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Photonics can be confined in real space with dispersion vanishing in the momentum space due to
destructive interference. In this Letter, we report the experimental realization of flat bands with nontrivial
topology in a self-complementary plasmonic metasurface. The band diagram and compact localized
states are measured. In these nontrivial band gaps, we observe the topological edge states by near-field
measurements. Furthermore, we propose a digitalized metasurface by loading controllable diodes with Cj
symmetry in every unit cell. By pumping a digital signal into the metasurface, we investigate the interaction
between incident waves and the dynamic metasurface. Experimental results indicate that compact localized
states in the nontrivial flat band could enhance the wave-matter interactions to convert more incident waves
to time-modulated harmonic photonics. Although our experiments are conducted in the microwave regime,
extending the related concepts into the optical plasmonic systems is feasible. Our findings pave an avenue
toward planar integrated photonic devices with nontrivial flat bands and exotic transmission phenomena.
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Introduction.—Fermions and bosons can be confined in
the real space when any hopping to neighboring cells is
hindered by the destructive interface [1], corresponding to a
nondispersive flat band in the momentum space, where the
energy spectrum E(k) is independent of the momentum k
[2]. Perfectly flat bands with a zero bandwidth have been
widely explored in tight-binding models [3-6], and nearly
flat bands with a small bandwidth are also acceptable
because perturbation is usually inevitable in practice [7,8].
Various experimental platforms have been proposed,
including coupled waveguides [9,10], resonators [11],
metasurfaces [12], optical micropillars [13], and twist-
bilayer structures [14—16]. Photonic flat bands cause
various light transport phenomena and applications [17],
such as slow-wave waveguides with reduced dispersion
[18,19], superconducting circuits [20,21], and phase-
locked coupled lasers [22]. With exploring the nontrivial
topology of bands, flat bands with the quantum Hall effect
are becoming a fruitful topic in condensed-matter physics,
including strong correlation [23], superfluidity, and super-
conductivity [24,25]. Nontrivial flat bands have been
reported in twist-bilayer systems [26-28], kagome lattices
[29], triplet excitonic insulator [30], and Chern topological
insulators [31-34]. Interactions between these nontrivial
flat bands with nonlinear materials [35] or coupled quan-
tum emitters [36] are becoming hot topics.

In this Letter, we propose a self-complementary spoof
localized surface plasmonic (LSP) metasurface with non-
trivial flat bands. In the topological band gaps, we observed
the edge states by near-field measurements. The band
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diagram was measured by a far-field reflection method
to show the flat bands near the I point. We also showed that
the compact localized states in flat bands could be excited
by the incident surface waves from high-symmetric direc-
tions, and the waves can pass the structure without
distortion. Finally, we implanted controllable diodes into
the structure and pumped a digital signal into the metasur-
face to generate time-modulated compact localized states.
The measured spectrum reveals the generation of multiple
time-modulated harmonic photonics, whose energy can be
enhanced by wave trapping in the flat band. Most observed
phenomena in the metasurface can also be found in an ideal
two-dimensional optical system by replacing dielectric rods
in all-Si valley photonic crystals [37] with plasmonic rods.
The optical simulations and the tight-binding models are
discussed in the Supplemental Material [38].
Self-complementary spoof LSPs.—According to the
Babinet principle [52], the proposed structure consists of
self-complementary patches and slots with the same pattern
on both sides of the substrate [Fig. 1(a)]. The decorated
periodic grooves in the triangular unit cell can enhance
the slow-wave performance to generate multiple spoof
LSPs [53-56]. The structure combines stacked topological
photonic crystals [57] and dual-impedance metasurfaces
[58,59]. We find that single-layered spoof LSPs have
limited bands below the light cone [60-62]; however,
the self-complementary spoof LSPs can generate multiple
topological flat bands below the light cone [Fig. 1(b)].
Detailed comparisons between the proposed structure and
traditional structures are presented in the Supplemental

© 2022 American Physical Society
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FIG. 1. Eigenmodes of the unit cell. (a) Self-complementary

spoof LSPs unit cell. (b) Simulated band diagram. The gray area
represents the fast-wave region. (c) Eigenfield distributions and
the chirality of the Poynting vectors at the K points.

Material [38]. The C5-symmetric unit cell belongs to valley
photonic topological insulators. Eigenfield distributions are
in the same order on both sides of these nontrivial band
gaps, but the energy flows show the opposite chirality
[Fig. 1(c)].

Topological edge states.—The nontrivial edge states can
be supported by two types of interfaces [Fig. 2]. The
dispersion in the first band gap is a classical valley transport
[37,63], and more edge states exist in the higher-order band
gaps [Figs. 2(a) and 2(b)]. Two samples with triangular
edge routes are fabricated and measured [Fig. 2(c)]. We
establish a near-field scanning system to observe the
topological states in the band gaps; see the Supplemental
Material for more experimental details [38]. The edge states
and bulk modes are directly recorded. The edge states in
the first band gap can travel along the triangular route.
However, the edge states in the second band gap decay
rapidly because of the metallic loss and the leaky wave
radiation. The radiation mechanism is similar to that in a
Chern waveguide, where fast waves radiate during the
propagation process [64]. Reference [65] has studied

details about the intrinsic losses in various topological
waveguides.

Flat bands.—Different from the flatness defined by the
group delay and its variance along transmission direction in
waveguides [18], the flatness of the two-dimensional band
can be revealed by the fractional bandwidth (FBW)
FBW = 2(w, — w;,)/(w; + ®},), where w; and w,, are the
top and bottom frequencies of the objective band within the
light cone [66]. In our model, the first band starts from O to
about 6 GHz, and the whole band is located within the light
cone. Therefore, the FBW has the maximum value of 2,
representing a dispersive band starting from the I" point.
The FBW of other bands within the light cone is calculated
as 0.022, 0.004, 0.009, 0.0015, and 0.0054, respectively.
The smaller FBW means a more significant density of
states (DOS) [45], in which the waves are better confined in
the structure. We analyze an ideal two-dimensional super-
lattice to reveal the relationship between the flat band, the
photonic DOS, and the compact localized states, which are
discussed in the Supplemental Material [38].

We further measure the bands by a far-field reflection
method [Fig. 3(a)], where the wave vector kH in the plane
of the lattice is represented by the reflection angle 6 of the
pair of Vivaldi antennas as k| = (w/c) cos@. The pair of
antennas are rotated from 25° to 85° to obtain the band
diagram with varying k| around the momentum region near
the I" point. The unchanged frequency of the reflection dips
reveals the existence of flat bands, representing the maxi-
mum excitation of compact localized states in the structure
[Fig. 3(b)]. With the strong field enhancement, the energy
can be absorbed by the metasurface; hence, the reflection
power decreases. Because of the limitation of the perfor-
mance of antennas, we can conduct measurements from 6
to 12 GHz, where three measured bands match well with
simulations.

Undistorted transmission.—In an ideal optical counter-
part, we find the undistorted transmission in flat bands by
simulations, as shown in the Supplemental Material [38].
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FIG. 2. Topological edge transmission. (a) Edge dispersion in the two band gaps. (b) The corresponding field distributions of edge
states. (c) Fabricated samples with triangular interface routes and corresponding near-field experimental results.
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FIG. 3. Measurement of the band diagram. (a) The experimen-
tal configuration. (b) The band diagram revealed by the reflection
test, where the inset shows the simulated band diagram.

The incident waves from high-symmetric directions can
pass the structure ideally without changing the planar wave
front. To conduct an analogy experiment, we insert the
metasurface in a grid plane, which can support the trans-
mission of surface waves. An array of probes was installed
on one side of the mesh grid to generate the surface waves
with the planar wave front [Fig. 4(a)]. By simulations and
near-field scanning, we observe that the surface waves can
excite compact localized states and travel across the
metasurface ideally [Fig. 4(b)]. Because of the double-
layered structure, the electromagnetic field is well confined
in the substrate. Therefore, the electric field on the cross
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FIG. 4. Surface waves interact with the compact localized
states. (a) The sample under test. (b) The simulated and measured
near fields around 10.2 GHz.

section of the middle of the substrate can reveal the
phenomenon better than that on the surface of the structure.

Time-modulated harmonic photonics.—The flat bands
can bring strong wave trapping due to the related compact
localized states; therefore, the enhanced interaction with
materials is a promising research direction [67]. Here, we
report the enhanced wave-matter interactions to generate
time-modulated harmonic photonics. We implant three
diodes (SMP1320) in every unit cell with the C; symmetry.
Every unit cell is connected to the digital pins of a micro-
controller (Arduino Mega 2560). By pumping a square-
wave signal, we dynamically shift the open-short state of the
diodes [Fig. 5(a)]. When the diodes are biased with 5 V
voltage, the unit cell is in the short state where the up and
bottom patches are connected, and the whole structure
behaves as one piece of a metallic surface. However,
without the bias voltage, the diodes are in the open state,
and the unit cell retains the same characteristics as before.
The performance of diodes limits the maximum working
frequency. With the frequency of incident waves increasing
above 12 GHz, the losses increase dramatically. Therefore,
we conduct experiments from 5 to 12 GHz and observe
that the nontrivial flat band can enhance the generation of
time-modulated harmonic photonics. The metasurface is
pumped by a digital square-wave signal with the frequency
fum = 1.6 MHz. We connect an antenna to the signal
generator to emit continuous waves of frequency f;, and
place a probe on the surface of the structure to detect the
trapped waves in the metasurface [Fig. 5(b)]. The multiple
time-modulated harmonic photonics appear at discrete
frequencies f;, = nfy (n=0,£1,£2,...). We sweep
the frequency of incident waves and record the correspond-
ing trapping spectrum [Fig. 5(c)]. The harmonic converting
efficiency is calculated as E = Y P, /P;,, where P, is the
power of the nth-order harmonic and P;,, is the total incident
power. Around 9.5 GHz, the electromagnetic waves are
dramatically trapped to enhance the time-modulated har-
monic photonics. The converting efficiency achieves about
90%, and in the corresponding spectrum, the peak at f;, is
much lower than the time-modulated harmonic photonics
[Fig. 5(d)]. These results confirm the applications of the
self-complementary topological metasurface in the field of
wave-matter enhancements.

Optical and tight-binding models.—In order to show the
generality of our findings, multiple nontrivial flat bands are
explored in an optical photonic crystal, which consists of
plasmonic rods arranged in the honeycomb lattice, and
similar phenomena could be found in the optical region, as
shown in the Supplemental Material [38]. Furthermore, a
tight-binding model whose band diagram and topological
properties have an excellent match to those in the plas-
monic structure is also discussed in the Supplemental
Material [38]. Analytical tools, such as the Berry phase,
Wannier function, and Wilson loop, are applicable to both
fermionic and bosonic systems [49]. The concept of
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FIG. 5. Time-modulated harmonic photonics. (a) Digitalized topological metasurface by loading diodes with C; symmetry.
(b) Experimental environment. (c) Spectral map with varying frequency of incident waves and calculated harmonic converting
efficiency, in which the time-modulated harmonics are enhanced due to the compact localized states. (d) Different spectral distributions
without the enhancement (black) and with the enhancement caused by the quadrupole spoof LSP modes (red), the resonance shift caused

by PIN diodes (blue), and the dipole spoof LSP modes (orange).

electron charges can be associated with the Poynting vector
and energy density of electromagnetic fields [46].

Conclusion.—We propose a self-complementary spoof
plasmonic metasurface to support nontrivial flat bands. In
this platform, we explore various transmission and trapping
phenomena based on a series of designed experiments,
including the multiband topological edge states, the com-
pact localized states, and the undistorted transmission in
the flat bands. On top of that, we digitalize the platform
by implanting diodes into the unit cell. The interactions
between the compact localized states in the flat band and
the pumping digital signals are enhanced to generate time-
modulated harmonic photonics. This Letter paves the way
for highly integrated photonic devices, where the flat bands
and nontrivial topology can induce various types of trans-
ports and wave-matter interactions.

The near-field and far-field experiments are conducted
using Rohde & Schwarz ZNA43. Wide-band signal scans
and spectrum records are based on the Ceyear 1465D-V
signal generator and the Ceyear 4037 spectrum analyzer.
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