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The antichiral edge states in the modified Haldane model have been extensively studied, revealing intriguing pairs
of co-propagating edge states alongside complementary bulk states. In this work, we investigate how local mod-
ulations lift the degeneracy of the original antichiral edge states and give rise to pronounced transport phenom-
ena. Amplitude modulation of the hopping terms on the zigzag edges leads to the deformed dispersions of the
antichiral edge states, creating an energy imbalance between the two edges. Directional modulation of the hop-
ping terms on the zigzag edges induces twisted dispersions that support the bidirectional edge state propagation.
Modulation of the on-site potential energy on one edge leads to the half-antichiral edge states, where propagation
occurs exclusively along a single edge. These phenomena are realized using gyromagnetic photonic crystals and
confirmed through experimental measurements. By locally controlling magnetization and geometric structure,
the antichiral edge state transport provides a practical platform for tunable multichannel waveguides, opening

new avenues for the implementation of topological photonic devices.
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1. INTRODUCTION

In recent years, topological insulators have enabled robust back-
scattering-immune edge state transport by leveraging nontrivial
topological properties [1—4]. Inspired by the quantum Hall ef-
fect, the classical Haldane model (HM) breaks time-reversal
symmetry, constructing chiral edge states protected by a
non-zero Chern number [5-9]. Subsequently, the modified
Haldane model (mHM) has been proposed in which the
two Dirac points shift to distinct frequencies—one upward
and the other downward—giving rise to antichiral edge states
that co-propagate along opposite system boundaries, while re-
verse transport compensation emerges in the bulk states propa-
gating in the opposite direction [10-20]. Even when the
frequencies of the edge state dispersions overlap with those
of the bulk bands, these edge states maintain robustness against
local defects and sharp bends.

Recent studies have focused on enhancing the controllability
of topological edge states. Strain engineering applied to the HM
and mHM [21] can induce the structural deformation together
with the shift of Dirac points, equivalent to modulating the
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hopping between neighboring lattice sites, thereby generating
a synthetic gauge field [22,23]. Interlayer coupling in the bi-
layer HM or mHM with A-A or A-B stacking cases gives rise to
distinct topological phase transitions [24-28]. In addition to
global regulation of the system, the chiral edge states in the
HM can be manipulated through the on-site potential on
the zigzag edges that relies on local configuration of edge geom-
etry within the photonic crystals [29]. The modulation of the
antichiral edge states under the side potential has been studied
in electronic systems [30—32]; however, it is unexplored in the
classical wave system. Our work further extends to modulate
the side-hopping terms and realize them in the photonic crys-
tal. Moreover, in contrast to the local modulation in the HM
[29], our proposed local modulation including both on-site po-
tential and hopping terms in the mHM, brings out abundant
physical phenomena and transport properties of antichiral edge
states.

This work proposes and experimentally demonstrates a
strategy of local boundary modulation (Fig. 1) that changes
the hopping term and the on-site potential energy in the
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Fig. 1. Schematic of the tight-binding model and band structures. Sublattices A and B are represented by the red and blue circles in the schematic
diagrams. The local modulation regions are marked by the yellow shading. Antichiral edge states on the upper and lower boundaries are represented
by the red and blue curves. Insets illustrate the corresponding transport of the edge states. #; and #, are the NN and NNN hopping amplitudes,
respectively. ¢ and ¢, are NNN hopping phases on the global and local structures, respectively. M and M denote the global and the on-site potential
energies on the top edge, respectively. #; =1 and £, =0.03. @ M =0, ¢ =7n/2,¢0, =7/4; b) M =0, o =7/2,¢, = -n/2; (c) M =0,

o=/, M,=-1; ) M=0,p=n/2, M, =1.

mHM, enabling independent control of two antichiral edge
states on upper and lower zigzag boundaries. Through modu-
lation of the local magnetization intensity and direction, as well
as the geometric structure of the gyromagnetic photonic crys-
tals (GPCs), we lift the degeneracy of the antichiral edge states
to induce controllable band structures. Distinct from conven-
tional global modulation, this approach enables directional tun-
ability of the propagation direction and energy intensity of the
upper and lower antichiral edge states. We further propose a
design of a multichannel waveguide, offering a feasible pathway
for realizing highly flexible photonic devices.

2. RESULTS

A. Tight-Binding Model
In the modified Haldane model, the antichiral edge states are
achieved. The Hamiltonian of its tight-binding model is

H=1 Z cjcj + 1, Z e’i”f/‘/’cjcj + MZCIQ,

<i,j> <Li, > i

where L‘j (¢;) is the creation (annihilation) operators at site 7;
<i,j > and <,j > run over all the nearest-neighbor (NN)
and next-nearest-neighbor (NNN) hopping sites. #; and £,
are NN and NNN hoppings, respectively, and ¢ represents
the global hopping phase. v; = 1 (-1) indicates the counter-
clockwise (clockwise) hopping direction between sublattices A,
while »; = -1 (1) represents that between sublattices B.
M represents the on-site potential energy. The Bloch
Hamiltonian after the Fourier transform is

states with identical group velocities and the associated bulk
bands are displayed in Appendix A.

Building on the modified Haldane model, we tune the
NNN hopping terms on the zigzag boundaries. The

Hamiltonian is

w-s
H =1 E cjc]- + 1 E e’i”’f‘/’cjfj + 1

<i,j> i, >

Z e’i”'f""cjcj,
<<i,j>>
where @, denotes the modulated NNN hopping phase at the
zigzag boundaries and the global on-site potential A/ is set to
zero. The parameter w denotes the width of the whole struc-
ture, and the s indicates the width of the modified hopping
phase on the upper or lower boundaries. As shown in
Fig. 1(a), when the NNN hopping phases are ¢ = z/2
on the global structure and ¢, = 7/4 on the bottom boundary,
the degeneracy of the original edge state dispersions is lifted.
The dispersion of the upper edge retains its original slope,
while the dispersion of the lower edge is deformed and shifts
overall toward lower energies (detailed band evolution in Fig. 7
in Appendix B). As ¢, = -7/2 on the top and bottom boun-
daries, the lower edge dispersion undergoes significant distor-
tion, exhibiting coexisting positive and negative slopes, as
shown in Fig. 1(b). The bulk bands remain unchanged
throughout the modulation of the NNN hopping.

Next, we investigate the modulation of the local on-site po-
tential energy on the zigzag edges as illustrated in Figs. 1(c) and
1(d). The Hamiltonian is

H _ M + ]_[11 HO H = tl Z[‘j[j + tz Z €>iy‘flp['jfj + ZMCZ-CI'
H} -M+H,, )’ <i, j> <i, j> i
where  H, = lei:l,z,af&'&i and  Hy =Hy= + i:Mfchi'

2ty i—123¢c08(p - k-v;). @; represents the displacements
from a B site to its three adjacent A sites, and v; = @, - a3,
Uy = d3 -y, v3 =d; - d,. Two degenerate antichiral edge

The site potential energy M, can be modulated on the upper
or lower boundaries. In Figs. 1(c) and 1(d), as M, gradually
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increases (decreases) from 0 to 1 (-1), the degenerate energy
bands of the upper and lower edge states gradually lift: the
dispersion curve of the upper edge state shifts upward (down-
ward), eventually merging into the bulk bands and vanishing
(see Appendix B, Fig. 8 for details). Adjusting the local on-site
potential energy selectively shifts an edge-state frequency at a
chosen boundary into (or out of) the bulk band, thereby en-
abling independent control of the transport channel on that
boundary.

B. Modulation of the Hopping Term in the Photonic
System

The photonic implementation of the modified Haldane model
is realized using GPCs, enabling the antichiral transport along
the zigzag boundaries. The three-dimensional schematic of the
experimental setup is illustrated in Fig. 2(a). The lattice con-
stant of the honeycomb GPC is 2 = 10 mm. The yttrium iron
garnet (YIG) cylinders at sublattices A and B have a radius of
r = 0.154 and a height of 4 = 5 mm. Sublattices A and B are
subjected to magnetization intensities of # = 0.13 T in oppo-
site directions, as indicated by the white arrows. This structural
configuration induces strong anisotropy in the YIG cylinders,
leading to the permeability tensor (see Appendix A for details).
The detailed experimental method is explained in Appendix C.
While GPCs enable robust antichiral edge state transport, their
intrinsic properties result in the two edge states being degen-
erate due to reliance on the global magnetization of the A and B
sublattices. This global dependence impedes independent regu-
lation of individual edge states. The modulation of the NNN
hopping on the zigzag boundaries is achieved by tuning the
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magnetization intensity of the GPC cylinders at specific sub-
lattices. As illustrated in Fig. 2(b), the degeneracy of the edge
state dispersions is lifted in numerical calculations under a spe-
cific magnetic field strength of H; = -0.08 T. This localized
magnetization modulation exerts a pronounced effect exclu-
sively on targeted edges, such as the lower edge, without alter-
ing the dispersion characteristics of the opposing edge state or
the bulk band structure, thereby fully demonstrating the inde-
pendent control capability inherent to our design. Further, as
shown in Fig. 2(c), tuning the external magnetic field intensity
on the site allows us to precisely manipulate the dispersion
curves of the lower edge states. As the magnetic field increases,
the group velocity of the lower edge states decreases gradually.
Meanwhile, we find that the frequency of the dispersion curve
shifts toward the lower frequency regime. The detailed band
evolution is shown in Fig. 9 in Appendix D.

We perform the experiments to validate the aforementioned
theory and demonstrate the practical transport characteristics of
the deformed edge states. The excited antichiral edge states
propagate leftward along the waveguide. The excited sources
are dipole antennas, placed on the right side of the upper
and lower boundaries of the GPC sample, indicated by the yel-
low stars in Figs. 2(d) and 2(e). Experimental results exhibit a
frequency shift of approximately 0.1 GHz toward higher
frequencies relative to numerical simulations, owing to the in-
fluence of material fabrication errors and losses. Near 9.4 GHz,
we observe that the electric field intensity at the upper edge is
significantly stronger than that at the lower edge. This finding
is further confirmed by the transmission coefficients measured
at the output ports P; and P, within the yellow regions:
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Fig. 2. (a) Schematic of the experimental setup for observing antichiral edge states transport in the GPCs. The YIG cylinders with radius
r = 0.15a and height 4 = 5 mm are embedded in a waveguide consisting of two parallel metallic plates. The permanent magnets of the same
radius 7 and height &; = 0.5 mm are tightly attached above and below each YIG cylinder. The external magnetic field is H4 = -Hp = 0.13 T.
The thicknesses of the four metallic plates are /; = by = 1 mm and », = h; = 2 mm, respectively. The inset shows the GPC cylinders, with
white arrows indicating magnetization directions. (b) Left panel: schematic of the supercell and modulation of the magnetization intensities with
H, = -0.08 T on the bottom boundary. Right panel: numerically simulated antichiral edge states with the deformed band dispersions, where the
upper and lower edge state dispersions are denoted by red and blue lines, respectively. (c) Group velocity of the lower edge dispersion curves under
different magnetization intensities /. (d) and (e) Simulated and experimentally measured electric field distributions of the unbalanced edge states at
9.45 and 9.375 GHz, respectively. (f) and (g) Simulated and measured transmission spectra of output ports P; and P,, respectively.
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modulated by the local magnetic biasing, the dispersion curves
of the antichiral edge states undergo distortion. This distortion
induces asymmetric energy distribution between the upper and
lower boundaries while altering the frequency range of the
electromagnetic wave propagation compared to the upper edge.

After investigating the band deformation through introduc-
ing NNN hopping modulation via one side of the GPCs, we
further explore the impact of modulation on both sides, leading
to the twisted edge state dispersions. As illustrated in Fig. 3(a),
the external magnetic fields applied to the top and bottom
boundaries are opposite relative to their original orientations.
The projected bands reveal that, compared to the original
modified Haldane model, the degeneracy of the antichiral edge
states is lifted: the upper edge dispersion exhibits coexisting
positive and negative group velocities, while the lower edge re-
mains less affected and retains its original leftward propagation.
Eigenfield distributions show that, at the same frequency, the
upper edge hosts two bulk states (states 1 and 5) and three dis-
tinct edge states (states 2—4) simultaneously. Figure 3(b) com-
pares the edge state transport characteristics under two-sided
modulation, obtained from numerical simulations and exper-
imental measurements. Placing the excitation source at the
center of the upper edge enables simultaneous excitation of
the leftward and rightward propagating electromagnetic waves.
For the bulk modes, only rightward propagation is excited, as
shown in Figs. 3(c) and 3(d). The pronounced unidirectional
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propagation of the system is directly verified by comparing the
transmission spectra S; (rightward propagation) with S, (left-
ward propagation) in Fig. 3(e).

C. Modulation of the On-Site Potential in the
Photonic System

This section explores how modulating the on-site potential en-
ergy on the zigzag edges, corresponding to tuning the geometric
size of the GPC system, affects the antichiral edge state trans-
port. The top views of the experimental samples are shown in
Figs. 4(a;) and 4(a;). Changing the radius 7, of the GPC cyl-
inders at the top boundary lifts the original degeneracy in the
band dispersion and simultaneously shifts the frequency of the
respective edge states upward or downward, eventually leading
to the half-antichiral edge state, which propagates only along
one edge. The band dispersions of the half-antichiral edge states
are displayed in Figs. 4(b,) and 4(b,), in which the radii of cyl-
inders at the top edge are 7, = 0.1z and 0.24, respectively.
Figure 10 in Appendix D displays the detailed band evolution
during the changing of the radius .. When the radii », decrease
(increase), the upper edge dispersion shifts toward the high
(low) frequency and eventually merges into the bulk bands
and vanishes, while the lower edge retains edge state transport.
To verify the above conclusions, we conduct microwave experi-
ments, as shown in Figs. 4(c;) and 4(c;). When the excitation
sources are placed at the upper and lower edges, the measured

9.5 9.6 9.7 9.8
Frequency (GHz)

Fig. 3. (a) Band structure of numerically simulated antichiral edge states with twisted band dispersions under the two-sided modulation of the
magnetization direction. Right panel: electric field distributions of five eigenstates. (b) Simulated and experimentally measured electric field dis-
tributions at 9.49 and 9.63 GHz, respectively. Yellow stars denote the positions of excitation sources. (c) and (d) Simulated and experimentally
measured electric fields of the bulk modes at 9.61 and 9.65 GHz. (e) Experimentally measured transmission spectra of ports S, and S,, respectively.
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Fig. 4. Regulation characteristics and experimental verification of the half-antichiral edge states under the radius variation of the YIG cylinders at
the top boundary: (a;)—(d:) r, = 0.24; (a2)—(d2) 7, = 0.1a. The other GPC parameters are consistent with those in Fig. 2. (a;) and (a,) Top view of
the simulated and experimental setups. (b;) and (b,) Numerically calculated band structure of the half-antichiral edge states. (c;) and (c,) Simulated
and experimentally measured electric field distributions of the half-antichiral edge states at 9.38 and 9.4 GHz, respectively for r, = 0.2z and 0.1a.
(d;) and (d,) Simulated and experimentally measured transmission spectra at the detection points Py and P, for 7, = 0.22 and 0.14, respectively.

transmission spectra at the yellow regions (P; and P,) are in
good agreement with numerical simulations, as displayed in
Figs. 4(d;) and 4(d,). The disappearance of the upper edge
states, coupled with the nearly unchanged lower edge states,
further supports the mechanism through which the modulation
of the on-site potential energy controls the edge state transport.
The half-antichiral edge states prevent the information crosstalk
induced by the unwanted coupling between different states,
which pave the way for the designed compact devices.

D. Multichannel Waveguide

We selectively modulate the zigzag boundaries of the GPCs to
control the propagation direction and energy distribution of
electromagnetic waves, thereby designing a multichannel wave-
guide. This photonic device is composed of structures I and
11, including four output ports P;—P, and one excitation port.
As shown in Figs. 5(a;) and 5(b,), the top and bottom boundaries
of structure II are subjected to the two-sided modulation of the
magnetization direction, corresponding to twisted edge state dis-
persions in Fig. 3. This results in the formation of three-channel
waveguides, as shown in Figs. 5(a;) and 5(b,). There is no electro-
magnetic wave emitted from the P4 port in Fig. 5(a,) and the P;
port in Fig. 5(b,), indicating that the twisted band structure can
control the on—off state of the pathways. The geometric size of the
bottom (top) boundary of structure I is modulated in Fig. 5(c;)
[Fig. 5(d1)], while the structure II undergoes two-sided modula-
tion of the magnetization direction, enabling designing two-
channel bidirectional waveguides, as displayed in Figs. 5(c,)
and 5(dy). The band dispersions of the structure I correspond
to the half-antichiral edge states in Fig. 4. By adjusting the local
parameters within structures I and II, it is possible to accurately
customize the on—off state of electromagnetic wave transmission
at particular output ports, selectively manage power, and block
unnecessary pathways to achieve flexible signal routing and power

distribution. This provides a flexible and controllable scheme for
the design of photonic devices.

3. CONCLUSION

Based on the modified Haldane model, we modulate the NNN
hopping amplitude, hopping direction, and on-site potential en-
ergy at the top and bottom zigzag boundaries, thereby lifting the
originally degenerate antichiral edge states. The resulting effects
include: (i) deformed antichiral edge state dispersions with tun-
able differences in the group velocity between two band
branches; (ii) twisted band dispersions that support bidirectional
edge propagation; and (iii) a half-antichiral edge state enabling
unidirectional edge transport. These theoretical frameworks are
implemented in a photonic system based on GPCs. By tuning
the magnetization intensity, magnetization direction, and geo-
metric parameters of the GPC structures, we experimentally
demonstrate flexible control over the propagation direction
and intensity of the electromagnetic wave. Furthermore, we pro-
pose a multichannel waveguide device: by locally adjusting struc-
tural parameters, the electromagnetic energy transmission at
specific output ports can be accurately tailored, enabling flexible
channel routing and power allocation. This design exploits the
independent tunability of hopping terms and on-site potential
modulation, offering a versatile platform for highly integrated
photonic circuits with functional reconfiguration.

APPENDIX A: MODIFIED HALDANE MODEL
AND PHOTONIC IMPLEMENTATION

The tight-binding model of the mHM and its antichiral edge
state dispersions are illustrated in Fig. 6(a). The photonic
implementation of the mHM is realized in the GPCs. The
gyromagnetic material of the GPCs is commercially available
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(a1)—(d;) Schematics of the multichannel waveguide. Each multichannel waveguide comprises structures II and I under modulation of the

magnetization direction and geometric size of the GPCs, corresponding to the twisted edge states and half-antichiral edge states in Figs. 3 and 4,
respectively. The orange dashed box indicates the locally modulated area. (a,)—(d,) Simulated electric field distribution at 9.4 GHz for the cor-
responding structures. The yellow stars mark the excitation location. The output ports are denoted by P;-Py.

YIG with the measured relative permittivity 14.5 and the dielec-
tric loss tangent 0.0002. Its measured saturation magnetization is
M, = 1800 Gauss, with a ferromagnetic resonance line width of
20 Oe. The magnetization decreases to a negligible value in the
absence of the external magnetic field. The relative magnetic per-
meability of the YIG has the following form:

Mr e O My ipy 0
pa=\iwp p O, pp=|-ipp n 0/,
0 0 1 0o 0 1

where fi4 and fip correspond to the magnetic permeability ten-
(wgt+iaw)w,,
(0o +iaw)* -0’

w,, =yM,, @y = yH 4. When the external

sors of the A and B sublattices, and p, =1 +

_ ww,,
Hie (0o +iaw)* -0’

magnetic field applied to the sublattices A and B is
Hy=-Hz =0.13T, u,=0.762 and p, = -0.622 are
achieved. y = 1.76 x 10" s' T-! is the gyromagnetic ratio.
o is the operating frequency. The photonic antichiral edge states
are shown in Fig. 6(b). Figures 6(c) and 6(d) depict the electric
field distribution of the antichiral edge states at the frequency of
9.55 GHz and the bulk state at the frequency of 9.57 GHz, re-

spectively. The excitation sources are placed at the position

marked by the yellow stars. Figure 6(e) presents the transmission
spectra at the output ports P; and P, in the simuladons.
Figure 6(f) shows the transmission curves of the bulk modes.
The rightward-propagating bulk modes exceed those of the left-
ward-propagating modes.

APPENDIX B: ANTICHIRAL EDGE STATES
UNDER MODULATION OF THE HOPPING
TERM AND ON-SITE POTENTIAL

The band dispersions of the antichiral edge states, deformed by
the NNN hopping term at the bottom zigzag boundary, are
shown in Fig. 7.

The band evolution of the antichiral edge states under
modulation of the on-site potential energy M, on the top
and bottom edges is shown in Fig. 8. For Figs. 8(a)-8(e),
the on-site potential of the top boundary is modulated.
When M, decreases from 1 to 0, the upper edge state dispersion
detaches from the bulk bands, and the overall frequency de-
creases until M, = 0, at which point it has the same group
velocity as the lower edge dispersion. As M decreases from
0 to -1, the frequency of the upper edge dispersion continues
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state in the GPCs. (c) Electric field distribution of the antichiral edge states at 9.55 GHz. Yellow stars denote the positions of the excitation sources.
(d) Electric field distribution of the bulk state at 9.57 GHz. (¢) Numerical simulation transmission spectra at the output ports P; and P,.

(f) Transmission spectra of the bulk modes at the ports S; and S,.
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(a)—(c) Deformed antichiral edge state dispersion associated with modulation of the NNN hopping phase ¢, at the bottom boundary. ¢,

varies from 0.27 to 0.57. (d)—(f) Deformed dispersion curve of the antichiral edge states under modulation of the NNN hopping amplitude #, at the
bottom boundary. The other parameters are same with those in Fig. 1.

to decrease until it sinks into the bulk bands. During this pro-
cess, the upper edge dispersion remains present with no signifi-
cant changes. For Figs. 8(f)-8(j), the on-site potential of the
bottom boundary is modulated. When A/, decreases from

1 to 0, the lower edge dispersion is raised from the bulk bands
until it coincides with the upper edge dispersion curve at
M, = 0. As M, continues to decrease to -1, the lower edge
dispersion ultimately completely disappears in the band gap
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and merges into the bulk bands. Only the upper edge
dispersion exists, and during this process, there are no signifi-
cant changes in the upper edge dispersion.

APPENDIX C: EXPERIMENTAL METHOD

In the experimental setup, the entire photonic crystal is en-
closed within a waveguide composed of two parallel metallic

(br)

o
n

9.0f

H=0.13T

plates. To further prevent electromagnetic wave leakage into
the air, the upper and lower surfaces of the structure are addi-
tionally covered with metallic plates. For convenient excitation
of electromagnetic waves and near-field detection, circular holes
are pre-drilled in the top metallic plate. To avoid wave scatter-
ing, absorbing materials are employed around the experimental
sample. The external magnetic fields applied to the gyromag-
netic cylinders are realized by tightly attaching samarium-cobalt
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(a1)—(c1) Deformed band structure of the antichiral edge states when the magnetic fields H of the bottom boundary are positive,

corresponding to z direction. (a;)—(c,) Deformed antichiral edge state when the magnetic field /| of the bottom boundary is negative.
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(a1)—(e1) Band evolution of the half-antichiral edge states as 7, changes from 0.1 to 0.2 at the top boundary. (a;)—(e,) Band evolution of

the half-antichiral edge states as 7, changes from 0.12 to 0.2z at the bottom boundary.

(SmCo) permanent magnets to both the top and bottom sur-
faces of each cylinder. The magnetization intensity of YIG cyl-
inders is controlled by choosing gyromagnetic material and
changing the size of permanent magnets.

APPENDIX D: LOCAL BOUNDARY MODULATION
IN GYROMAGNETIC PHOTONIC CRYSTALS

The band dispersions of the antichiral edge states are deformed
by variation of the magnetization intensity at the bottom boun-
dary, as shown in Fig. 9.

As the values of 7, vary between 0.12 and 0.24, the edge state
dispersions of the top and bottom boundaries gradually tran-
sition and eventually merge into the bulk bands, as indicated
in Fig. 10.
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