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Recent theory has demonstrated that Kagome photonic
crystals (PCs) support first-order and second-order topo-
logical phenomena. Here, we extend the topological physics
of the Kagome lattice to surface electromagnetic waves and
experimentally show a Kagome surface-wave PC. Under the
protection of first-order and second-order topologies, both
robust edge modes and in-gap corner modes are observed.
The robust transport of edge modes is demonstrated by high
transmission through the waveguide with a sharp bend. The
localized corner mode is found at the corner with one isolated
rod when a triangle-shaped sample is constructed. Our work
not only shows a platform to mimic the topological physics
in classical wave systems, but also offers a potential appli-
cation in designing high-performance photonic devices. ©
2023 Optica Publishing Group

https://doi.org/10.1364/0L.488612

Photonic crystals (PCs) are periodic optical structures in which
the electromagnetic waves propagate in a similar way as the
electrons move inside the periodic potential of semiconduc-
tor crystals. By utilizing the passing bulk bands and forbidden
bandgaps of PCs, many unusual photonic phenomena, such as
super-prism dispersion [1], negative refraction [2], and sub-
wavelength imaging [3] have been realized. Recently, with the
introduction of topological photonics [4-7], different types of
topological PCs have been proposed and realized [8—10]. For
example, magnetic PCs with nonzero Chern numbers have been
realized and one-way edge modes were observed [11-13]. For
another example, spin-Hall PCs with nonzero spin Chern num-
bers have also been achieved and robust edge modes against
disorders were demonstrated [14—18]. By using the topologi-
cally protected robust edge modes, high-performance photonic
waveguides have been realized [19-21]. At first, the edge modes
of topological PCs were found to be one dimension lower
than the bulk. It was later revealed that there are other types
of PCs with higher-order topological phases that do not obey
the traditional bulk-edge correspondence [22—27]. For example,
second-order two-dimensional (2D) PCs have zero-dimensional
corner modes which are two dimensions lower than the bulk.
By using the localized corner modes, nanophotonic cavities
have been designed and fabricated [28,29]. Apart from the bulk
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PCs, surface-wave systems provide a unique platform to study
topological physics. Surface-wave PCs are periodically textured
metal surfaces which support spoof surface plasmons [30].
Many applications of surface-wave PCs have been demonstrated,
such as optical cavities [31] and waveguides with sharp bends
[32,33]. So far, topological states have been realized in many
surface-wave systems, such as acoustic surface waves [34,35],
2D photonic surface waves [36—41], and even 3D topological
materials [42].

Inspired by the recent development of first-order and second-
order topological physics, Kagome PCs have been proposed to
support both edge modes and corner modes. In this work, we
extend the topological physics of the Kagome lattice to sur-
face electromagnetic waves and experimentally show a Kagome
surface-wave PC. Based on the breathing Kagome lattice,
we numerically show and experimentally observe gapless and
gapped bulk bands. Topological phase transition is achieved
by controlling the strength of intracell and intercell couplings
between neighboring metallic rods. By interfacing two topo-
logically distinct PCs together, edge modes are observed and
their robustness against a sharp bend is proved. In addition, the
localized corner mode is also observed at the corners of the
triangle-shaped sample.

The schematic of the unit cell and the top view of the con-
sidered Kagome surface-wave PC are shown in Fig. 1(a). It is
a Kagome lattice of metallic rods standing on a metal surface.
The structural parameters are the diameter of rod d = 3.7 mm, the
height of rod 4 = 14 mm, and the lattice constant ¢ = 18.7 mm. In
the simulation, both the metallic rods and the substrate are con-
sidered as perfect electric conductors in the microwave region.
Note that between the metallic rods and the metal surface, there
is a homogeneous air spacer (effective thickness of 0.11 mm)
because thin poster paper is placed for patterning the metallic
rods during the experiment. Within the unit cell, there are three
metallic rods which are symmetrically placed around the center
of the unit cell. The distance between the center of the unit cell
and the center of the rod is denoted as R. When R = R, = V3a/6,
the distance between the intracell rods and the distance between
the intercell rods are the same [inset of the middle panel of
Fig. 1(c)]. This means that the intracell and intercell couplings
between neighboring rods are the same, leading to degeneracy
between the two bulk modes at the K point. This is confirmed by


https://orcid.org/0000-0001-8698-0609
https://doi.org/10.1364/OL.488612
https://crossmark.crossref.org/dialog/?doi=10.1364/OL.488612&amp;domain=pdf&amp;date_stamp=2023-05-17

2826 Vol. 48, No. 11/1 June 2023/ Optics Letters

X

® Monopole-like mode
@ Dipole-like mode

o
o

» -

Frequency (GHz,

»
K

-1 0 1
8R=R-R,(mm)

(C)G . 8R=-1.5mm . SR=0mm . 3R=1.5mm

Frequency (GHz)

rr

Fig. 1. Kagome surface-wave PC and its bulk bands. (a) The
bird’s-eye view of the unit cell and the top view of the Kagome
surface-wave PC. Structural parameters: height of metallic rod (h),
diameter of metallic rod (d), lattice constant (a), distance between
the center of unit cell and the center of metallic rod (R). (b) Fre-
quencies of two lowest bulk modes at the K point as a function of
OR which is defined as 8R =R — Ry. Insets: E, fields at the xy plane
which is 1 mm above the top of metallic rods for two bulk modes. (c)
Bulk bands of three PCs with R =—1.5 mm (left), SR = 0 (middle),
and 0R = 1.5 mm (right). Dashed gray lines denote the light line.
Insets show the corresponding unit cells and E, fields for the two
bulk modes within the xy plane.

the calculated bulk bands in the middle panel of Fig. 1(c) where
the two bulk modes are degenerate at 5.02 GHz. This degenerate
Dirac point is the singularity which is the source of topological
characteristics. By breaking the degeneracy of Dirac point, one
can obtain a complete bandgap whose topology is determined by
the relation between the intracell and intercell couplings. To see
this, we define a parameter 0R = R — R, and check the evolution
of the two bulk modes. With the increasing of dR, the two bulk
modes first come closer, then meet each other, and lastly move
apart [Fig. 1(b)] (all simulations are performed with COMSOL
MULTIPHYSICS). As shown in the insets of Fig. 1(b), these
two bulk modes can be named as monopole-like and dipole-like
modes according to their field distributions [43]. When these two
different bulk modes switch their positions along the frequency
axis, the topological phase transition happens. The topology of
the bandgap is determined by the winding number of the first
bulk band [44], i.e., w=(sgn(t, — t,) — 1)/2, where ¢, and 1, are
amplitudes of the intracell and intercell couplings. When the
intracell coupling is stronger than the intercell coupling (i.e.,
t; >1,), w=0 and the PC is topologically trivial. One exam-
ple is the PC with 0R=-1.5 mm whose monopole-like mode
has a lower frequency than the dipole-like mode [left panel
of Fig. 1(c)]. On the other hand, when the intracell coupling
is weaker than the intercell coupling (i.e., t; <t,), w=-1 and
the PC is topologically nontrivial. One example is the PC with
OR = 1.5 mm whose dipole-like mode has a lower frequency than
the monopole-like mode [right panel of Fig. 1(c)].

Based on the design in Fig. | and considering the transverse
magnetic (TM) surface wave, we construct a sample that is
composed of aluminum rods standing on a flat aluminum sur-
face [Fig. 2(a)]. Between the metallic rods and the metal surface,
there is thin poster paper. This paper is drawn with the in-plane
pattern for precisely placing all rods. Note that the influence
of this paper on the band structures of PC has been consid-
ered in our numerical simulation. As the first and second bulk
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Fig. 2. Observation of gapless and gapped bulk bands. (a) Photo-
graph of the Kagome surface-wave PC which consists of a Kagome
lattice of aluminum rods standing on a flat aluminum surface. Zoom-
in pictures of probe and source antenna are shown. (b) Measured
E, field at 5 GHz for the xy plane which is 1 mm above the top of
metallic rods. (c) Measured eigenfrequency contour at 5 GHz for
the PC with SR =0 mm. (d) Measured gapless bulk bands for the
PC with 6R =0 mm. (e) Measured gapped bulk bands for the PC
with SR =1.5 mm.

bands locate below the air light line, bulk modes near the Dirac
cone can be supported on the surface-wave PC whose surround-
ing background is the air. To excite bulk modes, the source
antenna is inserted through the bottom aluminum surface which
is drilled with a hole for the source antenna. To image the E,
field, the probe antenna is placed 1 mm above the top of metallic
rods and it is connected to a 2D translation stage for scanning
the field within the xy plane from 3.5 to 5.7 GHz. The scan
length is [, = 450 mm (/, =290 mm) with the scanned resolution
of d,=1.87 mm=a/10 (d, = 1.87 mm). Figure 2(b) shows the
measured field for the PC with dR =0 mm at 5 GHz, which does
not show the plane wave pattern, indicating that bulk modes with
different wave vectors are excited. To check the dominant bulk
modes, we perform a fast Fourier transform (FFT) on the meas-
ured field and show the obtained experimental eigenfrequency
contour for the PC with R = 0 mm [Fig. 2(c)]. By repeating the
above FFT on the measured fields at all frequencies and sorting
out the data at the high-symmetry k-points along the boundary
of the Brillouin zone, we can finally get the experimental bulk
bands for the PC with R =0 mm [Fig. 2(d)]. The experimental
bulk bands are gapless and cross at the K point, showing good
agreement with the simulated ones. In addition, we experimen-
tally fabricate the sample with 6R = 1.5 mm and measure its bulk
bands [Fig. 2(e)]. The measured gapped bulk bands are also in
agreement with the simulated ones, and one complete bandgap
is experimentally observed.
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Fig. 3. Observation of robust edge modes. (a) and (c) Photographs
of the samples with the straight edge and bend edge, respectively.
The boundary is formed by the PC with 6R =1.5 mm at the top and
the PC with R =-1.5 mm at the bottom. (b) and (d) Measured E,
fields for two samples at 4.9 GHz for the xy plane which is 1 mm
above the top of metallic rods. () Measured transmission spectra for
two samples. (f) Calculated edge dispersions of the edge presented
in (a).

The PCs with 8R=1.5 mm and 6R =-1.5 mm are topolog-
ically distinct and the boundary between them supports robust
edge modes. To confirm this, we first construct the straight edge
by putting the PC with SR = 1.5 mm at the top and the PC with
OR=-1.5 mm at the bottom [Fig. 3(a)]. The source is placed
at the left end of the sample to excite edge modes, and the
probe antenna is once again connected to the translation stage
to image the field within the xy plane. For example, the excited
edge mode at 4.9 GHz is shown in Fig. 3(b). The edge mode
propagates along the x direction, and evanescently decays from
the boundary along the y direction. To check the robustness of
the edge modes, we then fabricate the sample with a sharp bend
[Fig. 3(c)]. The measured E, field shows that the excited edge
mode can turn around the sharp bend and keep propagating for-
wards. The robust transport of edge modes should apply to edge
modes at other frequencies. To see this, we measure the transmis-
sion spectra for two waveguides [Fig. 3(e)]. High transmittance
is observed in the frequency range from 4.70 to 4.91 GHz which
corresponds to the frequency range of edge modes [Fig. 3(f)].
In addition, the transmittances of the two waveguides are nearly
the same, confirming the broadband robust transport of edge
modes.

Note the edge dispersion in Fig. 3(f) is not gapless. The in-
gap corner modes can emerge in the gap of the edge states
according to the second-order topology [45]. To see this, we
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Fig. 4. Observation of in-gap corner mode. (a) Photograph of
the triangle-shaped sample which is constructed by surrounding
the PC with 8R =1.5 mm by the PC with 0R =-1.5 mm. Three
corners are denoted as C1, C2, and C3. (b) Simulated frequencies
of eigenmodes of the sample in (a). There are three in-gap corner
modes localizing at three corners. (c) |E,|? field of the corner mode
with its field localizing at Corner C1. (d) Reflection spectra when
the antenna is excited at Corner C1 (red curve) or in the bulk (green
curve).

construct a triangle-shaped sample by surrounding the PC with
SR = 1.5 mm by the PC with 8R =—1.5 mm [Fig. 4(a)]. There are
three corners, denoted as C1, C2, and C3, which are the same
and all support the in-gap corner modes [46]. The numerical
eigenmodes of this sample confirm this prediction [Fig. 4(b)]. As
expected, besides the bulk modes (green dots) and edge modes
(blue dots), three corner modes (red dots) are found at 5.03 GHz
within the bandgap. As an example, Fig. 4(c) shows the |E.|
field of the corner mode whose distribution is highly localized
around Corner C1. To experimentally prove the existence of the
corner mode, we measure the reflection spectra by putting the
antenna at Corner C1 and inside the bulk [Fig. 4(d)]. When the
antenna is placed in the bulk, the reflection coefficient is high
within the bulk bandgap because the input source cannot be
coupled into the PC and reflected back to the antenna. When the
antenna is placed at Corner C1, a reflection dip is found near
5.02 GHz within the bulk bandgap, which is due to the excitation
of the corner mode. With the striking comparison between these
two reflection spectra, it confirms the existence of the in-gap
corner mode.

Note the topological edge states and corner states have been
studied in the Kagome dielectric PC [47—49]. There are many
differences between the quasi-2D dielectric PC system and
surface-wave PC system. Firstly, the parallel-plate waveguide in
the quasi-2D dielectric PC largely hampers the probing of fields.
In contrast, the cladding-free surface-wave PC enables the direct
measurement of surface waves. Secondly, compared with the
Kagome dielectric PC which originates from Bragg scattering,
the proposed Kagome surface-wave PC originates from local
resonance, making it possible to achieve subwavelength field
confinement. Thirdly, for the dielectric PC, the modes residing
above the light will suffer from leakage into free space if it is
not sandwiched between two parallel metallic plates. The modes
of surface-wave PC reside below the light line, so that they are
tightly confined in the surface of the PC.
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In summary, we have extended the topological physics of the
Kagome lattice to surface waves and demonstrated a Kagome
surface-wave PC. By mapping fields of eigenmodes and using
the pump-probe measurement, the gapless and gapped bulk
bands, the robust edge modes, and the in-gap corner modes are
experimentally confirmed. Our work demonstrates the existence
of topological states in a Kagome surface-wave PC and may
provide a method to design high-performance photonic devices.
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