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ABSTRACT

XPS3

We  present  unconventional  nodal  crossings  in  a  two-dimensional
collinear  altermagnet,  which  are  enforced  by  crystal  symmetries  to  lock
spin polarization and valley degrees of freedom. Altermagnetism generates
nonrelativistic spin-splitting in honeycomb antiferromagnets, guaranteeing
novel band degeneracies between bands sharing identical spin configura-
tions yet different sublattices. Inspired by the  (X = Mn, Fe, Ni) mate-
rials,  we  demonstrate  distinctive  Berry  curvature  distributions  that  are
strongly  concentrated near  the  Weyl  nodes,  which further  generalize  the
locking between valleys and Berry curvature. Topological phase transitions
are  characterized  by  the  high  Chern  numbers  preserving  the  non-inter-
secting flows of Wannier centers over occupied bands, where degeneracy
lifting  contributes  to  unconventional  spin  textures  to  induce  the  valley
Hall  effect.  Our  results  reveal  unique  topological  nodes  arising  from  the
interplay between crystal symmetry constraints and intrinsic time-reversal
symmetry  breaking,  whose  associated  topological  responses  are  relevant
for spintronic applications. M+ M+
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Γ
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 1   Introduction

XPS3

Two-dimensional  (2D)  honeycomb  materials,  including
graphene and magnetic monolayers, exhibit unique elec-
tronic  structures  characterized  by  Dirac  points  and
valley degrees  of  freedom. While  extensive studies  have
focused on nonmagnetic or weakly magnetic honeycomb
lattices, the interplay between magnetism and topological
band  structures  in  collinear  antiferromagnets  remains
less explored [1–3].  Recent experimental and theoretical
studies have identified several transition-metal trichalco-
genides,  such  as  (X  = Mn,  Fe,  Ni),  as  promising
2D honeycomb altermagnets [4–6]. In these systems, the

combination of collinear magnetic order and honeycomb
lattice symmetry gives rise to nontrivial electronic struc-
tures,  which can be  tuned by external  parameters  such
as  strain,  electric  field,  or  chemical  substitution.  First-
principles calculations have revealed that these materials
host symmetry-enforced band crossings and exhibit large
Berry curvature near the high-symmetry points, suggesting
that  valley-contrasted  topological  transport  phenomena
could  be  realized  experimentally  [7–9].  Moreover,  the
interplay between symmetry-breaking degeneracy lifting
and sublattice-dependent spin textures provides a natural
mechanism  for  the  valley  Hall  effect  without  requiring
strong spin–orbit coupling [10–12]. 
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Members of the  family share a monoclinic crystal
structure  with  space  group  [13, 14],  and  their
atomic  positions  have  been  precisely  determined  by  X-
ray diffraction on single crystals [15]. Despite this structural
similarity,  their  magnetic  configurations  vary: 
exhibits an out-of-plane zigzag antiferromagnetic (AFM)
order,  stabilizes  an  in-plane  zigzag-AFM configu-
ration,  and  adopts  a  Néel-type  AFM  structure
with out-of-plane magnetic moments at low temperatures
[16–22].  Beyond  the  magnetic  ordering  itself,  these
compounds  are  further  distinguished  by  their  magnetic
point groups, which impose symmetry constraints on the
electronic  band  structures.  Specifically,  has  a

 magnetic  space  group  is  described  by
 and  symmetries,  and  corresponds  to

 group  [19–21].  These  variations  in  magnetic
symmetry,  together  with  the  interplay  of  crystal-field
anisotropy and exchange interactions on the honeycomb
lattice,  play  a  crucial  role  in  enforcing  spin  splitting,
Dirac-like band crossings, and valley-dependent topological
phenomena.  Meanwhile,  several  theoretical  and  experi-
mental  studies  have  investigated  the  family  in
atomically thin limits [23].  Experiments have confirmed
the  persistence  of  magnetic  order  in  and ,
providing  a  platform  to  probe  2D  magnetism  and  the
emergence  of  long-range  order.  Theoretical  studies
further  suggest  that  can  serve  as  a  symmetry-
tunable antiferromagnetic substrate, capable of inducing
and controlling spin and valley effects in 2D heterostruc-
tures  without  relying  on  net  magnetization  or  strong
spin-orbit  coupling  [22, 24].  Despite  these  advances,  a
comprehensive understanding of the microscopic mecha-
nisms  governing  spin-lattice  coupling,  magnetic
anisotropy, and symmetry-protected topological features
across  the  family  remains  lacking,  motivating
further investigation.

Altermagnetic  order,  a  recently  recognized  class  of
collinear magnetism, offers a unique platform for realizing
spin-split  Dirac  and  Weyl  nodes.  Unlike  conventional
ferromagnets  (FMs)  and  antiferromagnets  (AFMs),  it
breaks time-reversal symmetry while preserving vanishing
net magnetization [7, 25–42]. We investigate the emergence
of topological nodes within a tight-binding model formed
by  hexagonal  clusters,  where  the  altermagnetic  order,
rather than relativistic spin–orbit coupling (SOC), drives
momentum-dependent  spin  splitting.  By  incorporating
four-sublattice bond dimerization, we uncover symmetry-
protected Weyl points that traverse high-symmetry lines
in the first Brillouin zone (BZ) and can merge or annihilate
under  the  strong-weak  bonds  modulation.  Although
SOC  is  assumed  to  be  negligible,  it  enables  significant
topological  responses  rather  than  incompatible  with
altermagnetism  [43, 44],  including  the  anomalous  Hall
effect  (AHE) accompanied by emergent weak ferromag-
netism. When integrated with proximity-induced super-
conductivity, the pairing symmetries and finite-momentum

pairing in altermagnets offer fertile ground for researching
novel topological phases and superconducting phenomena
[45, 46].

Unconventional  Zeeman  splitting  can  induce  diverse
nontrivial  topology  in  two-dimensional  (2D)  collinear
antiferromagnets,  while  preserving  symmetry-
constrained zero net magnetization [47, 48]. By focusing
on collinear antiferromagnetic order and crystal symme-
tries  [49–51],  we  demonstrate  Dirac  cones  and  pairwise
Weyl  nodes  in  the  honeycomb  monolayer  [52, 53].  The
presence  of  these  Dirac  and  Weyl  nodes  introduces
valley  degrees  of  freedom  [54, 55],  where  the  valley-
polarized  currents  open  additional  avenues  for  manipu-
lating electronic and spintronic properties in combination
with  intrinsic  or  induced  spin  polarization  [56–59].  The
coexistence  of  strong  spin  polarization  and  zero  net
magnetization  endows  altermagnet  (AM)  with  both
immunity  to  stray  magnetic  fields  and  the  ability  to
support  efficient spin-current generation [34, 57],  estab-
lishing them as a versatile platform for exploring uncon-
ventional  topological  phases  and spintronic  applications
[60–62].

In  this  work,  we  introduce  a  collinear  altermagnetic
order within 2D honeycomb lattice, which is characterized
by dimerized bond strengths that from a four-sublattice
superlattice structure. In Section 2, we analyze the physical
origin  and  symmetry  basis  of  the  Hamiltonian  parame-
ters. We further discuss the symmetry protection of our
system and  the  evolution  of  Weyl  points  depending  on
hopping strengths  and bond dimerization.  In  Section 3,
we  examine  the  topological  properties  of  the  system,
including  the  distribution  of  Berry  curvature,  and  the
formation of edge states in nanoribbons with zigzag and
armchair  terminations.  In  Section  4,  we  discuss  experi-
mental realizations and tunable platforms for altermagnetic
topological phases, including electric-field control, strain
engineering,  ultracold  atoms,  and  topolectrical  circuits.
Our results demonstrate the interplay between altermag-
netic  order  and crystal  symmetry,  providing  a  versatile
platform  for  generating  valley-polarized  currents  and
designing  spintronics  devices  without  relying  on  heavy-
element SOC.

 2   Model and methods

 2.1   Magnetic ground states

XPS3

C2/m

We  investigate  the  (X  =  Fe,  Ni,  Mn)  family  of
layered  transition-metal  phosphorus  trichalcogenides,
which display space group  as exemplary materials
for  2D  honeycomb  lattice  [63–65].  Our  first-principles
calculations  are  performed  using  density  functional
theory  (DFT)  with  the  four-state  method  to  determine
the magnetic ground state and extract exchange interac-
tions  [66, 67].  In  this  approach,  four  representative
collinear spin configurations — ferromagnetic (FM), AF-
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XPS3

Néel,  AF-zigzag, and AF-stripy — are considered, with
lattice  parameters  fixed  to  those  of  the  energetically
most  favorable  configuration.  By  comparing  the  total
energies  of  these  configurations,  we  can  identify  the
lowest-energy magnetic state objectively. We apply it to

 compounds, and the analytical expressions for the
energies of collinear magnetic orders are employed, 

EFM/Néel = E0 + (±3J1 + 6J2 ± 3J3)|S|2,
EAF-zigzag/stripy = E0 + (±J1 − 2J2 ∓ 3J3)|S|2, (1)

E0 S

J1 J2 J3

where  is the spin-independent reference energy and 
is  the  spin  magnitude.  Eventually,  the  computed  DFT
energies  are  mapped onto a classical  Heisenberg Hamil-
tonian to extract exchange couplings , , and , and
the ground state is further verified via zero-temperature
classical phase diagram analysis [68].

MnPS3
ẑ NiPS3 FePS3

MnPS3

C2′/m

NiPS3
Pc21/m Ps1

(J1, J2, J3)

XPS3

The  point  group  and  magnetic  space  group  symme-
tries, along with the magnetic ground states determined
from  DFT  calculations,  are  summarized  in Table  1.

 stabilizes  in  the  Néel  state  with  the  Néel  vector
aligned  along  the -direction,  whereas  and 
favor  the  zigzag  antiferromagnetic  configuration.  In

,  a  Néel-type  AFM  structure  with  out-of-plane
magnetic  moments  lowers  the  magnetic  space  group
(MSG) to . The zigzag-AFM configuration parallel
to  the  plane  is  preserved  in ,  where  the  space
group and the MSG are transformed to  and 
respectively. The table further lists the total energies for
representative  collinear  spin  configurations  and  the
extracted  exchange  couplings ,  providing  a
comprehensive  overview of  the  structural  and  magnetic
properties  of  these  monolayers.These  distinct  magnetic
symmetries and spin configurations reflect the interplay
between  crystal  field  anisotropy  and  exchange  interac-
tions, establishing  compounds as an ideal material
platform for realizing and tuning 2D altermagnetism [69,
70].

 2.2   Four-Sublattice Hamiltonian

We  investigate  the  spectral  properties  of  a  modified
honeycomb lattice as shown in Fig. 1, manipulating the
position  and  properties  of  the  Dirac  cones  through
hopping  strengths.  The  cell-periodic  Hamiltonian  is
given by 

H0 (k) = τ0 ⊗ 2t1 [cos k1 cos k2τx + cos k1 sin k2τy]
− τz ⊗ 2δ1 [sin k1 sin (k2) τx − sin k1 cos (k2) τy]
+ τx ⊗ t1 [cos (2k2) τx − sin (2k2) τy]
− τy ⊗ δ1 [sin (2k2) τx + cos (2k2) τy] ,

(2)

k1

√
3
2 kx k2

1
2ky

t1 δ1

where  = ,  = . We apply the model to a
pristine  hexagonal  structure  with  the  coupling  between
strong  and  weak  nearest-neighbor  bonds  and ,
which leads to an enlargement of the unit cell and conse-
quently reduces the size of the Brillouin zone. The original
hexagonal  Brillouin  zone  is  reduced  into  a  rectangular
Brillouin  zone,  where  the  folding  of  electronic  bands

 

XPS3Table  1 Structural data for the  (X = Mn, Fe, Ni) materials, determination of the ground state and exchange coupling
constants.

Materials MnPS3 FePS3 NiPS3

Point group C2h C2h C2h

Magnetic space group C2′/m Cc2/m Pc21/m Ps1 and 
Ground state Néel zigzag zigzag

(J1, J2, J3) (meV) (0.48, 0.04, 0.10) (–1.50, 0.27, 3.00) (–3.55, –0.27, 15.13)
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Fig. 1  (a) Schematic  of  the  honeycomb-lattice  model  for
altermagnetism.  The  model  has  four  sublattices  at  each
lattice  point  with  red  and  blue  dots  denoting  anti-aligned
moments. The blue dashed lines represent the nearest-neighbor
(NN) hopping strengths – , and ellipses accompained with
blue lines are hopping terms with negative signs + . The
crystalline environment generates anisotropic second-nearest-
neighbor  hopping  (black  solid  and  dashed  lines)  and .
(b) Dirac  crossings  with  spin-up  and  spin-down  bands
develop on the BZ edges. (c) Weyl points between bands of
the  same spin  are  shown in  red  and blue,  respectively.  The
massless crossings along the high-symmetry directions 
annihilate each other into quadratic crossings.
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δ1

(± π√
3
, 0)

induces additional Van Hove singularities (vHSs) in the
density  of  states  (DOS)  along  high-symmetry  lines.  A
bulk energy gap closes along the boundary of  BZ when

 = 0, exhibiting topologically protected linear crossings
around  the  high-symmetry  points .  The  dimer-
ization of nearest-neighbor coupling breaks translational
symmetry, introducing an anisotropic dispersion relation
and altering the  inherent  topological  characteristics.  As
depicted  in Fig.  2,  the  Dirac  points  that  were  initially
pinned  under  rotational  symmetry  can  move  along  the
high-symmetry  path,  which  undergo  pairwise  annihila-
tion.  The  phase  diagram  delineates  the  transitions
between  trivial  and  topological  semimetal  phases  and
captures the critical localization of robust edge states.

R1
∪
∞ → S1

ν δ1
t1

√
5

ν = 0,±
√
5
5 ,±

√
5,∞

XPS3 C2h

µ MA −MB

MC −MD

ẑ

µẑ C6z C3z

C2z

C2/m

We define the homeomorphism    to illustrate
tunable  Dirac  cones  and  phase  transitions,  where  the
vertical axis parameter is  =  with a diameter of .
As shown in Fig. 2, this mapping reveals a fundamental
relation  between  the  dimerization  strength  and  the
emergence  of  massless  Dirac  fermions.  The  Dirac  cones
unfold  along  a  high-symmetry  path  for  a  set  of  NN
hoppings,  eventually  merging  into  a  semi-Dirac  point
characterized at critical values . Based
on  the  conventional  crystallographic  setting  of  the
monolayer  in  the  point  group  symmetry,  the
dimerized  bond  strength  forms  a  superlattice  with  an
enlargement  of  the  unit  cell.  We  study  the  Néel  order
via  antiparallel  magnetic  moments  (  =  =

)  from  the  hopping  of  itinerant  electrons,
where  the  Néel  vector  is  aligned  along  the -direction,
resulting  in .  As  all  rotational  symmetries  ( , ,

)  are  broken,  the  system  undergoes  a  symmetry
reduction to the magnetic point group .

C2/m

(0,k2) (0,−k2) (−k1, 2k2)

We analyze the transformation properties under point
group  operations,  where  the  origin  of  magnetic
unit cell is situated at the midpoint of the strong bonds
to  naturally  reflect  the  dimerization  distribution.  The
positions of the four sites are , , ,

(−k1,−2k2)and ,  respectively.  Thus,  the  space  of  Bloch
states is a 4-dimensional Hilbert space, and it is necessary
to  construct  unitary  gauge  matrices  to  ensure  the
correct representation of symmetry operations. 

U =


eik2 0 0 0
0 e−ik2 0 0
0 0 e−ik1+2ik2 0
0 0 0 e−ik1−2ik2

 . (3)

(1/2, 1/2)

τx ⊗ τ0
{E| 12

1
2}

{E| 12
1
2}

The  translation  is  still  a  lattice  symmetry  and
preserves  the  four  sublattice  structure.  With  a  half-
translation via the  lattice vector, an exchange
occurs between sublattices A and C, as well as between
sublattices  B  and  D.  The  Néel  order  remains  invariant
under  the  product  of  this  sublattice  operation 
and  the  non-symmorphic .  The  half-translation
operation ,  as  an  integral  component  of  the
superlattice  symmetry,  imposes  constraints  that  enforce
degeneracy following band folding.

 2.3   Symmetries and spectrum

µ

θ π S1

We quantify the interaction strength between the itinerant
electrons and the collinear local moments with staggered
magnetization ,  constructing  an  altermagnetic  model
from  the  =  of  at  the  critical  point  in Fig.  2.
Within two decoupled subspaces, each possessing a well-
defined spin, localized spins interact with itinerant elec-
trons via a Kondo-like coupling of the form: 

HAM (k) = µτ0 ⊗ τz. (4)

µ

S1 δ2 sin (k1) cos (3k2)τy ⊗ τz
S2 δ2 cos (k1) sin (3k2)τy ⊗ τ0

t2 S3

t2 cos (k1) cos (3k2)τx ⊗ τ0

By introducing the potential , we develop the Hamil-
tonian  of  the  honeycomb  lattice  under  collinear  alter-
magnetic  order,  where  the  anisotropic  next-nearest-
neighbor  (NNN)  hopping  originates  from  distinct  crys-
talline  environments  among  the  four  sublattices.  They
are  defined  as  operators  =  2
and  = –2 , where another term
related  to  the  NNN  hopping  is  =
4 , 

H (k) = σ0 ⊗H1 (k) + σz ⊗HAM (k) ,

H1 (k) = H0 (k) + S1 + S2 + S3, (5)

σi

T = −iσyK

µ

where  are Pauli matrices operating on the spin space.
As the altermagnetic order explicitly breaks time-reversal
symmetry ,  the  quadratic  energy  spectrum
becomes subject to the staggered potential that lifts the
spin degeneracy. The energy spectrum with the staggered
potential  and NNN hoppings  is  obtained for  the  two
spin-split altermagnetic subspaces as 

E± = ±µ± 2
√
4t22 cos2 k1 cos2(3k2) + δ22 sin

2(k1 + 3± k2).

(6)

 

θ3

θ2 θ1

θ4

v

θ

 

ν θ

θ ± arctan
√

5
2

±(π − arctan
√

5
2
)

Fig. 2  Analytical  demonstration  of  the  phase  diagram
formed by  and . The Dirac points merge together at the
phase boundaries  =  and ,  where
the  spectral  function  of  edge  modes  and  DOS  are  depicted
for each separated phase.
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{T C2z| 12
1
2}

Γ−X Γ−Y M−X M−Y

τx ⊗ τx

τ0 ⊗ τz

C2zM T M

We  perform  a  systematic  analysis  of  the  energy
dispersion  in  the  absence  of  SOC,  where  nodal  line
degeneracies  arise  exclusively  from  altermagnetic
symmetries.  The  composite  symmetry  operator

 guarantees the Kramers degeneracy along the
high-symmetry  paths  ( , , ,  and ),
which  combines  time-reversal  with  a  twofold  rotation
followed  by  a  fractional  lattice  translation.  Although
mirror reflection transforms non-magnetic sites into their
original positions, magnetic sites with two opposite-spin
are  mapped  to  each  other  with  a  spin-flip  operation.
Thus,  the  Néel  vector  undergoes  sign  reversal  under
mirror symmetry operation with , sharing identical
symmetry  characteristics  with .  We  examine  the
combination symmetries of  and , which stabilize
the  spin  configurations  contributing  to  the  total
magnetic moment compensation [71–74].

 3   Results

 3.1   Weyl nodes

Having  established  the  phase  diagram,  we  now turn  to
the evolution of the evolution of Dirac points in the bulk
band  structures.  As  shown  in Fig.  3,  the  Dirac  points
move along high-symmetry paths as θ varies and merge
at critical values. Around these critical points, symmetry-
protected linear band crossings emerge in the low-energy
spectrum, giving rise to Weyl nodes. In the following, we
analyze  their  formation  mechanism  and  topological
properties.

P |Ψα(k)⟩ ⟨Ψα(k)|
⊕

|Ψβ(k)⟩
⟨Ψβ(k)|

When two electronic bands with identical  spin polar-
ization  approach  each  other  in  momentum  space,  their
crossing gives rise to Weyl nodes [50, 51]. Such degeneracy
points  require  altermagnetic  symmetry  protection  to
maintain their topological stability, and their dispersion
relations  approach  linear  behavior.  We  consider  an
expansion  of  Hamiltonian  around  Weyl  points  into  the
subspace via the operator  =  

.
 

Hqα = ϵαq σ0 + vαy q
α
xσy ± vαx q

α
y σx,

Hqβ = ϵβq σ0 + vβy q
β
xσy ± vβxq

β
yσx, (7)

ϵαq ϵβq

vαx vαy
β

(± π√
3
±π−arccos

√
ξ

3 )

where  and  denote  the  chemical  potential  in  the
vicinity  of  the  Weyl  nodes.  Within  the  restricted
subspace, the effective Hamiltonian can be expressed as
a linear  combination of  Pauli  matrices.  The anisotropic
velocities for spin-up subspace are  and , where the
counterparts  for  spin-down  are  represented  by .  We
derive  the  anisotropic  velocities  in  the  vicinity  of  pair-
wise crossings , .
 

vαy = vβy = δ2
√
3ξ,

vαβx =

√
|9δ22 − 9R2 ± 18R2 cos4

√
1− ξ

3
|, (8)

ξ | R
2

2δ22
− 1| R2 t21 + µ2where  = ,  and  = .  We  investigate

the parity operator that maps a Weyl node to its coun-
terpart,  with  spin  and  sublattice  degrees  of  freedom
treated  independently.  Acting  as  monopoles  or  anti-
monopoles  of  Berry  curvature,  the  gapped  Weyl  points
enable  the valley-dependent Hall  effect,  chiral  magnetic
effects, and other exotic transport phenomena [75].

Mk = m1 cos(2k1) +m2 sin(2k1)

m1 m2

τz ⊗ τ0 k

z

C2z

SO(2)

C2
2z = −1

Γ−M

One potential approach to gap out the Weyl nodes is
to  apply  the  mass  term ,
where  and  are coefficients,  introduced by multi-
plying the general staggered hoppings with the operator

. The -dependent terms break the altermagnetic
symmetries,  and  a  functionally  analogous  effect  can  be
achieved  via  the  valley-selective  coupling  of  circularly
polarized  light  to  electrons.  The  proposed  mass  terms
can  also  originate  from  an  intrinsic  SOC  of  the
Kane–Mele type, which is compatible with the symmetry
of  the  spin  angular  momentum  along  the  direction.
With  a  vanishing  macroscopic  magnetization,  the
symmetry  of  2-fold  spin  rotation  ( )  maintains  the
integrity  under  transformation.  For  spin-1/2
fermions, the eigenvalues of the twofold rotation symme-
tries  follow from the  algebraic  relation ,  which
imposes a block-diagonal form on the Hamiltonian. This
symmetry protects Weyl points along the high symmetry
line ,  where  the  band  crossings  are  characterized
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Fig. 3  The  evolution  of  Dirac  points  in  the  bulk  band  structures  across  distinct  phase  regions  of  the  phase  diagram
presented  in Fig.  2. (a) , (b) , (c) , (d) ,
(e) .
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±i
Ω

α(β)
±

by opposite rotation eigenvalues of .  The topology of
crossing is characterized by the Berry curvature ,
 

Ω
α(β)
± =

d
α(β)
q · [∂qxd

α(β)
q × ∂qyd

α(β)
q ]

|dα(β)
q |3

=
|Mk|vxvy

2 3

√
vxq2y + vyq2x +M2

, (9)

d
α(β)
q v

α(β)
y qx v

α(β)
x qy

Mk

2
qzwhere  = + + . The distribution

of Berry curvature contributes to the Berry phase as 

Υ
α(β)
± = ± 1

4π

∫
BZ

Ω
α(β)
± = ± sgn(|Mk|)

2
, (10)

|Mk| m1

m2

j ℏ
2e
(jα jβ) e2

ℏ
∑α,β sgn(Mk)

P : (kx, ky) → (−kx,−ky)
Γ−M

C2y y

My PC2y

where  is determined by the finite values of  and
, lifting the degeneracy of crossings. The distribution

of Berry curvature contributes to the total Hall current
as  = + =  [76]. The parity operator

 indicates  that  band  crossings
evolve along the  high-symmetry directions within
a  single  spin  sector.  Considering  the  twofold  rotation

 about -axis, the system maintains mirror reflection
passing  across  the  vertical  plane,  described  by

= .  Thus,  the  bands  along  high  symmetry  line
exhibit  at  least  twofold  degeneracy  for  the  out-of-plane
Néel  vector,  which  are  preserved  even  when  the  mass
term is introduced.

 3.2   Phase digram

t2 δ2
t1 δ1

The Weyl phase diagram is formed by  and  in the
configurational space fixing  = 0 and  = 1. We illustrate
the evolution of Wannier centers obtained from the non-
Abelian Berry phase in Fig. 5, corresponding to the inte-
gration  of  Berry  connection  with  fully  decoupled  spin

U(2N)

Aαβ ⟨ψα(k)|ψβ(k + δk)⟩
H0 (k) ∑

k

∑NF

α,β=1A
αβ |Ψβ(k + δk)⟩ ⟨Ψα(k)|

subspaces  [77, 78].  The  Wilson loop approach describes
the  evolution  of  Wannier  centers  based  on  the 
Berry  connection = .  We  project
the  into the Bloch occupied states via the position
operator  .  Typical
phases  are  illustrated  in Fig.  5,  which  are  modified  by
varying  the  staggered  magnetization  as  the  control
parameter.  The  Weyl  crossings  undergo  a  topological
transition upon increasing the magnitude of the magne-
tization  in  altermagnets  [79–81],  enabling  a  variety  of
intriguing topological phenomena and anisotropic trans-
port properties [76, 82, 83].

µ

We  present  the  band  structure  of  the  topological
phase  in  a  ribbon geometry,  where  midgap edge  modes
emerge distinctly. Each edge hosts a single spin-resolved
mode,  with  spin-up  and  spin-down  states  explicitly
labeled. Our numerical results demonstrate that increasing
the SOC strength leads to a redistribution of the Berry
curvature  across  the  Brillouin  zone,  initially  localized
near  the  Weyl  nodes.  Despite  this  redistribution,  the
Chern  number  defined  as  the  integral  of  the  Berry
curvature  over  the  BZ  remains  invariant.  Distinct  Hall
plateaus  form  whenever  the  chemical  potential  falls
within this specific energy window. The emergence of a
pronounced  anomalous  Hall  effect  under  weak  SOC  is
therefore both theoretically intriguing and experimentally
accessible. For the 2D model with large  values and an
out-of-plane  Néel  vector,  the  topological  edge  modes
emerge naturally with Chern bands. A distinct angular-
dependent  behavior  in  the  anomalous  Hall  effect
provides a valuable supplementary approach for probing
the band structure characteristics, offering complementary
insights  to  conventional  techniques  like  angle-resolved
photoemission spectroscopy [76].

Z2

The spin degeneracy of the edge modes is lifted, allowing
for unique chiral propagating states under the  topo-
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Fig. 4  The distribution of Berry curvature in the limit of . (a) The directions of spin-up edge currents with  = 1.
We  use  the  parameters  =  0.6,  =  1.2,  =  0.6,  and  set  the  coefficients  of  mass  terms  as  =  1,  =  1.3.
(b) The directions  of  spin-down edge  currents  with  = –1.  We use  = –1.2  setting  the  same other  parameters  as  the
former. (c) The spin-polarized current with  = 2. We use the parameters  = 0.6,  = 1.2,  = 4 fixing the mass term

 = 0.3. (d) The spin-polarized current with . We use  with the same other parameters as the former.

FRONTIERS OF PHYSICS RESEARCH ARTICLE

095208-6   Meng-Han Zhang, et al., Front. Phys. 21(9), 095208 (2026)

 



PT

logical  classification  [84].  We theoretically  calculate  the
quantum Hall effect via the controlled fabrication of the
valley degree of freedom in altermagnetic band structure
in Fig. 4. The formation of Weyl points endows the spin-
split band structure with nontrivial topology, where the
Weyl nodes act as monopoles or antimonopoles of Berry
curvature, with their charge determined by the chirality,
as shown in Fig. 4. We depict the zigzag edges of alter-
magnetic ribbon, where the magnetic moments on adjacent
sites  are  antiparallel.  Induced by the  antiparallel  orien-
tation  of  magnetic  moments,  the  gap  opening  at  the
Weyl points illustrates chiral transport responses rather
than helical spin textures [85, 86]. We propose that the
injection  of  high-energy  photons  can  induce  nontrivial
topological  states  in  the  altermagnetic  model,  in  which
the  radiative  recombination  of  spin-polarized  carriers
exhibits  a  finite  net  circular  polarization  [87].  These
states  can  also  be  realized  in  non-Hermitian  systems
through the modulation of gain and loss, both of which
are guided by mirror symmetry and  symmetry [88].

 4   Conclusions

XPS3Exploring  beyond  monolayer ,  two-dimensional
honeycomb  altermagnets  have  attracted  increasing
attention  due  to  their  unique  low-energy  physics
governed  by  Dirac-like  electronic  dispersions.  We
consider a honeycomb lattice with engineered parameters

M

to  achieve  bond  dimerization  and  onsite  potentials,
exhibiting tunable edge states governed by their intrinsic
topology. The mirror symmetry  remains the symmetry
of  bond-strength  alternation,  which  is  combined  with
time-reversal  symmetry  to  ensure  the  symmetry
compensation  in  altermagnets  [89].  The  antiparallel
orientation  of  magnetic  moments  interacts  differently
with  the  up and down spin  states,  where  spin  splitting
contributes  to  the  formation  of  linear  crossings  with
symmetry-protected  degeneracies  [90, 91].  Mandatory
degeneracies  occur  along  high-symmetry  lines,  which
demonstrate the spin-splitting mode [52]. Enabling topo-
logically  quantized  transport  characteristics,  our  band
structure calculations for various parameters reveal that
mass terms can be identified as the gap-opening mechanism
for Weyl points [60–62].

MnP(S, Se)3

C2

The  application  of  an  out-of-plane  electric  field  can
modulate  magnetic  interactions,  driving  the  system
toward more complex magnetic orderings [92, 93], while
the  nontrivial  interplay  of  lattice  symmetries  suggests
that  can be functionalized from a two-dimen-
sional  antiferromagnet  into  a  strong  altermagnet  [94].
The  structural  phase  transition  induced  by  chalcogen
substitution modifies the exchange pathways, potentially
creating  the  spin-split  electronic  bands  characteristic  of
altermagnetic materials while preserving the compensated
antiparallel  spin  configuration.  The  particular  rota-
tional  symmetry  of  the  Mn cation  sublattice,  combined
with  the  ligand-field  splitting  induced  by  chalcogen
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Fig. 5  (a) The Weyl phase diagram demonstrates the formation of Weyl points, where the phase boundary is related to
the singularity class when the map sends regular values to critical values. The number of Weyl points in the vertical axis is
determined by the staggered potential . (b–e) The curved surface separates the creation of weyl points from the gapped
phase with  = 0.6. The red line shows the chiral propagating states for spin-up, whereas the spin-down counterpart is in
blue.
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substitution,  creates  the  necessary  conditions  for  alter-
nating  spin-polarized  bands  in  both  real  and  reciprocal
spaces [95, 96]. These observations offer strong evidence
for  this  unconventional  magnetic  ordering phenomenon.
Combined  with  the  Kerr  effect,  the  polarized  photons
interacting  with  the  staggered  magnetic  moments  can
regulate topological responses in advanced optoelectronic
devices [97, 98].

Ultracold  atoms  in  optical  lattices  provide  a  highly
controllable platform for studying altermagnetic topology
[99].  The  precise  manipulation  of  atomic  interactions
and  lattice  geometries  enables  the  emulation  of  exotic
quantum phases, including those exhibiting altermagnetic
order  with  nontrivial  band  topology.  By  tuning  the
lattice  parameters,  we  can  engineer  our  model  into
different  topological  regimes  via  artificial  mechanical
lattices, allowing for the observation of the robust transport
for chiral edge modes. Additionally,  in ultracold atomic
gases,  the  implementation  of  synthetic  magnetic  fields
provides  a  controlled  platform  for  engineering  diverse
topological  phases  and  observing  valley-dependent  Hall
effects [100, 101]. Topolectrical circuits hold promise for
manipulating  valley  polarization  through  topological
boundary  resonances  [102, 103],  enabling  selective  exci-
tation  of  valley-polarized  states  through  appropriate
impedance  modulation.  The  valley-polarized  modes
demonstrate  valley-contrasting  transport  properties,
while  the  valley  index  provides  an  additional  degree  of
freedom for information encoding [104–106]. Topolectrical
circuits  exploit  the  inherent  degeneracy  to  engineer
robust  states  that  are  immune  to  backscattering  and
disorder,  enabling  the  realization  of  the  valleytronic
devices  and  the  applications  of  topological  quantum
computing [107, 108].
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Appendix A: Ribbon

We  calculate  the  DFT+U  total  energies  for  typical
collinear magnetic configurations employing distinct size
of  supercell.  MnPS3 stabilizes  in  a  Néel  order  with  the
lowest relative energy –436.31237 eV, which are summa-
rized in Table A1.

Honeycomb structures are well known for their unique
geometric and intricate textures, particularly their capa-
bilities to support various topological states and modula-
tion  of  electronic  properties.  We  analyze  the  ribbon
spectra across the phase diagram, with the persistence of
edge  states  serving  as  evidence  of  their  topological
nature.  Our  Hamiltonian  is  formulated  in  momentum
space as  (

0 h0(k)

h†0(k) 0

)
, (A1)

h0(k) 2× 2

ψk = (ck,A, ck,C , ck,B , ck,D)T

τx ⊗ τx
(ck,A, ck,C , ck,B ,

ck,D)T = τx ⊗ τx(ck,A, ck,B , ck,C , ck,D)T

χ = τ0 ⊗ τz h0(k)

where  denotes  a  block  matrix  expressed  in
the  transformed  basis .  The
particular basis transformation arises from applying the
symmetry  operation  to  the  original  four  sublat-
tices,  which  performs  the  mapping 

.  This  approach
proves  particularly  valuable  for  examining  the  features
of  related  topological  boundary  states.  We  investigate
the sublattice symmetry in this Hamiltonian with chiral
operator , defining the  as 

t1

(
(1− ν)eia1 + (1 + ν)e−ia2 (1 + ν)e2ik2

(1− ν)e−2ik2 (1− ν)e−ia2 + (1 + ν)eia1

)
,

(A2)

a1 k1 − k2 a2 k1 + k2

E0 (k)

±t1
√
Λ(k)± 2

√
λ(k) ±

where  =  and  = . The corresponding
energy  dispersion  relations  take  the  form  =

,  where  two  signs  distinguish  the
particle-hole  symmetric  branches  corresponding  to
conduction and valence bands. 

Λ(k) = 1 + 4 cos2 k1 + ν2
(
1 + 4 sin2 k1

)
,

λ(k) =
[
cos2 (3k2) + ν2 sin2 (3k2)

] (
4 cos2 k1 + 4ν2 sin2 k1

)
+ ν2.

(A3)

(± 1√
3
arccos ν2+3

2ν2−2 ,
π
3 )

2
√
1 + 5ν2 − 2ν

√
5

t1 = 0.5 δ1 = −1.5

We preserve the propagation direction of robust edge
conduction,  especially  at  interfaces,  which  originates  in
the  two-dimensional  Su–Schrieffer–Heeger  (SSH)  model
for polymers [109–111]. As shown in Fig. 3, the topological
nodes move towards  and eventually
merge together, transforming the semimetallic state into
an  insulating  state  with  the  gap  size .
Figure  A1 presents  the  ribbon  spectrum  with  zigzag
termination for the parameters  and  in

 

Table  A1  Total energy mapping for XPS3 (X = Mn, Fe,
Ni) materials with different unit cells.

Materials MnPS3 FePS3 NiPS3

Ezigzag(eV) –436.22252 –206.60581 –189.04760
ENéel(eV) –436.31237 –206.58825 –188.99953
Estripy(eV) –436.24220 –206.52174 –188.65611
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τx ⊗ τ0

|δ1|

the presence of on-site energies of magnitude 1 associated
with , where the edge modes persist regardless of
the  on-site  energy  amplitudes.  We  further  examine  the
influence  of  boundary  effects  on  edge  potentials  in
nontrivial  ribbons,  with  assigned  parameters  of  0.5  for
the initial hexagonal cell and –0.2 for the last hexagonal
cell. Breaking inversion symmetry lifts the degeneracy of
the edge modes, whose robustness is controlled primarily
by  rather  than  by  the  SOC  strength,  in  sharp
contrast to conventional topological insulators.

t1

δ1

We  present  the  energy  spectrum  and  the  density  of
states  (DOS)  of  the  edge  modes  in Fig.  2,  while  their
spatial distributions are depicted under the open boundary
condition  with  30  units  in  the  perpendicular  direction.
At  the  critical  point  indicated  in Fig.  2,  the  term
opens  the  altermagnetic  nodal  line  generating  the  spin-
polarized Dirac cones with  = 0. The nanoribbon spec-
trum supports localized edge states that span the whole
zigzag terminations with pronounced van Hove singulari-
ties  (vHSs),  while  the  armchair  configurations  exhibit
more  uniform band  structures  rather  than  sharp  spikes
in  the  DOS  [112].  We  align  two  nanoribbons  with
complementary bond patterns to ensure effective overlap
of  the  edge  states,  thereby  promoting  efficient  state
mobility dynamically via geometric or bond modulation
[113–115].  Dimerization strengths and specific perturba-
tions  can  drive  the  formation  and  unfolding  of  Dirac
cones,  which  are  crucial  for  developing  next-generation
transistors  and  sensors  that  leverage  high  mobility  and
unique electronic properties [116]. The resulting conver-
gence of Dirac cones gives rise to highly anisotropic elec-
tronic properties, whereby direction-dependent dispersions
strongly  affect  transport  responses,  conductivity,  and
the density of states near the Fermi level.

 Appendix B: Winding number

Chiral symmetry proves particularly valuable for exam-
ining the features of related topological boundary states,
where the eigenvalue associated with the chiral symmetry
operator  for  a  zero-energy state  exhibits  a  direct  corre-
spondence with the winding number. Our study of chiral
symmetry  uncovers  intriguing  electronic  wave  function
properties,  which  display  distinct  features  governed  by
winding  numbers.  The  wave  functions  can  be  classified
into  even- and  odd-parity  subspaces  relative  to  chiral
symmetry,  which  are  effectively  described  by  winding
numbers, 

wχ =
1

2πi

∮
dk · ∇k loghχ0 (k) , (B1)

k2 k1
h0(k1)

χ

where  the  winding  number  is  derived  as  a  topological
invariant by fixing  = 0 for zigzag edges and  = 0
for  armchair  terminations.  The  is  diagonalized
with the chiral operator  to yield the expression 

hχ0 (k1) = e−ik1 + 1 + χ
√
ν2(e−ik1 − 1)2 − ν2 + 1.

(B2)

δ1

sgn(W )

δ1
(1, 0) (0, 1)

Exploring  the  chiral  symmetry  in  the  presence  of
zigzag edges reveals unique characteristics of the electronic
wave functions defined by winding numbers, within the
subspaces  of  even  and  odd  parity.  The  disparity  in 
values  originates  from  variations  in  hopping  strengths,
enabling  the  formation  of  domain  boundaries  between
different regions quantized by the sign function .
When regions with opposing  values are interfaced for
zigzag  ribbons,  and  distinctly  identify  two
topological phases in Fig. A1. Localized boundary states
emerge at the interface due to the difference in winding
numbers, determining the total winding number to classify
the phases of the wave function in different regions. The
development of real-space textures leverages zero-energy
states that are topologically protected by chiral symmetry
and localized at the edges,  where a sign reversal  in the
winding  number  induces  a  concomitant  sign  flip  in  the
eigenvalue.  Bond  dimerization  modulates  the  band
structure  by  inducing  an  energy  gap,  alternating
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Fig. A1  (a) The  band  structures  are  calculated  for  the
zigzag-terminated  interface  separating  two  topological
domains characterized by opposite signs of . (b) Degenerate
edge  states  of  zigzag  ribbons  under  uniform  mass  term.
(c) Two pairs of winding numbers for even and odd parity.
The parameters of  are chosed at equal intervals from –1.2
to 1.2.
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hopping  strengths  between  adjacent  sites.  The  opening
of  the  energy  gap  shifts  the  electronic  behavior  from
massless  Dirac  fermions  to  a  gapped  state,  endowing
electrons with an effective mass. The corresponding spin
textures are derived by meticulously analyzing the wave
functions,  enabling  manipulation  of  topological  edge
states  influenced  by  the  hopping  energy  within  these
structures.

k2 k1

δ1 < 0

+1 −1

When  open  boundary  conditions  are  imposed  along
the  direction,  the  wave-vector  component  can  be
treated  as  a  parameter. Figure  A2 depicts  a  decorated
armchair ribbon terminated by vacuum together with its
corresponding  band  structure,  where  distinct  counter-
propagating edge modes emerge for . The topological
boundary states are subsequently determined by examining
the  topological  characteristics  of  this  effective  one-
dimensional  Hamiltonian.  The  chiral  operator  anticom-
mutes with the Hamiltonian, reflecting the fundamental
symmetry  constraint  on  the  system.  The  winding
number  exhibits  two  distinct  nontrivial  values,  namely

 and , demonstrating that chiral symmetry offers a
richer  topological  characterization  of  surface  states
compared  to  single-parameter  systems.  The  presence  of
these two quantized winding numbers implies that chiral-
symmetric  systems  possess  a  more  nuanced  topological
classification scheme for edge states. As chiral symmetry

k2

(1,−1)

is  a  nonspatial  symmetry,  the  zero-energy  states  simul-
taneously  serve  as  eigenstates  of  the  chiral  symmetry
operator,  rendering  their  spin  textures  straightforward
to  determine.  The  electronic  spectrum  observed  along
armchair edges in the  direction reveals localized edge
states  at  the  vacuum  interface,  which  is  topologically
guaranteed  by  nonzero  winding  number  with
inherent robustness against perturbations.
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