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ABSTRACT: We demonstrate a general multipole mechanism of the resonant
mode trapping effect in metasurfaces composed of MoS, disk-shaped nano-
resonators. The implementation of this mechanism does not require any special
irradiation conditions for the incident light or geometrical distortion of the
symmetry of the metasurface translation unit cell. It is established that the effect
arises due to the periodic-lattice-induced coupling between the electric dipole and
electric octupole modes existing in the nanoresonators. We show that, under these
conditions, the resonant quasi-trapped octupole mode and the suppression of the
electric dipole response can be self-consistently realized under the action of
normally incident plane waves. This, in turn, leads to the appearance of a narrow-
band-induced transparency of the metasurface supplemented by the strong electromagnetic energy storage in the nanoresonators.
Due to its general nature, the presented mechanism can be implemented in various dielectric and semiconductor metasurfaces,
whose meta-atoms support resonant excitation conditions for different-order multipole moments with the same inverse symmetry

property.
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Bl INTRODUCTION

Modern technologies of light control are one of the key drivers
in the fields of energy harvesting, microelectronics, and
microbiology. Advanced photonic technologies rely on
increasing the integration level of individual photonic elements
up to the level suitable for creating “smart” materials
(metamaterials), where functions of storing, processing, and
routing the electromagnetic energy flow are encapsulated
inside a single device.'”® The “meta-atoms” of such
metamaterials are optimized for solving specific tasks. Thus,
the use of metallic and dielectric nanoparticles supporting
localized plasmon”® and Mie resonances’~'* provides direct
possibilities for the amplitude-phase manipulation of light
propagation at various spatial scales.

In particular, due to electromagnetic interactions between
meta-atoms arranged in periodic lattices, metamaterials with a
thickness of one layer of nanoparticles, called metasurfaces, can
support narrow-band collective resonances associated with the
excitation of quasi-trapped modes,"*~"> which, in turn, are a
practical realization of bound states in the continuum
(BICs).'®"” Such states are applicable for solvin§ various
problems including the high-harmonics generation,"* " non-
linear optical operations,u’22 and light trapping and mode
selection” in two-dimensional laser systems”  ~  with a
decreased lasing threshold.”**’

True BICs with infinite quality factors are related to
eigenstates whose fields are perfectly localized inside an optical
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system without any radiation into free space. In the concept of
metasurfaces, they are purely real eigenstates existing in
idealized lossless infinitely expanded structures whose trans-
lation unit cells possess a specific spatial symmetry. To excite
the corresponding eigenstate by the field of the incident
radiation, a specific perturbation should be introduced into the
unit cells, which breaks their symmetry transforming the
eigenstate conditions from BIC to quasi-BIC. This trans-
formation manifests itself in the metasurface spectra as a
resonance with a quality factor depending on the degree of the
introduced asymmetry.”"~>> The use of specific irradiation
conditions (structured light, near-field sources, etc.) is another
possible way to realize quasi-BIC excitation in metasurfa-
ces.””3® Nevertheless, for both these cases, the implementation
of the high-quality factor resonances requires special tuning or
modification of the properties of the overall optical system.
In this paper, we propose an efficient strategy for the
excitation of high-quality factor quasi-trapped mode reso-
nances without the need for introducing perturbations into
unit cells of the metasurface or specific irradiation conditions
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Figure 1. (a) A—H map of the scattering cross sections calculated for single MoS, disks with the fixed radius Ry = 418 nm. The disks are irradiated
from the side by plane waves with electric polarization directed parallel to the disk bases. Here, H is the disk height and A is the incident
wavelength. The dotted black curve corresponds to the A—H dependence of the octupole eigenstate. (b) The distribution of electric energy flows
and (c) radiation pattern related to the octupole eigenstate of a disk with H = 418 nm at the wavelength 4., = 1587 nm.
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Figure 2. Scattering cross section for the MoS, disk (a) normally (k,) and (b) laterally (ky) irradiated by the x-polarized (E,) wave. “Total sc.” and
“Sum sc.” correspond to the scattering cross section calculated by direct numerical simulation and by the summation of multipole moment
contributions, respectively: electric (ED) and magnetic (MD) dipoles, electric (EQ) and magnetic (MQ) quadrupoles, and electric (EOC) and
magnetic (MOC) octupoles. The insets indicate the irradiation conditions. The inset in panel (b) presents the far-field scattering pattern at the

EOC resonance.

for the incident light. This strategy is based on the periodic-
lattice-induced energy coupling in the metasurface imple-
mented between the nanoparticle’s multipole moments with
the same inverse symmetry.”” The feature of the system under
consideration is associated with the self-consistent realization
of the induced transparency effect and the trapped mode
regime resulting in the electromagnetic energy storage inside
the metasurface. We discuss in detail how the trapped mode
can be reached via the coupling between the electric dipole and
electric octupole moments in the example of the metasurface
composed of disk-shaped nanoparticles. It is shown that the
protection of such a state from decay is associated with the
coupling-induced suppression of the electric dipole moments
under conditions of the resonant enhancement of the octupole
moments.

B OCTUPOLE RESONANCE IN AN ISOLATED DISK

We start with the study of the optical properties of a single
nanoparticle (disk) behaving as a meta-atom of our metasur-
face. For definiteness, but without the loss of generality, we
further assume that the disk is made of a bulk MoS, material.
In the MoS, material, the layers are disposed parallel to the

disk bases, and its permittivity is known from experimental
data (see ref 38 and Figure S1). Our choice of this material is
due to the fact that MoS, has a relatively high value of
permittivity and low material losses in the selected operating
wavelength range (the generality of our consideration is also
confirmed by our calculations for Si disks; see Figures S2 and
S3). For all our subsequent numerical simulations, we use the
COMSOL Multiphysics electromagnetic solver.

To find a corresponding mode, we consider the scattering
spectra of the x-polarized wave incident laterally on the disk
(see the inset in Figure la). In our calculations, we fix the
disk’s radius Ry and vary the disk’s height H versus the
wavelength A of the incident radiation. The resulting A—H map
of the scattering cross section o, presented in Figure la
demonstrates a narrow resonant feature existing within the
third telecommunication window. The eigenwave analysis
proves that this resonance is associated with the excitation of
the electric octupole eigenstate of a cylindrical resonator
(TE;,5 mode). It follows from the facts that (i) the spectral
positions of this eigenstate for the disks with different heights
(presented by black dots in Figure 1a) correspond exactly with
the resonant curve of o, and (ii) the multipole expansion of
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Figure 3. (a) Reflection (R), transmission (T, and absorption (A) coefficients for the metasurface with period P = 1121 nm composed of MoS,
disks with parameters as in Figure 2 and irradiated by the wave with E, and k,. (b) Spectra of the absolute values of the multipole contributions in

the reflection coefficient given by eq 1, as well as the value EOC,,,

corresponding to the EOC moment of the disks in the metasurface. The insets:

(a) a fragment of the infinite metasurface with the Cartesian coordinate system; the radiation pattern from a unit cell at the resonant wavelength Ag;

and (b) spectra of coefficients E and © calculated by eq 8a.

the eigenstate contains the electric octupole (EOC) moment
as the main multipole contribution. Moreover, the electric field
distribution (Figure 1b) plotted for a particular disk height (H
= 418 nm) and the radiation pattern (Figure 1c) calculated for
this eigenstate explicitly correspond to the behavior of the
EOC moment. The multipole analysis of the scattering cross
sections also confirms that the narrow maxima in Figure la
correspond to the resonant excitation of the electric octupole
moment of the disk (the main equations of the multipole
analysis can be found in the Supporting Information).

In the following consideration, we focus our attention on the
MoS, disk with geometric sizes of Ry = H = 418 nm. Such a
single disk, placed in air (¢4 = 1) and normally irradiated by
the x-polarized wave, has a smooth dependence of scattering
cross section without singularities in the wavelength range of
1480—1700 nm (see Figure 2a). Whereas under the lateral
irradiation, the narrow-band feature appears at the resonant
wavelength 4, = 1587 nm, which corresponds to the resonant
excitation of the disk octupole moment (see the multipole
contributions into the total scattering cross section in Figure
2b). In this case, the radiation pattern demonstrates the
propagation of scattered waves only in the xy-plane (see the
inset in Figure 2b). The electric dipole contribution to the
scattering cross sections does not have any narrow spectral
feature for the normal and lateral irradiation conditions.

Note that the incident electric field for both irradiation
conditions has the same polarization; however, the octupole
resonance is excited only in the lateral geometry. This feature
can be explained by means of multipole analysis of the disk
eigenstates and the incident wave. Indeed, the excitation of the
octupole resonance corresponds to the excitation of the disk
octupole eigenstate, the multipole composition of which is
basically presented by the electric octupole term (see Figure
1b,c). The resonant coupling between the external wave and
octupole eigenstate may occur only if the multipole expansion
of the external wave contains the corresponding octupole term.
The multipole expansion of the x-polarized plane wave has the
corresponding octupole term only for the lateral geometry (see
Figure S4), so it is the case when octupole resonance is excited

in the disk.

B OCTUPOLE MODE TRAPPING IN A METASURFACE

Let us combine the considered disks into a subdiffractive
infinite metasurface with a period P, = 1121 nm, which we
have chosen after some optimization procedure with respect to
the quality factor of the resonant features of the reflection

spectra. The Cartesian coordinate system is chosen so that the
metasurface is located in the xy-plane, with the origin
coinciding with the center of one of the disks. The reflection,
transmission, and absorption spectra of the metasurface
normally (along the z-axis) irradiated by the E -polarized
plane wave are presented in Figure 3a. We observe a narrow
dip almost approaching zero in the reflection spectrum at the
wavelength Az = 1588 nm with a simultaneous increase of the
absorption. The radiation pattern of each disk in the
metasurface for this wavelength has a bright octupole character
(see the inset in Figure 3a) and corresponds to the energy
propagation only along the metasurface plane. Figure 3b shows
the relative contributions of all nonzero components of electric
ED, = IKp,I* and magnetic MD, = IKm,/ v4l* dipole moments
p. and m,, electric EQ,, = IKQ,.iky/ 6/* and magnetic MQ,, = |
KM, ik4/(204)* quadrupole moments Q,, and M,, to the total
light reflection coeflicient R of the metasurface. In our case,
this coefficient, accounting for the main multipole moments
providing the reflection, is determined by the vexpression®”
2
ikg

m}’
R~ |K[p, — = + —
d

0y 6 (1)
where K = iky/(E,%2S,€0,), S = P? is the area of a lattice unit
cell, kg =k, \7 gqand vy = 1/ [€qu & are the wave number and

speed of light in the surrounding medium with permittivity &4,
respectively, k, is the wave number in the vacuum, EJ is the
electric field of the incident wave in the metasurface plane, € is
the vacuum permittivity, and i is the vacuum permeability.

It is revealed that the dip in the reflection spectrum in Figure
3a is associated with the complete suppression of the main
component of the electric dipole moment p, of each disk at the
wavelength Ap. For comparison, Figure 3b shows the value
EOC,,, = IKOWCkﬁ/6|2 corresponding to the resonant
component O,,, of the EOC moment, which does not give
any contribution to the reflection coeflicient and corresponds
to the excitation of octupole eigenstates in each disk (see
Figure 1). Further, we will show that the suppression of the
dipole component p, at the wavelength Az and the
corresponding reflection suppression is a result of dipole—
octupole coupling in the metasurface array.

In fact, the octupole mode is not directly excited in the
single disk under frontal incidence conditions. Therefore, we
should conclude that excitation becomes possible in the
metasurface due to the electromagnetic interaction (coupling)
between all its disks forming the array (see Figure SS and the
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corresponding analysis of the coupling effect in the finite size
array in the Supporting Information). We suppose that due to
the interparticle interaction, the high-quality factor resonant
octupole mode of every disk of the array interacts with the
broad electric dipole mode of other disks. Due to this
interaction, there is an energy flow between the dipole mode,
excited by external waves in the metasurface’s disks, and their
octupole mode. Therefore, the dipole mode serves as a channel
for energy transfer from external waves to the octupole mode.
From the numerical simulations, we see that the resonant
excitation of the octupole mode leads to a significant decrease
of the disks’ electric dipole moment, indicating that the dipole
mode ceases to be excited. In this condition, the energy stored
in the octupole mode is distributed in the metasurface plane.
Such a process could be imagined as light trapping in the
octupole disk mode.

Note that the resonant suppression of the electric dipole
moments of all disks in the array cannot be related to the
excitation of their anapole states.’ From the single-particle
response presented in Figure 2, it is clear that the total ED
contribution does not have a local minimum at the point of
EOC resonance and monotonically increases with wavelength
for frontal and lateral irradiation conditions. It means that (i)
the single-particle ED polarizability &, is not equal to zero at
the EOC resonance in the array, and the anapole state of single
particles does not have a relation to the ED suppression in the
array, and (ii) the ED suppression is a result of the multipole
coupling in the array.

Theoretically, the light trapping effect in the disk octupole
mode can be clarified in the framework of the lattice dipole—
quadrupole—octupole coupling model. In this model, each
dipole (high-order multipole) moment of each disk in the array
is determined by the corresponding single-particle polar-
izability tensor and the local electric or magnetic fields (the
field derivatives) acting on this disk and determined by a
superposition of the external wave fields and the fields radiated
by multipoles of other disks. In this approach, for example, the
coupling between an electric dipole and other multipoles
means that the electric fields of the multipoles make a nonzero
contribution to the local electric field at the localization point
of the electric dipole and can affect its magnitude and
direction. Note that in periodic arrays of particles (meta-
surfaces), only odd multipoles can make such a nonzero
contribution to local electric fields since they radiate waves in
the forward and backward directions with the same phase.
Mathematically, similar to the approach recently discussed,i7
equations for the electric dipole p and electric octupole O
moments of each disk in an infinite 2D periodic array normally
irradiated by a linearly polarized plane wave with the electric
field amplitude E° can be written as

(o] (o] [oo]
p=aE +al > Glp+a| Y AM+alYh0
1£0 10 10
()
o0 o0 o0
O=ao| Y Dilp+ao| D LN +a)| D E|O
1#0 1£0 1#0 (3)

where @, and @&y are the electric dipole and octupole
polarizability tensors of the single disk, respectively, M is the
disk’s MQ_moment; the values in parentheses present the
tensors of the lattice ED, MQ-ED, EOC-ED, ED-EOC, MQ-

EOC, and EOC sums, respectively, I is the number of the disk
in the metasurface; the sums do not include the disk located at
the origin of the Cartesian coordinate system (see the inset in
Figure 3a). Equations 2 and 3 take into account the facts that
(i) the multipole moments of all disks in the metasurface are
the same under the chosen irradiation conditions and (ii) the
multipole coupling in the periodic arrays can exist only
between the multipole of the same parity under inversion (in
our case, between the odd multipole moments: p, M, and O).
Since the contribution of the MQ moment to the reflection
and transmission coefficients is nonresonant and weak (Figure
3), we do not explicitly consider the equation for M. Note that
eq 3 includes only the coupling terms since the octupole
resonant mode cannot be excited directly by the normally
incident plane wave. )

From Figure 3b, one can conclude thatp - 0 and M — 0 at
the Ax = 1588 nm of the EOC resonance. Therefore, the
system of eqs 2 and 3 at the Ay is written as

A0 oA sl A
a.E = —a, Z B 1O
1£0 4)
1£0 (3)

where the first and second equations are the mode trapping
condition and the equation of the octupole trapped mode,
respectively. Physically, this means that the summed electric
field at the coordinate system origin, created by resonant
electric octupole moments of all disks except the disk located
at the origin, excites in this disk an electric dipole moment
equal in magnitude and opposite in phase to the dipole
moment excited by the external wave (eq 4). This leads to the
suppression of the total electric dipole moment of the disk
located at the origin of the coordinate system. Since, due to
translation symmetry (periodicity), all disks in the metasurface
are under equivalent irradiation conditions, the suppression of
the dipole moment applies to all disks. This, in turn, leads to
the suppression of the reflection from the metasurface and the
appearance of induced transparency under the EOC resonance
(Ag = 1588 nm in Figure 3). Since the excited EOC moments
do not radiate electromagnetic waves beyond the metasurface,
the energy corresponding to them is stored in the metasurface
plane and the octupole mode trapping effect (eq S) is realized.
It is seen from eq 4 that the condition for realization of the
trapping effect is destroyed if the external (incident) field
disappears. Indeed, if the external field is switched off (E° = 0),
then the system with eqs 4 and 5 can be satisfied only at O = 0.
We emphasize that the nontrivial solution of eq 5 cannot be an
eigenstate of the metasurface since, owing to the dipole—
octupole coupling always existing in the metasurface, the
multipole decomposition of the corresponding eigenmode
must also include the dipole terms. Thus, the nontrivial
solution of eq 5 can be considered as a quasi-trapped mode
being a result of an amplitude-phase self-consistent response of
the metasurface to the external light wave.

As follows from the numerical simulations of the metasur-
face optical response, the traceless tensor O of EOC moment is
represented by only two components O,,, and O,,,, which are
related by the equality O,, = —O,,. Therefore, in the
approximation of the only far-field coupling, eq 4 can be
estimated as (see the Supporting Information)
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Figure 4. (a) Dependencies of the spectral maximum of component EOC;* normalized to (EOCJY) oy of the full width at half-maximum

(FWHM) and shift A; = Az — A, of the lattice octupole resonance on the lattice period, where the maximum possible value of octupole
component (EOC;;;X)opt corresponds to the period P = 1221 nmj; 4, = 1587 nm for a single disk. (b) Reflection spectra in the vicinity of octupole
resonance for different periods of lattice. Intensities of (c) magnetic and (d) electric fields (normalized to the corresponding values of the incident

wave) in the metasurface plane (a several elementary cell presentation) at the octupole resonance.

a .
alEa? ~ — 22 gFF| 0= Ops] on the order of hundreds of nanometers lead to changes in the

£ (6) wavelength of the octupole resonance and its quality factor by
only a few nanometers (see Figure 4a,b). Importantly, this
effect leads to significant magnetic and electric field enhance-
ments in the metasurface plane (see Figure 4c,d). Note, if we
neglect the small imaginary part of the MoS, permittivity in the
simulation, then the quality factor of the EOC resonance only

where @, and @, are the components of the dipole
polarizability tensor @, for the frontal and lateral irradiations
by the x-polarized plane wave, respectively. Here, we also
introduced the far-field part of the EOC-ED sum

FE k02 k; &, el slightly increases. This is due to the leaky nature of the array’s
§ = 241 Z X1 .5 EOC mode and its radiation losses, which are determined by
1#0 ! () the irremovable contributions of weak multipoles of different

orders. Thus, the additional optimization procedure could be
applied for quality factor optimization (see Figure S6).
The considered metasurfaces can be used as a highly

where (x;, y;) are the in-plane coordinates of the center of the

disk with number I, 1= |« + ylz. Note that, since the

coordinates x; and y, enter the sum in an even power, the sum efficient ultrathin system for storing electromagnetic energy, as

S is not equal to zero confirming the presence of the dipole— well as pumping 2D lasers. Their experimental implementation
octupole coupling in the metasurface. may involve the use of various substrates on which MoS, disks
For the estimation of eq 6, we introduce two coefficients are deposited. From Figure 5, one can see that for low-
= fractive-i h i 1 i

g = 1-a,S"(0,, — 0. )/Ia,E") (83) re active-index substrates, t e stud}ed oc.tupo e resonance is

» still observed; however, its manifestation decreases with

_ FF 0 increasing the substrate refractive index. Note that for the

0O = Arg(—a,S (Oyyx Our)) — Arg(aiE,) (8b) SiO, substrate, the reflection in the overall considered spectral

range is significantly decreased due to the diffraction

which characterize eq 8a, the ratio between the magnitudes of
transmission into the substrate, and the resonant trapping

the ED moments excited in any disk of the metasurface by the

external electric field and by the far fields generated by the effect disappears. The estimated value of the substrate
EOC moments of other disks, and eq 8a, the phase difference refractive indexes ng,, for which the trapping effect can be
A¢ between these ED moments (® = 0 corresponds to A¢ = destroyed, is ny,, > A,/P, where 1, is the wavelength of the
7). The inset in Figure 3b demonstrates the spectral behavior octupole resonance realized in the metasurface with the period
of these coefficients. One can see that their values at the P and placed in a homogeneous environment with permittivity
resonant wavelength Ap = 1588 nm agree with the coupling g4 = 1. If the diffraction in a substrate is not realized, the EOC
model: E has a resonant peak with a value close to 0.25; © mode trapping effect can be obtained in a metasurface with
approaches zero at the resonant point. specially optimized parameters (see Figure S7 where this effect
The observed effect of dipole—octupole coupling is stable to is demonstrated for the metasurface composed of MoS, disks
the variations of the lattice period: the variations in the period with a radius of 300 nm and a height of 400 nm and placed on
E https://doi.org/10.1021/acsphotonics.2c01066
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Figure S. Spectral dependencies of the reflection coefficient (R) for
metasurface composed of MoS, disks with optimized period P = 1121
nm deposited on various substrates with the refractive index ngy,.

a SiO, substrate with a period of 800 nm). However, since the
presence of the substrate breaks the out-of-plane symmetry,
the amplitude and phase distributions of all multipole
components can be changed compared with free space,
resulting in another multipole coupling behavior.

B CONCLUSIONS

We considered the trapping mode effect in MoS, metasurfaces,
the realization of which is determined by self-consisting
coupling between broad dipole and narrow resonant octupole
moments of the metasurface’s building blocks. Since the
coupling mechanism of the trapping is related to the excitation
of certain eigenmodes of a cylindrical dielectric resonator, it
can be implemented in various dielectric metasurfaces, whose
building blocks support the resonant excitation of multipole
moments with the same inverse symmetry property. As a
result, the metasurface composed of silicon disks can also
exhibit features associated with octupole resonance.
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