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Abstract: Photonic topological insulators with topologically protected edge states featuring
one-way, robustness and backscattering-immunity possess extraordinary abilities to steer and
manipulate light. In this work, we construct a topological heterostructure (TH) consisting of a
domain of nontrivial pseudospin-type topological photonic crystals (PCs) sandwiched between
two domains of trivial PCs based on two-dimensional all-dielectric core-shell PCs in triangle
lattice. We consider three THs with different number of layers in the middle nontrivial domain (i.e.,
one-layer, two-layer, three-layer) and demonstrate that the projected band diagrams of the three
THs host interesting topological waveguide states (TWSs) with properties of one-way, large-area,
broad-bandwidth and robustness due to coupling effect of the helical edge states associated with
the two domain-wall interfaces. Moreover, taking advantage of the tunable bandgap between the
TWSs by the layer number of the middle domain due to the coupling effect, a topological Y-splitter
with functionality of wavelength division multiplexing is explicitly demonstrated exploiting the
unique feature of the dispersion curves of TWSs in the three THs. Our work not only offers
a new method to realize pseudospin-polarized large-area TWSs with tunable mode-width, but
also could provide new opportunities for practical applications in on-chip multifunctional (i.e.,
wavelength division multiplexing) photonic devices with topological protection and information
processing with pseudospin-dependent transport.

© 2024 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Photonic topological insulators (PTIs) [1–9], motivated by the relevant electronic topological
phenomena discovered in condensed matter physics [10–15], are systems that host topological
boundary states robust against backscattering from imperfections, defects, disorder or sharp
bends, offering great opportunities for achieving robust manipulation of electromagnetic (EM)
waves, especially in applications for photonic integrated devices and on-chip communication.
To date, based on the bulk-boundary-corner correspondence principle, a plethora of topological
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photonic states (TPSs) have been theoretically proposed and experimentally demonstrated, such
as photonic quantum Hall (QH) states [16–19], photonic quantum spin Hall (QSH) states [20–23],
photonic quantum valley Hall (QVH) states [24–29], second-order photonic topological corner
states [30–37], and so on. Each of them has unique feature in application for manipulating EM
wave.

Recently, various methods to manipulate TPSs have been proposed and studied, such as
multiband [38,39], finite-width waveguide states [40,41], cavity-waveguide-interaction [42,43],
reconfiguration and recoding [44,45], wavelength division multiplexing [46,47], antichiral
topological edge or surface states [48–51], and so forth, which enable novel applications for
multi-functional photonic devices with built-in topological protection. Note that while the work
of [46] proposed a design of wavelength division multiplexing devices based on varying the
radius of rods in valley photonic crystals, and [47] based on rotating cylinder array in Zak-phase-
characterized photonic crystals, we achieve this goal herein by exploiting the coupling effect
between helical interface states in photonic crystals mimicking the QSH effect. Recently, Wang
et al proposed and demonstrated topological one-way large-area waveguide states with uniformly
distributed mode amplitude in the middle domain of a three-domain heterostructure based on
the QH effect [19]. Moreover, Chen et al presented and demonstrated topological valley-locked
waveguide states with tunable mode-width based on the QVH effect [52]. On the other hand,
tunable finite-width waveguides based on the coupling effect between topological edge modes
have also been realized [53,54]. These large-area waveguide states with tunable mode-width
degree of freedom support high-capacity energy transport for applications in waveguide-based
integrated photonic devices and circuits. However, these systems supporting TPSs with tunable
finite mode-width are relatively complex for practical applications, e.g., the magneto-optical (MO)
effect in [19] typically is weak in optical frequencies, and the lattice unit cells of photonic QSH or
QVH insulators contain multiple photonic entities as in honeycomb lattice [20], kagome lattice
[55], and stampfli-triangle lattice [56]. Hence here, we focus on using relatively simple photonic
crystal (PC) unit cell to construct TPSs with tunable finite mode-width based on coupling effect
of QSH states.

In this work, a kind of two-dimensional (2D) all-dielectric core-shell topological PCs in
triangular lattice [57] is considered, and a novel application of the all-dielectric core-shell PCs
for the construction of a topological heterostructure (TH) consisting of a domain of topologically
nontrivial PCs sandwiched between two domains of trivial PCs is proposed. The projected
band diagrams and resulting finite-width waveguide states based on the coupling effect between
topological edge modes in three THs with different width of the middle domain (one-layer,
two-layer, three-layer) are systematically investigated. Our simulation results show that such
waveguide states possess the properties of multi-frequency and multi-mode, which depend on the
number of layers in the nontrivial domain and the features of one-way, large-area, robustness and
broad-bandwidth of these topological waveguide modes are explicitly demonstrated. Furthermore,
exploiting the tunability of the dispersion and bandgap of the waveguide states due to the coupling
effect, we design and realize a topological EM wave Y-splitter for wavelength division multiplexing
based on the unique feature of the dispersion curves of these waveguide modes in the three THs.
The THs proposed in this work not only offer a possibility to expand the working bandwidth
and tune mode width, but also could be used in integrated multi-functional photonic devices and
information processing with pseudospin-dependent transport.

2. 2D core-shell PCs

In this work, we consider a kind of 2D core-shell PCs in triangular lattice (with lattice constant
a= 1um) made of all-dielectric core-shell silicon cylinders with relative permittivity ε(r) = 11.7
and outer and inner radii, r1 and r2, respectively, which are embedded in the background of air
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(µ0 and ε0), as shown in Fig. 1(a). Note that we only consider the transverse-magnetic (TM)
modes in this work, which have non-zero components of (HX, HY, EZ).

( 0m and 0e ), as shown in Fig. 1(a). Note that we only consider the transverse-magnetic (TM) 
modes in this work, which have non-zero components of (HX, HY, EZ). 

Similar to the mechanism for creating photonic QSH states of the Wu–Hu model [20] 
without breaking the time-reversal symmetry, the core-shell PCs, which are more convenient 
to fabricate and also are more compact, can also support pseudospin states x yp p ip± = ± and
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= ± , and a band inversion (thus topological phase transition) could be induced by 

tuning the radii of the core-shell cylinders [57]. To show this, bulk band diagrams of the core-
shell PCs at different r1 and r2 are calculated and presented in Fig.1 (b). From the left bulk band 
diagram at r1=0.4a and r2=0.26a (with side length 3 3L a=  of the hexagonal lattice unit 
cell), one can see that the photonic eigenmodes below (above) the band gap at Γ are p±  ( d± ) 
states, thus the corresponding PC is trivial. On the other hand, at r1=0.45a and r2=0.32a, as the 
right bulk band diagram of Fig. 1(b) shows, the photonic eigenmodes below (above) the band 
gap at Γ are d± ( p± ), which are opposite to those of the previous case, indicating a band 
inversion and the corresponding PC is thus nontrivial in this case. The right two panels of Fig. 
1(b) show the electric field profiles of the eigenmodes with pseudospin states p±  and d± . The 
topologically trivial and nontrivial PCs could be used to create photonic topological edge states 
at a domain-wall interface. To demonstrate this, the projected band diagram of a domain wall-
interface between the trivial and nontrivial domains, whose supercell is depicted in Fig. 1(c), is 
calculated and presented in Fig. 1(d) using the finite element method (FEM), which shows that 
there are two QSH edge modes appearing within the bulk band gap. The pseudospin-
momentum-locking unidirectional topological waveguide states (TWSs) can be realized by 
using either a left-or right-circularly polarized excitation source (in the simulations, four dipoles 
with 2p phase winding along the clockwise or anticlockwise direction are used as the 
circularly polarized excitation source). The pseudospin-momentum locking unidirectional 
propagation of these QSH edge modes is shown in Fig. 1(e) whereas in Fig. 1(f), the robustness 
of QSH edge modes against sharp bends during the propagation is demonstrated. To 
quantitatively characterize the energy intensity of the topological propagation, normalized 
electric field distribution along the dashed white line in Fig. 1(e) is plotted in Fig. 1(g) and the 
result shows that the wave is confined at the interface and decays dramatically away from it, 
which is very different from the tunable finite mode-width waveguide states as we will show 
in the following sections.

Fig. 1. (a) Schematic of the all-dielectric core-shell PCs in triangle lattice, where the
outer and inner radii of the core-shell cylinder are r1, r2 respectively; vectors −→a1, −→a2 denote
the two lattice vectors of the triangular lattice whereas the lattice constant a is 1µm. (b)
Photonic bulk band diagrams of the core-shell PCs with r1= 0.4a, r2= 0.26a (left) and
r1= 0.45a, r2= 0.32a (right), respectively. The right two panels denote electric field (EZ)
profiles of the eigenmodes with pseudospin states d± and p±. (c) Supercell of a domain-wall
interface between trivial (blue) and nontrivial (golden) PCs. (d) Projected band diagram
of the supercell in (c), and the right two panels represent eigenmode profiles with the pink
arrows denoting the Poynting vectors, which rotate anticlockwise and clockwise around
the domain-wall interface at eigenfrequencies fA and fB, respectively. (e) |EZ | distribution
of unidirectional propagation of the helical edge states. (f) |EZ | distribution of robust
propagation of the helical edge states in a waveguide structure with four sharp (60°) corners.
(g) Normalized |EZ | distribution along the white dashed line in (e).

Similar to the mechanism for creating photonic QSH states of the Wu–Hu model [20] without
breaking the time-reversal symmetry, the core-shell PCs, which are more convenient to fabricate
and also are more compact, can also support pseudospin states p± = px± ipy and d± = dx2−y2 ± idxy,
and a band inversion (thus topological phase transition) could be induced by tuning the radii of
the core-shell cylinders [57]. To show this, bulk band diagrams of the core-shell PCs at different
r1 and r2 are calculated and presented in Fig. 1(b). From the left bulk band diagram at r1= 0.4a
and r2= 0.26a (with side length L =

√
3/3a of the hexagonal lattice unit cell), one can see that the

photonic eigenmodes below (above) the band gap at Γ are p± (d±) states, thus the corresponding
PC is trivial. On the other hand, at r1= 0.45a and r2= 0.32a, as the right bulk band diagram of
Fig. 1(b) shows, the photonic eigenmodes below (above) the band gap at Γ are d± (p±), which are
opposite to those of the previous case, indicating a band inversion and the corresponding PC is
thus nontrivial in this case. The right two panels of Fig. 1(b) show the electric field profiles of the
eigenmodes with pseudospin states p± and d±. The topologically trivial and nontrivial PCs could
be used to create photonic topological edge states at a domain-wall interface. To demonstrate this,
the projected band diagram of a domain wall-interface between the trivial and nontrivial domains,
whose supercell is depicted in Fig. 1(c), is calculated and presented in Fig. 1(d) using the finite
element method (FEM), which shows that there are two QSH edge modes appearing within
the bulk band gap. The pseudospin-momentum-locking unidirectional topological waveguide
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states (TWSs) can be realized by using either a left-or right-circularly polarized excitation source
(in the simulations, four dipoles with π/2 phase winding along the clockwise or anticlockwise
direction are used as the circularly polarized excitation source). The pseudospin-momentum
locking unidirectional propagation of these QSH edge modes is shown in Fig. 1(e) whereas
in Fig. 1(f), the robustness of QSH edge modes against sharp bends during the propagation is
demonstrated. To quantitatively characterize the energy intensity of the topological propagation,
normalized electric field distribution along the dashed white line in Fig. 1(e) is plotted in Fig. 1(g)
and the result shows that the wave is confined at the interface and decays dramatically away from
it, which is very different from the tunable finite mode-width waveguide states as we will show in
the following sections.

3. Models and discussions

3.1. Topological heterostructures

frequencies are plotted in Fig. 2(e), from which one can see that the normalized |EZ| 
distributions are mainly distributed within the NPZ-1 with width of a and two peaks appear 
around the two domain-wall interfaces, a property completely different from that of Fig. 1(g). 
To understand the transmission of the TWSs within the topological frequency window, their 
transmission spectrum is further studied. The EM wave energy that passes through the planes 
1 and 2 (indicated by the white dashed lines in Fig.2(c)) can be calculated by

1 2 Re( *)
l

U E H dl= ´ ×ò
ur uur

, from which we can define the percentage of transmitted energy as 
U2/(U1+U2) and the resulting transmission spectrum is shown in Fig. 2(f). From the result, one 
can see that there are two transmission peaks outside the low-transmission region marked by 
the light orange frequency window for U1 and U2, indicating that the TWSs are forbidden within 
the photonic band gap. Inset of Fig. 2(f) shows the percentage of transmitted energy, exhibiting 
that there is a transmission peak around the frequency of 0.443c/a and the average ratio of 
transmitted energy is approximately 70% in the whole topological frequency window (note that 
the light orange region is due to band gap effect). Finally, the electric field amplitude (|EZ|) 
distributions of four pseudospin edge states during the propagation are shown in Figs. 2(g)-2(j), 
from which one can see that the electric field distributions are similar to those of the eigenmode 
distributions in Fig. 2(b), e.g., the TWSs are highly concentrated in the NPZ-1 at frequencies  
f2and f3, whereas those of modes at frequencies f1 and f4 are mainly distributed around the up 
and down domain-wall interfaces and exhibit non-standing-wave-like patterns even if the mode 
at frequency  f4 is a slow light state because of the small slope of its dispersion curve. The above 
results demonstrate that multi-frequency and multi-mode properties are simultaneously realized 
in TH with NPZ-1 based on the coupling effect of helical edge states, which may offer a new 
opportunity for promising applications compared with those realized in [59-61]. 

Fig. 2. (a) Supercell of the TH with NPZ-1. (b) Projected band diagram of the TH, where the right four panels represent 
eigenmode profiles of the four modes marked as 1, 2, 3 and 4 in the band diagram. (c) |EZ| distribution of unidirectional Fig. 2. (a) Supercell of the TH with NPZ-1. (b) Projected band diagram of the TH, where

the right four panels represent eigenmode profiles of the four modes marked as 1, 2, 3 and 4 in
the band diagram. (c) |EZ | distribution of unidirectional propagation of the large-area TWSs
in the TH at frequency f 2= 0.4398(c/a). (d) |EZ | distribution of robust propagation of the
large-area TWSs in the TH along a path with four sharp corners. (e) Normalized |EZ | profiles
along the white dashed line 2 in (c) at frequencies f 1= 0.4292(c/a) and f 2= 0.4398(c/a).
(f) Transmission spectrum of the large-area TWSs in the TH, where the inset shows the
percentage of transmitted energy. (g)-(j) |EZ | distributions of four TWSs in the TH, where
the white arrows denote the propagation direction of the EM waves.
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Here we propose a novel application of the all-dielectric core-shell PCs discussed above for
constructing THs, which consist of a domain of nontrivial PCs sandwiched between two domains
of trivial PCs. The supercells of the THs are depicted in Figs. 2–4(a), where the middle zone
of nontrivial PCs is called nontrivial PCs zone (NPZ) and these zones of nontrivial PCs with
number of 1, 2, and 3 layers in the following are termed NPZ-1, NPZ-2 and NPZ-3, respectively.
In specific, three THs with different layers of NPZ, i.e., NPZ-1, NPZ-2 and NPZ-3 will be
constructed and their finite-width topological waveguide modes based on the coupling effect of
helical edge states will be further analyzed and discussed.

3.2. TH with NPZ-1

We first calculate the projected band diagram of the TH with NPZ-1 and present the result in
Fig. 2(b), from which one can see that there are four additional branches of edge states appearing
within the bulk band gap. While the edge states within the light grey frequency region are TWSs,
the light orange frequency region in the middle indicates a forbidden photonic band gap [40]
because of the broken crystalline symmetry at the boundaries between different domains [20].
The appearance of the four additional branches of edge states can be understood from the fact
that as one domain-wall interface between two domains with different topologies could host two
pseudospin-related helical edge states, one can expect that there will be four pseudospin-related
edge modes in our system as our TH has two topological domain-wall interfaces. To show the
unique features of these TWSs, four eigenmodes, marked by 1, 2, 3, and 4 in the projected
band diagram at kx= 0.04(2π/a) and kx= 0.21(2π/a), are shown in the right four panels of
Fig. 2(b). From the results, one can see that while eigenmode 1 is an even symmetric mode with
respect to the vertical mid-plane and eigenmodes 2, 3 are even symmetric modes with respect to
the horizontal mid-plane, eigenmode 4 is an antisymmetric mode with respect to the vertical
mid-plane, indicating a slow light state [58]. Moreover, while the EZ eigenmode distributions of
modes 2 and 3 are highly confined within the NPZ-1 due to the strong coupling and hybridization
between the helical edge states associated with the two topological domain-wall interfaces, these
of modes 1 and 4 are mainly distributed around the two domain-wall interfaces due to a weak
coupling (see the Supplement 1 for the Poynting vector and |EZ | distributions of these four
eigenmodes).

The topological properties of these TWSs in terms of propagation are further investigated.
Fig. 2(c) shows the unidirectional excitation (at frequency f 2) and propagation properties of the
TWSs, whose energy power flow during the propagation is highly concentrated in NPZ-1. To
demonstrate the robust propagation of these TWSs against bends, we construct a waveguide
structure with four sharp (60°) corners and the result in Fig. 2(d) shows that the wave can bypass
the bends without being backscattered. These results clearly show that TWSs with robustness,
and pseudospin-momentum locking unidirectional propagation could be realized in the TH with
NPZ-1. To quantitatively characterize the transmission property of these TWSs, the normalized
|EZ | distributions of the propagation along the white dashed line 2 in Fig. 2(c) at two different
frequencies are plotted in Fig. 2(e), from which one can see that the normalized |EZ | distributions
are mainly distributed within the NPZ-1 with width of a and two peaks appear around the two
domain-wall interfaces, a property completely different from that of Fig. 1(g). To understand the
transmission of the TWSs within the topological frequency window, their transmission spectrum
is further studied. The EM wave energy that passes through the planes 1 and 2 (indicated by the
white dashed lines in Fig. 2(c)) can be calculated by U = 1/2

∫
l Re(

−→
E ×

−→
H∗) · dl, from which we

can define the percentage of transmitted energy as U2/(U1+U2) and the resulting transmission
spectrum is shown in Fig. 2(f). From the result, one can see that there are two transmission
peaks outside the low-transmission region marked by the light orange frequency window for U1
and U2, indicating that the TWSs are forbidden within the photonic band gap. Inset of Fig. 2(f)
shows the percentage of transmitted energy, exhibiting that there is a transmission peak around
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the frequency of 0.443c/a and the average ratio of transmitted energy is approximately 70% in
the whole topological frequency window (note that the light orange region is due to band gap
effect). Finally, the electric field amplitude (|EZ |) distributions of four pseudospin edge states
during the propagation are shown in Figs. 2(g)-2(j), from which one can see that the electric field
distributions are similar to those of the eigenmode distributions in Fig. 2(b), e.g., the TWSs are
highly concentrated in the NPZ-1 at frequencies f 2and f 3, whereas those of modes at frequencies
f 1 and f 4 are mainly distributed around the up and down domain-wall interfaces and exhibit
non-standing-wave-like patterns even if the mode at frequency f 4 is a slow light state because of
the small slope of its dispersion curve. The above results demonstrate that multi-frequency and
multi-mode properties are simultaneously realized in TH with NPZ-1 based on the coupling effect
of helical edge states, which may offer a new opportunity for promising applications compared
with those realized in [59–61].

3.3. TH with NPZ-2

The projected band diagram of TH with NPZ-2 (see Fig. 3(a) for its supercell) is calculated
and presented in Fig. 3(b). Similarly, there are four additional branches of edge modes within
the bulk band gap and the eigenmode profiles of four marked modes 1, 2, 3, and 4 at kx= 0.04
(2π/a) are shown in the right panels of Fig. 3(b), which have similar features as those of TH with
NPZ-1. However, the dispersion curve of eigenmode 4 is flatter than that of NPZ-1, indicating
that the group index of this branch of modes is much larger and exhibits slow light behavior.
Moreover, the dispersion curves of eigenmodes 3 and 4 intersect around kx= 0.05 (2π/a), which
means that eigenmodes at high (low) frequency are slow light states (guide modes) for kx
less than 0.05(2π/a), whereas their propagation behaviors will be inverted for kx larger than
0.05(2π/a). Furthermore, one can also see that the light orange frequency band gap in the middle
of the topological frequency window decreases due to the fact that the crystalline symmetry
mismatch between different topological domains is mitigated by increasing the width of NPZ,
and consequently, the bandwidth of TWSs increases.

Pseudospin-momentum locking unidirectional propagation and robustness of the propagation
against sharp bends for the TWSs in TH with NPZ-2 are also demonstrated in Figs. 3(c) and 3(d).
The normalized |EZ | profiles at two frequencies are plotted in Fig. 3(e), from which one can see
that there are two maximum peaks and a deep drop in-between, which indicates that the EM
wave is mainly distributed around the domain-wall interfaces and the average normalized |EZ | of
TWSs in NPZ-2 is approximately 75% with mode width of 2a. The transmission spectrum is
further presented in Fig. 3(f) and the result shows that there are two transmission peaks outside
the low-transmission region marked by the light orange frequency window for U1 and U2. The
TWSs contribute more than 85% transmitted energy within the whole topological frequency
window (see the inset). The drop within the light orange frequency region is narrower than that of
the case in Fig. 2(f) because the tiny gap decreases due to the larger width of NPZ-2. Moreover,
the transmission ratio approximately reaches up to 100% at four frequencies, which indicates that
these branches of modes are more convenient for topological waveguiding. |EZ | distributions of
the topological propagation for the four TWSs in the TH with NPZ-2, are given in Figs. 3(g)-3(j),
from which one can see that the EM wave mainly concentrates around the domain-wall interfaces
for frequencies f 1and f 4, showing standing-wave-like patterns [54] (see Fig. 3(j)), whereas the
TWSs at frequencies f 2 and f 3 are mainly distributed within NPZ-2, which are similar to those of
NPZ-1.

3.4. TH with NPZ-3

For TH with NPZ-3, the projected band diagram is presented in Fig. 4(b) via simulating the
supercell as depicted in Fig. 4(a). Interestingly, the light orange band gap as appearing in
NPZ-1 and NPZ-2 within the topological frequency window vanishes when the width of the



Research Article Vol. 32, No. 7 / 25 Mar 2024 / Optics Express 11265

Fig. 3. (a) Supercell of the TH with NPZ-2. (b) Projected band diagram of the TH, where the right four panels represent 
eigenmode profiles of the four modes marked as 1, 2, 3 and 4 in the band diagram. (c) |EZ| distribution of unidirectional 
propagation of the large-area TWSs in the TH at frequency f2=0.44401(c/a). (d) |EZ| distribution of robust propagation 
of the large-area TWSs in the TH along a path with four sharp corners. (e) Normalized |EZ| profiles at frequencies 
f1=0.4405 (c/a) and f2=0.44401(c/a). (f) Transmission spectrum of the large-area TWSs in the TH. (g)-(j) |EZ| 
distributions of four TWSs in the TH. 

3.4 TH with NPZ-3

For TH with NPZ-3, the projected band diagram is presented in Fig. 4(b) via simulating the 
supercell as depicted in Fig. 4(a). Interestingly, the light orange band gap as appearing in NPZ-
1 and NPZ-2 within the topological frequency window vanishes when the width of the NPZ 
increases to 3a due to further reduction of the broken crystalline symmetry around the domain-
wall interfaces. As such, the bandwidth of TWSs is further broadened, resulting in gapless 
TWSs. The pseudospin-momentum locking unidirectional propagation and robustness of the 
propagation against sharp bends for TWSs in TH with NPZ-3 are also demonstrated in Figs. 
4(c) and 4(d). The normalized |EZ| profiles of two frequencies are plotted in Fig. 4(e), and the 
results exhibit two peaks and a drop in-between, which shows that the electric field is mainly 
distributed around the domain-wall interfaces and decreases dramatically within the up and 
down domains (see, e.g., the pink line). As the width of NPZ-3 increases, more peaks appear 
within NPZ-3, indicating that electric fields gradually decrease within the up and down 
domains, and |EZ| in the middle NPT (the drop) is approximately 50% whereas the average 
normalized |EZ| of TWSs originating from coupling modes is approximately 75% with mode 

Fig. 3. (a) Supercell of the TH with NPZ-2. (b) Projected band diagram of the TH, where
the right four panels represent eigenmode profiles of the four modes marked as 1, 2, 3 and 4
in the band diagram. (c) |EZ | distribution of unidirectional propagation of the large-area
TWSs in the TH at frequency f 2= 0.44401(c/a). (d) |EZ | distribution of robust propagation
of the large-area TWSs in the TH along a path with four sharp corners. (e) Normalized |EZ |
profiles at frequencies f 1= 0.4405 (c/a) and f 2= 0.44401(c/a). (f) Transmission spectrum
of the large-area TWSs in the TH. (g)-(j) |EZ | distributions of four TWSs in the TH.

NPZ increases to 3a due to further reduction of the broken crystalline symmetry around the
domain-wall interfaces. As such, the bandwidth of TWSs is further broadened, resulting in
gapless TWSs. The pseudospin-momentum locking unidirectional propagation and robustness
of the propagation against sharp bends for TWSs in TH with NPZ-3 are also demonstrated in
Figs. 4(c) and 4(d). The normalized |EZ | profiles of two frequencies are plotted in Fig. 4(e),
and the results exhibit two peaks and a drop in-between, which shows that the electric field
is mainly distributed around the domain-wall interfaces and decreases dramatically within the
up and down domains (see, e.g., the pink line). As the width of NPZ-3 increases, more peaks
appear within NPZ-3, indicating that electric fields gradually decrease within the up and down
domains, and |EZ | in the middle NPT (the drop) is approximately 50% whereas the average
normalized |EZ | of TWSs originating from coupling modes is approximately 75% with mode
width of 3a. The transmission spectrum is shown in Fig. 4(f), from which one can see that the
transmission of U2 does not show a low transmission region with zero-transmission, while U1
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width of 3a. The transmission spectrum is shown in Fig. 4(f), from which one can see that the 
transmission of U2 does not show a low transmission region with zero-transmission, while U1 
almost reaches to zero. The absence of a low transmission region with zero-transmission for U2 
indicates that the mismatch of crystalline symmetry at the domain-wall interfaces is very small. 
The inset shows that the TWSs contribute more than 90% transmitted energy within the whole 
topological frequency window. While a small drop with 85% transmission around frequency 
0.453(c/a) between the two peaks could still be observed due to the fact that mismatch of 
crystalline symmetry at the domain-wall interfaces still exists, even if such a mismatch is small 
due to the large width of NPT-3 (the orange gap as in NPZ-1 and NPZ-2 is unnoticeable in the 
present scale). The |EZ| distributions of the topological propagation for the four TWSs in TH 
with NPZ-3 are shown in Figs. 4(g)-4(j), which show similar features as those of NPZ-1 and 
NPZ-2. Note that increasing the number of the middle layers to 4 and 5 will reduce the coupling 
effect further in NPZ-4 and NPZ-5 (see supplementary material), where the small gap between 
the waveguide modes reappears. So the maximal bandwidth for the waveguide modes happens 
for NPZ-3, which is due to the specific role of mode symmetry played in the coupling strength 
between the helical interface states. 

Fig. 4. (a) Supercell of the TH with NPZ-3. (b) Projected band diagram of the TH, where the right four panels represent 
eigenmode profiles of the four modes marked as 1, 2, 3 and 4 in the band diagram. (c) |EZ| distribution of unidirectional 
propagation of the large-area TWSs in the TH at frequency f2=0.44651(c/a). (d) |EZ| distribution of robust propagation 
of the large-area TWSs in the TH along a path with four sharp corners. (e)Normalized profiles at 
frequenciesf1=0.44297(c/a) and f2=0.44651(c/a). (f) Transmission spectrum of the large-area TWSs in the TH. (g)-(j) 
|EZ| distributions of four TWSs in the TH.

Fig. 4. (a) Supercell of the TH with NPZ-3. (b) Projected band diagram of the TH, where
the right four panels represent eigenmode profiles of the four modes marked as 1, 2, 3 and 4
in the band diagram. (c) |EZ | distribution of unidirectional propagation of the large-area
TWSs in the TH at frequency f 2= 0.44651(c/a). (d) |EZ | distribution of robust propagation
of the large-area TWSs in the TH along a path with four sharp corners. (e)Normalized
profiles at frequenciesf1= 0.44297(c/a) and f2= 0.44651(c/a). (f) Transmission spectrum
of the large-area TWSs in the TH. (g)-(j) |EZ | distributions of four TWSs in the TH.

almost reaches to zero. The absence of a low transmission region with zero-transmission for
U2 indicates that the mismatch of crystalline symmetry at the domain-wall interfaces is very
small. The inset shows that the TWSs contribute more than 90% transmitted energy within
the whole topological frequency window. While a small drop with 85% transmission around
frequency 0.453(c/a) between the two peaks could still be observed due to the fact that mismatch
of crystalline symmetry at the domain-wall interfaces still exists, even if such a mismatch is
small due to the large width of NPT-3 (the orange gap as in NPZ-1 and NPZ-2 is unnoticeable
in the present scale). The |EZ | distributions of the topological propagation for the four TWSs
in TH with NPZ-3 are shown in Figs. 4(g)-4(j), which show similar features as those of NPZ-1
and NPZ-2. Note that increasing the number of the middle layers to 4 and 5 will reduce the
coupling effect further in NPZ-4 and NPZ-5 (see Supplement 1), where the small gap between
the waveguide modes reappears. So the maximal bandwidth for the waveguide modes happens
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for NPZ-3, which is due to the specific role of mode symmetry played in the coupling strength
between the helical interface states.

4. Application

The above results show that the THs support a kind of TWSs with finite mode-width, pseudospin
-momentum-locking unidirectional propagation, broad-bandwidth and robustness based on
coupling effect of helical edge states. These TWSs due to the coupling effect of helical edge states
provide new opportunities for waveguide-based photonic devices in on-chip communication. To
show this application potential, in this section, we design and demonstrate the functionality of
wavelength division multiplexing based on the unique dispersion curves of NPZ-1, NPZ-2 and
NPZ-3.

To start, we first show the dispersion curves of the middle two branches of TWSs for NPZ-1,
NPZ-2 and NPZ-3 in the same band gap, as shown in Fig. 5(a) and the design of a novel Y-splitter
supporting the functionality of wavelength division multiplexing is shown in Fig. 5(b), where
the different frequencies for the operation of the splitter are marked by A, B, and C in Fig. 5(a).
The TWSs exist at frequency fA for all three NPZs (i.e., NPZ-1, NPZ-2 and NPZ-3) because this
frequency crosses all three dispersion curves L1, L2 and L3 (see Fig. 5(a)), and consequently the
wave at this frequency can propagate in all three NPZs, see Fig. 5(c), where the white arrows
denote energy flow directions. At a different frequency fB, the TWSs can only propagate within
NPZ-2 and NPZ-3 due to the band gap at this frequency for NPZ-1. The simulated propagation
shown in Fig. 5(d) indeed confirms our design. Furthermore, at frequency fC, the TWSs can only
propagate within NPZ-3 and the propagation is forbidden within NPZ-1 and NPZ-2 due to the
band gap associated with NPZ-1 and NPZ-2 at this frequency, where the simulated propagation
shown in Fig. 5(e), again confirms the expected performance of the designed Y-splitter. The
realization of the functionality of wavelength division multiplexing in our Y-splitter based on
the coupling effect of pseudospin states with finite mode-width, provides a completely new way
to realize photonic band shift and division compared to the method of tuning geometry of the
material [46,47], such as tuning the radii of the dielectric cylinders or holes, and has a tremendous
potential for novel applications in functional photonic integrated devices.

Furthermore, a kind of Y-splitters with different high-capacity energy distribution [62] could
also be constructed in THs with NPZ-1, NPZ-2 or NPZ-3 due to their different mode widths, as
demonstrated in Fig. 5(f)-5(h), where the bottom panels show the designed waveguide structures.
These Y-splitters demonstrated in Fig. 5 can be used as different elementary structures for
high-capacity energy transport, where on-demand applications of effective electric or magnetic
energy transport in integrated photonic circuits could be realized by combining these basic
functionalities. As the TWSs have inherent pseudospin-chirality locking property from the
photonic spin Hall effect, splitting and transporting of these large-area waveguide modes could
be controlled by the location of the chiral excitation source. For example, the local chirality (or
directionality) [58,63] of the TWSs is zero at intersection of the three waveguide channels due to
symmetry, and consequently, the TWSs can propagate along three different channels when the
chiral source is located at the location with zero chirality.
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Fig. 5. Design and performance of a novel Y-splitter for wavelength division multiplexing. (a) Dispersion curves of 
TWSs for the three THs, where red, green and blue curves denote the dispersion curves of TWSs for NPZ-1, NPZ-2, 
and NPZ-3, respectively. (b) Schematic of the Y-splitter. (c)-(e) |EZ| distributions of propagation for TWSs in the Y-
splitter at different frequencies of fA=0.4348(c/a), fB=0.44301(c/a), and fC=0.45125(c/a), respectively. (f)-(h) 
Performance of the Y-splitter structure with different mode width.

5. Conclusion
To conclude, we have proposed THs consisting of a domain of nontrivial PCs sandwiched 
between two domains of trivial PCs in all-dielectric core-shell PCs with triangle lattice. We 
studied in detail the topological properties of four branches of TWSs in three THs with NPZ-
1, NPZ-2, and NPZ-3. TWSs with multi-frequency and multi-mode properties could be 
simultaneously realized in these THs, such as edge coupling modes, guide modes and slow light 
modes. The TWSs with pseudospin-momentum-locking unidirectional propagation, finite 
mode width, broad-bandwidth and robustness are realized and demonstrated in these THs based 
on the coupling effect of helical edge states. Moreover, we have proposed and designed a novel 
Y-splitter with functionality of wavelength division multiplexing based on the unique 
dispersion curves of the TWSs in these three THs. The structure of our design is easy to 
fabricate and has a compact nature in practice, which could provide a promising platform for 
topological photonic applications in waveguide-based integrated photonic devices, such as 
tunable finite mode-width waveguide, high-capacity energy splitter and transport, wavelength 
division multiplexing and multi-mode manipulation.

Funding. The National Key Research and Development Program of China 
(No.2022YFA1203500); the National Natural Science Foundation of China (No. U2230114 
and No. 12004425); the Natural Science Foundation of Jiangsu Province (No. BK20200630).

Acknowledgments. The authors acknowledge the financial support from the National Key 
Research and Development Program of China (No.2022YFA1203500), the National Natural 

Fig. 5. Design and performance of a novel Y-splitter for wavelength division multiplexing.
(a) Dispersion curves of TWSs for the three THs, where red, green and blue curves denote
the dispersion curves of TWSs for NPZ-1, NPZ-2, and NPZ-3, respectively. (b) Schematic of
the Y-splitter. (c)-(e) |EZ | distributions of propagation for TWSs in the Y-splitter at different
frequencies of fA= 0.4348(c/a), fB= 0.44301(c/a), and fC = 0.45125(c/a), respectively. (f)-(h)
Performance of the Y-splitter structure with different mode width.

5. Conclusion

To conclude, we have proposed THs consisting of a domain of nontrivial PCs sandwiched between
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