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We explore the behaviors of optically coupled topological corner states in supercell arrays composed of photonic
crystal rods, where each supercell is a second-order topological insulator. Our findings indicate that the coupled corner
states possess nondegenerate eigenfrequencies at the I" point, with coupled dipole corner states excited resonantly by
incident plane waves and displaying a polarization-independent characteristic. The resonance properties of coupled dipole
corner states can be effectively modulated via evanescently near-field coupling, while multipole decomposition shows that
they are primarily dominated by electric quadrupole moment and magnetic dipole moment. Furthermore, we demonstrate
that these coupled corner states can form surface lattice resonances driven by diffractively far-field coupling, leading to
a dramatic increase in the quality factor. This work introduces more optical approaches to tailoring photonic topological
states, and holds potential applications in mid-infrared topological micro-nano devices.

Keywords: topological corner states, photonic crystal slabs, optical coupling effects, surface lattice resonances

PACS: 42.25.Bs, 42.60.Da, 42.55.Tv

1. Introduction

With the advent of the intersection between topology and
photonics, the research of topological photonics has offered
new approaches to understanding and manipulating the behav-
ior of light in micro-nano structures.!>) Over the past decade,
a variety of platforms have been established to realize topo-
logical photonics, including photonic crystals (PhCs), meta-
materials, and waveguide lattices.>~>) Among these platforms,
topological PhCs have received significant attention due to the
straightforward analogue to solid state systems and the feasi-
bility of on-chip integrated optical systems.!®! For example,
topological valley-dependent edge states were introduced into
PhC hole slabs to realize electromagnetic wave propagation
with backscattering suppression, which could be applied to ro-
bust data transmission in the telecommunication and terahertz
bands,!”™! and even to quantum information processing.!!’!
Besides, higher-order topological insulators were further pro-
posed recently,!!] where two-dimensional (2D) second-order
topological insulators (SOTIs) could support localized corner
states and serve as optical nanocavities with high quality (Q)
factors in PhCs.['%13] On this basis, several topological appli-
cations have been implemented, such as topological lasing and
strong coupling. 141!

Meanwhile, metasurfaces, the 2D counterparts of meta-
materials, were also introduced into topological photonics. 16!
One example was the topological metasurface based on pat-
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terned graphene, which can support edge plasmons that en-
hance the four-wave mixing nonlinear process.!!”! Plasmonic
metal metasurfaces could also be used for electrically active
control of topological microwave transport.['8! Especially, it
is natural to pay more attention to the optical coupling effect
between topological states, since it is one of the most impor-
tant features occurring in metasurfaces. Through arranging
meta-atoms periodically, it was inevitable to include optical
evanescent coupling between adjacent meta-atoms, which will
regulate optical properties of resonances supported on meta-
atoms.!!”) On the other hand, diffractively far-field coupling
could also exist in metasurfaces, leading to surface lattice
resonance (SLR) with spectral narrowing.!?’! Recent studies
have investigated by using coupling effects to tailor the op-
tical properties of photonic topological states through peri-
odically arranging PhC supercells like metasurfaces, namely,
PhC supercell arrays, where each supercell is SOTL[?122] Tn-
terestingly, these corner states exhibit exotic characteristics
such as nondegenerate eigenfrequencies and collective behav-
iors,caused by near-field coupling. Moreover, such arrays pro-
vide a versatile platform for studying the topological light-
matter interaction,!>3] having potential applications in large-
area topological photonic devices. However, these studies
have involved only PhC hole slabs so far, where another typ-
ical PhC slab, the rod slab, is still missing. In addition, the
influence of far-field coupling in corner states has remained
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unclear up to now.

In this work, we extend the theoretical investigation of
coupled corner states in supercell arrays to PhC rod slab
Following 2D Su-Schrieffer—Heeger (SSH)
model, we construct SOTIs by surrounding topologically non-

frameworks.

trivial unit cells with trivial ones, which are then arranged pe-
riodically to form the supercell array. This results in the cou-
pling of multipole corner states in neighboring SOTIs, which
are located above the light line and accessible to external ex-
citation. Our eigenmode analysis demonstrates that there are
three types of coupled corner states with nondegenerate eigen-
frequencies at I" point, while full-wave simulation reveals that
coupled dipole corner states can be excited as resonances with
polarization insensitivity. We further illustrate that the reso-
nant wavelength and Q factor of the coupled corner state can
be effectively tuned through the adjustment of inter- and intra-
supercell near-field coupling. In addition, our multipole de-
composition calculation reveals the electric quadrupole (EQ)
and magnetic dipole (MD) nature of coupled corner states,
which distinguish them from those supported in supercell ar-
rays based on PhC hole slab structures. Finally, we observe a
sharp increase in Q factor and a unique spectral profile as the
resonant wavelength of the coupled corner states approaches
to the Rayleigh anomaly (RA) position via increasing the sur-
rounding refractive index (SRI), suggesting the emergence of
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SLRs induced by far-field coupling. This work introduces
more optical means for the customization of corner states in
PhCs, and has the potential to be applied to mid-infrared topo-
logical lasers, sensors, and detectors.

2. Structure and method

Figure 1(a) shows the geometrical configuration of the
topological supercell array. It includes periodically arranged
supercells based on PhC rod slab structures surrounded by

(241 consisting of a square

air, and each supercell is an SOTI,
topological nontrivial region (highlighted in blue) surrounded
with a trivial region (highlighted in green). The trivial region
and nontrivial region are composed of trivial/nontrivial unit
cells with four compact dielectric rod and expanded dielec-
tric rods, whose lattice constant @ = 2.03 um, height & = 2a,
and permittivity € = 16 (corresponding to germanium in mid-
infrared!>!). Additionally, m and n represent the number of
rows of trivial unit cells between neighboring nontrivial re-
gions, and the number of rows of nontrivial unit cells within
one supercell, respectively, thus the period of the supercell
P =a(m+n). By varying m or n, we can separately tune
the evanescently optical interaction between corner states lo-
cated in adjacent supercells or the same supercell respectively,
namely, the inter-supercell coupling and intra-supercell cou-
pling respectively.
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Fig. 1. (a) Schematic diagram of supercell array. Each supercell is comprised of nontrivial unit cells surrounded by trivial unit cells. Insets
present schematics of unit cells that possess four compact or expanded dielectric rods with a side length of 0.24, respectively. (b) Bands of
nontrivial and trivial unit cells. The symbols + and — indicate even parity and odd parity of modes at high-symmetry points, respectively, where
green and blue colors represent trivial and nontrivial cases, respectively. (c) Eigenmodes of the supercell array at the I" point when m = 2 and
n = 3. The gray dashed lines indicate the band gap of the unit cell. Insets show E; profiles of eigenmodes in each supercell. (d) Transmission
spectrum of the supercell array under plane waves with polarization angle ¢, where ¢ is defined in the inset. Insets also show E and | E| fields

at the resonance in each supercell under different values of ¢.
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In Fig. 1(b), we present the first three photonic bands of
trivial unit cell and nontrivial unit cells, which is calculated via
plane-wave expansion (PWE) method. Here, we only consider
transverse magnetic (TM) modes below the light line since
rods favor TM band gaps.®! It is shown that the two unit cells
possess identical band structures, and there exists a band gap
between the first band and the second band. The topological
properties of the two unit cells can be distinguished by 2D Zak
phase 6 = (6, 6,), which is determined by the field parity at
I' and X (Y) points as!°!

o =TT (Zqﬁxmod2> ,
B

i N (Xa)
AT

Here, X, is X or Y point for o = x or y, respectively, 11 denotes

o =X,y (1)

the parity of field at high-symmetry point with respect to the
middle plane at o = a/2, and i runs over all the bands below
the gap, which only involves the first band in this case. Owing
to C4 symmetry of the unit cell, we also have 6, = 6,. For
trivial unit cell, we find that its fields of the first band possess
even parity at both I" point and X point as indicated by symbol
+ in green in Fig. 1(b), thus it possesses 2D Zak phase (0,0),
namely, a topologically trivial phase. For nontrivial unit cell,
it has nontrivial 2D Zak phase (7, ) since its parity at X point
becomes odd as indicated by symbol — in blue in Fig. 1(b).
Such a parity reversal is attributed to the band inversion be-
tween the first two bands during the topological phase transi-
tion process.?!!

3. Results and discussion

Then we turn to the investigation of the supercell array
with m =2 and n = 3 as given in Fig. 1(a). Since we only
consider the case of normal incidence in this work, the eigen-
modes of the periodic supercells at I point are calculated, and
the results are shown in Fig. 1(c). It is shown that there are
six coupled edge states and four coupled corner states within
the band gap of the unit cell, and we focus on the latter. Their
field distributions of the E, component, determined in the x—
y plane of the supercell at the middle of the slab (z = h/2),
are presented in the insets of Fig. 1(c).
that electric fields of coupled corner states are tightly local-

ized in four corners of the nontrivial region, and exhibit char-
27]

These plots show

acteristics of multipole corner states defined by Kim ez al.,!
namely, monopole, dipole I, dipole II, and quadrupole corner
states from low to high frequencies. Especially, different types
of coupled corner states possess nondegenerate eigenfrequen-
cies owing to near-field evanescent coupling, which is a unique
feature that distinguishes them from conventional corner states
in isolated SOTIs. However, the degeneracy of the two cou-
pled dipole corner states remains unbroken.

These coupled corner states are beyond the light line at
I' point of the supercell array, thus they are radiative and ac-
cessible to external excitation. We perform the full-wave sim-
ulation of the supercell array based on finite-difference time-
domain (FDTD) method, where one supercell is modeled un-
der the periodic boundary condition in the x direction and y di-
rection and a plane wave source is introduced on the top with
normal incidence for far-field excitation. The transmission
spectrum is shown in Fig. 1(d), which shows a resonant dip
at 5.857 um, corresponding to the eigenfrequency of coupled
dipole corner states. Field distributions at the resonant wave-
length also exhibit features of coupled dipole corner states as
shown in plots of Fig. 1(d), confirming that they are excited
as resonances. Owing to the C4 symmetry of the supercell
array, the spectral response of coupled dipole corner states is
insensitive to the polarization angle ¢ of the plane wave. Espe-
cially, different coupled dipole corner states can be selectively
excited by tuning the polarization angle as shown in plots of
Fig. 1(d). Notably, there is no spectral evidence of coupled
monopole and quadrupole corner states, since they cannot be
directly stimulated by the source due to the symmetry mis-
match, namely, there is no overlap between their fields and the
plane waves. We will keep ¢ = 0 in the following discussion.

The transmission spectrum of coupled dipole corner

states can be fitted by the following Fano formula: 8!
b 2
Trano = a1 g+ ————| )
®—y+iy

where ai, ap, and b denote constant real parameters, @y is the
resonant frequency, and Y refers to the damping rate of the
resonance. The Q factor of the resonance can be calculated
from the relation Q = @y/(2y). In this case, coupled dipole
corner states possess a low Q factor of 1252, and thus we fur-
ther examine the near-field coupling effect for enhancing the
resonance performance of coupled dipole corner states. By
varying m and n, the inter-supercell and intra-supercell cou-
pling effects are investigated, and the corresponding transmis-
sion spectra are shown in Fig. 2, where the positions of cou-
pled dipole corner states are indicated by arrows. It is shown
that these near-field couplings can alter the resonance proper-
ties of coupled dipole corner states effectively. For example,
if we maintain n = 3 and increase the inter-supercell coupling
strength by reducing m, the resonant wavelength and Q fac-
tor of coupled dipole corner state can be modified as shown in
Fig. 2(b), and a Q factor of 3389 can be obtained at 5.934 um
when m = 1. Similarly, if comparing the transmission spectra
of different values of n with the same m (shown by curves with
the same color in Fig. 2), one can find that the intra-supercell
coupling also plays an important role in determining the res-
onance behaviors of coupled dipole corner states. Especially,
coupled dipole corner states reach a high Q factor of 1.68 x 10*
at 5.892 um when m = n = 2 as depicted in Fig. 2(c).
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Fig. 3. (a) Multipolar scattering cross-sections of coupled dipole corner states when (a) m =2 and n = 3; (b) m = n = 2. (c) Magnetic field
vectors of coupled dipole corner states when m = n = 2. Colors of vectors indicate the corresponding normalized magnitudes, blue arrows
indicate flows of magnetic fields, and the red circle and cross indicate directions of displacement currents. (d) Displacement current density of
coupled dipole corner states. Red arrows indicate their flows.
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To gain more insights into coupled dipole corner states,
we perform the multipole decomposition under the Cartesian
coordinate system.[>”! Here, we consider two cases of cou-
pled dipole corner states, the first being m = 2 and n = 3,
and the second being m = n = 2. The corresponding mul-
tipolar scattering cross-section Cyc,, including electric dipole
(ED), toroidal dipole (TD), MD, EQ, and magnetic quadrupole
(MQ), is presented in Figs. 3(a) and 3(b), respectively. It
is shown that coupled dipole corner states in both cases are
dominated by EQ and MD, where MD is slightly weaker than
EQ. Further investigations reveal that the coupled dipole cor-
ner states are always dominated by EQ and MD in other m—n
cases. To exhibit the origin of the multipoles, the magnetic
field vectors in the x—y middle plane of the supercell with
m = n = 2 are visualized in Fig. 3(c). It is shown that the
magnetic field vectors circulate clockwise around the left cor-
ners, while counterclockwise around right corners as indicated
by the blue arrows. They also generate a pair of EDs with
opposite phases as indicated by the red circles and crosses.
Figure 3(d) shows the displacement current density in the x—
z cross-section of lower corners, confirming the formation of
EDs as indicated by the red dashed straight arrows. Thus,
these EDs with opposite phases form the EQ response. Mean-
while, the current loop appearing in Fig. 3(d) is attributed to
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the MD response. Interestingly, these coupled dipole corner
states show completely different multipole natures from those
in PhC hole slabs, where coupled dipole corner states are dom-
inated by TD and MQ.[??! Therefore, although coupled dipole
corner states share the same topological origin (the topological
charge) in PhC rod and hole slabs, their natures in real space
will differ. This is due to the fact that their in-plane topologi-
cally enforced circular flows are caused by magnetic fields and
electric currents, respectively.

Owing to the high Q-factor of coupled dipole corner
states when m = n = 2, we further investigate the diffractively
far-field coupling effect in this case to see whether the Q fac-
tor can be further improved. In the metasurfaces, the local-
ized resonances in individual micro-nano particles can be cou-
pled with in-plane diffracted propagating waves, leading to the
SLRs with narrower linewidth. In principle, the SLRs can also
exist in any other periodic optical structures such as PhC slabs.
In this work, the spectral position of SLR under the normal in-
cidence is determined by the following RA equation:

nsP

where ng is the SRI around the array, P is the period of the

Ae(is ) = 3

supercell, and (i, j) is the diffraction order of the RAs.
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Fig. 4. (a) Transmission spectra of supercell array under different SRIs. (b) Wavelength of coupled dipole corner state and RA at (1,1) under
different SRIs. (c) Difference between two wavelengths and Q factor of coupled dipole corner state under different SRIs. (d) Transmission

spectra of supercell array when SRI is 1.16, 1.17, and 1.18.
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Although the current resonant wavelength of coupled
dipole corner state A. does not match any A, for theoretical
investigation, we can assume that the structure is surrounded
by a homogenous lossless medium, and slightly vary the SRI
to make the two wavelength positions overlap, since they have
different dispersive behaviors with the SRI. Figure 4(a) shows
transmission spectra of coupled dipole corner states under dif-
ferent SRIs, exhibiting that the resonant wavelength will red-
shift with increasing SRI, and the corresponding Q factor is
also modified simultaneously. Figure 4(b) displays the rela-
tionship of wavelength versus ng for A. and A, (at the diffrac-
tion order (1,1)), respectively, with the SRI, which shows
that the two curves becomes closer as the SRI increases. In
Fig. 4(c), we further present the difference between A. and
Ar(1,1), and the Q factor of coupled dipole corner state, un-
der different SRIs. It is evident that the two wavelengths ex-
ponentially approach to each other as the SRI increases, and
when they coincide at ng = 1.17 (the position is indicated by
the blue dashed line), the Q factor dramatically increases up to
6.43x10*. The transmission spectra near the high-Q regime
are plotted in Fig. 4(d), which exhibit typical spectral pro-
files of SLRs, including small transmission peaks caused by
diffraction next the main transmission dips at ng = 1.16 and
1.18, and the much narrower transmission dip resulting from
the diffraction at ng = 1.17. The above features all indicate the
occurrence of SLRs caused by the far-field coupling, which
further enrich the optical approaches to tailoring the resonance

properties of coupled dipole corner states.

4. Conclusions

In summary, we theoretically investigated the optical
properties of coupled corner states in the supercell array based
on PhC rod slabs. The eigenmode analysis shows the non-
degenerate features of multipole coupled corner states, and
the full-wave simulation reveals the accessibility of coupled
dipole corner states by using the plane-wave stimulation,
which exhibits polarization-independent resonance character-
istics. The resonant wavelength and Q factor of coupled dipole
corner states can be effectively tuned by inter-supercell near-
field coupling effect and intra-supercell near-field coupling
effect, and the multipole decomposition reveals that coupled
dipole corner states are dominated by the EQ and MD, which
is completely different from the scenario in PhC hole slabs.
Finally, by varying the SRI, the Q factor of coupled dipole cor-
ner state is further improved through matching the RA position
of the structure, namely, forming the SLRs caused by diffrac-
tively far-field coupling effects. In practice, the array can be
fabricated on germanium-on-insulator platforms.3% The pho-

toresist should be first deposited on the top surface, and pat-

terns of PhCs can be written with electron beam lithography.
Then, the patterns can be transferred into the top germanium
layer by using reactive ion etching techniques.*!! Although
the insulator (silica) substrate will introduce asymmetric en-
vironment, the corresponding low RI will only cause a slight
shift at the resonant wavelength, and the physical mechanism
introduced in this work still holds."~1%3%] This work reveals
that compared with conventional isolated corner states, cou-
pled corner states possess rich optical phenomena and many
degrees of freedom to control, and such topological supercell
arrays have potential applications in mid-infrared lasing, sens-

ing, and detection.
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