
420 K), the Mn atoms exhibit a planar 120° chiral struc-
ture within the kagome planes due to geometric frustration
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and the Dzyaloshinskii-Moriya interaction.['?] This unique
noncollinear antiferromagnetic structure gives rise to in-
triguing properties, including large anomalous Hall effects
(AHEs),[13-18] anomalous Nernst effects (ANE),[1%-23] anti-
ferromagnetic tunneling magnetoresistance effect,!**! and ul-
trafast laser-modulated magneto-optical Voigt effect,[>! and
topological Weyl fermions?®! induced by topological struc-
tures. Recently, related researches have utilized noncollinear
antiferromagnetic Mn3Sn as a spin source to investigate SOT
effects. Hu et al. successfully achieved efficient current-driven
perpendicular magnetization switching without an external
magnetic field based on the epitaxial Mn3Sn films. This field-
free switching feature is attributed to the unconventional out-
of-plane spin—orbit torque generated by the out-of-plane po-
larized spin current in Mn3Sn.!8) Bangar e al. observed large
spin Hall conductivities in epitaxial Mn3Sn films, attributing
them to Fermi level shifts caused by increased Mn atoms in
Mn;3Sn.[7l Wang er al. used magnetic optical Kerr effect and
spin-torque ferromagnetic resonance (ST-FMR) methods to
observe unconventional spin—orbit torques generated by spin
currents with x and z polarizations. These torques were derived
from noncollinear spin structures with SOC in Mn3Sn.?!
While epitaxial Mn3Sn films demonstrate high spin Hall
conductivities and unconventional out-of-plane SOTs, which
present great potential for spintronic applications, the epitax-
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ial preparation method based on single crystal substrates is not
suitable for large-scale industrial production. Recent studies
indicate that amorphous materials exhibit higher SOT efficien-
cies, spin—orbit Hall conductivities, and lower damping con-
stants compared to epitaxial and polycrystalline films. These
discoveries offer new insights into SOT research. [28-31]

In this study, we fabricated the amorphous Mn3Sn films
on Si substrates, Mn3Sn/Py heterostructures and perpendic-
ularly magnetized Mn3Sn/Coge4Tbg 36 heterostructures by
magnetron sputtering system. The experimental results indi-
cated a low damping constant of 0.004 in the Mn3Sn/Py het-
erostructure. Moreover, we observed a conventional SOT in-
duced by in-plane polarized spin currents, which induces the
perpendicular magnetization switching of the ferrimagnetic
CoTb with a critical switching current density lower than that
of Ta/Cog 64 Tbg 36 heterostructures. This research provides a
new perspective for studying the SOT of Mn3Sn films and also
advances the practical application of Mn3Sn materials in SOT
devices.

2. Experiment

Heterostructures of Mn3Sn(10)/SizN4(3), Mn3Sn(10)/
Py(7)/Si3N4(3), and Mn3Sn(10)/CoTb(7)/SizN4(3), where the
numbers in parentheses represent the nominal thicknesses in
nanometers, were fabricated on thermally oxidized Si sub-
strates at room temperature by using an ultrahigh-vacuum
magnetron sputtering system with a base pressure better than
1.0x107® Pa. A protective capping layer of Si3Ny was em-
ployed to prevent sample oxidation. The crystalline structure
of Mn3Sn/SizNy film was checked by x-ray diffraction (XRD)
and the corresponding results are illustrated in Fig. 1(a). The
6-20 pattern revealed the absence of Mn3Sn diffraction peaks
in Mn3Sn/Si3Ny films, indicating the amorphous nature of the
Mn3Sn films fabricated by magnetron sputtering. Recently,
the AHE has been observed in collinear antiferromagnets!3?!
and noncollinear antiferromagnets.!'>~!8] The magneto trans-
port measurement on the silicon-based sputtered Mn3Sn film
is carried out at room temperature, as shown in Fig. 1(b). Af-
ter subtracting the linear ordinary Hall signal, Fig. 1(b) shows
the anomalous Hall resistance (Ry,p) as a function of the out-
of-plane magnetic field of the sputtered Mn3Sn film, indi-
cating the existing noncollinear spin structure and the result-
ing nonzero Berry curvature contribution. Figure 1(c) shows
the magnetic hysteresis loop of the Mn3Sn/Si3Ny films when
the external magnetic field is parallel to the film plane. We
found that the prepared Mn3Sn films exhibit weak ferromag-
netism and the saturation magnetization (M) is 52.59 emu/cc,
which is similar to the epitaxial Mn3Sn films.[33] The related
research suggests that the weak ferromagnetism of Mn3Sn
films originates from the local tilt of Mn atomic spins within

the kagome planes. For further verification of the crystal

structure of Mn3Sn, we measured the cross-sectional crys-
talline structure of the Mn3Sn layer imaged by high-resolution
transmission electron microscopy measurements, as shown
in Fig. 1(d).
Fig. 1(d) show the corresponding fast Fourier transform pat-

The insets in the bottom right-hand side of

terns, which reveal the amorphous phases. Meanwhile, the
surface (20 umx20 pwm) morphology of the Mn3Sn/SizNy
film was measured by atomic force microscope, as shown in
Fig. 1(e). The results demonstrate that the Mn3Sn films exhibit
relatively flat surface structures, characterized by a root-mean-
square roughness of 1.029 nm, which is similar to the previous
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Fig. 1. (a) XRD patterns of the sample and silicon substrate. (b) The anoma-
lous Hall resistance (Ryqy) as a function of the out-of-plane magnetic field
(H;) for Mn3Sn device. (c) Magnetization hysteresis loop of the Mn3Sn
films grown on silicon substrate. (d) High-resolution transmission electron
microscopy images of sputtered Mn3Sn film. The inset shows fast Fourier
transform patterns from designated areas. (e) Surface topography of the
Mn3Sn (10 nm) film obtained by atomic force microscopy.

To quantitatively characterize the SOT generated in
Mn3Sn, we used standard photolithography and Ar ion beam
etching processes to fabricate Mn3Sn/Py into stripe devices
with a length of 43.5 um and a width of 7.7 um for spin torque
ferromagnetic resonance testing. The optical microscope im-
age of the device and a schematic diagram of the spin-torque
ferromagnetic resonance testing setup are shown in Fig. 2(a).
During the testing, microwave current was injected into the
Mn3Sn sample, generating alternating SOT on the magnetic
moments of the Py layer, propelling them into a precessing
motion.
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The anisotropic magnetoresistance (AMR) effect in the
Py layer induces a change in the device resistance correspond-
ing to the current frequency. Under the combined influence
of alternating current and resistance, rectified voltage signals
Vmix can be detected on the device. By scanning the exter-
nal horizontal magnetic field to induce the ferromagnetic res-
onance state of the Py layer, the resonance signal curve of Viix
with the external magnetic field can be obtained. The value of
Vimix can be decomposed into a voltage component with a sym-

metrical line shape and a voltage component with a symmetri-

where AH and H,.s represent the linewidth and resonance field.
On the right-hand side of Eq. (1), the first term describes a
symmetric voltage component with an amplitude Vi, attributed
to in-plane torque. The second term describes an antisymmet-
ric component with an amplitude V,, attributed to out-of-plane
torque. As show in Fig. 2(b), representative ST-FMR spec-
tra for the simple of Mn3Sn/Py the representative rectifica-
tion voltage Vpnix with respect to the external magnetic field
are measured at 6 GHz with ¢y = 30° and 210°, respectively.
The obtained result can be well fitted using Eq. (1). Next,
to confirm whether there are SOTs generated by spin current

cal line shape, and is described by the following equation: 3] components with polarization directions of y (Gy), x (G), and z
(07) in Mn3Sn/Py heterostructures, angle-dependent Vi,,;x mea-
AH? AH (H — Hies) surements were systematically conducted for the Mn3Sn/Py
Vinix = Vs AH? + (H — Hyes)? TVa AH? + (H — Hyeg)?’ (1) bilayer with ¢y ranging from 0° to 360°, as shown in Fig. 2(c).
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Fig. 2. (a) A schematic of the ST-FMR measurement setup. (b) The resonance signal of sample Mn3Sn(10)/Py(7) device at a microwave
frequency of 6 GHz and the in-plane magnetic field angle of 30° and 210° can be decomposed into Lorentz symmetric signal (V;) and Lorentz
antisymmetric signal (V,). (c) Vs and V, for the sample as a function of the in-plane magnetic field angle (6).

Previous studies have demonstrated that the V, and
Vs voltage signals can be well fitted using the following
equation: [8.35.36]

Vy = AL cos ¢y sin2¢y

+ AP sin @ sin 20y + Afy; sin 20y, 2)
Ve = SB; cos ¢y sin2¢y
+ SEsin @y sin 20y + S7_sin 20y, (3)

where SY; , S¥| , and A%, are coefficients for the damping-like
torque generated by the x (0yx), y (0,), and z (0;) component
spin current, respectively. Similarly, AEL, A%(L, and SgL cor-
respond to the field-like spin-torque components generated by
spin current components with polarization directions of y (oy),
x (0y), and z (0;). It should be noted that the coefficient AIEL

includes the contribution of the field-like torque from both the
y (oy) spin current and the Oersted field (hoe). As shown in
Fig. 2(c), the test data can be well fitted using Egs. (2) and (3)
to obtain the corresponding coefficients, with the fitting results
depicted as solid lines in the same Fig. 2(c), respectively. It
should be noted that the variation patterns of V, and V; with ¢y
can be described by cos ¢y sin2¢y function, which confirms
that only the SOT generated by the traditional y (o) direction
spin current component exists in the amorphous Mn3Sn sam-
ple. In comparison with epitaxial Mn3Sn films, the kagome
plane orientation is random in amorphous Mn3Sn films, elim-
inating the low magnetic structure symmetry. Therefore, no
significant SOT is observed from nontraditional x (oy) or z (0;)
polarization direction spin current components in amorphous
Mn3Sn samples.
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Next, the rectified voltage information at different mi-
crowave frequencies was measured at a fixed @y angle of 45°,
and the resonance field (H,es) and linewidth (AH) at differ-
ent microwave frequencies were calculated by Eq. (1), and the
results are shown as hollow symbols in Figs. 3(a) and 3(b).
Where, resonance field (H;s) and microwave frequency (f)

can be described by Kittel equation!33-37]

_r /Hi (H - 47Mer)
f= o Hr(Hr+475Meff)a 4

where 7y represents the gyromagnetic ratio, and Mg repre-
sents the effective saturation magnetization of the ferromag-
netic layer. It can be noted that the test data in Fig. 3(a) can
be well fitted by Eq. (4), with the effective saturation magneti-
zation of the Py layer obtained by fitting is 3440 Oe. Accord-
ing to the existing experimental results, the linewidth increases
linearly with the microwave frequency. The damping constant
(¢r) of Mn3Sn/Py heterostructures can be described by the fol-

where AH represents the intrinsic linewidth caused by the in-
homogeneity of Mn3Sn. As shown in Fig. 3(b), the black solid
line represents the fitted curve and the damping constant (&)
of Mn3Sn/Py heterostructure is calculated to be 0.0049, which
is smaller than that of the amorphous Pt,Cr;_,/CoFeB het-
erostructure. The SOT efficiency of the Mn3Sn/Py heterojunc-

tion can be described by the following equation:[33-38]
e oM tMin2SntEM 1
sor = ok OIS (14 (v /H),©)
FL

where e represents the elementary charge, 7 represents the re-
duced Planck constant, fvn,sn is the thickness of the Mn3Sn
layer, tpy is the thickness of the Py layer, and M represents
the saturation magnetization of the Py layer. The SOT effi-
ciency at different microwave frequencies is summarized in
Fig. 3(c). The SOT efficiency of the Mn3Sn/Py heterojunction
is approximately 0.016 and remains unchanged with varying
microwave frequency. This value is similar to that of Pt/Py

heterojunction reported previously.
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Fig. 3. (a) The resonance field (H;) as a function of microwave frequency (f). Microwave frequency (f) dependence of (b) FMR line width
(AH) and (c) SOT efficiency ({sor). The error bars represent the standard deviations derived from measurements on three devices.

Using SOT to drive perpendicular magnetization switch-
ing is a hot topic in spintronics research and also a crucial
research content for further development of spin memory de-
vices. Here, we build ferromagnetic CoTb films with per-
pendicular magnetic anisotropy on amorphous Mn3Sn films
to form Mn3Sn/CoTb heterojunctions. Moreover, to bet-
ter and more accurately compare the test results, we built a
Ta(10)/CoTb(7) control sample. Next, standard lithography
and ion beam etching methods were used to fabricate them
into Hall bar devices with 8 um width, as illustrated in the
optical microscopy image and test configuration in Fig. 4(a).
Then, AHE tests were performed by scanning magnetic fields
perpendicular to the film plane (H,), as shown in Fig. 4(b).
The test results indicate that the Mn3Sn/CoTb heterojunction
exhibits a square anomalous Hall loop, which confirms the
good perpendicular magnetic anisotropy of the CoTb layer.
As shown in Fig. 4(c), we applied a constant in-plane auxil-
iary magnetic field (H, = 200 Oe) along the x-axis and suc-
cessfully observed the changes in the high and low configu-
rations of the Hall resistance of the Mn3Sn/CoTb sample by

varying the amplitude of the current density injected along the
x-axis, achieving the SOT driven perpendicular magnetization
switching process. Next, we tested the current-driven mag-
netic moment reversal curves under an auxiliary field ranging
from —200 Oe to 200 Oe. It can be noted that within this aux-
iliary magnetic field range, the current-driven perpendicular
magnetization switching process can be achieved. When the
auxiliary magnetic field is reversed, the polarity of the current-
driven perpendicular magnetization switching also changes,
which is a typical characteristic of SOT driven perpendicu-
lar magnetization switching. The Ta/CoTb heterojunction also
exhibited the same results, indicating that the spin Hall angles
of amorphous Mn3Sn and Ta are opposite. Significantly, we
observed that under the same auxiliary magnetic field, the crit-
ical switching current density of the Mn3Sn/CoTb heterojunc-
tion is lower than that of the Ta/CoTb heterojunction, reach-
ing 3.9x 107 A/cm?. Compared with the Ta/CoTb heterojunc-
tion, the decreased critical switching current density observed
in Mn3Sn/CoTb could potentially be attributed to its reduced
anisotropy field of CoTb.
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Fig. 4. (a) Optical picture of fabricated Hall device and configuration of measurements. (b) The anomalous Hall resistance (Ry,)) as a function
of the out-of-plane magnetic field (H) for Mn3Sn/CoTb device. SOT-driven perpendicular magnetization switching under different in-plane

external fields (H,) for (c) Mn3Sn/CoTb device and (d) Ta/CoTb device.

3. Conclusions

In this study, amorphous Mn3Sn films were deposited
onto Si substrates by magnetron sputtering, and the SOT ef-
fects in Mn3Sn/Py were quantitatively characterized. The re-
sults show that only the y (oy) polarized spin current compo-
nent of Mn3Sn/Py generates SOT, with a SOT efficiency of
0.016. Next, the current density driven by SOT in amorphous
Mn;Sn can be as low as 3.9x 107 A/cm?2, which is smaller than
that of Ta/CoTb heterojunctions. This work not only offers a
new perspective for investigation SOT in Mn3Sn films but also
advances the practical implementation of Mn3Sn materials in
spin—orbit torque devices.
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