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Far-Field Excitation of a Photonic Flat Band via a Tailored Anapole Mode
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The photonic flat band, defined by minimal dispersion and near-zero group velocity, has facilitated
significant advances in optical technologies. The practical applications of flat bands, such as enhanced
light-matter interactions, require efficient coupling to far-field radiation. However, achieving controlled
coupling between flat bands and their corresponding localized modes with far-field radiation remains
challenging and elusive. Here, we achieve the tunable far-field excitation of a flat band in the near-infrared
spectral range by coupling it to a photonic anapole mode. Distinct from conventional multipolar resonances
in both its physical nature and unique radiation dynamics, the anapole mode offers highly localized field
distributions and tunable emission characteristics, enabling the realization of a photonic flat band and
precise control over its transition from a nonradiative to a radiative state. We directly observed the flat band
within +25° experimentally by angle-resolved far-field transmissivity spectroscopy. Simulation results
extending to 90° confirm the persistence of the band’s flatness across all incident angles, validating the
inherent flatness of the band. Our findings not only provide a viable approach to accessing photonic flat
bands but also significantly advance the field of nanoscale photonic manipulation, offering broad potential

applications in optical technologies.
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Introduction—Flat bands in electronic systems are
foundational to modern condensed matter physics. Their
uniform energy across momentum space and vanishing
group velocity induce strong electron localization and
enhanced interactions, enabling the study of correlated
states and localization phenomena [1-4]. Photonic flat
bands represent an analogous phenomenon where light
propagation within certain structured materials exhibits
minimal dispersion, enabling flexible control over light-
matter interactions [5,6]. While electronic and photonic flat
bands both stem from wave localization and diffractionless
propagation, they differ markedly in how they are realized
and in the effects they support [7,8]. The exploration
of photonic flat bands, either experimental demonstration
or theoretical predictions, has unveiled a host of unique
properties and phenomena exclusive to the photonic
domain, such as the strongly correlated phase of light,
enhanced light-matter interaction [6,9,10], high quality
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factor resonances [11], slow light [8], and lasing [12,13],
promising advances in optical communication, sensing, and
information processing.

Inspired by methods used to achieve electronic flat
bands, the primary approach to engineering photonic
flat bands lies in lattice arrangement manipulation.
Geometrically frustrated lattices, such as the Lieb,
Kagome, and diamond lattice, have been extensively
investigated in coupled waveguide arrays [14-17].
Moiré-induced flat bands in twist bilayer systems have
also been demonstrated both theoretically and experimen-
tally [12,18,19]. Recent work reveals that the Landau flat
band arises from a strain-induced pseudomagnetic field in
photonic crystal slabs [20,21]. While these methods rely on
Bloch wave superposition for state localization, photonic
systems offer unique advantages, allowing localized states
to be engineered at the single-unit-cell level through precise
meta-atom design, without requiring extended lattice inter-
actions. Metallic architectures that support surface plasmon
resonances offer an effective platform for subwavelength
field confinement. However, their practical implementation
in flat band systems is constrained by intrinsic Ohmic
losses and material-dependent dispersion limitations,
leading to reduced @ factors and narrow operational
bandwidths [22-24]. Conventional dielectric multipole
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resonances, however, lack the strong unit-cell field confine-
ment required for flat bands, as their extended fields and
intercell coupling prevent effective localization. Embedding
meta-atom resonances within photonic band gaps has
emerged as a potential solution [25,26], but this approach
is limited by strict periodicity requirements, high sensitivity
to disorder, and narrow spectral overlap between the
resonance and the band gap. Emerging theoretical frame-
works have also proposed bound states in the continuum
(BIC) as a new platform for Brillouin-zone-spanning pho-
tonic flat bands, though experimental validation remains
pending [27-29]. Collectively, these developments highlight
the potential of constructing a photonic flat band by selecting
an intrinsic localized mode in photonic crystals.

Beyond the formation of photonic flat bands, their
practical applications, such as enhanced light-matter inter-
actions, require efficient coupling to far-field radiation.
Without such coupling, flat bands remain purely theoretical
constructs, with their unique dispersion characteristics
rendered inaccessible to external excitations. However,
this coupling often proves to be weak due to the inherently
localized nature of the flat band modes. For flat bands
arising from lattice management, it is quite difficult to
control the coupling properties once the strategy is deter-
mined. One method implemented in waveguide array
systems (typically sized at several tens of micrometers)
involves using multiple light spots with designed intensity
and phase, coupling them into each waveguide to excite the
flat band [15,16]. However, this approach becomes imprac-
tical for photonic crystals due to the diffraction limit. The
coupling properties of flat bands induced by BIC can be
tuned quite easily by mode conversion between BIC and
quasi-BIC states. However, the Q factor in BIC-driven
systems exhibits an inverse quadratic variation with respect
to asymmetric parameters, which makes them highly
sensitive to perturbations in the geometry or the incident
light angle [27,28]. This sensitivity hinders the robust
realization of high Q flat bands, particularly over a broad
range of incident angles, thus posing a critical obstacle in
the development of advanced photonic devices.

Herein, we address this challenge by employing the
anapole mode, which is fundamentally distinct from con-
ventional multipolar modes in both physical origin and
radiative behavior, to facilitate the far-field excitation of
photonic flat bands. This nontrivial mode, supported by
high-index dielectric nanostructures, features strong field
localization and tunable radiation characteristics, offering a
promising route toward the construction of tailored flat
bands. We demonstrate that the band associated with the
anapole mode exhibits directional dispersionless behavior,
attributed to the localized nature of its field distribution.
The radiation properties of the anapole mode and the
resulting flat band are successfully tuned by controlling
the relative strengths of the electric dipole (ED) and toroidal
dipole (TD) moments through geometric design. Based

FIG. 1. (a) The schematic illustrates the design of the anapole
metasurface, composed of periodic silicon disks featuring two
parallel elliptical holes on a quartz substrate. (b) Incident light
triggers the formation of an ED oscillation within the bridge
spanning two elliptical holes. Concurrently, a pair of counter-
rotating vortices emerges (green arrow) within the elliptical holes.
The TD moment is associated with the circulating magnetic field
(MD, yellow circle) accompanied by an electric poloidal current
distribution. The analogous symmetry of the ED and TD modes’
radiation patterns leads to destructive interference effects, result-
ing in the formation of an anapole mode with vanishing scattering
and a highly nontrivial field distribution.

on angle-resolved transmissivity spectroscopy, we directly
measure the energy band structure of the optimized anapole
metasurface in Fig. 1(a), and reveal a clear flat band in the
near-infrared spectral region with an ultralow angular
dispersion of 0.17 meV/°. This Letter not only demon-
strates an innovative method for accessing and utilizing
photonic flat bands but also expands the toolkit for nano-
scale photonic manipulation, with implications for a wide
range of applications in optical technologies and beyond.

Results and discussion—We begin by analyzing a two-
dimensional square lattice composed of silicon columns
(permittivity values from Ref. [30]). The structure has a
period P of 665 nm, with each column possessing a radius
R of 275 nm [Fig. 2(a)]. The first few transverse electric
(TE) bands are presented in Fig. 2(b). The band structure
reveals regions with significant dispersion, as well as areas
where the bands are relatively flat. These regions, labeled 1
through 5, show a gradual decrease in dispersion, becoming
progressively flatter. The corresponding electric field dis-
tributions are shown in Fig. 2(d). It is noteworthy that for
dispersive bands, the electric fields are primarily concen-
trated outside the silicon, while for flat bands, the electric
fields are more localized within the silicon. To quantita-
tively capture this relationship, we define the confinement
factor C as the ratio of the electric field energy inside the
Si to the total energy within the unit cell, aiming to link it to
the formation of flat bands:
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FIG. 2. (a) Geometric unit cell and Brillouin zone of a square
lattice composed of Si columns. (b) Band diagrams of the first
few TE modes for the lattice, with the confinement factor of each
mode at different wave vectors represented by color. (c) Distri-
bution of the confinement factor as a function of the first and
second derivatives of energy with respect to wave vector.
(d) Typical normalized absolute electric field distributions ex-
tracted at the labeled points in (b).

where ¢, is the relative permittivity distribution and E is the
complex electric field. This confinement factor C is then
plotted as a function of the first and second derivatives of
the energy E with respect to the wave vector k to examine
its relationship with band dispersion [Fig. 2(c)]. It shows
that points with large C tend to cluster near the origin
indicating that the band is flat, while those with small C are
more dispersed. This approach connects the real-space field
distribution of a mode to its band in momentum space,
providing valuable insights for designing nanostructures
with desired dispersion or predicting the band structure
based on the mode’s field distribution [Fig. 2(d), right].
Most of the bands shown in Fig. 2(b) do not exhibit flat
regions crossing the symmetry points. This can be attrib-
uted to the limited dielectric constant of silicon, which
restricts conventional resonant modes from supporting
highly localized states, thus preventing the formation of
flat bands. However, it is noteworthy that around label 5,
a flat band appears along the Y-I'-X direction, and the
corresponding electric field distribution exhibits a charac-
teristic anapolelike mode [Fig. 2(d), right]. Anapole mode
arises from the coherent superposition of two fundamental
electromagnetic entities: the ED and TD [31]. These
multipoles exhibit distinct physical origins: the ED stems
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FIG. 3. (a)Enlarged view of the band diagram for the 2D lattice
near the flat band, which supports two anapole modes (high-
lighted in red and blue), with their corresponding field distribu-
tions shown on the right. (b) Same as (a), but for a 3D lattice with
a thickness of 250 nm placed on a quartz substrate. (c) Simulated
transmissivity spectrum of a perfect disk lattice under normal
incidence, with the gray dashed line indicating the energy of
the flat band mode, as simulated by eigenfrequency analysis.
(d) Multipolar decomposition of the flat band mode. (e) Simulated
electric field distribution of the lattice under normal incidence at
the energy obtained from eigenfrequency analysis. (f)—(h) Same
as (c)—(e), but for a disk with two nanopores.

from charge polarization asymmetry, while the TD is
generated by poloidal current loops forming a closed
magnetic vortex [Fig. 1(b)] [32,33]. In the far-field region,
these modes produce similar radiation patterns and can
induce destructive interference, leading to vanishing scat-
tering, along with nontrivial field distributions and strong
field confinement [34]. While other approaches, such as
defect modes, can also achieve strong field confinement
and flat bands in dielectric photonic crystals [25,26], the
primary advantage of the anapole mode is its ability to tune
radiative properties by adjusting the relative strengths of the
ED and TD moments, thereby enabling the realization of
flat bands with tunable radiative characteristics.

Figure 3(a) presents an enlarged view of the band
structure around the flat band. A detailed analysis of the
electric field distribution reveals that the flat band along
the Y to X direction results from the superposition of two
anapole modes (highlighted in red and blue), with their
electric field distributions being mutually perpendicular
[Fig. 3(a), right]. The gray arrows in the field distribution
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indicate the direction of the electric field, where poloidal
current loops that form the TD are observed. Extended
simulations demonstrated that the band associated with
anapole mode in different types of 2D silicon photonic
crystals also supported a flat band in specific directions
due to nontrivial field localization (Supplemental Material
(SM) [35], Fig. S1). When moving to 3D simulations (disks
with finite thickness of 250 nm and placed on quartz
substrate), a similar flat band and anapole mode remains
except for little energy shift compared with 2D ones
[Fig. 3(b)]. A flat band can be easily achieved based on
the anapole mode without the need for precise design,
making it robust against deviations during the manufac-
turing process.

Our focus now shifts to the excitation of anapole modes
and the associated flat band in the far field, which holds
significant promise for practical applications. For the
perfect disks on a quartz substrate calculated in Fig. 3(b),
the transmissivity spectrum under normal incidence with
polarization along the x axis is shown in Fig. 3(c), with
the energy of the anapole mode at the I" point predicted
by eigenfrequency analysis marked by a dashed line.
Unfortunately, the anapole mode is not visible in the far-
field spectrum. We performed multipole expansions in the
Cartesian coordinates (SM [35]) for currents inside the unit
cell to illustrate the composition of the anapole mode and
the coupling mechanism of the anapole mode with external
radiation. For perfect disks configuration, the anapole
modes originate from the overlap of coexcited ED and
TD moments that have almost same scattering magnitude
[Fig. 3(d)] and opposite phases [SM [35], Fig. S3(a)]. This
leads to the cancellation of their scattering contributions in
the far field, isolating the mode from the external radiation
field. Since the TD moment is generated by the oscillating
current circulating along the toroidal structure [Fig. 3(b)],
while the ED moment is primarily associated with the
diameter of the disks, we can tune these two moments
independently. Here, we selectively manipulate the TD
moment to ensure that its far-field radiation does not
undergo effective cancellation by the ED moment, thereby
facilitating the coupling between the flat band mode and the
far-field radiation. Specifically, we regulate the strength of
the TD by incorporating air holes at the location of the
toroidal current. As illustrated in Fig. S2 (SM [35]), the TD
mode’s intensity is markedly influenced by nanopores with
varying parameters. With the enlargement of the upper
nanopore, both the two moments shift towards higher
energies, with the TD moment exhibiting a more pro-
nounced enhancement in intensity compared to the ED
moment. Figure 3(h) shows the optimized structure com-
posed of a Si disk with two elliptical air holes, where
the diameters of the two axes of the ellipse are 325 nm
and 125 nm. The decomposed moments reveal that the
TD moment is 3.6 times stronger than the ED moment
[Fig. 3(g)]. Because of the alteration in spatial symmetry,

the phase difference exhibits a slight deviation from z [SM
[35], Fig. S3(b)], but this does not affect the fundamental
mechanism of anapole excitation. Concurrently, a distinct
dip, nearly reaching zero, appears in the simulated far-field
transmission spectrum [Fig. 3(f)]. Furthermore, the electric
field distribution at resonant energy reveals that the
optimized structure achieves substantially enhanced field
intensity relative to the perfect disk. [Fig. 3(e) and 3(h)].
These results collectively highlight the strong interaction
between the anapole modes in the optimized structure
and light. The strategic incorporation of tunable nanopores
into the Si photonic crystals introduces a novel dimension
of control over both the far-field scattering patterns and
the concentration of near-field effects of the anapole mode.
The eigenfrequency shift Aw of a mode due to a
small perturbation of the dielectric function Ae can be
expressed as

o drae)EC)P
2 [dre(EDP

Aw (2)

Therefore, the introduction of air nanopores causes a
shift in the anapole mode to higher energy, as mentioned
before. Furthermore, since the electric field distribution of
the anapole A remains nearly constant along the path from
I' to X, the energy shift resulting from the perturbation of
the dielectric function is also consistent, thus maintaining
the flat band. The band simulations of the optimized device
confirm the persistence of the flat band characteristics of
the anapole mode A along x direction, even as the system
undergoes the aforementioned adjustments (SM [35],
Fig. S4). This preservation indicates the expected appear-
ance of the flat band in the far-field spectrum, highlighting
the robustness of the anapole mode and enhancing the
system’s overall functionality.

To experimentally validate our proposal, we fabricated
the periodic silicon nanoarray by electron beam lithography
(SM [35]). Figure. 4(a) presents a scanning electron
microscope (SEM) image of the fabricated anapole surface,
which aligns well with the design parameters. The silicon
photonic crystal structure with height # of 250 nm, period P
of 665 nm, and radius R of 275 nm. Each unit cell
comprises two identical elliptic nanostructures separated
by a 65 nm gap, with long and short axis diameters of
325 nm and 130 nm, respectively. The substrate of the
device is SiO, and its thickness is about 0.5 mm. The direct
measurement of the energy band structure of the anapole
metasurface was performed by home-built angle-resolved
transmissivity spectroscopy (SM [35], Fig. S5). All mea-
surements were conducted using TM-polarized white light,
incident in the x-z plane. As shown in Fig. 4(b), four
absorption modes appear, including a pronounced flat band
at 1.007 eV with an ultralow average angular dispersion
of 0.17 meV/° within 25°. The flat band resonance exhibits
a high Q factor of 126 (bandwidth of 7.98 meV) under
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FIG. 4. (a) Scanning electron microscope (SEM) image of the
anapole surface. (b) Experimental and (c) simulated angle-
resolved transmissivity spectrum with TM-polarized incident
light, the wave vector direction of the incident wave is along
the x direction. The dispersion of the band position at 1.007 eV is
almost negligible, showing the characteristics of a flat band.

normal incidence. Notably, the flat band remains constant
in terms of both linewidth and transmission intensity (SM
[35], Fig. S6), distinguishing it from the recently theoreti-
cally proposed quasi-BIC induced flat bands, where the
linewidth significantly varies with angle and totally van-
ishes at BIC [27-29]. The measured spectra align well with
the results obtained from 3D numerical simulations, as
shown in Fig. 4(c). Because of the collection objective’s
numerical aperture being limited to 0.42, photons with
emission angles greater than 25° were beyond the meas-
urement capability of our setup. However, simulation
results extending to 90° confirm the persistence of the
band’s flatness across a broad momentum space, validating
the inherent flatness of the band (SM [35], Fig. S7). It is
noted that the flat band associated with the anapole mode
coincides with another dispersive band at approximately
15°, however, due to only a slight overlap between the
electric fields of these two modes, no significant spectral
splitting occurs (SM [35], Fig. S8), thereby preserving the
integrity of the flat band.

Conclusion—In conclusion, we have proposed a flat
band with adjustable far-field coupling based on the
electromagnetic anapole mode and provided an explanation
of the underlying physics behind the flat band formation in
the simple lattice. Our Letter bridges the gap between the
theoretical potential and practical applications of photonic
flat bands, demonstrating both their existence and efficient
coupling to far-field radiation. These findings not only
enhance our understanding of the conditions necessary for
the formation, effective excitation, and visualization of
photonic flat bands, but also pave the way for innovative
applications in optical technologies, including sensing,
computation, and information processing.
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