
 

Observation of a Higher-Order Topological Bound State in the Continuum
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Higher-order topological insulators are a recently discovered class of materials that can possess zero-
dimensional localized states regardless of the dimension of the system. Here, we experimentally
demonstrate that the topological corner-localized modes of higher-order topological systems can be
symmetry-protected bound states in the continuum; these states do not hybridize with the surrounding bulk
states of the lattice even in the absence of a bulk band gap. This observation expands the scope of bulk-
boundary correspondence by showing that protected boundary-localized states can be found within
topological bands, in addition to being found in between them.
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Topological materials have garnered significant interest
for their ability to support boundary-localized states that
manifest unusual phenomena, such as the backscatter-free
chiral edge states found in quantum Hall systems [1–14],
and edge-localized states found in systems with quantized
dipole moments [15–17]. Recently, a new class of materials
was discovered whose crystalline symmetries yield topo-
logical phases that can protect zero-dimensional corner-
localized states in two dimensions or, more generally,
(d − n)-dimensional states at the boundaries of d-dimen-
sional lattices, with n ≥ 2 [18–32]. Coined higher-order
topological insulators, if these systems are also chiral or
particle-hole symmetric, their corner-localized states
appear at the center of their energy spectrum. However,
the crystalline symmetries that protect these phases do not
necessarily imply the presence of a bulk band gap at this
energy. This raises the question—do the corner-localized
states remain exponentially localized despite being degen-
erate with the bulk bands, or do they hybridize with the bulk
states and lose their spatial localization? If the state remains
localized with an infinite lifetime, it is a bound state in the
continuum (BIC) [33–40], where the continuum is formed
by the bulk bands whose states extend throughout the
infinite lattice; otherwise, the state is a standard resonance,
where any energy initially added to the corner will
eventually radiate away into the lattice with finite lifetime
[41]. Recently, it was theoretically predicted that a higher-
order topological phase can protect corner-localized BICs if
the system satisfies additional symmetry requirements [42].
Finding a zero-dimensional BIC in a system whose

topology is dependent upon only its crystalline symmetries
presents a significant opportunity in two- and three-dimen-
sional photonic crystals [43]. Such states could be used to
realize cavities in low-index photonic crystals, where there
are no known crystal designs which yield complete band
gaps [44,45]. Although higher-order topological phases
have been demonstrated in a wide range of different

physical platforms, including microwaves [46–48], pho-
tonics [49–53], acoustics [54–62], electric circuits [63,64],
and atomic systems [65], all of these previous studies have
been limited to systems analogous to insulators and exhibit
spectrally isolated corner-localized states.
Here,weexperimentally realizeahigher-order topological

bound state in the continuum using a two-dimensional array
composed of evanescently coupled waveguides [66,67]. To
show that our waveguide array possesses a BIC, we perform
three separate experiments. First, by injecting light into the
corner of the array, we prove that the lattice exhibits a corner-
localized mode in its topological phase but not in its trivial
phase. Second, by using an auxiliary waveguide to couple
into the array, which fixes the effective energy of the initial
excitation, we show that this corner-localized mode appears
at thecenterof thespectrumand isdegeneratewithbulkstates
of the lattice.Finally,weshowthatourboundstate transforms
into a resonancewhenwebreak chiral symmetrybydetuning
the index of refraction of the members of one sublattice.
Together, these experiments prove that the corner-localized
state of our higher-order topological waveguide array is a
symmetry-protected BIC and does not hybridize with
the bulk bands so long as the necessary symmetries remain
intact.
Our experimental system consists of a square lattice in

which each unit cell contains four waveguides and is C4v
symmetric, as shown in Fig. 1(a) [28,42,68–70]. As each
waveguide supports only a single bound mode that is
evanescently coupled to neighboring waveguides (for the
wavelengths we consider), our array can be approximated
using a tight-binding model with only nearest-neighbor
couplings, such that the lattice is chiral (sublattice) sym-
metric. The diffraction of light through the structure is
governed by

i∂zjψðz; λÞi ¼ ĤðλÞjψðz; λÞi: ð1Þ
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Here, jψðz; λÞi is the envelope of the electric field on each
of the waveguides at propagation distance z and wave-
length λ. The coupling coefficients tintra and tinter in Ĥ are
determined by the spacings between neighboring wave-
guides within the same unit cell, lintra, and between adjacent
unit cells, linter.
For an infinite array in the transverse plane, the Bloch

Hamiltonian of the lattice can be written as

hðkÞ
tinter

¼
�

0 Q

Q† 0

�
; Q ¼

�
γ þ eikxa γ þ eikya

γ þ e−ikya γ þ e−ikxa

�
;

ð2Þ

where a is the lattice constant, γ ¼ tintra=tinter, and
k ¼ ðkx; kyÞ. To assist with comparisons with the topo-
logical literature, we refer to the eigenvalues of the wave-
guide array, Ĥ, as energies E, with “zero energy” in the
middle of this spectrum, while noting that physically these
values correspond to shifts in the propagation constant β ¼
−E ¼ kz − k0 of jψi along the z axis. Here, k0 ¼ ωn0=c,
where n0 is the index of refraction of the borosilicate glass
into which the waveguides are fabricated and ω is the
frequency of the injected light.
The presence of C4v symmetry in the lattice permits two

distinct topological phases depending on the ratio of the
spacings between neighboring waveguides within and
between adjacent unit cells. In its topological phase
lintra=linter > 1, the bands possess different representations
of C4v (C2v) at the corresponding high-symmetry pointsM
(X and Y) in the Brillouin zone than they do at Γ. However,
in its trivial phase lintra=linter < 1, each band possesses the
same symmetry representation at all of the high-symmetry
points. The topological phase transition occurs at
lintra=linter ¼ 1, when the bulk band gap closes at the
high-symmetry points, allowing for the bands to exchange
their representations of these crystalline symmetries. In its
topological phase, C2 symmetry protects edge-localized
states in the bulk band gaps and a corner-induced filling

anomaly [28,42]. In Fig. 1(b), the presence of these extra
corner-localized states can be observed in the local density
of states of the central bulk band of the finite lattice. Note
that when lintra is interchanged with linter, both the topo-
logical and trivial phases of the array have the same bulk
band structure consisting of four bands, shown in Fig. 1(c).
An example waveguide array is displayed in Fig. 1(d).
Because of C4v and chiral symmetries, the lattice

possesses gapless bulk bands at zero energy regardless
of its topological phase. These same two symmetries also
pin the corner-localized states to zero energy, guaranteeing
that these states are degenerate with the bulk bands while
simultaneously protecting them from hybridizing with
these bulk states [42]. This protection comes in two parts.
First, two combinations of the four corner states have
incompatible symmetry representations with the bulk bands
at zero energy and, thus, cannot hybridize with them. Then,
the two remaining combinations of corner-localized states
must be both rotationally symmetric partners, with the
same energy, and chiral symmetric partners, with opposite
energies, forcing their energies to remain pinned at zero.
This prevents these two corner-localized states from
hybridizing with the degenerate bulk states to change their
energies or modal profiles, and as such any hybridization of
the corner states with the bulk states is simply a change in
basis that does not alter their underlying spatially localized
nature. Thus, all four corner states are topologically
guaranteed to be zero-dimensional symmetry-protected
BICs. If a band gap were opened around the corner-
localized states, for example, by turning on an effective
magnetic field, they would instead become traditional
bound states [19].
In our experiment, it is impossible to completely remove

the next-nearest-neighbor couplings which exist in the array
and break chiral symmetry. However, the decay length of the
corner state due to this slight symmetry breaking (∼25 m) is
significantly longer than the propagation length in our
experiments, L ¼ 7.6 cm [71]. As such, our experimental
array is effectively chiral symmetric.

(a) (b) (c) (d)

FIG. 1. (a) Schematic of a higher-order topological waveguide array. A unit cell is marked with a black dashed square. (b) Density of
states (top panel) and associated local density of states (bottom panel) for each band of a finite lattice, calculated using the tight-binding
approximation. (c) Bulk band structure for the higher-order topological waveguide array, calculated using full-wave numerical
simulations for λ ¼ 850 nm, lintra ¼ 17 μm, and linter ¼ 13 μm. (d) White light transmission micrograph of the output facet of a
waveguide array, with lintra ¼ 13 μm and linter ¼ 11 μm. An auxiliary waveguide into which light can be injected is indicated with a
black arrow.

PHYSICAL REVIEW LETTERS 125, 213901 (2020)

213901-2



Previous studies of systems supporting BICs have
identified that separability, the possibility to write Ĥ
as ĤðrÞ ¼ ĤxðxÞ þ ĤyðyÞ, can also protect BICs [34].
Nevertheless, despite the fact that Eq. (2) is separable,
separability is not what protects the higher-order topological
BICs we consider here. Analytically, one still observes
higher-order topological BICs when additional terms have
been added to the lattice’s Hamiltonian which obey C4v and
chiral symmetries but break separability [42,71].
To experimentally prove that our waveguide array

contains a higher-order topological BIC, we first inject
light into the corner of the array and observe whether most
of the light remains confined to this corner or diffracts into
the bulk. To assess the localization of the light at the output
facet of the array, we divide the array into two regions, the
“subsystem” which represents the square of unit cells with
side length ns closest to the corner, as indicated in Fig. 2(a),
while the remaining waveguides comprise the “environ-
ment.”We then compare the total output power observed in
the subsystem, Ps, with that of the environment, Pe, via
ðPs − PeÞ=ðPs þ PeÞ. For this “fractional power,” values
near þ1 correspond to the output power being localized in
the subsystem, while values near −1 indicate that the wave
function has diffracted into the environment. Although the
exponential tail of the BIC can yield a fractional power < 1
for small values of ns, especially when linter is only slightly
larger than lintra, in an infinite topological array a BIC will
always exhibit a fractional power ∼1 for a sufficiently large
but finite ns, while no state in a trivial array ever will.
As can be seen in Figs. 2(b) and 2(c), the wave function

remains localized to the subsystem, until the topological

phase transition lintra=linter ¼ 1. The observed intensity at
the output facet is shown for an example of both the
topological and trivial arrays in Figs. 2(d)–2(g). Note that
the increase seen in the fractional power for large sub-
system sizes for some topologically trivial arrays is due to
spurious reflections off of some of the waveguides at the
top and bottom of the array due to fabrication imperfec-
tions, as well as reflections off of the far side of the array.
Nevertheless, it is clear from Fig. 2(e) that these arrays do
not possess a bound state. Thus, these results indicate that
the waveguide array possesses a bound state in its topo-
logical phase but do not yet prove that the bound state is
degenerate with the surrounding bulk bands.
To prove that this topological bound state is a BIC, we

inject light into the waveguide array using an auxiliary
waveguide weakly coupled to the lattice and placed near
one of the corners. Since this waveguide is identical to
those in the lattice, it effectively acts as a fixed zero-energy
source that can excite only spatially overlapping states near
zero energy in the array. Thus, when the array is in its
topological phase [Fig. 2(h)], the dominant excited mode is
the topological corner-localized mode, though bulk modes
can still be excited. However, when lintra and linter are
reversed [Fig. 2(i)], the bulk of the lattice remains com-
pletely unchanged, but the array is now in the trivial phase.
Upon excitation using an auxiliary waveguide, we see that
bulk states of the lattice are excited, and there is no corner-
localized mode. Since the lattice bulk is identical in both
cases, this proves that there are zero-energy bulk states
which are degenerate with the topological corner-localized
state, and, thus, the corner-localized state is a BIC.

(a)

(b)
(d)

(e)

(f)

(g)

(h)

(i)(c)

FIG. 2. (a) Schematic of a waveguide array with the boundary of the “subsystem” for ns ¼ 3 indicated. (b),(c) Experimentally
observed (b) and numerically simulated (c) fractional power, as a function of the size of the subsystem, ns, and the spacing between
adjacent waveguides within the same unit cell, lintra. We fix linter ¼ 13 μm, and use λ ¼ 850 nm, with a propagation distance of
L ¼ 7.6 cm. The arrays consist of 9 × 9 unit cells. The topological transition is denoted in green at lintra ¼ linter ¼ 13 μm. (d),(e)
Experimentally observed intensity for lintra ¼ 17 μm (d) and lintra ¼ 9 μm (e). Light is injected into the leftmost waveguide at the corner
of the array, marked with a white arrow. (f),(g) The same as (d),(e), except for full wave numerical simulations of the waveguide array.
(h) Experimentally observed intensity for a topological array, with lintra ¼ 13 μm and linter ¼ 11 μm, with wavelength λ ¼ 900 nm and
propagation distance L ¼ 7.6 cm. Light is injected using an auxiliary waveguide placed 20 μm away from the corner of the lattice
(marked with a white arrow). (i) The same as (h) except with lintra ¼ 11 μm and linter ¼ 13 μm.
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Finally, to demonstrate that this higher-order topological
BIC is protected by chiral symmetry, we purposefully break
chiral symmetry by increasing the refractive index on two
of the four waveguides in each unit cell, as indicated in
Fig. 3(a), which decreases the effective on-site energy of
these two lattice sites. This has several consequences for the
array. First, this opens a bulk band gap in the center of the
spectrum; one of the two central bulk bands remains at zero
energy (which is no longer at the middle of the spectrum),
while the other’s energy decreases, as shown in Fig. 3(b).
Second, as each corner-localized state has support on only
two of the four waveguides in the unit cell (diagonally
across from one another), this change also breaks the
fourfold degeneracy of the corner-localized states. Instead,
the two corner-localized states with support on the pertur-
bation decrease their energy, remaining degenerate with the
lower energy of the two central bulk bands, while the other
pair of corner-localized states remain degenerate with the
bulk band at zero energy, as shown in Fig. 3(c). Although
the topological corner-localized modes are still associated
with a filling anomaly, now that chiral symmetry has been
broken, these states are allowed to hybridize with bulk
states, transforming from BICs into resonances.
We can observe this transition of one of the BICs into a

resonance by incrementally increasing the strength of the
sublattice symmetry breaking and coupling into the lattice
using an auxiliary waveguide, which remains at zero
energy, as shown in Figs. 3(d)–3(h). As chiral symmetry

is lost [Figs. 3(e)–3(h)], the wave function within the array
begins to disassociate from the corner, and the maximum of
this wave function travels into the bulk of the array and
along the edges, signifying that all of the states being
excited by the auxiliary waveguide have significant spatial
overlap with the other modes of the lattice. In other words,
the corner-localized state has become a resonance and is no
longer a BIC. This is in clear contrast to what is seen in
Fig. 3(d), where chiral symmetry is intact and the wave
function in the lattice remains localized to the corner,
indicating the presence of a BIC.
In conclusion, we have experimentally observed a

higher-order topological bound state in the continuum in
a waveguide array. This BIC is protected by C4v and chiral
symmetries and is topologically guaranteed to exist at the
center of the spectrum. Moreover, as these states are able to
confine light to a zero-dimensional mode in the absence of
a bulk band gap, this provides a potential mechanism for
creating cavities in low-index photonic systems that are
unable to support complete band gaps. In particular, this
means that, in principle, higher-order topological BICs
could be used to confine light in photonic systems
fabricated using two-photon lithography in photoresist
[77,78], or colloids [79], which are typically composed
of materials with refractive indices n ∼ 1.5, though addi-
tional developments would be necessary to realize such
BICs in these systems. We expect that zero-dimensional
bound states in the continuum of the kind described here

(a)

(d) (e) (f) (g) (h)

(b) (c)

FIG. 3. (a) Schematic of a higher-order topological waveguide array with broken chiral symmetry, with an auxiliary waveguide 20 μm
away from the array. Green colored waveguides were fabricated using slower writing speeds, resulting in a larger refractive index
(decreased on-site energy). (b) Bulk band structure for the higher-order topological array with broken chiral symmetry, calculated using
full-wave numerical simulations for λ ¼ 900 nm, lintra ¼ 13 μm, and linter ¼ 11 μm, corresponding to the results shown in (f), below
[71]. (c) Density of states (top panel) and associated local density of states for each band (bottom panel) for a tight-binding lattice with
broken chiral symmetry. Zero energy of the chiral symmetric array is marked. (d) Experimentally observed intensity of the chiral
symmetric array consisting of 9 × 9 unit cells, with lintra ¼ 13 μm, linter ¼ 11 μm, and λ ¼ 900 nm, and propagation distance
L ¼ 7.6 cm. The auxiliary waveguide where light is injected is marked with a white arrow. (e)–(h) Similar to (d), except with increasing
the refractive index of the indicated sublattice of the array [71].
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will lead to an expanded range of devices in which cavity
and defect modes, for enhancing light-matter coupling, can
be found.
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