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Topological photonic edge states are conventionally formed at the interface between two domains of
topologically trivial and nontrivial photonic crystals. Recent works exploiting photonic quantum Hall and
quantum-valley-Hall effects have shown that large-area topological waveguide states could be created in a
three-layer topological heterostructure that consists of a finite-width domain featuring a Dirac cone sandwiched
between two domains of photonic crystals with opposite topological properties. In this Letter, we show that an
alternative kind of large-area topological waveguide state could be created employing the photonic analogs of the
quantum-spin-Hall effect. Taking the well-used Wu-Hu model in topological photonics as an example, we show
that sandwiching a finite-width domain of photonic crystals featuring a double Dirac cone between two domains
of expanded and shrunken unit cells could lead to the emergence of large-area topological helical waveguide
states distributed uniformly in the middle domain. Importantly, we unveil a power-law scaling related to the size
of the band gap within which the large-area helical states reside as a function of the width of the middle domain,
which implies that these large-area modes in principle could exist in the middle domain with arbitrary width.
Moreover, pseudospin-momentum-locking unidirectional propagations and the robustness of these large-area
waveguide modes against sharp bends are explicitly demonstrated. Our work broadens the photonic systems and
platforms that could be utilized for large-area-mode–enabled topological waveguiding.

DOI: 10.1103/PhysRevA.107.L041501

Introduction. While topological states of matter were orig-
inally discovered in solid state electronic materials [1,2], the
single-particle topological band theory does not rely on the
fermionic nature of electrons and their Fermi-Dirac statis-
tics. Haldane and Raghu [3,4] made the first effort to extend
the quantum Hall physics of two-dimensional electron gases
under strong magnetic fields to photons in magneto-optic
photonic crystals, where they predicted the existence of chiral
electromagnetic states whose energy can only propagate in a
single direction. Such unidirectional backscattering-immune
topological electromagnetic states were confirmed in ex-
periments shortly thereafter [5]. As magneto-optical effects
in general are weak in the near-infrared and visible light
regions, time-reversal symmetry preserving topological pho-
tonic systems without magneto-optical materials have later
been proposed based on other members of the quantum Hall
related states, such as quantum spin Hall [6–10] and quan-
tum valley Hall [11–13] as well as higher-order topological
phenomena [14–16]. The research field of topological pho-
tonics [17–20] has not only deepened our understanding of
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topological physics in bosonic systems but also found many
interesting applications.

The conventional way to create topological edge states
in photonic systems is based on an interface between two
photonic crystals of different topological properties. The
edge states constructed in this way typically are tightly con-
fined around the interface and decay exponentially away
from it. Moreover, due to the wave nature of light, the tun-
neling and coupling of topological edge states at different
interfaces can also give rise to interesting physics [21–24].
Recently, interesting large-area topological waveguide states
were demonstrated in three-layer heterostructures in both pho-
tonic quantum Hall [25,26] and quantum-valley-Hall [27]
systems. In such topological heterostructures, a domain of
photonic crystals featuring a gapless Dirac-cone dispersion is
sandwiched between two domains of photonic crystals with
opposite topological properties and the resulting topologi-
cal waveguide states have field amplitudes distributed almost
uniformly in the middle domain. In Ref. [25], one-way large-
area topological waveguide states were created in magnetic
photonic crystals with opposite gap Chern numbers and the
optical forces of such waveguide states could be used for
particle sorting and manipulation [26]. In Ref. [27], a pho-
tonic crystal with Dirac points was sandwiched between two
valley photonic crystals with opposite valley-Chern numbers
and large-area valley-locked waveguide states were observed
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in experiments. Such large-area topological waveguide states
with a finite width have a high capacity for energy transport
and in order for them to exist, the presence of a Dirac cone
in the middle domain is crucial, which allows the strong
coupling and hybridization of the two topological interface
states associated with the middle domain due to its gapless
bulk spectrum. One could expect that the coupling between
the two interface states would become weaker if the width
of the middle domain increases, and consequently, the oper-
ational bandwidth of the topological waveguide states would
become smaller. However, the scaling laws of the operational
bandwidth as a function of the width of the middle domain in
these systems are not known.

As the photonic quantum-spin-Hall effect is an important
class of phenomena in topological photonics, it is natural to
ask whether large-area topological waveguide states could
also be created utilizing this effect. In this Letter, taking
the Wu-Hu model [9] widely used for creating pseudospin-
momentum-locked helical electromagnetic edge states, we
show that inserting a domain of photonic crystals with a
double Dirac-cone dispersion into two domains of photonic
crystals with expanded and shrunken unit cells, a pair of large-
area helical waveguide modes emerges within a finite band
gap after gapping out the double Dirac cone in the middle do-
main. Importantly, we show that the operational bandwidth of
these large-area modes decays as a power law with respect to
the width of the middle domain and pseudospin-momentum-
locking unidirectional propagations as well as the robustness
of these large-area waveguide modes against sharp bends
are further explicitly demonstrated. Considering that the Hu-
Wu model has already found many interesting applications,
such as coupling with quantum emitters [28], reconfigurable
devices [29,30], all-optical logic gates [31], third-harmonic
generation [32], topological lasing [33,34], and bound topo-
logical edge states in the continuum [35], the demonstration of
large-area waveguide modes in this setup could offer different
opportunities benefitting from the additional width degree of
freedom, e.g., high-capacity topological transport and easy
interfacing with conventional waveguides and devices.

Three photonic crystals for constructing a topological
heterostructure. We begin by briefly discussing the Wu-Hu
model [9] for emulating pseudospin-momentum-locked heli-
cal photonic edge states based on C6v crystalline symmetry.
The model considers photonic crystals with six dielectric
cylinders in a hexagon unit cell (see Fig. 1). When the distance
from the cylinders to the unit cell center d = a/3, where a
is the lattice constant, the cylinders reduce to a honeycomb
array and due to the band-folding mechanism, the original
Dirac points at K/K ′ associated with the transverse magnetic
modes of the honeycomb lattice are folded into a double
Dirac point at the � point [see Fig. 1(b)]. Starting from this
photonic crystal with a double Dirac point, a topologically
nontrivial (or trivial) photonic crystal with a finite band gap
could be created by expanding (or shrinking) the six cylinders
away from (or towards) the unit cell center—see Fig. 1(a)
[or Fig. 1(c)]. Due to the C6v symmetry of the cylinders,
the {px, py} and {dxy, dx2−y2} orbitals associated with the two
two-dimensional irreducible representations of the C6v point
group at the � point form two doubly degenerate pairs and a
band inversion could be induced by this shrinking-expanding

FIG. 1. Unit cells and band diagrams of the three photonic crys-
tals for constructing a topological heterostructure. (a) The expanded
unit cell and its topologically nontrivial band diagram with a band
inversion between the p and d orbitals. (b) The unit cell that gives
a gapless band diagram with a double Dirac cone at �. (c) The
shrunken unit cell and its trivial band diagram. The band inversion
is indicated by the red arrowed lines. As labeled in (b), the lattice
constant, radius of the dielectric cylinder, and distance of the cylinder
to the unit cell center are a, r, and d , respectively. Here, r = 0.12a,
d = 0.36a, a/3, 0.3a for (a)–(c) and the dielectric constant of the
cylinder ε = 12.

operation (see the red arrows in the band diagrams of Fig. 1).
Especially, the p orbitals will be higher in frequency than the
d orbitals in the expanded unit cell, resulting in a topologically
nontrivial band gap whereas the shrunken unit cell gives a
topologically trivial band gap. While the original proposal of
the Wu-Hu model only uses two photonic crystals made of
expanded and shrunken unit cells for creating helical edge
states along their interface, in the following, we will show
that inserting a photonic crystal with a double Dirac cone
into this interface of two photonic crystals with expanded and
shrunken unit cells can lead to the emergence of large-area
pseudospin-momentum-locked helical waveguide states.

Emergence of large-area helical waveguide modes. To
demonstrate that large-area waveguide modes with quantum-
spin-Hall features could be created, we consider a three-layer
heterostructure whose supercell [see Fig. 2(a)] consists of
three regions I, II, and III, which are filled with the unit cells
in Figs. 1(a)–1(c), respectively. The projected band diagram
of this topological heterostructure is shown in Fig. 2(a), from
which one can see the emergence of a pair of waveguide
modes (the two red lines) exhibiting the typical helical feature
of conventional quantum-spin-Hall edge states, i.e., at each
frequency there are two modes with opposite group velocities
and thus opposite propagation directions.

Furthermore, the frequency window within which only
helical waveguide modes exist [see the shaded green area of
Fig. 2(a)] is not the same as the original band gaps [see the
shaded light blue area of Fig. 2(a)] of the two photonic crystals
in regions I and III. Due to the strong coupling of the interface
states at the I-II and II-III interfaces, the helical waveguide
states in the middle domain II share both the features of
topological interface states at the I-II and II-III interfaces and
the bulk states in the middle domain II. Apart from the helical
waveguide states, there are other nontopological waveguide
modes appearing within the band gaps of the I and III domains
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FIG. 2. (a) Projected band diagram of the three-layer topological
heterostructure I-II-III, calculated by imposing periodic boundary
conditions along the vertical direction while scattering boundary
conditions along the horizontal direction of the supercell. The three
domains I, II, and III are constructed from the unit cells of (a)–(c) in
Fig. 1, respectively, and the numbers of the unit cells along the hor-
izontal direction in the three domains are NI = NII = NIII = 10. The
red lines are the large-area helical waveguide modes within a band
gap indicated by the green region, whereas the blue region shows the
common bulk band gap of domains I and III. The mode profiles of
two modes labeled A and B are also shown. (b) and (c) Projected
band diagrams similar to (a) but for two ordinary three-layer het-
erostructures with configurations of I-II-I and III-II-III, which cannot
support the large-area helical waveguide modes as in (a).

[see the black modes within the shaded light blue areas in
Fig. 2(a)] due to the partial gapping out of the bulk states in
domain II because of its finite width. To show that the waveg-
uide modes associated with the two red branches in Fig. 2(a)
indeed have a large area, we select two representatives (modes
A and B) and present their field distributions at the top of
Fig. 2(a), from which one can see that the field amplitudes are
almost uniformly distributed in the middle domain and decay
exponentially into the photonic crystals in regions I and III
due to the band-gap effect of domains I and III.

To exclude the possibility that these large-area waveg-
uide states are just the bulk states of the middle domain,
we further study the projected band diagrams of two ordi-
nary heterostructures with configuration of I-II-I and III-II-III,
where the two domains at each side of the middle domain
have the same topological property, i.e., the difference of
their topological invariants across the middle domain is triv-
ial. From the results shown in Figs. 2(b) and 2(c), one can
clearly see the absence of gapless helical waveguide states,
where only gapped conventional waveguide states exist. This
unambiguously demonstrates that two domains with different
topological properties are needed to sandwich the middle
Dirac-cone domain in order for the large-area quantum-spin-
Hall waveguide states to emerge, which agrees with the
general expectation of the bulk-edge correspondence prin-
ciple in topological physics. Despite their large area, these
quantum-spin-Hall waveguide states have an inherent chirality
and exhibit pseudospin-momentum-locking helical propaga-
tion (which will be demonstrated later), which are different
from both the one-way large-area topological waveguide
states studied in Ref. [25] and the large-area valley-locked
waveguide states studied in Ref. [27], whose propagation

FIG. 3. (a) The gap within which the large-area helical waveg-
uide modes reside as a function of the number NII of the unit cells
in the middle domain of the three-layer heterostructure while fixing
NI = NIII = 10. The top two insets show the projected band diagrams
at NII = 30 and NII = 50, respectively, whereas the bottom two insets
show the quantum-spin-Hall edge states of the Wu-Hu model (left)
and their transition to the large-area waveguide states (right) when
increasing NII from 0 to 1 to 5 and to 10 along the direction indicated
by the arrows. (b) The size of the band gap indicated in (a) as a
function of NII on a log-log scale, indicating a power-law scaling, i.e.,
gap ∝ N−α

II with α ∼ 0.88. (c) Decay behavior of the conventional
quantum-spin-Hall edge states without the middle domain (i.e., NII =
0), which shows an exponential law, i.e., |Ez| (integrated over width a
along x and normalized) ∼e−y/λ with λ � 1.23a at ka/π = 0.15. The
inset shows the field distribution of the mode around the interface.

directions are locked to the different valleys. Due to their large
area controllable by the domain width, these helical waveg-
uide states could be used for high-capacity energy transport,
which is different from the conventional helical edge states
highly localized around the domain-wall interface [9].

Power-law scaling of the operational bandwidth with re-
spect to the middle domain width. A special feature of this
kind of large-area waveguide state is that its operational band-
width would decrease when the width of the middle domain
becomes larger since the coupling of the interface modes
associated with the interfaces I-II and II-III would become
weaker. However, the exact scaling laws of the operational
bandwidth with respect to the width of the middle domain
were not explored in previous works [25,27]. To understand
this scaling law for the large-area helical waveguide modes
in our designed heterostructure, we increase the width of
the middle domain II while fixing the widths of domains I
and III to have 10 unit cells (i.e., varying NII while fixing
NI = NIII = 10) and present the operational bandwidth as a
function of NII in Fig. 3(a). First, to show that the large-area
waveguide states revealed in Fig. 2(a) at finite NII are de-
scended from the quantum-spin-Hall edge states of the Wu-Hu
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model [see the bottom left inset of Fig. 3(a), where the gap
between the two branches of quantum-spin-Hall edge states
is due to the reduction of C6 crystalline symmetry at the
domain-wall interface as originally pointed out by Wu and
Hu [9]] and thus have a topological origin, we study the fate
of the Wu-Hu quantum-spin-Hall edge states when increasing
NII from 0. The results in the bottom right inset of Fig. 3(a)
show that when NII increases from 0 to 1 to 5 and to 10 as
indicated by the direction of the arrows, the quantum-spin-
Hall edge states of the Wu-Hu model smoothly evolve into
large-area quantum-spin-Hall waveguide states, and notably,
the gap between the two branches of large-area waveguide
states becomes smaller due to the fact that the middle domain
II has structure parameters that interpolate between those of
domains I and III, thus mitigating the crystalline symmetry
mismatch.

The gap results in Fig. 3(a) show that in general, the size
of the topological frequency window decreases when NII in-
creases. To show the scaling more explicitly, we plot the size
of the topological frequency window versus NII on a log-log
scale in Fig. 3(b), from which a clear linear fit at large NII can
be found, indicating a power-law scaling (i.e., gap ∝ N−α

II )
with the exponent to be α ∼ 0.88. The power-law scaling
implies that the width of the waveguide (i.e., the middle do-
main) can be as large as one desires, though at the expense
of a smaller operational bandwidth. To see this, we present
the band diagrams at a much larger NII of NII = 30 and 50 as
two insets in Fig. 3(a), from which one can see that, indeed,
apart from the diminishing bandwidth (i.e., the green area),
the helical waveguide modes always exist. In general, with
an increasing middle domain width, the topological frequency
window would become narrow as more and more nontopolog-
ical waveguide modes enter the bulk gap and one can expect
that in the limit of infinite width of the middle domain, the
topological frequency window would eventually disappear.

To highlight the unique feature of the power-law scaling, it
may be enlightening to contrast it with the exponential decay
law of conventional topological interface modes away from
the interface without the middle domain. Figure 3(c) shows
the decay of |Ez| as a function of distance away from the inter-
face, which clearly gives an exponential law, i.e., |Ez| ∼ e−y/λ

with a penetration depth λ � 1.23a at ka/π = 0.15. While the
penetration depth of the interface modes in general depends
on k due to the band-gap effect, i.e., those located deep within
the band gap have a shorter penetration depth compared to
the modes close to the band-gap edge, its typical scale is on
the order of lattice constant a. The existence of these two
contrasting scaling laws is due to their different underlying
physics, i.e., while the exponential decay of the conventional
topological interface modes away from the interface origi-
nates from the band-gap effect, the power-law scaling of the
operational bandwidth comes from the gapping out of the bulk
states around the Dirac cone in the middle domain due to its
finite width and mode interaction.

Pseudospin-momentum-locking unidirectional propaga-
tions against sharp bends. The large-area helical waveguide
modes in our designed heterostructure exhibit topological fea-
tures, such as pseudospin-momentum-locking propagations
and possessing inherent chirality, which could be exploited
to realize unidirectional excitations and propagations. To

FIG. 4. Topological properties of the large-area helical waveg-
uide modes. (a) Projected band diagram at NII = 5. (b) Chirality (or
directionality) map in the middle domain for the two modes A and
B labeled in (a). (c) Pseudospin-momentum-locking unidirectional
propagations of the large-area helical waveguide modes. (d) Robust-
ness of the topological large-area helical modes against sharp bends.
The chirality of the excitation source is indicated by the clockwise or
anticlockwise arrow.

show this, the mode dispersion of the helical waveguide
states with NII = 5 is shown in Fig. 4(a), where two modes
marked by A and B at k = 0.1π/a (indicated by the blue
line) are chosen for demonstration. The local chirality (or
directionality) of the waveguide modes could be character-
ized by the Stokes parameters defined for the magnetic field
H = (Hx, Hy) as D = S3/S0, where S0 = |Hx|2 + |Hy|2 and
S3 = −2 Im(HxH∗

y ) [36]. The chirality maps in the middle
domain II of the heterostructure for the two modes A and
B are presented in Fig. 4(b), from which one can see that
they exhibit nontrivial distributions with clear positive and
negative chiralities. Furthermore, the chirality map of mode A
is opposite to mode B, which is consistent with their opposite
group velocities.

Employing the chirality map, pseudospin-momentum-
locking unidirectional propagation can be realized by using
either a left- or right-circularly polarized excitation source
(in the simulations, six dipoles with phase winding along the
clockwise or anticlockwise direction are used as the circularly
polarized excitation source). The results of the full-wave sim-
ulations for unidirectional excitations and propagations are
presented in Fig. 4(c), where the location and chirality of the
source are indicated by the white arrow. The top (bottom) two
panels of Fig. 4(c) show that the large-area waveguide modes
at frequency fB ( fA) indeed show pseudospin-momentum-
locking unidirectional propagations. Note that both opposite
chiralities and group velocities of modes A and B indicate
that the same right- or left-circularly polarized source can
excite the large-area waveguide modes at both frequencies
fA and fB along the same direction. The robustness of the
unidirectional propagations is topologically protected by C6v

crystalline symmetry. To demonstrate this, two sharp bends
are introduced in the middle domain of the heterostructure
and as can be seen from the full-wave simulation result shown
in Fig. 4(d), the unidirectional propagation of the large-area
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mode can pass the two sharp bends without being backscat-
tered. We would like to note that while the conventional
quantum-spin-Hall edge states confined at the interface be-
tween two photonic crystals show some robustness against
disorder or defect, this immunity is not universal, i.e., it cru-
cially depends on the type and location of the disorder or
defect. Thus the robustness of the unidirectional propagation
of large-area helical waveguide states against such kinds of
disorder or defects will not be further explored here.

Conclusion and outlook. In conclusion, we have inves-
tigated an alternative kind of large-area helical waveguide
state in a three-layer topological photonic crystal heterostruc-
ture exploiting the photonic analogs of the quantum-spin-Hall
effect. These large-area waveguide states distribute uni-
formly in the middle domain of the heterostructure and
exhibit pseudospin-dependent unidirectional propagation. Im-
portantly, the size of the band gap within which these
large-area states reside shows a power-law dependence on the
width of the middle domain, implying these large-area states
in principle could exist in the middle domain with arbitrary
width. The topological features of these large-area states,
such as pseudospin-momentum-locking unidirectional prop-
agations and robustness of these states against sharp bends,
have been explicitly demonstrated.

The large-area helical waveguide modes studied in this
Letter could be readily confirmed by inserting a domain

of Dirac-cone photonic crystals into the experimental setup
of Ref. [37], where helical interface modes between two
domains of topologically trivial and nontrivial photonic crys-
tals have been observed in experiments. Our work could
also open up other interesting directions for investigation.
For example, up to now, the middle domains used in the
topological heterostructure to demonstrate large-area waveg-
uide states all feature point degeneracies (Dirac points),
and whether photonic structures featuring line degeneracies
could also be utilized as the middle domain is also worthy
of investigation. Furthermore, creating multiband large-area
waveguide states by combining both the quantum-valley-Hall
and quantum-spin-Hall effects could further enrich possible
practical applications [38,39]. The fate of these large-area
helical waveguide states under the effect of gain and loss is
also an interesting problem [40–42]. Finally, understanding
how to tune the exponent of the power law and thus control
the bandwidth of the large-area waveguide modes in different
scenarios is also important for both fundamental and practical
interests.
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