PHYSICAL REVIEW B 113, 214434 (2026)

Spin chirality driven tunability and multifunctionality in two-dimensional
noncollinear antiferromagnets

Ting Lai,"? Yonggian Zhu,'? Jie Zhang,"? Yuhui Li,""> Guolin Wan,"?> Xudan Zhang,"? Jia-Tao Sun®,?
Jinbo Pan,">” and Shixuan Du®!2*

! Beijing National Laboratory for Condensed Matter Physics, Institute of Physics, Chinese Academy of Sciences, Beijing 100190, China

2University of Chinese Academy of Sciences, Chinese Academy of Sciences, Beijing 100190, China

3School of Integrated Circuits and Electronics, MIIT Key Laboratory for Low-Dimensional Quantum Structure and Devices,

Beijing Institute of Technology, Beijing 100081, China
4Songshan Lake Materials Laboratory, Dongguan 523808, China

® (Received 30 April 2025; revised 17 April 2026; accepted 30 April 2026; published 12 June 2026)

Noncollinear antiferromagnets (NCAFs) offer an ideal platform for high-performance spintronic devices.
Weak spin-orbit coupling (SOC) magnets, though abundant and important, are overlooked. We propose a
symmetry framework for two-dimensional triangular antiferromagnets with 120° spin configurations, explor-
ing multi-degree-of-freedom coexistence, coupling, and manipulation in the weak SOC regime. Symmetry
analysis reveals the spin chirality driven ferroelectricity, Berry curvature, and antiferromagnetic-induced spin
splitting—beyond magnetic or spin space group descriptions—coupled via an inversion-induced spin-chirality
transformation. The coexistence and coupling of these properties remain regardless of the in-plane rotation
of 120° spin configurations. Ferroelectric polarization reversal will switch spin chirality, Berry curvature, and
spin splitting, enabling nonvolatile electric manipulation. Spin canting further breaks effective time-reversal
symmetry, introducing unconventional SOC-independent valley polarization as an additional coupled degree of
freedom. Multiple functionalities, including magnetoelectric coupling, circular dichroic Hall effect, nonrelativis-
tic anisotropic Edelstein effect, and anomalous valley Hall effect, are enabled. High-throughput calculations on
triangular-lattice MXenes identify monolayer Zr, VC, X, (X = F, Cl, Br, I) as promising candidates hosting 120°
spin configurations. First-principles calculations exemplified by Zr, VC,Cl, validate the predicted tunability and
multifunctionality. This work establishes a symmetry-guided framework for NCAF-based spintronic devices

with tunable multifunctionality.

DOI: 10.1103/x52d-htvb

I. INTRODUCTION

Ferromagnetic (FM) materials have long dominated spin-
tronics due to their net magnetization, enabling straightfor-
ward manipulation and detection [1]. Although this concept
has facilitated widespread use, FM-based devices suffer from
intrinsic drawbacks, such as large stray fields, susceptibility
to perturbations, and relatively slow dynamics, limiting their
performance [2,3]. In contrast, antiferromagnetic (AFM) ma-
terials offer promising alternatives with robustness against
magnetic disturbances, negligible stray fields, and ultra-
fast dynamics. However, manipulating and detecting AFM
states remain challenging, hindering information writing and
reading.

Recent research has revealed that noncollinear antiferro-
magnets (NCAFs) hold promise for merging the benefits
of both ferromagnets and antiferromagnets while mitigating
their shortcomings [3]. The nontrivial Berry curvature enables
electrical readout without net magnetization [4-7], and the
spin-orbit torque facilitates efficient spin writing [8], as ex-
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amples. With near-zero macroscopic magnetization, NCAFs
eliminate stray field interference and resist perturbations, and
their strong exchange interactions also allow fast terahertz-
scale spin dynamics [9,10]. These properties make NCAFs an
ideal platform for high-speed, high-density, nonvolatile, and
low-power spintronic devices.

The noncollinear 120° spin configuration, known as Y-type
antiferromagnetism (YAFM), is one of the most focused types
of NCAFs, typically arising in kagome and triangular lat-
tices composed of triangular plaquettes. Research on YAFM
within kagome lattices has highlighted rich topological phe-
nomena, such as the anomalous Hall effect and spin Hall effect
[3,4,8,11], while studies on YAFM within triangular lattices
have focused on type-II multiferroicity [12—16]. Despite this
progress, significant gaps remain in the generation, control,
and interplay of broader physical properties in NCAFs. At the
same time, a unified symmetry-based framework for coupling
and controlling multiple degrees of freedom has yet to be
developed. Notably, magnets with weak SOC are vast and
practically important [17] but largely neglected, as previous
studies predominantly concentrated on strong-SOC magnets
within a magnetic space group (MSG) [18-23] and SOC-free
limit within a spin space group (SSG) [24-32]. Therefore,
to capture the physical reality and multiple coupling effects

©2026 American Physical Society
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FIG. 1. Schematic of inversion-connected spin chirality, ferroelectricity, Berry curvature, and spin splitting in coplanar YAFM. (a) YAFM
within an xy plane in a two-dimensional triangular lattice. Black arrows: magnetic moment vectors. Cs,: threefold rotation along z. P7: a
combination of inversion symmetry P and time-reversal symmetry 7. Ut: a combination of spinor symmetry U and translation 7. (b)(e)
Counterclockwise (CCW) and clockwise (CW) spin chirality with out-of-plane polarization £P7;, respectively. &1: « value. Orange shadow:
magnetic unit cell. Blue star: inversion center connecting YAFM in (b) and (e). Blue circle: rotation axis of Cs;. (c), (f) Berry curvature $27(k)
in the first Brillouin zone. K’ and M’ denote —K and —M. Darkness: magnitude of £2%(k). (d), (g) Spin-polarized bands along —X-I'-X (X: a

generic wave vector). Color of bands: magnitude of S, polarization.

in weak-SOC NCAFs, a quasisymmetry framework lying
between MSG and SSG is urgently needed. Triangular lat-
tices, with simple geometry, abundant material candidates,
and typical noncollinear magnetic ground states, serve as ideal
platforms for exploring novel coupling effects and fundamen-
tal physical mechanisms in NCAFs.

In this work, based on symmetry analysis, Monte
Carlo (MC) simulations, and first-principles calculations,
we propose a unified quasisymmetry framework for
two-dimensional triangular-lattice NCAFs with YAFM,
exploring the coexistence, coupling, and manipulation
of multiple physical properties in a weak SOC regime.
The framework reveals physical phenomena beyond the
conventional descriptions of MSG and SSG and establishes a
design principle for multifunctional integration and reversible
field control in NCAF-based spintronics. MC simulations
demonstrate triangular lattices favor YAFM stabilized by
competing interactions. Symmetry analysis in triangular-
lattice YAFM reveals the robust coexistence and coupling of
ferroelectric polarization, Berry curvature, and AFM-induced
spin splitting, which remain invariant under arbitrary
in-plane rotation of YAFM. YAFM with opposite spin
chirality is interconnected by inversion operation, mediating
the coupling among these physical properties. Crucially,
chirality-ferroelectricity locking allows synergistic switching
of spin chirality, Berry curvature, and AFM-induced spin
splitting upon reversing the ferroelectric polarization,
enabling nonvolatile electric-field manipulation. Further, spin
canting breaks effective time-reversal symmetry, introducing
SOC-free valley polarization and a net magnetic moment
coupled to the above properties. Reorienting spin canting
enforces transformations of these coupled properties under
effective time-reversal operation. Diverse functionalities
including magnetoelectric coupling, circular dichroic
Hall effect (CDHE), nonrelativistic anisotropic Edelstein
effect, and anomalous valley Hall effect (AVHE) can be

realized with the coexistence of multiple coupled properties.
High-throughput calculations on triangular-lattice MXenes
identify monolayer Zr, VC, X, (X = F, Cl, Br, I) as promising
candidates hosting YAFM ground states, with Zr,VC,Cl,
exhibiting the highest Néel temperature. First-principles
calculations confirm the integration of multiple coupled
properties, their reversible tunability, and the resulting
multifunctionality. This work bridges symmetry-guided
design, material discovery, and tunable multifunctionality in
noncollinear antiferromagnetic spintronics.

II. RESULTS AND DISCUSSION

A. Symmetry framework for triangular-lattice coplanar YAFM

The magnetic phase diagram (Fig. S1 [33]) obtained from
MC simulations reveals YAFM, stabilized by competing
nearest-neighbor AFM and next-nearest-neighbor FM inter-
actions, emerges as a favored noncollinear ground state in
two-dimensional triangular lattices, where spins in each of the
three magnetic sublattices are aligned parallel but mutually
rotated by 120°, as illustrated in Fig. 1(a).

As exemplified in Figs. 1(b) and 1(e), MSG symme-
try analysis reveals that YAFM breaks inversion symmetry
‘P, enabling an out-of-plane electric polarization constrained
by threefold rotation symmetry Cs,. Considering vector-
spin chirality [34,35] « = % Z(i’j) [S; x §;]., where S, ;
are nearest-neighbor spins, two opposite arrangements of
spin chirality can be identified in YAFM, here marked as
counterclockwise (CCW) and clockwise (CW) spin chirality,
which are connected by an inversion operation. Consequently,
electric polarization P transforms as P’ = PP = —P under
inversion [36], leading to opposite polarizations in Figs. 1(b)
and 1(e). That is, a chirality-polarization locking exists, with
opposite chirality leading to opposite polarizations. Such a
feature implies that the electric field can act as an inversion
connector, tuning those spin-chirality-related properties and
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thus offering a promising route toward multifunctional inte-
gration and external-field control. Two properties of interest
in collinear magnets, Berry curvature and spin splitting, are
highlighted next as representative examples.

Berry curvature £2,(k) satisfies £,(k) = £2,,(—k) under
P, R,(k) = —£2,(—k) under time-reversal symmetry 7, and
£2,(k) transforms as an ordinary vector under rotation and
remains invariant under translation t, as revealed by MSG
analysis [37,38]. Given YAFM violates the joint symmetry
PT, a nonzero £2,(k) over the Brillouin zone is antici-
pated. C3; in YAFM further constrains £2,(k) to £2:(k) with
threefold-rotation symmetry. Considering the weak SOC in a
vast number of magnets, an additional effective time-reversal
symmetry for §£27(k) arising from the coplanar spin arrange-
ments as revealed via SSG symmetry analysis (Note S1
[33]) further enforces £23(k) = —$£2:(—k), as illustrated in
Figs. 1(c) and 1(f). Moreover, the inversion operation con-
necting opposite spin chirality enforces £27 (k') = P27(k) =
£2%(—k), mapping Berry curvature at k in one chirality to that
at —k in the other [Figs. 1(c) and 1(f)].

Spin splitting in momentum space is also governed by un-
derlying symmetry. YAFM inherently violates P77 symmetry
and Ut symmetry even in the nonrelativistic limit, satisfy-
ing the symmetry condition for nonrelativistic momentum-
dependent spin splitting [39]. Therefore, an AFM-induced
nonrelativistic spin splitting is expected. Similarly, in the
weak SOC limit, an out-of-plane spin polarization satisfying
effective time-reversal symmetry €(k, S;) = e(—k, —S;) is al-
lowed in the coplanar YAFM shown in Fig. 1, as revealed
by SSG symmetry analysis (Note S2 [33]). By extending
the definition of spin splitting in altermagnetism [27] as the
energy splitting between opposite S, components Ae(k, S;) =
€(k, S;) — e(k, —S,), an effective time-reversal symmetry for
spin splitting Ae(k, S;) = —Ae(—k, S;) is revealed (Note S2
[33]), as shown in Figs. 1(d) and 1(g). It transforms with
spin chirality as Ae’(k’, S}) =PAe(k,S;) = Ae(—k, S,), es-
tablishing a correspondence between the spin splitting at k
and —k in opposite chirality [Figs. 1(d) and 1(g)]. As such,
the inversion-induced spin-chirality transformation mediates
the coupling among spin chirality, ferroelectricity, Berry cur-
vature, and spin splitting. Owing to chirality-ferroelectricity
locking, the electric-field-controlled reversal of polarization
triggers the switching of Berry curvature, spin splitting, and
spin chirality. This unified quasisymmetry framework effec-
tively captures the physical reality of triangular-lattice YAFM
with weak SOC, unveiling the coexistence, coupling, and ma-
nipulation of multiple physical properties. Distinct from the
MSG description, the above analyses of P, £2}(k), and spin
splitting with spin chirality remain invariant regardless of the
in-plane rotation of YAFM, and their coexistence lies beyond
the SSG description, thereby the quasisymmetry framework
is established as complementary to MSG and SSG. Various
degrees of freedom can be predicted with such a symmetry-
guided framework.

B. Electric-switchable coupled properties in Zr,VC,Cl,

Subsequently, high-throughput calculations were em-
ployed to identify dynamically stable semiconductors with
YAFM ground states [Fig. 2(a)]. Double transition metal
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FIG. 2. Material screening and realization of electric-field-
controlled coupled properties. (a) Screening scheme for centrosym-
metric triangular-lattice MXenes hosting YAFM ground states. Inset:
side view of YAFM ground-state candidates Zr,VC,X,, with Zr
(blue), V (red), C (brown), and X (gray). (b), (c) Top views of
Zr,VC,Cl, with YAFM, showing only V and C atoms for clarity, (d),
(e) Berry curvatures in the first Brillouin zone, and (f), (g) S,-resolved
bands along I'M and its time-reversal path I'M’, under opposite
polarization states, P41 and P|. M’ denotes —M. The Fermi level
is set to zero.
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MXenes with triangular lattices were selected for screening
due to their chemical diversity and well-established synthesis
methods [40]. Focusing on zirconium-containing carbides for
their exceptional thermal stability and two-dimensional nature
[41], we identified monolayer Zr,VC,X, (X =F, Cl, Br, 1)
as promising YAFM candidates, with Zr,VC,Cl, exhibiting
the highest estimated Néel temperature 7y of ~190 K among
them (Figs. S2—-S6 [33]). Magnetic anisotropy energy calcula-
tions exemplified by Zr, VC,Cl, reveal an easy xy plane and
show a negligible energy variation for YAFM rotation within
an xy plane (Fig. S5 [33]).

Below we choose the in-plane YAFM with opposite spin
chirality [Figs. 2(b) and 2(c)] to demonstrate the electric po-
larization, Berry curvature, and spin splitting properties in
Zr,VC,Cl,. For electric polarization P, first-principles cal-
culations yield P, = 1.73 x 107 pC/m while P, , approach
zero, and exhibit a sign reversal of P, upon spin chirality
reversal, as represented by P4 and P in Fig. 2. A strong
magnetoelectric coupling effect, with the coupling strength
on the order of 107> eA based on the generalized spin cur-
rent model [42], the spin-electronic magnetoelectric constant
of a,, = 12.3 ps/m, and the spin-texture-dependent polar-
izations revealed by first-principles calculations, is obtained
in Zr, VC,Cl, (Figs. S7-S9 [33]). These results confirm the
predicted chirality-polarization locking, indicating both spin
chirality and polarization could be controlled by magnetic and
electric fields. For the modulation of P, it could be controlled
by applying a magnetic field that changes the spin configu-
ration, as demonstrated experimentally in TbMnOj3 [43] and
MnAu, [44]. For the reversal of spin chirality, applying an
electric field lifts the degeneracy between (CCW, P1) and
(CW, P|) states, favoring the spin chirality with P oriented
along the field. A realistic transition path for spin-chirality
reversal is proposed, involving spin rotation around x with an
energy barrier of ~77 peV/f.u. The combination of such a
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low switching barrier, sizable polarization, and strong mag-
netoelectric coupling in Zr, VC,Cl, enables the efficient and
practical electric-field control of spin chirality and its coupled
P, requiring an electric field of about 0.1 V/A (Fig. S10 [33]).
The calculated Berry curvatures in Figs. 2(d) and 2(e)
exhibit £2(k) with threefold rotation symmetry and effective
time-reversal symmetry in the weak-SOC Zr,VC,Cl, with
coplanar YAFM [See also £2:(k) without SOC in Fig. S11
[33]], as predicted by the above symmetry analysis. Com-
bined with the transformation .Qg/ (k") = $2(—k), a reversal
of Berry curvature between opposite spin chirality is demon-
strated in Figs. 2(d) and 2(e). As shown in Figs. 2(f) and 2(g),
first-principles calculations reveal spontaneous antisymmet-
ric spin splitting [Ae(k, S;) = —Ae(—k, S;)]. Singlet states
[18,45,46] without symmetry-imposed spin degeneracy of the
S, component at each wave vector along 'M and 'M’ are
unveiled by MSG and SSG analysis, thus allowing finite S,
polarization. The opposite S, polarizations and opposite spin
splitting along 'M and I'M’ in weak-SOC Zr,VC,Cl, with
coplanar YAFM satisfy the effective time-reversal symmetry,
consistent with our symmetry analysis (see also antisym-
metric spin splitting without SOC in Fig. S11 [33]). The
combination of Ae(k, S,) = —Ae(—k, S;) and Ae'(K', S)) =
Ae(—k, S;) leads to opposite spin splitting between opposite
spin chirality [Ae(k, S.) = —A€'(k', S.), Figs. 2(f) and 2(g)],
demonstrating spin chirality locking with spin splitting. These
results validate the quasisymmetry framework, demonstrat-
ing coupled chirality, P, £27(k), and spin splitting, as well
as realistic electric-field switching of these properties in a
nonvolatile and reversible fashion through the bridge of P.

C. Field-tunable multifunctionality in coplanar YAFM

Considering the opposite £2:(k) at time-reversal-related
valleys in weak-SOC coplanar YAFM, valley-contrasted op-
tical circular dichroism arises [47]. Irradiating right-handed
circularly polarized light (6_) excites carriers with —£27(k)
and induces a transverse Hall voltage U, while irradiating
left-handed circularly polarized light (§4) excites carriers
with £23(k) and induces an opposite U, realizing CDHE.
Combining the directions of P and U, four states shown in
Fig. 3(a) are obtained, PA U—, PP U+,PlU—,and P| U+.
Counterclockwise chirality with §; introduces Pt U+, and
out-of-plane electric field E, reverses P to P U+. Alterna-
tively, changing the light polarization induces P41 U —, and
subsequent E, switches it to P U —. Such multistate control
is validated in Zr, VC,Cl,, where the degree of circular polar-
ization [47] n(k) reaches +100% around M and M’ for both
P71 and P| states [Fig. 3(b)], demonstrating fully selective
absorption by circularly polarized light.

Additionally, a spin-polarized current can be generated
owing to the AFM-induced antisymmetric spin splitting.
This further enhances multifunctionality and enriches tuning
knobs. As shown in the left panel of Fig. 3(c), under a neg-
ative electric gating (or hole doping), applying an electric
field E along +y can induce a nonequilibrium redistribu-
tion of holes from the lower side to the upper side of the
Fermi surface, yielding an accumulation of holes with +S..
Reversing E to —y or reversing P via E, [right panel of
Fig. 3(c)] yields an accumulation of holes with —S,. No net
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FIG. 3. Multifunctionality and multistate control enabled by
coplanar YAFM and their realization in Zr, VC,Cl,. (a) Schematics
of multistate transformation under electric field E and circularly
polarized light irradiation 8. The color map denotes the value of
Berry curvatures at valleys for the valence band. (b) Degrees of cir-
cular polarization in Zr,VC,Cl, for P4 and P states, respectively.
(c) Schematics of S, -resolved constant-energy contour at i < 0 in
coplanar YAFM exhibiting P4 and P, respectively. w: chemical
potential relative to Fermi energy. (d) Spin-resolved constant-energy

contour at u = —0.18 eV in Zr, VC,Cl,. Hexagons represent the first
Brillouin zone, and M’ denotes —M.

Py U-

accumulation of carriers with S, arises under in-plane E along
+x. These suggest an anisotropic Edelstein effect. Notably,
unlike conventional SOC-induced spin-polarized currents, the
spin-polarized currents proposed here originate from AFM
order, avoiding the need for heavy elements with strong SOC.
Moreover, the AFM origin allows magnetic-field control of
such an Edelstein effect, and electric-field tunability consid-
ering the coupling among spin chirality, ferroelectricity, and
spin splitting. The spin-resolved constant-energy contour at
u = —0.18 eV in Zr, VC,Cl, validates the realization of field-
tunable anisotropic Edelstein effects [Fig. 3(d)].

D. Field-tunable multifunctionality in noncoplanar YAFM

Moreover, a magnetic field H along z induces a non-
coplanar YAFM with spins canted out of plane by an angle
o [see insets in Figs. 4(a)-4(d)]. This breaks the effective
time-reversal symmetry and introduces additional degrees of
freedom, valley polarization A./,, and net magnetic moment
M,,,, which couple to spin chirality (CCW/CW), ferro-
electric polarization P4, Berry curvature $2%(k), and spin
splitting Ae(k, S;). The external-field manipulation of these
coupled properties is depicted in Figs. 4(a)-4(d) and their
transformations are summarized in Table I. Applying an
out-of-plane electric field E switches [CCW, P, Ae(k, S;),
Qi(k), Acpy, MT] in Fig. 4(a) to [CW, P, A€'(—k',S)),
.Q;:/(—k/), Ay M, N in Fig. 4(b) via inversion-induced
spin chirality transformatlon In contrast, a magnetlc ﬁeld H
switches it to [CCW, P, —A€'(—k', S)), — Q7 (=K, — Al
M /l] in Fig. 4(c) via effective time—reversal induced spin cant-
ing reorientation. For CCW YAFM with w = 25° [Fig. 4(a)],
the valley polarizations in Zr,VC,Cl, reach A, = 8 meV
and A, = 10 meV, both larger than FeCl, (5 meV) [48] and
WSe, /Crl; heterostructures (0.3—-1 meV) [49,50]. The cal-
culated anomalous valley Hall conductivity oy, reaches a
maximum of ~130 S/cm, underscoring a pronounced AVHE
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FIG. 4. Coexistence, coupling, and manipulation of diverse
physical properties generally realized in noncoplanar YAFM and
the prototype spintronic device. (a)—(d) Schematic of electric-field
(E) and magnetic-field (H) control of coupled properties, including
spin chirality (CCW/CW)), ferroelectric polarization (P, P along
+z), Berry curvature [£2:(k)], spin splitting [Ae(k, S;)], magnetic
moment (M4,,, a net magnetic moment along £z), and valley po-
larization (A, energy difference between valleys in conduction or
valence band). M’ denotes —M. Orange arrow: P along +z. Red
(blue) curve: bands with positive (negative) S, polarization. Red
(blue) solid circles denote positive (negative) §2%(k) and the circle
size represents its magnitude. (e) Schematic of a field-effect transis-
tor based on two-dimensional NCAFs and attached with a magnetic
tunnel junction. S, D: source, drain.

response in Zr, VC,Cl, (Fig. S12 [33]). Notably, the mecha-
nism of valley polarization here differs from the conventional
one in collinear magnets which requires both SOC and in-
trinsic exchange interactions [51,52]. Instead, SOC is not
necessary for valley polarization emerging in this case, and
the breaking of effective time-reversal symmetry is actually
the essential factor.

As schematized in Fig. 4(e), the external-field manipu-
lation of six coupled degrees of freedom, including spin
chirality, P, $2, spin splitting, M, and valley polarization, can
generate 48 states (2 x 2 x 3 x 2 x 2), suggesting a signif-
icant potential for constructing advanced devices based on
NCAFs. P and chirality can be switched by an out-of-plane E
and identified through dielectricity or second-harmonic gener-
ation measurements [43,53-55]. Valley-contrasting 2 can be
distinguished through CDHE [56]. Nonrelativistic anisotropic
spin-polarized currents I;,, featuring &S, carrier accumu-
lation, can be generated by applying a gate voltage and an
in-plane E along different directions, such as +y, —y, or
parallel to x. Such Edelstein effects can be detected through

TABLE 1. Transformations under symmetry operations in two-
dimensional triangular lattices. The notations of operations follow
the convention of Ref. [26]. k, «, S, P,, 27, Ae, Ac)y, M., and
denote, respectively, the vector-spin chirality, wave vector, z com-
ponent of the spin vector, electric polarization and Berry curvature,
the energy splitting between opposite S, polarization, valley polariza-
tion in a conduction or valence band, z component of the magnetic
moment, and the S,-polarized current. “+” (“—") refers to the sign
preservation (reversal) of a physical quantity under an operation.

Kk P 28 Ae Ay M, 1

+ o+ -+ -

S
{11-1¢0,0,004 - + - -
-+ + - - - - +

{moo1 (1110, 0,0)}  —

tunneling magnetoresistance using a magnetic tunnel junc-
tion with an efficient read-write separated path [Fig. 4(e)]
[57,58]. M can be modulated by H along z and tested by
the Hall effect or magneto-optical Kerr effect [S9]. For valley
polarization A, different Berry curvatures in the valleys
induce distinct transverse Hall voltages, resulting in AVHE
under in-plane E and specific gate voltage, with optional
magnetic field involvement. Therefore, the external-field tun-
ability, flexible cross-degree-of-freedom manipulation, and
multifunctional integration are achieved in two-dimensional
noncollinear antiferromagnets, enabling devices adaptable to
different application requirements.

III. CONCLUSION

In conclusion, through symmetry analysis, we unveiled the
coexistence, coupling, and manipulation of multiple physi-
cal properties in two-dimensional triangular-lattice YAFM,
including AFM-induced spin splitting, SOC-free valley po-
larization, spin chirality driven ferroelectricity, and Berry
curvature, extending the descriptions of MSG and SSG.
The spin chirality transformation mediates the coupling
among these properties, enabling their synergistic switching.
Chirality-ferroelectricity locking reveals reversible manipu-
lation of these properties via electric and magnetic fields.
Multiple functionalities, including magnetoelectric coupling,
CDHE, nonrelativistic anisotropic Edelstein effect, and
AVHE, are enabled with these coupled properties. Among
monolayer MXenes Zr,VCyX, (X =F, Cl, Br, I) hosting
YAFM ground states, first-principles calculations, exemplified
by Zr, VC,Cl, with the highest Néel temperature, confirmed
the symmetry-predicted multiple coupled properties, external-
field manipulation, and multifunctionality. Based on these
findings, we designed a prototype spintronic device with field-
tunable multifunctional integration, where the spin chirality,
ferroelectricity, CDHE, Edelstein effect, and AVHE can be
regulated by ferroelectric polarization reversal via an electric
field and spin-configuration transformation via a magnetic
field. This work provides a unified quasisymmetry framework
that enables multifunctionality and cross-degree-of-freedom
manipulation in weak-SOC NCAFs, facilitating the develop-
ment of next-generation NCAF-based devices.
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