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The canonical way to sustain photonic topological edge states relies on the interface formed by topo-
logically trivial and nontrivial photonic crystals that share a common band gap to prevent the coupling
of edge states from the radiation continuum of free space. Herein, we report a scheme to achieve bound
topological edge states in the continuum at the air edge of a single topologically nontrivial photonic crys-
tal utilizing the physics of bound states in the continuum. These localized states, though existing in the
continuum, exhibit topological features inherited from the nontrivial topology of bulk photonic bands,
such as pseudospin-momentum locking unidirectional propagation. Microwave experiments are provided
to further validate the theoretical predictions. Our work not only has practical importance but also opens
an avenue where the nontrivial topology of bulk photonic bands could be exploited to enrich the physics

of bound states in the continuum.
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I. INTRODUCTION

Topological insulators are electronic materials that are
insulating in the bulk but host unusual conducting states
on their surfaces due to the nontrivial bulk band topology
[1]. Inspired by the development of topological insula-
tors in condensed matter physics, topological photonics,
which enables unidirectional electromagnetic wave prop-
agation, has attracted growing attention recently [2,3]. In
particular, different photonic systems have been explored
to mimic the quantum Hall effect [4—10], quantum spin
Hall (QSH) effect [11-21], and quantum valley Hall effect
[22-28], and to realize three-dimensional photonic topo-
logical phases [29-31], Weyl point and Fermi arc [32,33],
topological cavity [34], topological lasing [35-38], and
defect modes [39,40]. According to the bulk-edge corre-
spondence principle [1], gapless edge states will emerge
within a frequency band gap of photonic systems with
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nontrivial bulk topology and exhibit interesting features for
promising applications [2,3].

The generality of topological physics facilitates the pho-
tonic analogue of electronic systems [ 1-3]. However, there
is a fundamental difference between topological electronic
and photonic systems. In order to sustain topological edge
states, two mediums forming the interface should have dis-
tinct topologies. In general, air is a trivial medium and it
can serve as a hard boundary for electrons. However, light
can propagate in air, resembling a radiation continuum for
photons. Thus, the canonical way to form a topological
photonic edge strictly relies on the interface between a triv-
ial photonic crystal (PhC) and a nontrivial PhC sharing
the common band gap [2,3]. However, in the microwave
regime, one can create a confining edge by employing the
interface formed by a PhC and a perfect electric conduc-
tor (PEC) to effectively eliminate the coupling between
the edge state and the continuum [6], which cannot be
generalized to the optical regime.

Being a counterintuitive localization mechanism of
wave physics, bound states in the continuum (BICs)
provide an exceptional way to confine waves in the radi-
ation continuum [41-47]. Leveraged by state-of-the-art
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nanofabrication technology, a PhC slab system support-
ing both symmetry-protected and accidental BICs becomes
a promising platform for exploring fundamental physics
[48—54] and functional applications [55—64]. In addition
to the BICs of slab systems, there are also surface BICs
in photonic systems [65—67]. In general, the topological
edge state and BICs are physical mechanisms to confine
electromagnetic fields in distinct frequency spectra, i.e.,
within the photonic band gap and radiation continuum,
respectively.

In this article, we merge the physics of surface BICs
and topologically nontrivial PhCs to introduce a concept
of bound topological edge states in the continuum. We
theoretically propose and experimentally demonstrate that
topological edge states can be sustained within the radia-
tion continuum empowered by BICs. Moreover, we show
that such states inherit properties of canonical topological
edge states at the interface between trivial and nontrivial
PhCs, such as pseudospin-momentum locking unidirec-
tional propagation of electromagnetic waves. While it has
been revealed that BICs of photonic slabs are vortex cen-
ters of polarization directions in the far-field radiation car-
rying quantized topological charges [50], our work points
to a different direction where the nontrivial topology of
bulk photonic bands characterized by Berry curvature and
Chern number can be exploited to enrich the physics of
BICs.

II. CONCEPT AND MECHANISM

The key idea of our work is to demonstrate the exis-
tence of bound topological edge states in the continuum at
the air edge of a topologically nontrivial PhC, where the
edge states are guided by the BIC and topological band
gap simultaneously. They can be selectively excited by
circularly polarized magnetic dipole (CPMD) sources, as
schematically shown in Figs. 1(a) and 1(b). The transverse
magnetic mode of a two-dimensional PhC is considered.
We consider a widely used scheme mimicking the QSH
effect in a two-dimensional expanded honeycomb lattice
of dielectric cylinders (R = 0.35a, 0.36a, and 0.38a) simi-
lar to the canonical all-dielectric topological PhC proposed
by Wu and Hu [15], where the structures are shown in
Fig. 2(a). Due to the Cg, symmetry of the system, there
are two two-dimensional irreducible representations of the
Csy, symmetry group, which are realized by the degener-
ate px(py) and dyy (d,2_2) orbits. Moreover, pseudospin-up
and pseudospin-down states can be constructed as p. =
((79== ipy)/\/f, di = (dxz,yz + idxy)/\/ﬁ, where the role
of pseudospin is indicated by the angular momentum of
the wave function (the out-of-plane electric field in this
case). By simply shrinking or expanding the six dielectric
cylinders in the hexagonal unit cell towards or opposite the
center, a topological trivial or nontrivial band gap can be
opened around the doubly degenerate Dirac cone, which
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FIG. 1. (a),(b) Schematics of a PhC structure supporting bound

topological edge states in the continuum enabled by topologi-
cal band gap and BIC simultaneously. CPMD sources are used
to excite unidirectional states propagating to the left and right,
respectively. (c) The unit cell of the dielectric PhC hosting a
topologically nontrivial band gap, which contains three pairs of
attached pillars with &, = 9.6, »r = 0.1a, and R = 0.4a. (d) The
supercell of the PhC structure supporting the bound topologi-
cal edge states in the continuum, where the PhC is truncated
and defect pillars with a different radius 7, are introduced at the
edge. (e) The calculated dispersion and corresponding Q factors
of the edge mode above the light cone with r; = 0.28a, where
two modes with divergent O factors (I~ and /) are the bound
topological edge states in the continuum without any leakage
to air.

is accompanied by band inversion between the p,(p,) and
dyy(dy2_,2) orbits. It is confirmed that there are nontriv-
ial photonic band gaps opened for these three cases (R =
0.35a, 0.36a, and 0.38a).

By truncating such a PhC [see Fig. 2(b)] with another
triangular PhC that possesses a trivial band gap, two
QSH edge defect bands are formed within the over-
lapping band gap, as can be seen in Fig. 2. We start
from the topological edge states formed by interfacing
the nontrivial PhC with a trivial dielectric PhC that con-
sists of a triangle lattice [see the upper part of the
structure in Fig. 2(b)]. Such a trivial PhC, which sup-
ports a trivial photonic band gap spectrally overlapping
with the nontrivial band gap, is different from the one
shown in Ref. [15]. As can be seen from Fig. 2(c),
there are two topological edge defect bands within the
band gap, where their dispersion features resemble the
typical QSH effect in an all-dielectric PhC shown in
Ref. [15].

If the period number of the trivial PhC is gradually
reduced, most of the defect modes become leaky due to
the reduced band-gap effect at the trivial side of the inter-
face, as shown in Figs. 3(a)-3(e) for the case of R = 0.38a.
While the upper band of the QSH edge modes becomes
highly leaky, the lower band shows certain robustness
against such leaky effect. Comparing the modes of the
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FIG. 2. The unit cell of the dielectric PhC emulating the QSH effect proposed in Ref. [15]. (b) The supercell of a domain-
wall structure formed by interfacing the nontrivial PhC shown in (a) and a trivial PhC consisting of a single dielectric pillar
in each unit cell with radius r; = 0.28a. (c) The modal dispersion and the corresponding O factors (color code) of eigen-
modes for the structure shown in (b) with different expanded lattices at R = 0.35a, R = 0.36a, and R = 0.38a (length of the
hexagon edge). The corresponding distributions of electric field Re(E,) for modes marked by I, II, III, IV, V, and VI are also

provided.

upper and lower defect bands at £ = 0 shown in Fig. 2
(I-VI), one can find that the eigenmodes of upper band
at k=0 (I, IIIl, V) are even with respect to the Y axis
while the eigenmodes of lower band at £ = 0 (I, IV, VI)
are odd with respect to the Y axis, which indicates that the
coupling between the upper band and radiative continuum
(free space) is more effective than the lower one. There-
fore, the edge states of the upper band quickly change to
highly leaky modes when the period of the trivial PhC is
reduced. In sharp contrast, the QO factors of edge states
at the lower band are still high regardless of the reduc-
tion of the trivial PhC’s number of periods. Especially,
all modes of the lower QSH band become highly leaky
modes except for a symmetry-protected BIC at £ = 0 when
only one period of the trivial PhC is left, as shown in
Figs. 1(e) and 3(e). More importantly, two accidental BICs
can also be formed at certain k vectors [see Fig. 3(e) and
(V) for example] of the band by fulfilling the destructive
interference condition [67]. The distributions of electric
field Re(E,) and Poynting vectors for the accidental BIC
in Fig. 3 (V) are similar to the case of the canonical
topological edge state shown in Fig. 3 (I). Both the sim-
ilarity of band dispersion and vectorial field distribution
with features of pseudospin-momentum locking indicate
that the bound topological edge state in the continuum is
evolved from the topological edge state shown in Fig. 3(a)

and the proposed bound topological edge state in the
continuum could inherit the nontrivial topology of bulk
photonic bands.

III. NUMERICAL RESULTS

Based on this general mechanism to form such topo-
logical BICs and for the convenience of experimental
observations, in the following we consider the case when
the expanding cylinders form attached dimers, as shown in
Fig. 1(c). Defect cylinders with radius 7, are introduced at
the boundary [see Fig. 1(d)], which serve as a “knob” to
tune the properties of the emerging bound edge states. The
calculated dispersion of the edge modes within the topo-
logical band gap is shown in Fig. 1(e) (see Fig. S1 within
the Supplemental Material for the whole band structures
[68]). As can be seen from this figure, the edge states exist
above the light cone, i.e., within the radiation continuum of
free space. The corresponding quality (Q) factors of these
edge states are also shown in Fig. 1(e), from which we
can clearly identify three modes whose Q factors are diver-
gent, i.e., they are perfectly bound at the edge without any
leakage to the air and the PhC. Of the three modes, the
one at ka/m = 0 is a symmetry-protected BIC while the
other two marked by 7~ (pseudospin down) and I (pseu-
dospin up) are accidental BICs with inherent helicity. The

064036-3



ZHANYUAN ZHANG et al.

PHYS. REV. APPLIED 16, 064036 (2021)

(a)

0.64

(b)

0.64 5

2 0.0

ka/m
1 . 11 - I
[ //
/o //
[/ //

/'/Q// /'/ /

/5 A

7 Av4

[/ /o /
[/ V% /
/ o [/ / /
> L /O /g/ // /
[/ /0 / /
Im‘(Ez) 4 V4 Y
/ [/ /of
/o //o/,/
0/ 0
o/ N
/0/ /o/
/O/ ,/O/
4 4
4 g
Vi Vel
3/ /S
‘,;fo/ VA
£/ V4

FIG. 3.
(a), 16 (b), 9 (c), 5 (d), and 1 (e) pillars in the trivial PhC region are

02 04

- v \% .
// /7 //
// // //
// // //
/ / // / // /
// // //
/ / // //
/ // //
// / / Max
// //
// //
//’ / / /,/
// /
/o/
/o] .
% /] Min
i/ b/
& &
/{,g/ [
Vi &
/ m/ A

The dependence of modal dispersion and Q factors (color code) on the number of pillars in the trivial PhC region. Here, 20

considered. Here, R = 0.38a and the pillars’ radius of the trivial

PhC is ry = 0.28a (a is the period of the lattice). The corresponding distributions of electric field Re(E,) for modes marked by I, II,
II1, IV, and V are provided. The distributions of Poynting vectors for I and V are also presented.

field profiles of these bound topological edge states decay
exponentially into both the free space and the PhC (see Fig.
S2 within the Supplemental Material for the corresponding
field profiles [68]).

Figure 4(a) shows the phase distributions of E, for two
edge states marked by /= and /1 in Fig. 1(e), where
phase vortex centers can be clearly identified within both
the boundary cylinder and the region enclosed by the
three pairs of attached cylinders. Moreover, the phase
winding directions of /= and /™ are opposite to each

(@) (c)

0.545

other. Figure 4(b) further shows the real parts of FE,
and the time-averaged Poynting vectors (arrows) of 7~
and IT. Again, the Poynting vectors rotate clockwise
(I7) or anticlockwise (/) around the phase vortex cen-
ters shown in Fig. 4(a). Meanwhile, the electromagnetic
energy flows from one supercell to its neighbor super-
cell, forming an effective wave-guiding channel. As these
two states (/= and /1) have opposite momenta, the inher-
ent helicity (i.e., pseudospin) manifested as the phase
vortex centers and rotating Poynting vectors implies the
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FIG. 4.

(a) Phase distributions of E;. (b) Real parts of £, and Poynting vectors for two eigenmodes marked by I~ and /* in Fig. 1(e),

from which the inherent helicity of the two modes can be clearly seen. (c) Evolution of the bound topological edge states in the con-
tinuum as a function of ry, where a “heart”-shaped trajectory indicates the frequencies of the /= and 7+ modes. (d) The corresponding
Q factors for (c).
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FIG. 5. (a) A finite structure of 23 periods supporting quasi-
bound topological edge states in the continuum. The location of
CPMD sources is marked by the star. (b),(c) Normalized pow-
ers along the left (L) and right (R) directions as a function of
excitation frequency at ¢ = 80 mm, which are obtained by inte-
grating the powers along the dashed lines (L and R) marked
in (a). (d),(e) Distributions of electric field amplitude (|E;|) at
the peaks in (b) and (c), respectively. (f) The Stokes parame-
ter S; retrieved from the eigenmode of /™. (g) Directionality
D(x,y) retrieved from full-wave simulations under the excita-
tion of a pseudospin-up magnetic dipole source at a frequency of
1.9321 GHz.

pseudopsin-momentum locking behavior of the electro-
magnetic field propagation, a hallmark of the QSH effect.
Furthermore, both the vectorial field distribution of the
accidental BIC and the dispersion of the leaky band are
similar to those of the corresponding QSH edge states (see
Fig. 3), revealing an interesting correspondence between
the bound topological edge states in the continuum and
the canonical topological QSH edge states. The effects
of defect size r; on the dispersion and Q factors of edge
modes are shown in Figs. 4(c) and 4(d), respectively. The
trajectories of /= and /* when changing r,; form a “heart”
shape and they merge at £k = 0 when r, = 0.25a, where
merging BICs in momentum space can be observed (see
the case of ry = 0.26a) [58].

The inherent helicity of the bound topological edge
states /= and [T provides a convenient way to excite
them selectively. To this end, we employ a CPMD source

that consists of two orthogonal magnetic dipole emit-
ters with phase difference of 7/2 (—m/2) to mimic the
local pseudospin-down (pseudospin-up) source. We con-
sider the case of a finite PhC with 23 periods as shown
in Fig. 5(a), where the bound topological edge states
become quasibound states with finite O factors. CPMD
sources with opposite spin states for excitation are placed
at the cylinder marked in Fig. 5(a) and the finite-element
method is used to evaluate the coupling between the
CPMD sources and the quasibound topological edge states.
The energy flux P; (Pgr) as a function of excitation fre-
quency is calculated at the dashed line L (R) marked
in Fig. 5(a) using a pseudospin-up (pseudospin-down)
CPMD source and the normalized results are given in
Figs. 5(b) and 5(c), from which one can see that edge
states at the same frequency are successfully excited by
the CPMD sources with opposite spin states. The elec-
tric field distributions at the peaks in Figs. 5(b) and 5(c)
are shown in Figs. 5(d) and 5(e), respectively, where uni-
directional excitation and propagation of the quasibound
states can be clearly observed. We further calculate the
directionality D(x,y) = 2 Im(H}H,)/(|H,|* + |H,|*) that
is similar to the definition of Stokes parameter S; for
guided modes [69] utilizing the eigenmode of /*, where
the result is given in Fig. 5(f). The corresponding normal-
ized directionality D(x,y) = (Pg — P1)/(Pg + Pr) evalu-
ated by the full-wave simulations using a pseudospin-up
CPMD source at the same frequency of the eigensolution
is shown in Fig. 5(g). As can be seen from Figs. 5(f) and
5(g), there is a decent agreement between the eigensolution
and the full-wave simulation, indicating the possibility of
manipulating the bound topological edge states by tuning
the location of the CPMD source.

IV. EXPERIMENTAL DEMONSTRATIONS

In order to consolidate the theoretical results, we exper-
imentally demonstrate the bound topological edge state
in the continuum in the microwave region. The experi-
mental setup used to validate the existence of quasibound
topological edge states is shown in Fig. 6(a), where alu-
mina ceramic pillars (¢, = 9.6, ¥ =8 mm, 42 = 11 mm)
are used to form the bulk PhC with ¢ = 80 mm and
the PhC is sandwiched between two aluminum plates to
mimic the condition of a two-dimensional system (see also
Fig. S3 within the Supplemental Material [68]). Home-
made CPMD sources comprising two slightly detuned
loop antennas orthogonal to each other [see the insets of
Figs. 6(a)-6(c)] are connected to a vector network ana-
lyzer (VNA; R&S ZNB40) to irradiate microwaves at
frequencies of around 1.9 GHz. As can be seen from the
simulation and experimental results shown in Figs. 6(b)
and 6(c), such antennas can produce electromagnetic near
fields with Poynting vectors rotating in the clockwise
and anticlockwise directions, respectively. An electric
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FIG. 6. (a) The experimental setup and the fabricated PhC. The PhC is sandwiched between two aluminum plates. A rectangular

aluminum plate indicated by the red dashed rectangle is removed to visualize the PhC. Both the CPMD antennas and the electric
monopole probe are shown by the insets. (b),(c) Schematics of pseudospin-down and pseudospin-up CPMD antennas, where the
corresponding experimental and numerical results of electromagnetic near fields Re(£,) are also presented. The Poynting vectors are
indicated by the arrows. (d),(e) Experimental |Sy;| (red points) and simulated (blue solid lines) electric field amplitude (|E.|) obtained
at the black dashed line outlined in (a) under the excitation of pseudospin-down and pseudospin-up CPMD sources indicated by the
vertical dashed line, respectively. (f),(g) The experimentally measured S>1r(r)/S211(r) (red points) acquired at two points on the opposite
sides of the CPMD sources, respectively. The corresponding simulated results Pg(zy/Prr) (solid lines) for the PhC with larger periods
are also given. All of them are normalized to their respective maxima.

monopole antenna connected to the VNA and mounted on
a microwave scanning platform (LINBOU, NFS03 Floor
Version) is used as an electric field probe to characterize
the electric near field, which is acquired along a line close
to the edge of the PhC, as indicated by the black dashed
line in Fig. 6(a). Furthermore, microwave absorbers are
used to minimize the impact of echo signals.

The measured S,; signal (red dots) of the electric
monopole antenna proportional to the electric field com-
ponent of E, under the excitation of the pseudospin-down
antenna at the frequency of quasibound topological edge
states in the continuum is presented in Fig. 6(d), where
the corresponding simulation result (solid blue line) is
also provided for comparison (see also Figs. S4 and S5
within the Supplemental Material [68]). Although there
is a discrepancy between the simulation and experimental
results, which could be caused by the finite size effect of
PEC claddings [see Fig. 6(a)], clear evidence of unidirec-
tional excitation of the edge states by the CPMD antennas
can be observed. The experimental measurement could be
improved by using a scheme where the electric field on the
inner surface of PEC claddings is acquired [18]. We further

switch the source to the opposite spin state and perform the
measurement at the same frequency. As can be seen from
the results presented in Fig. 6(e), a reverse unidirectional
propagating edge state is now excited at the same PhC. The
normalized transmission spectra (red dots) for the states
presented in Figs. 6(d) and 6(e) are shown in Figs. 6(f)
and 6(g), respectively. It should be noted that compared
with the simulation results (black lines) of the same size
PhC, the Q factors obtained in the experiments (red dots)
are smaller because of the non-negligible material absorp-
tion loss (see Fig. S6 within the Supplemental Material
[68]). Moreover, there is a frequency shift between the sim-
ulation and experimental results, which may come from
the difference of permittivity or size used in experiments
and simulations. The Q factors of the edge states increase
together with the increasing of the period number along
the propagation direction, as shown in Figs. 6(f) and 6(g),
indicating the BIC nature of these edge states (see also Fig.
S5 within the Supplemental Material [68]). Finally, due
to the topological nature of edge states, which originates
from the nontrivial bulk topology of the frequency bands,
these states could propagate against waveguide bends even
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though the operating frequency falls within the radiation
continuum (see Fig. S7 within the Supplemental Material
[68] for validation). Merging multiple BICs in momen-
tum space can be used to enlarge the frequency range and
increase the robustness of bound topological edge states in
the continuum [58,64].

V. CONCLUSIONS AND OUTLOOK

In conclusion, we propose a physical mechanism to
confine electromagnetic waves at the air edge of a topo-
logically nontrivial PhC by exploiting the physics of BICs.
These edge states exhibit topological features inherited
from the nontrivial bulk band topology, which are further
verified by microwave experiments. Our findings could
shed light on topological photonics, where the bound
topological edge state in the continuum could facilitate
the reduction of footprint for topological devices, sensing
[19,44], topological single-mode lasing [35,36], and high-
harmonic generation using topological photonic modes
above the light cone [70—72]. It is anticipated that our
results might open an area of study where the nontrivial
topology of bulk photonic bands can be exploited to enrich
the physics of BICs. For instance, while we study the BIC
physics in the context of the QSH effect, it is certainly
interesting to see whether other members of the quantum
Hall family, such as quantum Hall effect or quantum valley
Hall effect, could be enlightened by the physics of BICs to
facilitate more exotic phenomena.
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