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ABSTRACT

Non-collinear chiral antiferromagnets, such as Mn;X (X = Sn, Ge), have garnered significant interest in spintronics due to their topologically
protected Weyl nodes and large momentum-space Berry curvatures. In this study, we report rapid chirality domain wall (CDW) motion in
Mn;Sn, driven by spin-orbit torque at over 545.3 ms~ ' under a remarkably low current density of 9 x 10’ Am™2 The results demonstrate
that the chirality of the domain wall and the direction of the current collectively determine the displacement direction of the CDW.
Theoretically, we provide an analysis of the effective field experienced by the octupole moment, uncovering the underlying motion mecha-
nism based on the unique profile of the chiral spin structure. Notably, CDWs with opposite chirality can coexist within the same sample con-
taining the Dzyaloshinskii-Moriya interaction, where the formation of a Néel-like CDW is governed by the orientation of the kagome plane,
rather than by the negligible magnetostatic energy of the small net magnetization. Additionally, the CDW, with a considerable width of
770 nm, is segmented into three 60° portions due to the sixfold anisotropy in Mn;Sn. These emphasize that CDW motion in Mn;Sn cannot
be quantitatively studied using ferromagnetic frameworks. We also demonstrate that a small external field can effectively regulate CDW
velocity. Our comprehensive results and theoretical analysis provide crucial guidelines for integrating antiferromagnet CDWs into functional
spintronic devices.
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Magnetic domain walls (DWs) have been a subject of significant
interest over the past decade, particularly in the context of their electri-
cal manipulation enabled by advancements in spintronic materials and
techniques.' ~ Utilizing spin-transfer torque (STT) or spin-orbit tor-
que (SOT), ferromagnetic (FM) DW motion can be electrically manip-
ulated at speeds of hundreds of meters per second, although this
requires high current densities of up to 10> Am™2°" In contrast, the
velocity of ferrimagnetic DWs can be significantly improved to
57kms™" due to antiferromagnetic exchange coupling, although it
still necessitates large current densities.” "'

To achieve high-capacity racetrack memory, closely packed DW's
are necessary. However, memory density is often limited by the mag-
netostatic interaction caused by the stray field of neighboring domains.
Unlike FMs, antiferromagnets (AFMs) have magnetic moments that

are compensated on an atomic scale, resulting in zero stray fields."” '
This property makes AFMs favorable for miniaturization and high-
density integration, though it also presents challenges for the efficient
manipulation and detection of AFM DWs.'”'® Recent research has
seen substantial advancements in the area of non-collinear chiral
AFMs, particularly in Mn;X (X = Sn, Ge) systems.'” *” These materi-
als have demonstrated large distinctive responses, including the anom-
alous Hall effect,”””® anomalous Nernst effect,”’ and asymmetric
magnetoresistance,”’ allowing efficient observation of domain struc-
ture in nanostructures. This advancement improves the ability to con-
trol AFM domain structures, thereby contributing to the broader
exploration of AFM-based spintronic phenomena. Previous research
has demonstrated field-assisted’””' and STT-driven DW motion.””
SOT has attracted significant attention as a promising mechanism to
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further improve energy efficiency and advance next-generation mag-
netic solid-state memory devices.”*”*” Despite these advancements,
SOT-driven chiral domain wall (CDW) motion in non-collinear AFM
systems remains less explored.

In this work, we provide an in-depth understanding of the
profile of CDWs with different chirality. Based on the rotation
direction of the cluster magnetic octupole moment, the chirality is
categorized into anti-clockwise and clockwise, both of which can
be formed in the same sample. This behavior contrasts with FMs,
where chirality is determined by the sign of the Dzyaloshinskii—
Moriya interaction (DMI). This unique characteristic offers an
alternative approach to advancing CDW studies.’® The scale and
structure of these CDWs are consistent with previous experimental
observations and theoretical predictions.”” *' Importantly, we
achieve SOT-driven CDW motion in both chirality systems with a
small current density (9 x 10'© A m™?), accelerating the speed up
to 5453 ms~ ' in MnsSn/heavy-metal (HM) bilayers. This velocity
surpasses typical FM systems, even at lower current densities."”"’
The direction of motion is determined by the interplay between
current and CDW chirality, consistent with our analysis that the
motion is cooperatively facilitated by the damping-like SOT effec-
tive fields (Hpy) and the vertical component of the exchange field
(H ). Based on our results, it is worth noting that conventional FM
frameworks are insufficient for quantitatively describing CDW
motion in Mn;Sn. We analyze this discrepancy from several per-
spectives. In Mn3;Sn, CDW type is dictated by the orientation of
the kagome plane, not the competition between magnetostatic
energy (En,) and other energy components as in FMs.
Additionally, chirality is governed by initial formation conditions,
allowing both clockwise and anti-clockwise CDWs to form under
the same DMI constant. The unique triangular spin structure of
Mn;Sn, with six stable states, divides the CDW profile into three
segments, leading to a larger CDW width than FM. These differ-
ences highlight the key distinctions arising from the intrinsic prop-
erties of Mn3Sn. We also reveal an efficient control of CDW

(d)
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velocity by combining a small external field (Hcy) in the kagome
plane. These findings provide insights into controlling CDW
dynamics and advancing spintronics using AFMs.

To study the CDWs, we improve our previous macrospin
model used in Ref. 19 to an atomistic model, enabling the investi-
gation of spatially resolved CDW dynamics. Specifically, we con-
struct a nanoribbon Mn;Sn sample with a length of 5.7 um. The
model captures the magnetic moments provided by Mn atoms. The
simulation starts with identifying the Hamiltonian described as fol-
lows: ¢

E=AZmImJ+ZD,](m1 ij)—Z(Ki-mi)z
ij ij

1

- ﬂOMs Z(ml : Hext)7
i

where the exchange interaction constant A =9 meV,"”** the DMI con-
stant D=0833meV,” and the magnetic anisotropy constant
K=0.196 meV.” The minimization of the DMI energy, characterized
by the positive D, favors a clockwise ordering of the vectors m;, m,,
and m3."" The easy axis of crystalline anisotropy points to the nearest
Sn atoms [the silver ball shown in Fig. 1(a)]. The magnetic moment
ms=3up."" The last term is the Zeeman energy due to the external
field Heyt.

The dynamics of magnetic moments are modeled using a home-
developed code that solves the Landau-Lifshitz-Gilbert (LLG) equa-
tion for every atom,”’ "

dm; « Hop i + o dm; hOsy ],
— = —ym; i+ oam; X —— —
dt yit X ety a7 2eMyt

m; X (m; X 6;).

The first term on the right-hand side represents the precession of

magnetic moment around the effective magnetic field Heg ; = — mlg—f‘

The second term describes the Gilbert damping, and the last term is
the SOT. y is the gyromagnetic ratio, and o =0.003 is the damping
constant. The spin-Hall angle Og;; = 0.06 is used in the simulation.'**’
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In equilibrium, Mn;Sn has six stable states, each differing by 60°
within the kagome planes. As shown in Fig. 1(b), we define them as
states a, b, ¢, d, e, and f, respectively. Each set of three spin sublattices,
which takes ferroic order on the Kagome lattice, forms a cluster mag-
netic octupole. Importantly, there is a very small non-zero net magne-
tization (m="12+")  depicted as brown arrows, which is largely
parallel to the cluster magnetic octupole moment.*”*” To study the
SOT-driven CDW motion, a Mn;Sn/HM bilayer is constructed with
two opposite states positioned at the ends of the sample along the lon-
gitudinal direction. As shown in Fig. 1(c), a 180° CDW forms at the
interface between two domains, where the magnetic moments transi-
tion from the b state to the e state. A current flowing through the bot-
tom HM layer generates a pure spin current by the spin-Hall effect
(SHE) and the resulting spin polarization ¢ is perpendicular to the
kagome plane. The CDW is formed by the gradual rotation of each tri-
angular spin unit, manifesting as a twisted m in the kagome plane in a
Néel-wall configuration. In conventional perpendicular magnetized
EM films, Bloch walls typically form due to balanced Eyqg while large
DMI tends to convert Bloch walls into Néel walls. For in-plane FM
systems, as the sample thickness ¢ decreases, Enag becomes more domi-
nant. When ¢ approaches the DW width, the Bloch wall, with its out-
of-plane magnetization, generates high E,,,; and becomes unstable. To
maintain a lower energy state, the DW transitions to a Néel wall, where
the magnetization rotates parallel to the film surface, effectively reduc-
ing the influence of Emag.m‘55 However, in the case of Mn;Sn, the finite
anisotropy within the kagome plane constrains the rotation of m in
this plane. Additionally, the small magnitude of m in Mn;Sn, approxi-
mately ||m|| &~ 3.975 x 10>, leads to negligible E,,e, meaning that
energy is not the primary factor governing CDW type. Consequently,
the orientation of the kagome plane distinguishes between Bloch-like
and Néel-like CDWs, rather than energy considerations. Interestingly,
as illustrated in Figs. 1(d) and 1(e), there are two possible configura-
tions distinguished by the profile of m within the CDW: anti-
clockwise and clockwise. The chirality of the CDW corresponds to a
clockwise or anti-clockwise rotation of m when viewed from left to
right. For instance, if it consists of states b, a, f, and e [Fig. 1(d)], m
rotates anti-clockwise. Conversely, if the CDW structure includes
states b, ¢, d, and e [Fig. 1(e)], m rotates clockwise, defining it as a
clockwise CDW. The origin of chirality in Mn3;Sn can be controlled by
the prior residual minority domains history of the sample which
depends on the history of the magnetic field orientation before CDW
measurement, while in FM, it is determined by the sign of the DMI
constant to minimize the DMI energy Hpyy = Dyp - (m; X my). In
addition, the CDW, highlighted by the blue and red gradient band in
the figure, exhibits a large width of approximately 770 nm, which is
consistent with previous experimental and simulation results.””*® This
considerable width is primarily attributed to the ultralow energy den-
sity of the CDW, which is around three orders of magnitude lower
than that of typical FM. The negligible m,,; in Mn;Sn eliminates mag-
netostatic constraints, further permitting a rotation of octupole
moments across the kagome planes in the Néel type. However, esti-

mating the CDW width using the formula W = n1/A/K for FM yields
a width of only 12.05 nm,"*”* which is significantly smaller than the
770 nm observed in our results. This suggests that the triangular spin
structure of Mn;Sn requires a longer spatial extent for smooth rotation
within the CDW. In terms of the internal profile of the CDWs, unlike
conventional FM systems with a single easy axis, either perpendicular

pubs.aip.org/aip/apl

or in-plane, m exhibits sixfold degeneracy. This causes the CDW to
divide into three 60° segments, separated by stable states.’’ As a result,
two small plateaus are formed, indicated by the red points in Figs. 1(d)
and 1(e).

In thin FM materials, DWs generally tend to form into Néel walls,
which can be driven by the SHE. Similarly, we achieved CDW motion
driven by the SHE originating from the underlying HM layer. A current
density of J.= 5 x 10"® A m™ 2 was applied along the +y direction in the
sample with an anti-clockwise CDW at its center. As shown in the snap-
shot of Fig. 2(a), the white band representing the CDW moves in the
direction opposite to the applied current J.. When the current direction
is reversed, as shown in Fig. 2(b), the CDW motion direction also
reverses. This indicates that J. directly determines the direction of CDW
motion. Furthermore, we observe that the initial chirality of the CDW
also plays a decisive role. As shown in Figs. 2(c) and 2(d), the CDW with
clockwise chirality, illustrated by the blue and red bands, moves in the
same direction as J., regardless of whether J. is along +y or —y. This
indicates that the current direction and the initial chirality of the CDW
jointly affect the direction of its displacement. Furthermore, we can
determine the profile and chirality of the CDW based on the direction of
the current and its motion. Corresponding to the snapshots above, we
show ¢ at each position of the sample at different times in Figs. 2(e)-
2(h). The center of the sample is defined as 0 nm. The equal spacing
between each line indicates uniform motion, and the shape of the CDW
remains consistent during its motion, with no noticeable shrinkage or
expansion. In addition, the velocity of CDW motion in Mn;Sn easily sur-
passes that of typical FM systems, where speeds are generally around 100
ms '.**”" Recent studies have shown that STT-driven CDW motion
can also reach several hundred meters per second and have attributed
this to the large nonadiabatic torque.”” The stable characteristics and
effective SOT manipulation of the CDW in non-collinear AFM are
advantageous for potential device-level applications.

Figure 3 illustrates the mechanism of CDW motion. Although
the neighboring atoms are antiferromagnetically coupled, m is often
treated as a collective representation of three triangular spin units.
Notably, this is analogous to perpendicular FM DW motion driven by
SOT, where a perpendicular effective field along +z or —z, generated
by the SHE, is essential to induce DW propagation.”® In MnsSn, the
perpendicular effective field is primarily governed by the exchange
interaction, which dominates over the DMI and anisotropy due to its
significantly larger magnitude as well as the unique crystal structure. It
is important to note that the parallel component of the exchange field
(Hj)) relative to the local magnetic moment does not induce precession
of the magnetic moment. Instead, the perpendicular component of the
exchange field (H ), coupled with Hpy, plays a critical role in driving
the CDW motion. Figure 3(a) illustrates that H, on the left side of the
CDW works together with the Hpy to facilitate the reorientation of m.
Conversely, H, on the right side compensates for Hp,, limiting
the expansion of the CDW on that side. Additionally, because of the
strong in-plane magnetic anisotropy that keeps spins restricted in the
Kagome plane, the propagation of the CDW is consistently restricted
in the y-z plane, behaving as a Néel-wall type and moving along the
wire from right to left. Consequently, both our simulation results and
analysis demonstrate that the direction of motion depends on the com-
bined effect of Hpy, and the perpendicular component of exchange
field. When the chirality of the CDW is reversed to a clockwise fashion,
the beneficial H, shifts to the right side, aligning with the direction of
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FIG. 2. (a)—(d) Time evolution of the CDW motion in AFM materials, showing both anti-clockwise [(a) and (b)] and cIockW|se [(c) and (d)] chirality. The horizontal axis represents
the position along the nanotrack. The red arrows on the bottom indicate the current direction with J, =5 x 10'® Am™ and the gray arrows indicate the direction of the CDW
motion. (e)—(h) Displacement of CDW at different times. The figures correspond to panels (a)—(d).

Hp;.. The cooperation of these two torques results in the CDW moving
in the +vy direction, i.., the direction of J.. Our analysis explains the
simulation results and guides the direction of CDW motion. It is
essential to emphasize that m should only serve as a qualitative
descriptor of the direction of CDW motion, bearing in mind that the
DW type, chirality, width, internal profile, and motion speed of
Mn;Sn differ significantly from those in FM systems. These distinctive
characteristics highlight why quantitatively analyzing CDW motion by
directly analogizing it to FM systems is inaccurate. The distinct behav-
iors observed in our results reflect the exceptional physical properties
of Mn;Sn.

To further investigate the CDW motion, we present the CDW
velocity (Vepw) as a function of J, where vepy is defined as the

displacement of the CDW per unit time. Figure 4(a) shows the Vepw
for right-to-left propagation under positive current and anti-clockwise
chirality. We observe that the current-induced SOT can accelerate the
CDW up to 5453 ms ' with a current density of only 9 x 10"
Am ™2 This low current density results from the efficient interaction
between the spin polarization and the kagome plane, which are per-
pendicular to each other. Furthermore, the sixfold in-plane anisotropy
lowers the rotational energy barrier by offering multiple favorable ori-
entations. In addition, vcpyw increases nearly linearly with current den-
sity. As current density continues to increase, the CDW motion
abruptly disappears and is replaced by the oscillations throughout the
sample. For instance, as shown in Fig. 4(b), the time evolution of a m
located 2000 atoms away from the initiall CDW center is depicted

FIG. 3. The mechanism of CDW motion in

the system with (a) anti-clockwise chirality
and (b) clockwise chirality. Blue arrows
represent the effective fields from the
SOT, and green arrows represent the
exchange field.
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under J.= 1.3 x 10" A m ™2 This behavior is in agreement with previ-
ous research on the Mn;Sn switching, which reported oscillation
regions under large currents.””” Such oscillations indicate the pres-
ence of a “speed wall,” ie., an intrinsic upper limit of SOT-driven
CDW velocity, beyond which increasing current density no longer
enhances the motion but instead leads to dynamic instability.

In addition to SOT, applying a small He can also regulate the
velocity of CDW motion. Based on the analysis above, Hp;, generated
by J. along +y direction tends to rotate m anti-clockwise, regardless of
the CDW chirality. However, the trajectory varies with the chirality of
the CDW. Figure 4(c) shows the trajectory of m positioned along the
path of the CDW motion when J. is +5 x 10'° A m~2 For the anti-
clockwise CDW (red line), the initial position is marked by a star at
—425nm, and for the clockwise CDW (blue line), it is marked by a tri-
angle at 4425 nm. Although the Hp,, generated by the current drives
magnetization to rotate anti-clockwise in both cases, the lateral paths
differ due to the different CDW chirality. For the anti-clockwise CDW
(red), the trajectory of m shifts toward negative y, while for the clock-
wise CDW (blue), it shifts toward positive y. These differences stem
from the spatial configuration of the CDW and affect the direction of
displacement. Importantly, the observed anti-clockwise rotation in
both cases is consistent with the sign of Hpy. This guides the design of
regulating CDW displacement using current-driven torques. As seen
in Fig. 4(d), when a small H., is applied along the +y direction, Vcpw
changes significantly. The increase or decrease in velocity depends on
whether Hy assists in or hinders the rotation of m. For an anti-
clockwise CDW (red lines), m rotates from +y to —y. When Hy is
aligned with the direction that supports magnetization rotation, the

ARTICLE pubs.aip.org/aip/apl

CDW is accelerated. For example, when an anti-clockwise CDW
undergoes a rotation from +y to -y, an external field applied along -y
reinforces this motion. As shown by the red line, this results in a signif-
icant increase in CDW velocity, with nearly double the speed achieved
under a modest external field of 100 Oe. This dual regulation by cur-
rent and He, opens possibilities for controlling CDW dynamics.
However, unlike traditional FM where Hey, drives DW motion by
expanding the specific domain, the presence of sixfold degenerate
domains in Mn;Sn makes Hy-driven CDW motion configuration-
dependent and often inefficient. For instance, CDWs can also form
between various domain pairs such as configurations c—f or a-d, where
the H.,, along the y direction may not align with the m of the domains,
resulting in limited driving efficiency and potential disruption of
the CDW structure. In contrast, SOT remains effective across different
CDW patterns, providing a more robust and universal mechanism for
CDW manipulation. In future studies, it would be interesting to
explore how the large intrinsic spin-Hall conductivity of Mn3;Sn may
influence the dynamics of the CDW.”’ Due to excellent plasticity of
Mn;Sn, it is anticipated to be a superior material platform for mimick-
ing artificial synapses’' and developing various future spintronic devi-
ce S.6276/’l

In conclusion, we have demonstrated fast SOT-driven CDW in
Mn;Sn. Our comprehensive atomic-scale study reveals that CDW dis-
placement is influenced by both CDW chirality and current direction.
Theoretically, we analyzed how the exchange field and Hp;, guide
CDW motion. We argue that analogies between CDW motion in
Mn;Sn and FM systems are quantitatively inaccurate due to differ-
ences in Néel wall formation, chirality, CDW width internal profile,
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and motion speed. Notably, vepw easily exceeds 545.3 ms™ ", surpass-
ing that of FM DWs, and increases linearly with current density.
However, when J. increases significantly and reaches the oscillation
region, CDW motion ceases and is replaced by coherent oscillation.
Additionally, the introduction of a small Hy, allows for precise modu-
lation of vcpw. Our study demonstrates an effective and flexible
method for manipulating CDWs in Mn;Sn, leveraging the absence of
stray magnetic fields and the high CDW velocity. These findings pro-
vide insight for understanding the fundamental dynamics of CDWs in
non-collinear AFM. The unique characteristics of Mn;Sn CDWs and
their effective manipulation highlight the potential of this approach for
next-generation domain wall-based spintronic devices.
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