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Abstract. Photonic bound states in the continuum (BICs) are spatially localized modes with infinitely long
lifetimes, which exist within a radiation continuum at discrete energy levels. These states have been
explored in various systems, including photonic and phononic crystal slabs, metasurfaces, waveguides,
and integrated circuits. Robustness and availability of the BICs are important aspects for fully taming the
BICs toward practical applications. Here, we propose a generic mechanism to realize BICs that exist by
first principles free of fine parameter tuning based on non-Maxwellian double-net metamaterials (DNMs).
An ideal warm hydrodynamic double plasma (HDP) fluid model provides a homogenized description of
DNMs and explains the robustness of the BICs found herein. In the HDP model, these are standing wave
formations made of electron acoustic waves (EAWs), which are pure charge oscillations with vanishing
electromagnetic fields. EAW BICs have various advantages, such as (i) frequency-comb-like collection of
BICs free from normal resonances; (ii) robustness to symmetry-breaking perturbations and formation of
quasi-BICs with an ultrahigh Q-factor even if subject to disorder; and (iii) giving rise to subwavelength
microcavity resonators hosting quasi-BIC modes with an ultrahigh Q-factor.
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1 Introduction
As early as 1929, von Neumann and Wigner constructed spa-
tially localized bound states in the continuum (BICs) as solu-
tions of the single particle Schrödinger equation with energies
above the associated potential.1,2 BICs are, however, general
wave phenomenona and are therefore not restricted to quantum
mechanics and have recently been demonstrated in a variety of
classical wave systems.3–14 Among these different demonstra-
tions, light–matter interactions endowed by BICs in periodic
systems have recently gained strong attention and have been ex-
ploited for applications in biosensing,15,16 vortex beam genera-
tion,17,18 high-Q resonators, and lasing.9,19–22 To date, several

mechanisms for generating BICs in the periodic systems have
been reported, including (i) symmetry-guaranteed mode mis-
matching, (ii) destructive interference with a topological ori-
gin,3 and (iii) the Friedrich–Wintgen mechanism.23–25 Recent
evidence, however, suggests that currently available BICs pro-
vide unreliable lifetimes. For example, mechanism (i) yields
BICs that are readily destroyed by small symmetry-breaking
perturbations20,26,27 and couple to higher diffraction orders.28

Such features lead to quasi-BIC states with manageable life-
times. On the other hand, mechanism (ii) gives rise to BICs that
are easily shifted in momentum space (excitation angle).
Furthermore, non-BIC modes typically exist spectrally close
to these BICs,4 which cannot easily be eliminated through
existing design principles. BICs created by mechanism (iii) are,
for example, realized by the destructive interference between
two optical modes satisfying the Friedrich–Wintgen condition
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and are, therefore, always accompanied by a constructive inter-
ference background mode.

Heuristically, an alternative approach to generating photonic
BICs is to engineer a material that supports a pure charge wave
with a vanishing electromagnetic (EM) field. While such a wave
cannot exist in all-dielectric materials, it is naturally obtained in
a non-Maxwellian hydrodynamic double plasma (HDP). We
show that such an HDP can be approximately realized through
double-net metamaterials (DNMs). Metamaterials are artificial
structures, typically made of periodically arranged elements,
so-called meta-atoms, on a lattice significantly smaller than
the wavelength of interest.29 These structures locally mimic
the quasi-homogeneous light–matter interaction of ordinary ma-
terials but give access to optical properties that cannot be found
in nature, including negative refraction,30,31 near-zero refractive
index,32,33 and strong chiro-optical effects.34–36 Fully connected
metallic network-like metamaterials mimic the EM response
of bulk metals. In contrast to bulk metals, whose plasma
frequency is typically in the ultraviolet, the effective plasma fre-
quency of metallic network-like metamaterials can be tuned to a
specific wavelength range of interest.37,38 Network metamateri-
als can be manufactured for visible wavelength operation via
self-assembly, where they have been associated with several
interesting effects, such as linear and circular dichroism.36,39,40

DNMs, also referred to as interlaced wire media, consist of
two intertwining, spatially separated metallic network domains
and offer the generation of a fundamentally new physics. DNMs
have only recently gained theoretical interest in the context of
negative index ellipsoids,41 a light tunneling anomaly,42 and
longitudinal mode propagation.43 An experimental realization
of an optical gyroid DNM dates back to 2011,44 while a micro-
wave DNM has been reported recently.45

Here, we propose a generic effective medium approach to
generate a new type of HDP photonic BICs in DNMs. In con-
trast to existing designs, the proposed BICs are formed by pure
charge fluctuations with a vanishing EM field, also known as
electron acoustic wave (EAW) in HDPs. These BICs are spec-
trally isolated from normal resonances, robust against a large
class of perturbations. Most surprisingly, they retain an ultrahigh
Q-factor within a subwavelength DNM microcavity resonator,
even below the diffraction limit. They exist within a broad spec-
tral range, free of non-BIC resonances and their frequency spac-
ing can be freely tuned by the size of the structure, reaching
spectrally dense BICs for an optically thick DNM slab in the
absence of non-BIC modes.

2 Electronic Acoustic Wave in Double-Net
Metamaterials

To better understand the formation of the new type of BIC
modes in DNMs, we first derive and discuss the nature of
the bulk states, particularly the new EAWs, in the context of
metamaterials. We start with the HDP model. The HDP is
formally described by (i) particle conservation to describe the
individual charge carrier dynamics; (ii) the hydrodynamic
Navier–Stokes equations and the Lorentz force to model
particle–particle and light–particle interactions; and (iii) the
Maxwell equations, which describe the light-field dynamics.
A detailed derivation of the HDP model can be found in
Note S1 in the Supplementary Material.

For convenience, we restrict the discussion to a nondissipa-
tive model and therefore, to low frequencies, where the

constituting metals are well approximated by a perfect electric
conductor. We further introduce the plasma frequency
ωpi≔

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n0iq2i ∕mi

p
and the nondimensional thermal pressure

parameter κi≔
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
γpi∕ðn0imic2Þ

p
for the two charge carriers

labeled i ¼ 1, 2, which remain the only free parameters in
the model. These two parameters depend on the equilibrium
charge carrier density n0i, the charge qi, the effective mass
mi, the equilibrium pressure pi, the adiabatic exponent γ,
and the speed of light in vacuum c. Through a plane-wave
approach and by linearizing the HDP model,46,47 the generally
complex problem is transformed into a 14-dimensional linear
eigenproblem for the eigenfrequency ω (see Note S1 in the
Supplementary Material for a detailed derivation). The compo-
nents of the eigenvector in this low-dimensional problem with
eigenfrequency ω are the electric and magnetic field amplitudes
E and H and the amplitude of the charge carrier density fluc-
tuations δni and the corresponding current density ji for each
plasma (labeled i ¼ 1, 2).

The band structure of the linearized HDP, obtained by solv-
ing the eigenvalue problem, is shown on the left in Fig. 1(b)
(note that we only show the physically relevant positive frequen-
cies). From high to low frequencies, we obtain the two-fold
degenerate EM transverse band (EMW) (cyan), the longitudinal
Langmuir band (LMW) (black), both of which are hyperbolic,
emerging from ω ¼ ðω2

p1 þ ω2
p2Þ1∕2 for wavenumber k ¼ 0,

and the linear EAW band emanating from ω ¼ 0. The
application of k · p theory48 to the Γ-point to construct an
effective Hamiltonian for the EAW band predicts a slope of

ω2
a ¼ ðm2 þ κ2

2

κ2
1

Þ 1
m2þ1

κ21c
2k2a, where m ¼ ωp1

ωp2
(Note S1.3 in the

Supplementary Material). This reduces to the approximated
form ωa ¼ cκ1ka for equal plasma parameters. For equal pres-
sure parameters κ1 ¼ κ2, the EAW modes consist of oppositely

drifting charge waves with δn1 ¼ −δn2 and j1 ¼ −j2∥k and

vanishing EM fields E ¼ H ¼ 0 [Fig. 1(a)]. Due to this zero
EM nature and the resulting decoupling from the EM vacuum
modes, the EAW naturally forms BICs in the presence of a
photonic radiation continuum. In a natural HDP, the two charge
carrier species of the plasma, usually two frictionless electrons
and ions, interact so that the model described above only applies
in a limit, and extremely strict conditions are necessary to
construct an observable EAW system.49 Even though the EAW
may play an important role in space physics, due to broadband
electrostatic noise observed in the Earth’s auroral region,
there has been little experimental work on this mode in the
laboratory.50–52

Concurrently, single 3D metallic network metamaterials
(Note S1.2 in the Supplementary Material) have been shown
to act as an effective realization of a single species plasma with
ultralow effective plasma frequency in the gigahertz range.53 An
effective hydrodynamic behavior beyond the standard constitu-
tive equations that leads to a nonlocal response can be under-
stood through a charge accumulation and release effect.37,38 To
circumvent the difficulties in creating a natural double-plasma,49–51

we employ a DNM lattice, whose fully connected wire mor-
phology effectively provides a freely moving double-plasma
with finite equilibrium charge carrier density and Coulomb
pressure, leading to a behavior that resembles a plasma with an
exact electronic thermal pressure. The double-plasma [Eq. (S14)
in the Supplementary Material] and the plasmonic network
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eigenproblem [Eq. (S20) in the Supplementary Material] are in-
deed formally identical, as we have shown in Note S1 in the
Supplementary Material. Note that the effective thermal pres-
sures are mainly determined by the connectivity of the wires,
leading to κ1,2 ≈ 1ffiffi

3
p , due to the vertically intersecting morphol-

ogy in the three axes. For finite radii, κ1,2 are adjusted through
the radius of the networks,54 giving more accurate values of the
EAW band’s slope (see Note S1.4 in the Supplementary
Material for details and Note S3 in the Supplementary
Material for an illustration of this effect). In practice, the
wire-mesh pressure parameter falls in a range between
κ ≈ 2∕3 for a wire radius of r ¼ a∕100 and κ ≈ 3∕4 for
r ¼ a∕5. A quasi-static circuitry theory of multinet metamate-
rials has been proposed to predict the low-frequency
dispersion,55 but not the EAW nature. The DNM structures
discussed in this paper are composed of two single nets of fully
connected metal cylinders along the cubic axes with radii r1,2,
which may differ between the two nets. We use the notation
P≔ðr1; r2; dÞ to represent the network parameters. d is the offset
of the two networks that are shifted by S ¼ ð1, 1; 1Þ⊺d. The dou-
ble network with d ¼ a

2
is the pcu-c net with Im3m symmetry.

Throughout this paper, the lattice constant is a ¼ 5 mm.
The numerically simulated band structure of a DNM with

P ¼ ð0.4; 0.4; a
3
Þ is illustrated in Fig. 1(b) and features a funda-

mental band with linear slope (red dotted line) that emanates
from the Γ-point at zero frequency. This result not only quali-
tatively matches the EAW band in the HDP model, but the
dispersion is indeed in good agreement with the approximation
from Note S1 in the Supplementary Material in the limit of thin
wires ω ¼ 1ffiffi

3
p ck (red dashed line). As expected from the HDP

model, this slope mainly depends on κ and only weakly depends
on the quotient of the effective plasma frequencies. Our theory is
valid within a large variety of parameters of DNMs, confirmed
by numerical simulations for various values of P (Note S2 and
Fig. S3 in the Supplementary Material). For larger wave vectors
closer to the boundary of the Brillouin zone, the long wave-
length limit breaks down, and the slope deviates and becomes

zero at the X-point [k ¼ ðπ∕a; 0, 0Þ] due to time-reversal
symmetry.48 Analogously to the EAW in the HDP model, the
two networks in the DNM carry opposing currents, indicated
by arrows in Fig. 1(a). The simulated surface current densities
J for DNMs with equivalent radii and different offsets
[P ¼ ð0.4; 0.4; a

3
Þ and P ¼ ð0.4; 0.4; a

2
Þ] are shown in Fig. 2(a).

They indeed exhibit almost exactly opposite Jx in the two net-
works at a small k (kx ¼ 0.05π∕a and ky;z ¼ 0). For different
radii [P ¼ ð0.4; 0.1; a

3
Þ], a weaker current density is observed

on the larger radius network, whose integrated magnitude equals
the opposing current density of the lower-radius network. This
implies that the total current remains zero, irrespective of the
network radii, consistent with the HDP model.

To investigate the microscopic EM fields of the EAW-like
modes in DNMs, we compute their unit-cell-averaged electric
field components of the fundamental mode, normalized by
the averaged electric field intensity. The averaged transverse
components vanish over the entire Brillouin zone (Figs. S4
and S5 in the Supplementary Material), while the longitudinal
component quadratically increases with the length of the wave
vector [Fig. 2(a)]. Therefore, the fundamental modes in DNMs
are quasi-longitudinal with E∥k. We conclude that the HDP
model is a valid effective medium description for DNMs in
the static limit. DNMs provide a metamaterial realization of
HDPs, which require extremely stringent restrictions in natural
plasmas for their laboratory observation. We finally note that the
notion of an effective permittivity seems misleading due to the
non-Maxwellian nature of the EAW mode, meaning the lack of
EM fields. In this context, a previously reported homogenization
approach56 leading to an effective permittivity εh for the DNM
only accurately describes the Langmuir mode residing above the
effective plasma frequencies. In contrast with standard metama-
terial homogenization approaches, the HDP model developed
here yields a fully consistent, effective medium description of
the fundamental DNM band and accurately predicts both the
phase velocity and the associated fields. Even though the dis-
cussion in this paper is restricted to Cartesian wire meshes as
shown Fig. 1, we show that the HDP model applies equally

Fig. 1 (a) Schematic diagram of the EAW mode in the HDP fluid. Blue and yellow curves re-
present the two counterpropagating charge carriers, resulting in a vanishing field. DNMs consist
of two interwoven percolating metallic nets supporting the two opposing currents, analogous to
the two counterpropagating carriers in the HDP. In the electrostatic limit, DNMs are equivalent
to HDPs, with a homogenized EM field that vanishes at the Γ point. (b) Dispersion relation of
an HDP with κ1,2 ¼ 1ffiffi

3
p , featuring a light-like EM wave (EMW) (cyan solid line), a longitudinal

Langmuir wave (LMW) (solid black line), and the EAW (solid red line). The corresponding band
structure of the unperturbed DNM is shown on the right, illustrating that the three modes resemble
those of the HDP. The slope of the fundamental band (dashed red line) is in good agreement with
the HDP theoretical model.
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to other DNM geometries in Note S3 in the Supplementary
Material (Figs. S4 and S5 in the Supplementary Material).

3 Bound States in the Continuum in
Double Net Metamaterials

Our DNM theory, presented in Sec. 2, reveals a significant
finding concerning a spectrally isolated fundamental band that
supports quasi-longitudinal EAW-like bulk modes. Unlike those
found in single-network metamaterials or meta-atom-based
systems, these modes possess a remarkable characteristic: the
vanishing of their EM fields. This distinctive property leads us
to observe a new type of BIC that naturally arises from the
EAW-like behavior of the bulk modes within a vacuum slab con-
figuration. Figures 2(b)–2(e) visually highlight this relationship
between the EAW modes and the emergence of these BICs.

In the HDP picture, a standing wave slab solution exists at
frequencies where the EAW solutions can be superposed such
that the normal component of ji vanishes at the slab boundaries.
As the EAW fields are perpendicular to the vacuum plane waves,

they perfectly decouple from radiative modes at the Γ-point of
the surface Brillouin zone.57 At the Γ-point, we thus obtain zero
radiation and infinite lifetime [or Q-factor, here we define
Q ¼ RðfÞ

2IðfÞ] of the slab modes, which are therefore BICs in
the center of the light cone. Note that the full nonapproximate
scattering problem, while more complex and involving evanes-
cent Floquet modes,58 yields the same qualitative result, since
the higher Bragg orders in the vacuum Rayleigh basis59 are evan-
escent and nonradiative as the EAW band is below the first
Wood anomaly; see Fig. 2(a).

To illustrate the above prediction in practice, we simulate a
DNM slab with P ¼ ð0.4; 0.4; a

2
Þ and N ¼ 5 unit cell thickness.

The geometry is shown in Fig. 2(b). We apply Bloch-periodic
boundary conditions in the x-y plane and scattering boundary
conditions (numerical Sommerfeld conditions60) in the z direc-
tion and solve for the complex-valued frequencies (that is, we
compute the quasi-normal slab modes). As predicted, multiple
BICs with infinite lifetimes are located at the Γ-point and
marked by red pentagrams in Fig. 2(c). The frequencies of

(a) (b)

(e)
(c) (d)

Fig. 2 (a) Magnitude of the electric field for the homogenized longitudinal EAW band compo-
nents along the Γ − X direction. The three curves correspond to DNMs with paramter sets of
P ¼ ð0.4 ; 0.4 ; a2Þ (black line), P ¼ ð0.4 ; 0.4 ; a3Þ (blue line), and P ¼ ð0.4 ; 0.1 ; a2Þ (red line).
(b) Schematic diagram of a DNM slab with finite thickness embedded in a vacuum. The BICs
on the Γ point are decoupled from vacuum radiation and only weakly couple when the wave vector
deviates from the Γ-point. (c) In-plane bandstructure of a DNM with P ¼ ð0.4 ; 0.4 ; a2Þ slab. The
DNM slab extends over N ¼ 5 unit cells in z-direction. The solid black lines are quasi-BIC states
of EAWmodes that weakly couple to vacuum radiation above the light line. The first black solid line
below the light line is made of an in-plane EAWwave and therefore resembles the bulk dispersion,
while the upper four black solid lines correspond to EAW standing waves. BICs exist at the Γ-point
and are marked by red pentagrams. The two cyan lines are spoof plasmon surface modes. The
region outside of the light cone is shaded in gray. (d) Corresponding heatmap of the transmissivity
for an incoming plane wave from one side of the slab within the light cone. The reflectivity is 1,
except close to the EAW standing wave bands, which leads to a Fabry–Pérot-like behavior with a
high Q-factor that rapidly reaches infinity at the Γ-point. (e) Frequency of the BIC modes at the
Γ-point as a function of the number of unit cellsN in the DNM slab in z-direction. The black dots are
calculated by full-wave simulations, and the blue points, connected by a dashed line that serves as
a guide to the eye, are from the HDP model under hard wall boundary conditions.
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the BICs can be well approximated by the standing wave sol-
ution of the EAW with the predicted phase velocity of 1ffiffi

3
p c and

hard wall boundary conditions (ji ¼ 0). Since the EAW bulk
band is spectrally isolated from the other nonevanescent bulk
bands at low frequencies, the BICs are fundamentally prohibited
from interfering with any non-BIC slab modes in the whole
spectral range of the EAW band, in sharp contrast to BICs in
photonic crystals.3 At finite wave vectors away from the Γ-point,
quasi-BICs are formed, since the EAW fields are not strictly
orthogonal to the vacuum plane waves, which results in a weak
coupling to the vacuum states. These quasi-BICs thus have
a very large but finite Q-factor. The corresponding Q-factor
values of the multiple quasi-BIC solutions near the Γ-point are
shown in Figs. 2(c) and 2(d). The physics is reminiscent of a
Fabry–Pérot resonator with mirrors that are perfectly reflective
at normal incidence and are otherwise weakly transparent, but
without using any mirrors. This physics yields a simple signa-
ture in scattering experiments: the transmittance resembles a
Lorentzian line shape at a finite wave vector close to the BIC
frequency. The center frequency forms a band that emanates
from the BICs at the Γ-point and hyperbolically blueshifts with
increasing wave vectors while the width of the Lorentzian
gradually broadens. The simulated reflectance spectrum along
the Γ-X direction is shown in Fig. 2(d) and agrees well with
our theoretical modeling (see Note S4 and Figs. S6 and
S7 in the Supplementary Material). The reflection spectrum,
accounting for metal losses, is provided in Note S7 in the
Supplementary Material.

The polarization of the quasi-BIC far-field is oriented in
the direction of the wave vector, forming a “star” pattern in 2D
momentum space, as shown in Fig. S9 in the Supplementary
Material (see Note S5 in the Supplementary Material). This gen-
erates a singular point at the Γ-point where the BICs reside, where
the polarization cannot be defined because the far-field vanishes.
Around this point, the polarization pattern evidently exhibits a
nontrivial topological winding number.8 In our case, this topologi-
cal vortex structure of the polarization field is a direct conse-
quence of the quasi-longitudinal nature of the EAW modes. It is
reminiscent of the electric field lines created by a point charge.

Finally, since the BICs originate from the standing wave
solutions of the EAWs in the DNM slabs, the number of
BIC modes and their frequency spacing are exclusively deter-
mined by the thickness of the DNM slab. A full theoretical
model, assuming the HDP in a hard wall cavity, is given in
Note S4 in the Supplementary Material. The theoretical model
predicts the quasi-BIC bands, including their Q-factors (Fig. S7
in the Supplementary Material) and the transmission spectrum
(Fig. S6 in the Supplementary Material). In particular, the model
yields BIC modes that are equidistantly spaced at frequencies of
ωa
c ¼ l κπN , where Na is the thickness of the DNM slab and l ∈ N.
The frequencies at which BIC modes occur on the Γ-point, and
thus also the number of BIC modes that exist over the spectral
range of the EAW band, are a function of the number of unit
cells in the slab N (which can be a noninteger number).
Extrapolating the linear dispersion relation of the HDP model
to the Brillouin zone boundary, we expect N − 1 BIC modes
over the EAW band, which perfectly matches the full-wave
simulation results of the P ¼ ð0.4; 0.4; a

2
Þ DNM in Fig. 2(e).

Generally, the theoretical results agree with the simulations,
even though the equidistant frequency spacing is perturbed in
real DNMs.

4 Robustness to Symmetry-Breaking,
Disorder, and Diffraction Orders

BICs residing at high symmetry points in the Brillouin zone in
photonic crystal slabs and metasurfaces are typically protected
by in-plane inversion (C2) symmetry but can be disrupted
by infinitesimal symmetry-breaking perturbations, as well as
couplings to high diffraction orders.26,27 Interestingly, despite
being susceptible to symmetry breaking, the newly formed BICs
in DNMs show exceptional robustness, retaining ultrahigh
Q-factors. Our findings indicate that these new BICs persist
even in the presence of symmetry breaking, disorder, and
scattering into high diffraction orders. The exceptionally high
robustness is linked to the HDP-effective medium nature of
the DNMs.

To elucidate, we first demonstrate variations to the BICs im-
posed by local and periodic symmetry breaking. Two represen-
tative schemes were studied. (i) Deviations of the nets from their
centrosymmetric positions [bottom left corner of Fig. 3(a)]. For
example, a DNM with P ¼ ð0.4; 0.1; RÞ has only one in-plane
mirror symmetry normal to the ½110� direction, which is insuf-
ficient for creating symmetry-protected BICs.8 (ii) Breaking the
C4v symmetry of a single net, while keeping the global mirror
symmetry along ½110�, by adding thicker metallic cylinders be-
tween the nodes, as shown in the top-right corner of Fig. 3(a). In
both cases, the Q-factor obeys an approximately inverse quad-
ratic relationship QðαÞ ¼ Q0α

−2 wherein α is the asymmetry
parameter,20 illustrated in Fig. 3(a). Q0 is a constant determined
by the specific network design.

Both cases possessingQ0 higher than 2 × 104 were obtained,
leading to high Q-factors even with considerable α-values. For
example, Q ¼ 106 for a relatively large α ¼ 10−1. Note that the
value of Q0 alone, without consistently normalizing α, is arbi-
trary. However, if the perturbation is geometrical, α can be nor-
malized by typical feature sizes (object dimension or unit cell
size), while α is internally normalized if the perturbation is
angular. The Q factor is typically higher than 106, even when
structural changes occur at a scale comparable to the unit-cell
size. This showcases the remarkable resilience of the novel BIC
modes in DNMs. This excellent stability of the DNM-based
BICs compared to previous findings20 seems to stem from
the macroscopic HDP effective medium nature of the DNMs.
Microscopically, the surface current densities J on the metallic
wires that are orthogonal to the propagation direction resemble
an electrical quadruple that is symmetry-incompatible with
free-space radiation. In the static limit, interactions between
the currents on the two nets are negligible, so the total EM ra-
diation vanishes irrespective of the networks’ relative position,
radii, etc. Finally, the symmetry-breaking schemes mentioned
above, (i) and (ii), give rise to a linear radial vortex polarization
around the Γ-point converting into linear polarization on the
diagonal in wave-vector space, separating two regions with
right- and left-turning elliptical polarization, respectively
(Note S5 in the Supplementary Material). There is one spot
on either side in wave-vector space where the polarization of
the quasi-BICs is circularly polarized so that perfect circular
dichroism in reflectance can be achieved with oblique angle
of incidence at the circular polarization points at the quasi-BIC
frequency.

Due to the successful application of the HDP model as an
effective medium theory on DNMs and the fact that EAW
modes are primarily determined by the morphology rather than
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geometrical parameters, such as a and P, it is reasonable to
speculate that the new BICs are resilient to generic disorders.
To illustrate this, we demonstrate high-Q states through numeri-
cal simulations, even when scattering into nonzero diffraction
orders is possible. We specifically create a DNM slab with a
large supercell of eight unit cells in the y direction, with a ran-
domly generated inharmonious disorder in the spacing between
the two nets while maintaining a fixed offset in the x and z di-
rections of a

2
. We fixed the thickness of this slab to N ¼ 2. For

the unperturbed DNMs, BICs appear at a frequency of 9.55 GHz
at the Γ point, as shown in Fig. 2(e). A comparison of the band
diagrams between the two structures is shown in Fig. 3(b). The
perturbed supercell DNM slab retains the eigenmodes of the
perfectly ordered DNM, weakly affecting their frequency posi-
tion. The relative difference between the positions of the EAW
standing waves at the Γ point is 0.05 GHz [see Fig. 3(b)]. Since
the bands are back-folded into the Brillouin zone of the super-
cell geometry, we also fold back the bands of the unperturbed
slab, shown as dashed lines. The Q-factors are represented by
the color values of the solid lines for the perturbed case. The
enlarged lattice plays a crucial role in allowing more diffraction
channels, which permits the BIC around the frequency of
9.55 GHz, that is, k0 ¼ 200 m−1 to radiate into the first Bragg
order at G ≈ 160 m−1 for the supercell lattice constant of
8a ¼ 40 mm. In contrast, the unperturbed case is below the first
Wood anomaly with the first Bragg order, G ¼ π

a ≈ 1250 m−1.

The enlarged supercell DNMs transform BICs into quasi-BICs,
maintaining an extremely high Q-factor of 23,427 even above
the Wood anomaly, where the first Bragg order in the y direction
constitutes an additional radiation channel for which the longi-
tudinal EAW-like modes are not perfectly decoupled from vac-
uum radiation. The electric field distribution corresponding to
the supercell DNM slab with random variations in the y direc-
tion is depicted in Fig. 3(c). The fact that the field is tightly con-
fined within the DNM slab confirms its weak coupling with the
surrounding environment. More interestingly, since additional
branches of the in-plane EAW wave are now back-folded in
the continuum [see Fig. 3(c)], they also give rise to a quasi-
BIC band with an even higher Q-factor of approximately
4 × 106 for the kz ¼ 0 band. This is because the back-folded
modes inherit their main intensity from the unperturbed DNM,
which lies in the first Bragg order of the supercell outside
of the light cone (G ≈ 160 m−1) at the relevant frequencies
(k0⪅100 m−1).

In summary, the BICs discovered in DNMs exhibit remark-
able stability and robustness, even in the presence of extreme
symmetry breaking and disorder above the Wood anomaly,
which can be attributed to the HDP’s effective-medium nature
of DNMs. Consequently, these new BIC modes in DNMs hold
immense potential for various optical applications, including
optoelectronic devices, integrated photonic circuits, and wave-
guide-based devices. By leveraging their exceptional stability

(a)

(c)

(b)

Fig. 3 (a) Q-factor as a function of the asymmetry parameter α. The two methods of symmetry
breaking are illustrated in the upper-right corner (represented by green hexagonal stars) and the
lower-left corner (represented by red diamonds). In both cases, the Q-factor closely follows an
inverse quadratic power law QðαÞ ¼ Q0α

−2 (solid line). (b) Band structure of DNM supercell slabs.
Dashed lines correspond to an unperturbed DNM slab, back-folded into the supercell Brillouin
zone, while the thick solid lines show the perturbed case. The line color encodes the Q-factor.
The lower four bands with kz ¼ 0 correspond to back-folded modes originating from the in-plane
EAW bands, initially outside the light cone. The upper three modes have kz ¼ π. The fifth band
corresponds to the unperturbed BIC state at Γ, while the upper two bands are back-folded EAW
standing waves. (c) Electric field distribution for the fifth band at Γ in the perturbed DNM supercell
slab with N ¼ 2 and 8 unit cells in the y direction with a random offset between the two nets. The
ultrahigh Q-factor persists even though the supercell lattice constant allows coupling into the
first diffraction order.
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and robustness, DNMs can pave the way for developing next-
generation ultracompact and highly efficient optical systems.

5 Quasi-BICs with Ultrahigh Q Factors and
Subwavelength Dimension

Benefiting from the peculiar non-Maxwellian HDP effective
medium nature of the DNMs with approximately vanishing
overall EM fields, they might be used to build ultrahigh-Q indi-
vidual quasi-BIC resonators with subwavelength dimensions.
To elaborate on this potential, we study quasi-BIC resonances
in a cubic DNMmicroresonator [Fig. 4(a)]. In the HDP effective
medium picture, the eigenmodes in the individual cubic struc-
ture obey the 3D hard-boundary condition; that is, the normal
current component of both plasmas must vanish at the cubic
boundaries. This leads to eigenfrequencies ωmnl ¼ vgπ

L jnj with
n ¼ ðm; n; lÞ ∈ N3. The ðm; n; lÞ indices label the allowed
Cartesian momentum components in the cubic cavity respon-
sible for the resonances. The lowest three resonance frequencies
involve momentums marked as colored spheres in Fig. 4(b). The
lowest mode is threefold degenerate (jnj2 ¼ 1, red spheres, T1u
irreducible representation in the Oh group

48). The second mode
is also threefold degenerate (jnj2 ¼ 2, blue spheres, T2g irrep),
while the third mode is nondegenerate (jnj2 ¼ 3, yellow

spheres, A2u irrep). Increasing the box length, L, simply red-
shifts the modes, as shown in Fig. 4(c) (dashed lines). For
the DNMs, similar behavior is expected because of the HDP
effective medium approximation. By increasing the DNM cube
edge length, L, from 10 to 20 mm (two unit cells to four unit
cells along the Cartesian axes), we find approximately the same
trend in the frequency shifts, as in the HDP model. On the other
hand, the DNM cavities exhibit a finite lifetime. The frequencies
of the lowest three modes of the DNM cubic resonator are dis-
played in Fig. 4(c) as solid-hued lines, whose color represents
the Q-factors. Note that we chose the resonator geometry such
that the inversion center of the double net is in the center. This
implies that individual nets are cut along their long axis at the
boundary of the resonator at 15 mm. We avoid such cuttings,
explaining the discontinuity of the solid lines in Fig. 4(c).
The graph confirms the validity of the effective medium
description of the DNMs. It becomes, however, clear that the
microscopic boundary configuration plays a crucial role in de-
termining theQ-factor, which ranges from 102 to 107. Similar to
the slab configuration, the quasi-BIC states manifest themselves
as resonances in the scattering cross sections (SCs). Figure 4(d)
shows a slightly asymmetric Fano resonance dip in the SC at
the fundamental quasi-BIC mode at 7.54 GHz, whose Q-factor
is as high as 2400 for the cube’s edge length of 12.5 mm.

(d)

(a) (b) (c)

(e)

Fr
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Fig. 4 (a) Schematic diagram of a DNM microcavity of length L. (b) The fundamental modes are
formed by EAW standing waves and are characterized by discrete reciprocal vectors marked
through red, blue, and yellow balls. (c) The three fundamental mode frequencies as a function
of L. The dashed lines are the HDP predictions, and the solid thick lines are the simulated
DNM resonator states. The color encodes the Q-factor. (d) SC as a function of frequency for
an L ¼ 12.5 mm DNM resonator. (e) Electric field distribution in the DNM microcavity at the
resonance frequency (left) and away from the resonance (right).
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The appearance of an SC dip rather than a peak is owed to the
destructive interference with the background scatterings, whose
asymmetry is more pronounced for lower Q-factor resonances.
The fundamental quasi-BICs mode is located in frequency space
at approximately the boundary between the Rayleigh scattering
and the Mie scattering regimes without high-index dielectric fill-
ing within the structure. It is, however, possible to drive the
quasi-BICs to operate within the Rayleigh scattering regime
by introducing high-index dielectrics. The total field intensity
in Fig. 4(e) shows the reduced disturbance to the incident plane
wave and the pronounced field build-up in the DNMs on the
resonator frequency at 7.541 GHz, when compared to the
off-resonance frequency at 7.55 GHz.

The extremely small physical size of the resonator (on the
order of a few unit cells) is in stark contrast to previously
reported purely dielectric quasi-BIC resonators. The reduced
SC and thus perturbation to the incident EM field and the gi-
gantic field build-up in the DNM cube could give rise to stealth
and highly sensitive microwave probing antenna opportunities.

6 Conclusions
In summary, this study presents an approach to achieving pho-
tonic BICs in DNMs. The HDP is employed as an effective
medium model for DNMs. An exact analytical solution for
the refractive index of EAWs is derived in the long wavelength
limit. The non-Maxwellian HDP leads to a unique type of quasi-
longitudinal EAW band, which results in the emergence of BICs
at arbitrary frequencies within the frequency regime of the EAW
wave, free of non-BIC resonances and shows remarkable stabil-
ity and robustness even in the presence of strong geometrical
perturbations, symmetry breaking, general disorder, and being
above the Wood anomaly, where coupling into higher Bragg or-
ders is possible. Importantly, the BIC modes can maintain high
Q-factors even if the structure is contained within a subwave-
length scale, as demonstrated for an ultrasmall cubic DNM res-
onator. The discovery of these resilient BIC modes in DNMs
presents exciting opportunities for various optical applications,
including optoelectronic devices, integrated photonic circuits,
and waveguide-based devices. It also holds the potential for de-
veloping innovative ultracompact and highly efficient optical
systems. This study provides valuable insights into optical meta-
materials and their practical applications. While the theoretical
predictions, based on a lossless plasma and a corresponding per-
fectly conducting double net, can be readily explored in the mi-
crowave regime, an extension of the theory in future work would
be desirable to quantify the nonradiative contribution to the
quasi-BIC lifetimes at infrared frequencies.
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obtained from the authors upon reasonable request.
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