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We report a two-dimensional heterogeneous Haldane model composed of alternately stacking modified
Haldane lattices with opposite next-nearest-neighbor hoppings, and predict the emergence of robust one-
way bulk states by an ab initio theoretical calculation. These unique bulk states transport unidirectionally
and are robust against backscattering from impurities in the strip bulk. By analogy with the heterogeneous
Haldane model, we further confirm by numerical simulations and experimental measurements the existence
of robust one-way bulk states in a two-dimensional microwave gyromagnetic photonic crystal, and
demonstrate their robust one-way property over a long-distance even in the presence of metallic obstacles.
Our study provides the strong support for the generalization and application of band theories to fermionic
and bosonic systems, and paves a way for the implementation of high-throughput robust energy

transmission materials and devices.
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Introduction.—Among the unique and counterintuitive
attributes of topological systems, topologically protected
robust one-way transport is undoubtedly the most remark-
able [1-3]. Topologically protected robust one-way trans-
port was firstly found in electronic systems [1-4], which
can be described by the celebrated Haldane model with
time-reversal symmetry breaking. Later on, it was extended
to various time-reversal symmetry invariant scenarios (e.g.,
Z, [5] and other symmetry-protected models [6-9]) and
stimulated study of numerous classical analogs [10-14].
Topological phases of the celebrated Haldane model are
generally characterized by chiral one-way edge states that
are propagating in opposite directions at two parallel edges
of a rectangular strip. These chiral edge states have been
observed in classical quantum Hall effect electronic systems
[1-4] and nonreciprocal manmade structures, such as exter-
nally dc-magnetically biased gyromagnetic photonic crystals
[15,16] or acoustic [17] and mechanic [18] systems with
moving [19] or time-dependent [20] elements. Particularly in
the realm of photonics, they have been utilized to design
revolutionary device applications, including but not limited
to topological laser [21], topological one-way fiber [22], and
topological antenna [23].

More interestingly, recent theories and experiments
reported another counterintuitive circumstance as a conse-
quence of a modified Haldane model [24,25], where the
edge states at two parallel strip edges propagate in the same
direction and transport forwards in a backreflection-free
way, they thus are named as antichiral one-way edge states.
So far, topological one-way edge states brought via these
two correlated Haldane models with time-reversal sym-
metry breaking are still the most reliable solutions for
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robust unidirectional energy transmission [13,15,16,24-30],
because they provide truly unidirectional, backscattering-
immune energy transport at the strip edge. However, this
behavior inherently limits the high-throughput robust energy
transmission to a relatively low level, because only a small
area around the strip edge is utilized to collect and transfer
energy, which also greatly sacrifices the space utilization of
sample. Undoubtedly, the implementation of one-way trans-
mission in a large area rather than only limited at an edge is of
great significance not only to open new arenas of topological
physics, but also to renovate the design philosophy of robust
energy transmission applications.

In this Letter, we propose a two-dimensional hetero-
geneous Haldane model to implement robust one-way bulk
states where the energy is confined and unidirectionally
transmitted in the strip bulk instead of the strip edge.
We perform an ab initio theoretical calculation for the
band structure of a zigzag ribbon via the celebrated
Haldane, modified Haldane, and heterogeneous Haldane
Hamiltonians to observe the evolution of topological states.
We find that the heterogeneous Haldane model not only
inherits the topological property from the Haldane model, but
also induces the unique robust one-way bulk states. By
analogy with the heterogeneous Haldane model, we further
carry out the numerical simulation and experimental meas-
urement to verify the appearance of robust one-way bulk
states and their transport robustness against metallic
obstacles in the strip bulk by establishing a two-dimensional
microwave gyromagnetic photonic crystal. Finally, as a
prototypical example, we apply our findings to exhibit a
robust one-way transmission line of long-distance, large-
area, and high-throughput.
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FIG. 1.

Schematic of three correlated Haldane models and corresponding topological states. (a)—(c) Haldane model. (d)—(f) Modified

Haldane model. (g)—(i) Heterogeneous Haldane model. (a),(d),(g) Lattice schematics. The lattice constant a is the distance between AA
or BB pairs. (b),(e),(h) Band structures of zigzag strip are calculated by Haldane Hamiltonians. #; is taken as the unit of energy,
t, = 0.15. There are no trivial bidirectional bulk states in the green regions. (c),(f),(i) Schematic diagrams of topological states.

Haldane model.—The celebrated Haldane model on a
honeycomb lattice is a paradigmatic example of a
Hamiltonian exhibiting the existence of electronic one-
way edge states in the bandgap by connecting the quantum
Hall effect and the band structure topology. The Haldane
model, with time-reversal symmetry breaking next-nearest-
neighbor hopping, is defined by the Hamiltonian [4,30]

H= tIchch +1, Z e~icle; + He, (1)
() (@)

where #| and t, are the nearest-neighbor hoppings and next-
nearest-neighbor hoppings respectively. The latter contain-
ing additional phases v;;p are defined along the arrows
shown in Fig. 1(a), here ¢ = 7/2, and v;; = £1 corre-
sponds to the clockwise or counterclockwise hopping of the

A or B site in the honeycomb lattice. ¢/ and ¢; are the
creation and annihilation operators at site i, i and j run over
all sites in the system. When the next-nearest-neighbor
hoppings of two sublattices A and B are unequal [v;; = &1,
see Fig. 1(a)], the degeneracy of Dirac points is lifted up,
leading to a full band gap (green region). As shown in
Fig. 1(b), there exist two one-way edge states (red and blue
dots) that connect two Dirac points, and one edge state
propagates rightwards (blue dot) and the other propagates
leftwards (red dot) [see Fig. 1(c)], as expected of the well-
studied chiral one-way edge states.

Modified Haldane model.—On the contrary, recent
theories reported a modified Haldane model [24] that makes
the next-nearest-neighbor hoppings of two sublattices A and
B equal [ie. v;; = +1 or v;; = —1, see Fig. 1(d)]. Such a
configuration maintains the degeneracy of Dirac points but
induces energy shifts, leading to the identical dispersion of
two edge states (blue dot), as illustrated in Fig. 1(e). These
two edge states propagate in the same direction at two parallel
edges and thus are called antichiral one-way edge states. As
required by energy power conservation that the number of
leftward and rightward states of whole system must be the
same [24], there also emerge two counterpropagating asso-
ciated bulk states that belong to the strip bulk and are spatially
separated from the edge states. As shown in Fig. 1(e), these
two associated bulk states (red dots) possess the same group
velocity, so they also transport only in one direction [see
Fig. 1(f)]. However, for the black dotted line at zero energy, in
addition to the antichiral one-way edge states and associated
one-way bulk states, it also intersects the trivial bidirectional
bulk states on the valleys (baby blue dots). Thus, electrons
can unidirectionally transport along the strip edges (blue
dots), but they will suffer the backscattering when they move
into the strip bulk due to the presence of trivial bidirectional
bulk states (baby blue dot), as seen in Fig. 1(f).

Heterogeneous Haldane model—A heterogeneous
Haldane model we propose here is composed of alternately
stacking two modified Haldane lattices with opposite
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next-nearest-neighbor hoppings, as seen in Fig. 1(g).
Figure 1(h) indicates that the heterogeneous model inherits
the antichiral one-way edge states (blue dot) and associated
one-way bulk states (red dots) from the modified Haldane
model but separates them from the trivial bidirectional bulk
states (baby blue dots). As a result, a green region that
supports only two antichiral one-way edge states and two
associated one-way bulk states appears near the zero energy.
This result reveals that the one-way transport of electrons can
occur not only along a narrow strip edge (blue dots) but also
within a wide strip bulk (red dots), as illustrated in Fig. 1(i).
Notably, the band structures of zigzag strip calculated by
three correlated Haldane Hamiltonians of various #, can be
seen in the Supplemental Material [31].

Gyromagnetic photonic crystal demonstration.—We use
a two-dimensional air-loaded gyromagnetic photonic crys-
tal of a honeycomb lattice operating at microwave frequen-
cies to observe the one-way bulk states predicted by the
heterogeneous Haldane model, as illustrated in Fig. 2(a) (see
Supplemental Material [31] for the material and sample
fabrication). There are two main reasons for this operation:
(i) the theory of photonic crystals relies on an analogy
between Maxwell’s equations in a periodic medium and
quantum mechanics with a periodic Hamiltonian, from
which photonic band structures arise in a manner analogous
to electronic band structures in a solid [30]. (ii)) The most
critical unequal next-nearest-neighbor hoppings of two
sublattices A and B in the heterogeneous Haldane model
can be produced by oppositely magnetizing the gyromag-
netic cylinders with pairs of magnets [25].

Figure 2(b) exhibits the calculated projected band
structure of heterogeneous gyromagnetic photonic crystal
along the zigzag edge (x direction), by adopting a supercell
consisting of thirteen honeycomb lattices in one column,
and the lattice constant is @ = 20.0 mm. Four dispersion
curves appear inside the yellow region ranging from 5.25 to
5.40 GHz, and among them, two dispersion curves are
degenerated and possess the identical dispersion behavior
around k, = 0.5 (2z/a). The eigenmodal field profiles
illustrated in Fig. 2(e) show that there are two bulk states
(states 1 and 4) whose electric fields are dispersed uni-
formly in the strip bulk and two edge states (states 2 and 3)
whose electric fields are concentrated on the strip edge (see
Supplemental Material [31] for the transition between edge
state and bulk state at the extreme of the dispersion curves).
As the slope signs of edge states are positive while that of
bulk states are negative, the edge states and bulk states will
unidirectionally propagate rightwards and leftwards,
respectively. Notably, the electric field distributions of
one-way edge states and one-way bulk states are almost
spatially separated, making it possible that the one-way
edge states and one-way bulk states can be selectively
excited under the suitable excitation conditions. Besides,
these one-way states are below the light cone, meaning that
they will not be coupled into the air background and result
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FIG. 2. Experimental sample, projected band structure and
eigenmodal field of heterogeneous gyromagnetic photonic crystal
strip. (a) Top view of the sample with the top metallic plate and
magnet array is removed. The outline of whole strip is marked
with a blue dashed line. The gyromagnetic cylinders in the middle
of strip bulk are replaced with metallic cylinders of the same size
that are used to verify the transport robustness of one-way bulk
states. The inset is the illustration of the experimental system.
(b) Projected band structure. The frequency range of the green
region is 5.25 ~ 5.40 GHz and the gray regions are light cone.
(c) Eigenmodal field profiles of states 1-4.

in leakage when propagating forwards, so that this hetero-
geneous gyromagnetic photonic crystal does not need the
ancillary cladding layer made of either a perfect metal or
band gap photonic crystal to confine the energy to
propagate in the strip edge and strip bulk.

Robust one-way bulk states.—The experimental results
of electric-field mapping displayed in Fig. 3(a) illustrate
that when a plane wave at 5.30 GHz is incident from the left
port, its energy transmission is forbidden. However, when
the plane wave is incident from the right port, its energy can
pass through the strip bulk, showing the one-way bulk state
transport, as illustrated in Fig. 3(b). This one-way property
also can be demonstrated in the measured transmission
spectra of Fig. 3(d) where there exists a strong non-
reciprocity between 5.25 and 5.40 GHz, with a 30-
35 dB difference between the rightward and leftward
transmissions. Next, we proceed to verify the transport
robustness of these one-way bulk states in the presence of
metallic obstacles on the transport path. The metallic
obstacles are formed by replacing five honeycomb lattices
of gyromagnetic cylinders with the metallic cylinders of
same size in the strip bulk, as shown in Fig. 2(a). The
measured electric field intensity distributions show that
right-incident energy can bypass the metallic obstacles and
propagate forwards almost without backscattering, as seen
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FIG. 3. Measured electric field intensity distributions and transmission spectra of robust one-way bulk states. Electric field

distributions excited by (a) left-incident plane wave, (b) right-incident plane wave, and (c) right-incident plane wave when the
gyromagnetic cylinders of five honeycomb lattices in the strip bulk are replaced by the metallic cylinders of the same size [blue circles,
see also Fig. 2(a)]. Measured transmission spectra with (d) no metallic obstacle and (e) metallic obstacles in the strip bulk. The frequency
range of yellow regions is 5.25 ~ 5.40 GHz. S21 and S12 represent the transmission coefficients of leftward and rightward propagation,
respectively. (f) Measured electric intensity profiles along the white dotted lines 1-3 in (a)—(c). The gray region indicates the strip bulk

and the two black dotted lines represent the strip edge.

in Fig. 3(c). Figure 3(e) illustrates that the bulk states at the
frequency range of 5.25 ~ 5.40 GHz (yellow region) still
remain a strong nonreciprocity, indicating that these bulk
states are insensitive to the metallic obstacles in the strip
bulk. Figure 3(f) exhibits the electric field intensity dis-
tributions measured by point-by-point along the white
dotted lines 1, 2 and 3 in Figs. 3(a)-3(c). These measured
results provide the direct and strong evidence of the robust
one-way transport of bulk states, and they are in agreement
with the theoretical prediction and the simulated data
supported in Supplemental Material [31]. The difference
between the realized heterogeneous Haldane model in
photonics and the theoretically proposed heterogeneous
Haldane model in electronics is also discussed in
Supplemental Material [31]. To make a more direct
comparison, we also calculate the projected band structure,
eigenmodal field, and electromagnetic wave transport
behavior of antichiral gyromagnetic photonic crystal origi-
nated from the modified Haldane model (see Supplemental
Material [31]).

Beyond the one-way transport, these results also imply
the possibility of implementing the robust transmission line
with long distance, large area, and high throughput in a
two-dimensional open space. As a prototypical example,
we further investigate the transport behaviors of electro-
magnetic waves in a strip with a very long length of
100a, and the simulation results are illustrated in Fig. 4.

The excitation frequency of the right-incident plane wave
(blue arrow) is 5.30 GHz. The simulated electric field
distribution shown in Fig. 4(a) illustrates that the energy
fluxes are confined on the strip bulk and travel forward in a
backreflection-free way. Although there exist metallic
obstacles in the strip bulk, the whole strip still can be
entirely lightened by the right-incident plane wave as the
electric field can recover its original distributions after
climbing over the metallic obstacles, as seen in Figs. 4(b)
and 4(c). Figure 4(d) shows that the electric field intensities
along the white dotted lines 1-3 remain the same in the
unperturbed, weak perturbed, and strong perturbed cases.
We proceed to plot the electric field intensities of white
dotted lines a—f illustrated in Fig. 4(e), which show that the
electric field distributions along the lines a—f are almost
identical, and the ideal transmission efficiencies of the
one-way bulk state are more than 98.0%. These results show
that although the antichiral edge states with nonzero overlap
with the one-way bulk states can act as a scattering channel,
they mainly prevent the external electromagnetic waves from
directly coupling into the strip through the upper and lower
edges of the interface between air and gyromagnetic photonic
crystal. Besides, once the one-way bulk states are excited,
they can maintain the excellent one-way transport property
during the transmission process, because the electric field
distributions of antichiral edge states and one-way bulk states
are almost spatially separated.
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FIG. 4. Simulated electric field intensity distributions of robust one-way bulk states in a strip with a length of 100a. (a) There are no
metallic obstacles. (b) The gyromagnetic cylinders of five honeycomb lattices are replaced by metallic cylinders of the same size in the
strip bulk. (c) An “X” shape array of gyromagnetic cylinders in the strip bulk is replaced by metallic cylinders of the same size.
(d) Simulated electric intensity profiles along the white dotted lines 1-3 in (a)—(c). (e) Simulated electric intensity profiles along the
white dotted lines a—f in (a)—(c). The gray region indicates the strip bulk and the black dotted lines represent the strip edges.

Conclusion and discussion.—We have proposed a hetero-
geneous Haldane model and predicted the appearance of
robust one-way bulk states in a two-dimensional electronic
system by using the ab initio theoretical calculation. By
analogy with the heterogeneous Haldane model, we also
have constructed a two-dimensional microwave gyromag-
netic photonic crystals biased by external magnetic fields to
numerically confirm and experimentally observe the exist-
ence of robust one-way bulk states in photonics. Our Letter
thus provides strong support for the generalization and
application of band theories to fermionic and bosonic
systems with genuine topological properties, and opens a
regime for developing high-throughput robust energy trans-
mission applications in various physical settings. If this
model can be implemented in some still-unknown electronic
materials systems, then the resistance-free and backscatter-
ing-immune electric conductor transmission line of large
current capacity might become reality by invoking the
principle of powerful topology physics.
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