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1. OVERVIEW

1.1. Introduction

In recent years, all-dielectric nanophotonics have begun to develop at a rapid pace [1]-[6].
The popularity of research into high refractive index subwavelength structures is due to the
ability to control light at the nanoscale without thermal loss, unlike plasmonic structures [7]—
[9]. By carefully tuning the geometry of nanoscatterers and the dispersion of materials, it is
possible to excite both electrical and magnetic resonances [9]-[12]. For example, using a
combination of resonances makes it possible to obtain the Kerker effects [13]-[19]. Such single
particles are called metaatoms, and their structure is called a metasurface [20]-[22]. With the
help of such structures, it is possible to obtain effects that were previously inaccessible with the
help of "conventional" materials, for example, artificial magnetism [23]-[25], non-radiative
sources [26]-[28], supercavity modes and bound states in the continuum (BIC) [29]-[32],
efficient generation of second and third harmonics [33]-[35], sensors [36], [37] or spin-orbit
transformation [38], [39].

An intriguing direction in dielectric nanophotonics has become the existence of the so-
called non-radiative anapole regime, which was first shown in [40]. The anapole state arises
due to the destructive interference of the electric and toroidal dipole moments, which causes
the particle in the anapole regime to become "invisible" but simultaneously non-trivial fields
inside [18], [41]-[47]. Based on the anapole, it has already been proposed to obtain enhanced
generation of the second and third harmonics [34], [35], giant photothermal nonlinearities [48],
and "dark" lasers [49]. More recently, the next step in anapole electrodynamics, the hybrid
anapole (HA) regime, has been proposed. This regime represents the simultaneous destructive
interference of all dominant multipole moments with their toroidal analogues up to the magnetic
quadrupole moment. Hybrid anapoles were first discussed in [50], and only recently hybrid
anapoles emerged in dielectric nanocylinders, which has theoretically shown and
experimentally demonstrated in [51]. It was shown that hybrid anapole states are superior to
conventional anapoles in both scattering suppression and electromagnetic energy storage.
Today, hybrid anapole is gaining popularity and becoming a promising area for research [52]—
[55].

As part of this Doctoral Thesis, previously unstudied metasurfaces consisting of silicon
particles in a hybrid anapole state were investigated. It was shown analytically and numerically
that ultra-weak interaction with the environment naturally leads to unit transmittance without
optical phase change. The optical properties of these structures were studied, including their
interaction with the environment, how the parameters of the metasurface can be adjusted to
preserve its optical properties. Additionally, a method for controlling the optical signal passing
through such a structure was demonstrated. For the first time, an anapole state was obtained for
particles in the shape of a truncated cone, and the dependence of the anapole state on the
conicity was studied. This finding significantly simplifies and reduces the cost of producing
new-generation photonic structures.



1.2. Rationale

Directional Huygens sources are of greatest interest in the development of metasurfaces
with the ability to control light on the nanoscale. Due to the possibility of simultaneous overlap
of electrical and magnetic resonances with different parities, it becomes possible to vary the
optical phase of the transmitted radiation with unit transmission [21], [56]-[58]. As a result of
the research, a number of applications have already been proposed, such as ultra-thin
metalenses [59]-[61], dynamic transmission control [62], anomalous refraction [56], [63], [64],
beam steering [65], holograms [66]-[70] and broadband Huygens’ elements [71].

Huygens’ metasurfaces must overcome fundamental constraints typically described by the
coupling of structural elements [56], [72] to achieve complete control over light manipulation.
Meta-atoms in an array interact with each other even at a distance of the order of a wavelength.
This significantly complicates the design process, including the design of optical phase changes
on individual structural elements. A number of works in metaoptics help solve this problem, for
example, through careful optimization of the supercell [73]. This allows the situation to be
improved, but the issue of optical phase mapping on individual meta-atoms remained open. All
elements of metasurfaces must be carefully adjusted in their position in the structure to
minimize interaction. In structures, special attention must be paid to the lattice period, substrate
materials, and manufacturing errors - these are all degrees of freedom that interfere with the
production of structures. For the reasons stated above, the effectiveness of such devices can be
fundamentally limited [72].

For the structures described, highly symmetrical particles with simple geometries, such as
spheres, cubes or cylinders, are usually used as meta-atoms, each of which supports a limited
set of multipole interactions depending on size, material and aspect ratio, therefore often as
auxiliary elements for the configuration of the multipole composition use complications, for
example, multilayer structures [74]-[78].

Unfortunately, modern methods for producing dielectric metasurfaces have a number of
disadvantages. It is challenging to obtain a metasurface with ideal cylinders; most cylinders
have a slight lateral slope [79]-[81], leading to significant property deviations.

This Doctoral Thesis proposes a new concept to create transparent metasurfaces using
silicon metasurfaces in a hybrid anapole state. The properties of metasurfaces based on hybrid
anapole were studied in detail. The multiresonant nature of the hybrid anapole allows the
transmitted optical phase to be varied over a wide spectral and geometric range. Most
importantly, unlike Huygens's sources, the coupling between particles is practically negligible.
Thus, the hybrid anapole particle approaches the ideal of a "true" meta-atom. This capability
has been demonstrated, ultra-compact silicon arrays have been developed with particle wall
spacing equal to 1/8 of the incident wavelength in the visible, and disordered metasurfaces have
been studied that exhibit behavior identical to their periodic counterparts. The effect of the
substrate was studied, and transmission window conservation was demonstrated when
metasurfaces were applied to a wide range of dielectric materials, potentially facilitating their
integration into a chip. As a proof-of-concept application, it was demonstrated that it was
possible to modulate the optical phase of an ultrafast Gaussian pulse transmitted with unit



efficiency through a highly disordered metasurface deposited on a glass substrate based solely
on the optical response of the periodic array. Finally, the influence of conicity on the properties
of a hybrid anapole is shown, and for the first time, a hybrid anapole state has been obtained in
silicon meta-atoms in the form of truncated cones, which greatly facilitates, simplifies and
reduces the cost of fabrication such structures.

1.3. The aim and theses of the Doctoral Thesis

Summarizing the facts mentioned above about the directions of development of novel
optical devices for a wide range of applications based on nanostructured elements, the following
aim of the Doctoral Thesis is proposed:

To study new optical effects caused by interaction of high-index weakly absorbing
nanoparticles and metasurfaces in a hybrid anapole state with light and to develop models of
nanostructural elements for subsequent creation of qualitatively new photonic devices.

To achieve the stated aim, the following theses were proposed:

1. The hybrid anapole state enables design of ultra-dense silicon metasurfaces without
strict adherence to the arrangement order of nanoparticles on the diverse substrates,
achieving nearly perfect transmission and zero optical phase shift of transmitted
radiation.

2. Silicon metasurfaces in the hybrid anapole state can control the phase of optical
signals transmitted through the structure under continuous and ultrafast femtosecond
pulse irradiation regimes.

3. The hybrid anapole state can be achieved in silicon truncated cone nanoscatterers
with symmetry breaking along the main axis.

1.4. The tasks of the Doctoral Thesis

To achieve the set goal of the dissertation and to prove the proposed theses, it is necessary
to perform the following tasks:

1. To demonstrate nearly perfect transmission and zero optical phase shift of radiation
passing through silicon metasurfaces consisting of cylindrical metaatoms in a hybrid
anapole state utilizing numerical methods alongside experimental measurements.

2. To investigate the interaction between silicon metasurfaces in a hybrid anapole state
and diverse substrates characterized by varying refractive indices, and to show the
absence of interaction of such metasurfaces with the surrounding environment.

3. To explore the influence of the distance between particles in a hybrid anapole state
on metasurface optical properties and to demonstrate the absence of interaction
among metaatoms during the design of ultra-dense metasurfaces.

4. To study the influence of the disorder of metasurface elements on the optical
properties of the structure in a hybrid anapole state, and to show the possibility of
maintaining transparency of the structure without strict adherence to the
arrangement order of nanoparticles on the substrate.
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5.

To develop a method for controlling the phase of optical radiation passing through
silicon metasurfaces composed of cylindrical metaatoms in a hybrid anapole state
by changing the geometric parameters of metaatoms in a continuous irradiation
regime.

To show the possibility of modulation using ultrafast femtosecond pulses passing
through a metasurface in a hybrid anapole state by changing the geometric
parameters of nanoscatterers with the possibility of a chaotic arrangement of
metaatoms.

To study the influence of the conicity of silicon nanoparticles on the resulting optical
properties of nanoscatterers in a hybrid anapole state.

1.5. Research methods

To perform the tasks outlined in the Doctoral Thesis and to analyze the problems,

mathematical calculations, numerical simulations, and experimental measurements were used.

Numerical simulations were implemented in COMSOL Multiphysics, Ansys Lumerical,
MATLAB, Wolfram Mathematica.
Scientific experiments described in the Doctoral Thesis and their results were carried out

and discussed at:

O

Nanophotonics research laboratory (NANO-Photon Lab.) at Institute of Photonics,
Electronics and Telecommunications (IPET) of Riga Technical University (RTU),
Riga, Latvia.

Dynamics of Nanostructures' Laboratory at Tel Aviv University (TAU), Tel Aviv,
Israel.

Advanced Optics and Photonics Laboratory, Nottingham Trent University,
Nottingham, UK.

School of Optics and Photonics, Beijing Institute of Technology, Beijing, China.
QuasiLab, ITMO University, Saint Petersburg, Russia.

University of Graz, Graz, Austria.

1.6. Publications and approbation

The results of the author's doctoral thesis are presented in 12 scientific articles and
conference proceeding indexed in SCOPUS and WoS databases:

1.

Kuznetsov, A.V., Cands Valero, A., Tarkhov, M., Bobrovs, V., Redka, D. and Shalin,
A.S., "Transparent hybrid anapole metasurfaces with negligible electromagnetic
coupling for phase engineering," Nanophotonics, Vol. 10, no. 17, pp. 4385-4398, 18
October 2021.

Kuznetsov, A.V., Canos Valero, A., Shamkhi, H.K., Terekhov P., Ni X., Bobrovs V.,
Rybin M.V,, Shalin A.S., "Special scattering regimes for conical all-dielectric
nanoparticles, " Scientific Reports, Vol. 12, p. 21904, 30 November 2022.
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3. Kuznetsov, A.V., Canos Valero, A., Shalin, A.S. "Optical properties of a
metasurface based on silicon nanocylinders in a hybrid anapole state, " Proceedings
of the 5th International conference on metamaterials and nanophotonics
«METANANO 2020», Vol. 2300, No. 1, p. 020075, online, December 2020.

4. Kuznetsov, A.V., Canos Valero, A., "Non-Huygens transparent metasurfaces based
on the novel Hybrid anapole state, " Proceedings of the 6th International conference
on metamaterials and nanophotonics «METANANO 2021», Vol. 2015, No. 1, p.
012079, online, November 2021.

5. Kuznetsov, A.V., Canos Valero, A., Terekhov, P. D., Shamkhi, H. K., "Various
multipole combinations for conical Si particles," Proceedings of the 6th
International conference on metamaterials and nanophotonics «METANANO
2021», Vol. 2015, No. 1, p. 012080, online, November 2021.

6. Shalin, A.S., Kuznetsov, A.V., Bobrovs, V., Valero, A.C., "Novel Hybrid anapole
state and non-Huygens' transparent metasurfaces," Proceedings of the 4th
International Smart NanoMaterials Conference 2021: Advances, Innovation and
Applications «SNAIA 2021», Vol. 2172, No. 1, p. 012001, Paris, France, February
2022.

7. Terekhov, P.D., Kuznetsov, A.V., Canos Valero, A., Shamkhi, H.K., Ni X., Bobrovs
V., Rybin M.V,, Shalin A.S., "Various Scattering Regimes of Truncated Cone
Particles," Proceedings of the CLEO: Applications and Technology 2023, San Jose,
USA, 7-12 May 2023.

8. Kuznetsov, A.V., Bobrovs, V., "Existence of the Hybrid Anapole for Si Conical
Nanoparticles," Proceedings of 12th International Conference on Computer Science
Online Conference «CSOC 2023», Lecture Notes in Networks and Systems, Vol.
772, pp 397 — 401, online, 3-5 April 2023.

9. Kuznetsov, A.V., Bobrovs, V., "Superscattering Regime for Si Conical
Nanoparticles for the Different Directions of Excitation," Proceedings of 12th
International Conference on Computer Science Online Conference «CSOC 2023»,
Lecture Notes in Networks and Systems, Vol. 723, pp. 254 — 258, online, 3-5 April
2023.

10. Babich N., Kuznetsov, A., Bobrovs V., Kislov D., "Optomechanical Manipulation
of Nanoparticles in Hybrid Anapole State," Proceedings of 12th International
Conference on Computer Science Online Conference «CSOC 2023y, Lecture Notes
in Networks and Systems, Vol. 723, pp. 237 — 243, online, 3-5 April 2023.

11. Kuznetsov, A.V., Bobrovs, V., "Transverse Kerker Effects in All-Dielectric Conical
Nanoparticles," Proceedings of the 7th Computational Methods in Systems and
Software 2023 (CoMeSyS02023) conference, Vol 909, pp. 278 — 281, online, 2024.

12. Kuznetsov, A.V., Bobrovs, V., "Generalized Kerker Effects in All-Dielectric
Conical Nanoparticles," Proceedings of the 7th Computational Methods in Systems
and Software 2023 (CoMeSyS02023) conference, Vol 909, pp. 283 — 287, online,
2024.

Results of the Doctoral Thesis have been presented at the 15 international conferences:
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10.

11.

Kuznetsov, A.V., Canos Valero, A., Shalin, A.S. "Investigation of the optical
properties of a metasurface based on silicon nanocylinders in a hybrid anapole
state," 3th School on Advanced Light-Emitting and Optical Materials «SLALOM
2020y, Saint Petersburg, Russia, 29 - 30 June 2020.

Kuznetsov, A.V., Canos Valero, A., Shalin, A.S. "Optical properties of a
metasurface based on silicon nanocylinders in a hybrid anapole state," 5th
International conference on metamaterials and nanophotonics «METANANO
2020», online, December 2020.

Kuznetsov, A.V., Canos Valero, Terekhov, P. D., A., Shalin, A.S. "Study of the
optical properties of a metasurface based on silicon nanocylinders in a hybrid
anapole state," International scientific conference of students, graduate students and
young scientists «Lomonosov-2020», online, 10 - 27 November 2020.

Kuznetsov, A.V., Canos Valero, A., Terekhov, P.D., Shamkhi H.K., Shalin, A.S.,
"Investigation of various multipole combinations of silicone conical nano-
scatterers," 4th School on Advanced Light-Emitting and Optical Materials
«SLALOM 2021», online, 28 - 30 June 2021.

Kuznetsov, A.V., Canos Valero, A., Terekhov, P.D., Shamkhi H.K., Shalin, A.S.,
"Investigation of various multipole combinations of silicone conical nano-
scatterers," Summer School on Photonics of 2D materials <METANANO SCHOOL
2021y, Saint Petersburg, Russia, 19 — 23 July 2021.

Kuznetsov, A.V., Canos Valero, A., "Non-Huygens transparent metasurfaces based
on the novel Hybrid anapole state," 6th International conference on metamaterials
and nanophotonics «sMETANANO 2021», online, November 2021.

Kuznetsov, A.V., Canos Valero, A., Terekhov, P. D., Shamkhi, H. K., "Various
multipole combinations for conical Si particles," 6th International conference on
metamaterials and nanophotonics <cMETANANO 2021», online, November 2021.
Shalin, A.S., Kuznetsov, A.V., Bobrovs, V., Valero, A.C., "Novel Hybrid anapole
state and non-Huygens' transparent metasurfaces," 4th International Smart
NanoMaterials Conference 2021: Advances, Innovation and Applications «SNAIA
2021y, Paris, France, February 2022.

Terekhov, P.D., Kuznetsov, A.V., Canos Valero, A., Shamkhi, HK., Ni X., Bobrovs
V., Rybin M.V., Shalin A.S., "Various Scattering Regimes of Truncated Cone
Particles,” CLEO: Applications and Technology 2023, San Jose, USA, 7-12 May
2023.

Kuznetsov, A.V., Bobrovs, V., Shalin, A.S., "Quasi-BIC on a Hybrid anapole
regime in silicon metasurfaces," The 9th International Conference on Antennas and
Electromagnetic Systems «AES 2023», Torremolinos, Spain, 5-8 June 2023.
Kuznetsov, A.V., Bobrovs, V., "Existence of the Hybrid Anapole for Si Conical
Nanoparticles," 12th International Conference on Computer Science Online
Conference «CSOC 2023», Lecture Notes in Networks and Systems, online, 3-5
April 2023.
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12. Kuznetsov, A.V., Bobrovs, V., "Superscattering Regime for Si Conical
Nanoparticles for the Different Directions of Excitation," 12th International
Conference on Computer Science Online Conference «CSOC 2023», online, 3-5
April 2023.

13. Babich N., Kuznetsov, A., Bobrovs V., Kislov D., "Optomechanical Manipulation
of Nanoparticles in Hybrid Anapole State," 12th International Conference on
Computer Science Online Conference «CSOC 2023», online, 3-5 April 2023.

14. Kuznetsov, A.V., Bobrovs, V., "Transverse Kerker Effects in All-Dielectric Conical
Nanoparticles," 7th Computational Methods in Systems and Software 2023
(CoMeSyS02023) conference, online, 2024.

15. Kuznetsov, A.V., Bobrovs, V., "Generalized Kerker Effects in All-Dielectric
Conical Nanoparticles," 7th Computational Methods in Systems and Software 2023
(CoMeSyS02023) conference, online, 2024.

1.7. Structure of the Doctoral Thesis

The dissertation is prepared as a thematically unified set of publications based on the
developed theoretical models of novel optical devices for a wide range of applications.

CHAPTER 1: OVERVIEW. This chapter describes the scope of the Doctoral Thesis. In
this chapter, the main research hypotheses and the importance of the novelty of research related
to the silicon metasurface in hybrid anapole are formulated. This chapter also presents a brief
description of the dissertation's structure. The list of publications and presentations at
international conferences is also displayed in this chapter.

CHAPTER 2: METHODOLOGY. This chapter describes the basic methods and tools
used for modeling and explaining the effects that occur during the interaction of radiation with
metasurfaces in a hybrid anapole state. Three main stages are outlined.

2.1. Methods for numerical modeling of nanostructures. This chapter describes in detail
the methods for numerical calculation the optical properties of subwavelength particles and
identifies the software that uses the described methods.

2.2. Multipole decomposition. This chapter describes the main method for analyzing the
physics of processes occurring in nanoscatterers and metasurfaces based on them.

2.3. Experimental measurements. This chapter describes the experiment conducted to
verify the data obtained numerically.

CHAPTER 3: MAIN RESULTS. This chapter represents publications which reflect the
main results obtained during the research and application of the optical properties of
metasurfaces in hybrid anapole state. The results of the Doctoral Thesis were published in 12
publications indexed in the Scopus and WoS databases, including 2 articles in highly rated
international scientific journals; the total Impact Factor is 13.3 (5-year Journal Impact Factor)
with a total of 43 (13/03/2024) citations in journals indexed in Scopus.

CHAPTER 4: FINAL REMARKS. This chapter represents the main conclusions and
discussion of the challenges and their solutions regarding theoretical and practical applications
of the metasurfaces in hybrid anapole state.
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2. METHODOLOGY

The chapter provides the main methods for studying the optical properties of the structures
described in the Doctoral Thesis.

Currently, the main tool for studying the optical properties of nanostructures are numerical
methods (e.g., finite element methods, discrete dipole approximation, finite difference methods,
etc.). These methods primarily involve solving Maxwell's partial differential equations [82] and
calculating of electric and magnetic fields at each point in the system. They take into account
all geometric and material characteristics of the structure under consideration, such as shape of
particles, their size, spatial position, structure of the incident beam, etc. These methods are
implemented in commercial scientific software products (COMSOL Multiphysics, Ansys
Lumerical, CST, etc.) and have been rigorously tested by the global scientific community. The
results of their application are widely presented in the literature.

However, although numerical methods have proven excellent in engineering calculations,
they cannot compete with analytical approaches when it is necessary to understand the physics
of a phenomenon and, most importantly, to determine the range of parameters in which unusual
new phenomena can be observed. Therefore, in addition to the aforementioned numerical
methods, this dissertation employs multipole decomposition, which is convenient for studying
anapole states of various orders [83].

The method of multipole decomposition of the reflection and transmittance coefficients of
the metasurface will also be used, allowing for a qualitative analysis of the optical response of
the system [10].

In addition to multipole analysis, the method of searching for eigenmodes in the COMSOL
Multiphysics optical module was also used. This method is based on solving Maxwell's
equations for electromagnetic fields in structures. It involves using the wave equation and
boundary conditions to determine the propagation of electromagnetic waves in optical systems.
The method relies on the numerical solution of the full Maxwell equations, including those for
electric and magnetic fields. To find eigenmodes, one must solve the eigenvalue problem, which
depends on the type of structure. Solving these equations allows for determining the
characteristics of the eigenmodes, such as frequency and field distribution.

Thus, the method encompasses the physical principles of wave optics and mathematical
techniques for the numerical solution of Maxwell's equations, enabling the study and
optimization of electromagnetic fields in optical structures.

The primary material for nanoscatterers was the dispersion of the refractive index, measured
experimentally, and chosen as a high-index dielectric material for particles and metasurfaces in
the Doctoral Thesis (unless otherwise indicated) (Fig. 2.1).
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Fig. 2.1. Real (n) and imaginary (k) parts of the experimentally measured refractive index of
hydrogenated amorphous silicon (a-Si) as a function of wavelength.

2.1. Methods for numerical modeling of nanostructures.

Two software packages were used as the main tools for numerical calculations: COMSOL
Multiphysics, which uses the finite element method (FEM), and Ansys Lumerical, which uses
the finite difference time domain (FDTD) method. In the FEM method, the software package
solves differential equations by dividing the entire working area of the model into a finite
number of elements. The values of the functions at the nodes are initially unknown and are
determined as the solution to the problem. The FDTD method is based on finite difference
sampling of Maxwell's equations and covers a wide range of frequencies, making it an excellent
tool for various time-domain optical calculations. The multipole composition of single particles
and metasurfaces was analyzed using scripts written in the aforementioned software packages.
The eigenmodes of single particles, as well as their radiation patterns, were studied using the
built-in capabilities of COMSOL Multiphysics.

Finite Element Method

To simulate the optical properties of dielectric nanoscatterers and metasurfaces based on
them, the COMSOL Multiphysics software package using FEM was used [84]. FEM is a
numerical method used to solve equations that describe the behavior of physical systems. In the
context of optical phenomena, FEM can model the propagation of light through various media
and structures.

FEM is based on approximating the solution of differential equations using the variational
method. Optical problems in the COMSOL Multiphysics Optical Module use Maxwell's
equations to describe electromagnetic fields in a medium. These equations describe the
propagation of light and its interaction with materials. Within the FEM framework, Maxwell's
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equations are approximated in finite elements, allowing for numerical solutions for complex
structures.

The process of creating a model of a silicon metasurface on a glass substrate in a plane wave
field in COMSOL Multiphysics involves the following. It is necessary to define the entire
geometry, indicating its materials; for example, hydrogenated amorphous silicon on a glass
substrate with a refractive index (nsuw = 1.5) was used as particles, and the environment was air
(nenv = 1). Then, the "physics" in which the solution will take place is selected. In this case, the
wavelength domain was selected, where it is possible to set boundary conditions, such as
periodic ones, to simulate an infinite metasurface. A plane wave with polarization along the x
axis was chosen as the incident radiation. A perfectly matched layer (PML) is an artificial
absorbing layer for wave equations commonly used to truncate computational regions in
numerical methods to simulate problems with open boundaries. Then it is needed to specify the
grid and set the necessary parameters for calculations. After calculations, it is possible to
analyze the results obtained, for example, to study the distribution of fields and energy or to
calculate the transmission and optical phase of the radiation passed through the structure. A
possible configuration of the model with a grid drawing is shown in Fig. 2.2.

PML
= Port

Periodic
3 conditions

- T
Silicon
nanoparticle

Port
PML

Fig. 2.2. Possible model configuration in COMSOL Multiphysics for simulation a silicon
metasurface in a hybrid anapole state.

The advantages of FEM in optical modeling include its versatility for complex geometries,
the ability to account for inhomogeneous materials, and the detailed description of the electric
field distribution in space. COMSOL Multiphysics provides the flexibility to configure different
boundary conditions and material properties, making it a powerful tool for optical modeling.

Despite many advantages, the FEM method also has certain disadvantages. For some large-
scale and complex problems, the FEM method can be computationally expensive and time-
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consuming, and using the FEM method effectively requires careful mesh tuning and
optimization, which can be a labor-intensive process.

The finite element method in the COMSOL Multiphysics provides a powerful tool for
modeling and analyzing optical phenomena. It is important to consider both the advantages and
disadvantages of this method when selecting the appropriate tool for a particular optical
application.

The main part of the Doctoral Thesis was calculated in COMSOL Multiphysics. Still, due
to some limitations, part of the calculations was done using the FDTD method, described in the
next subsection.

Finite Difference Time Domain method

This subsection examines the Finite Difference Time Domain FDTD method in the context
of optical modeling using Ansys Lumerical software [85]. The FDTD method is a numerical
approach widely used to simulate the propagation of electromagnetic waves in space and time.

This method is a discretization of electromagnetic fields in three-dimensional space and a
discretization of time, which makes it possible to simulate their evolution in space and time.
Applied to optical modeling, the FDTD method allows solving Maxwell's equations for
electromagnetic fields in three dimensions and in ultrashort time intervals.

In the FDTD method, after numerically simulating the evolution of fields in space and time,
the Fourier transform can be applied to the results to obtain the spectral characteristics of the
field. This is especially useful for analyzing the frequency components of electromagnetic
waves, which can be important, for example, when studying the interaction of light with optical
structures. The Fourier transform can also be used to create spectral sources, scattering analysis,
and other optical modeling tasks.

The process for creating a model in Ansys Lumerical is similar to that described for
COMSOL Multiphysics. In the same way, geometry is added, materials are specified, a source
and monitor are added to calculate the necessary parameters, and boundary conditions are
specified. The main difference is the method, as mentioned earlier, the FDTD method is used
here, so it becomes possible to set the shape of the incident pulse and quickly calculate the time
dynamics of processes. A possible configuration of the model with a grid drawing is shown in
Fig. 2.3.
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Fig. 2.3. Possible model configuration in Ansys Lumerical for simulation a silicon
metasurface in a hybrid anapole state.

The advantages of the FDTD method include its versatility and ability to model a wide
range of optical phenomena, including diffraction, interference, and the interaction of light with
nanostructures. It also provides ease of integration with different types of materials and
geometries.

The disadvantages of the FDTD method are, in particular, the requirement of large
computational resources when modeling three-dimensional structures of high complexity. Also,
the method may have limitations when modeling waves with lengths comparable to the grid
dimensions.

The fundamental feature of the FDTD method is that it provides a simulation of the
evolution of electromagnetic fields in space and time, which makes it a powerful tool for
studying optical processes and the interaction of light with various structures. In this Doctoral
Thesis, this method was used to simulate the time dynamics of pulses passed through the
structure.

2.2.  Multipole decomposition

One of the most important tools for analyzing the optical properties of a scattering structure
is multipole decomposition[86—89]. Using multipole decomposition, it becomes possible to
characterize the interaction of electromagnetic radiation with a nanoscatterer.

Multipole decomposition is important in any scientific field where the interaction of
electromagnetic radiation with material systems is studied. For example, in particle physics,
multipole moments of nuclei provide information about the distribution of charges inside the
nucleus. In chemistry, the polarizability of a molecule determines its properties, and in electrical
engineering, multipole expansion is used to estimate the radiation of antennas, and this list can
be continued for a very long time. In the region under study, using the multipole scattering
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cross-section, it is possible to describe the interaction of silicon nanoresonators with a plane
wave polarized along the x axis.

Multipoles are characterized according to their order: dipoles, quadrupoles, octupoles, etc.
For each order there are electric and magnetic multipole moments. Each of the multipole
moments is uniquely associated with the corresponding multipole field.

There are several approaches that can be classified depending on the types of multipoles.
For example, Mie theory operates with spherical (cylindrical) multipoles, which are coefficients
of field expansion in vector spherical (cylindrical) harmonics [12], [90], [91]. Another approach
involves Cartesian multipoles obtained using the Taylor series of the scalar Green's function
written in the far-field approximation.

In this Doctoral Thesis, recently obtained Cartesian representations of the first few spherical
multipoles outside the long-wave approximation were used, the so-called exact multipoles.

Exact multipole expansion

This subsection discusses new exact expressions for the multipole expansion of electric
charge and current proposed by Rasoul Alaee, Carsten Rockstuhl, I. Fernandez-Corbaton in
work [92]. This work provides a simple path to update analytical and numerical models
currently using the long-wavelength approximation. After revision of the model, the multipoles
become accurate, and the expressions that are presented in this section were used for numerical
calculations in the Doctoral Thesis for single particles and metasurfaces based on them.

In fact, exact expressions exist and can be found in standard textbooks, e.g. [93] without
magnetizing current in it, or a new formulation was recently obtained in [94]. However, they
are still not often used in the literature due to their complexity, because the formulas contain
differential operators such as rotor, or vector spherical harmonics. Instead, in nanophotonics the
long-wavelength approximation is very often used, which greatly simplifies the mentioned
expressions. Their integrands contain algebraic functions of coordinate vectors and current
density, reminiscent of expressions for multipole moments obtained in electro- and
magnetostatics. It is worth noting that the long-wavelength approximation cannot be used for
particles larger than the wavelength because the deviation for multipole moments will
significantly affect the result (Fig. 2.4.).
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Fig. 2.4. (a) Contribution of each multipole moment to the scattering cross-section calculated
with the approximate expressions and calculated with the exact expressions for a coupled
nanopatch with given geometrical parameters as a function of the wavelength. (b) Relative

error between the multipole moments calculated with the approximate expression and
calculated with the exact expression [83].

It is also worth noting that multipole moments, like any other quantity in physics, have an
identical physical meaning, regardless of their basis (Cartesian or spherical) or what approaches
(scattered fields or induced currents) were used to extract them. Changing the basis will not
change the physical meaning of multipole moments.

Thus, there is a need for precise expressions that are valid for any wavelength and particle
size. Such expressions are presented up to the quadrupole order.

This multipole decomposition is shown in Egs. (2.1.) - (2.4.) can be used for any particle
shape:

1 Y- k? 7 J2(Kr)
D, :—E{derJ(Z jo (Kr) +7fd3r[3(r~Jw)ra -r?Je ]2—} (2.1)

(kr)*
340 Jy(kr)

m, =2 [dr(r=3,) 2=, 2.2)

Q, =—i{jd3r[3(rﬁag’ +1,39)-2(r-3,)5,, ] Lk
1) kr 23)
2 2 2 Ja(kr) -

+2K jd3r[5rarﬁ(r-Jw)—(raJﬂ+rﬂJa)r +r (r'Jw)éaﬂ} k)’ }
m ] (kr

Qy =15Id3r{ra(rwa)ﬁ + rﬁ(rwa)a} (zkr)z , (24)
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where o, B =X, V, z;

k — wave number, 1/m;

¢ — speed of light in vacuum, m/s;

p — electric dipole moment, C/m?;

m — magnetic dipole moment, A-m?;

Q°— electric quadrupole moment, C-m?;
Q™ — magnetic quadrupole moment, A-m>;
r — position, m;

Jo - induced electric current density, A/m?;
Jjn - n-order spherical Bessel function;

In these formulas, toroidal moments are already included as the second term in the electric
multipole moments [74, 95, 96].

Using multipole moments, it is easy to obtain the total scattering cross-section as the sum
of the scattering contributions of each of the multipoles according to the Eq.(2.5.):

O-SCa:CSF::a—i_CSrEa—i_CSQC;JrCS(:):: +"':
k4 5 m 2 1 ) ka 2 (25)
- " _a - kO® _~af
[l szt )

where |Ein| - amplitude of the electric field of the incident wave, V/m;
go — dielectric constant of vacuum;

It is also worth emphasizing the connection between the exact induced multipole moments
and the radiated electric field, which is expressed using the Eq (2.6.):
k? e 1 ik ik
E= nx(pxn)+=(mMxn)——=nx(Q*xn)-—(Q" xn);, (2.6.)
(pxn)+=(mxn)— K nx(Q' xn)-£(Q" xn)

drg, 1

where n - unit vector.

Multipole analysis of metasurfaces

High-index metasurfaces have been actively studied in recent years due to their promising
optical properties[20], [37], [97]-[101]. The method of multipole decomposition of
electromagnetic fields emitted by local current sources or scattered by nanoparticle structures
is a powerful tool for studying their electromagnetic properties [77], [102], [103].

This subsection presents an efficient semi-analytical method for analyzing Cartesian
multipole contributions to the transmission and reflection spectra of planar metasurfaces
consisting of identical nanoparticles, which was first presented by the authors P.D. Terekhov,
V.E. Babicheva, K.V. Baryshnikova, A.S. Shalin, A. Karabchevsky, and A.B. Evlyukhin in work
[10] (Fig. 2.5).
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Fig. 2.5. Artistic representation of the considered silicon metasurface composed of nanocubes
(infinite nanostructure illuminated with the linearly polarized plane wave) [10].

Amplitude reflection coefficients » and transmission coefficients ¢ in the case of x-
polarization can be obtained using the expressions (2.7.) - (2.8.), where p, m, Q, M — multipole
moments, which are calculated using the formulas presented in the previous subsection Egs.

(2.1)-Q.4):
H 2
r= Ikd px - im d sz - L y k O (27)
E,2S, &,¢, U, 2v, 6
; ; ; 2
14— px+imy—ﬁsz—ﬁMy Ko | e
E,2S, &,84 Uy 6 20, 6

in the case of y-polarization, could be obtained the Egs. (2.9.) - (2.10.):

. 2
tky [py+im +ﬁqy2 LNV k—doﬂzj, (2.9)

- E,2S, &,&, Uy 20, 6

. H 2
=1y o fp Ly Mg ey Ko | o)
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where kd = k0 &4 - wave number in the environment (ko - wave number in vacuum);

SL. - lattice unit cell area (S. = D? for a square lattice, where D - lattice constant), m?;

€9 - dielectric constant of vacuum,;

&4 - dielectric constant of the environment;

Eo - electric field of a normally incident plane wave at the location of the multipole
moments, V/m;

1 - electric field reflection coefficient;

t — electric field transmission coefficients.

Reflection and transmittance coefficients are calculated using the Egs. (2.11.) - (2.12.):
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R— |r|2 , (2.11)
T =t (2.12)
where R — reflection coefficient;
T — transmission coefficient.

Then the absorption coefficient A could be obtained from the following Eq. (2.13.):

A=1-R-T, (2.13)
where A — absorption coefficient.

In this subsection, a technique was presented that allows for multipole analysis of the
transmission and reflection spectra of metasurfaces consisting of periodically arranged
nanoparticles. It was shown how analytical multipole expansions of the field reflectance and
transmittance coefficients of nanoparticle arrays can be obtained from single particle scattering.

After studying the multipole response in the gratings, this information can be used to
optimize the optical properties of the gratings. For example, optimization can be performed by
adjusting the overlap of different multipole resonances with their spectral positions determined
by the particle geometry and lattice periods. Multipole decomposition of array fields and
analysis of transmission and reflection spectra provide us with a more accurate and efficient
tool for theoretical optimization of nanoparticle arrays. The second advantage is the ability to
use the multipole response of single nanoparticles to evaluate the optical properties of arrays
composed of them.

2.3. Experimental measurements

There were two sets of samples. The first set of samples was fabricated by Advanced Optics
and Photonics Laboratory from Nottingham Trent University, Nottingham, UK, represented by
prof. Mohsen Rahmani. The second set of samples was fabricated by School of Optics and
Photonics from Beijing Institute of Technology, Beijing, China, represented by prof. Huang
Lingling.

To verify the numerical results obtained, experimental samples of metasurfaces with
different lattice parameters and different radii of metaatoms were used. The experimentally
measured refractive index dispersion of hydrogenated amorphous silicon was used as a material
for numerical calculations Fig. 2.6.
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Fig. 2.6. (a) Intensity of incident radiation in free space versus wavelength. (b) Real (n) and
imaginary (k) parts of the experimentally measured refractive index of amorphous
hydrogenated silicon (a-Si) as a function of wavelength.

The effective scattering cross-section in this Doctoral Thesis was determined by the Eq.
(2.14.):
o,
Oy = ﬁ (2.14.)
where oer— effective scattering cross-section, m?;
Osca — SCattering cross-section, m?;

Rey1 — radius of the cylinders, m.

The arrangement of metasurface samples is shown in Fig. 2.7. The series was manufactured
separately and consisted of 18 metasurfaces (6 different geometric configurations under 3
different manufacturing regimes) with more detailed parameters selected, consistent with
theoretical calculations. And one additional sample on which a thin film of silicon is deposited
with the same height as the height of the metaatoms.

Dose 1

Minimum
100 pm

Dose 2

oo .

R =122 nm R=138 nm R=126 nm R=145nm R=122 nm R=138nm Bulksilicon region
D =544 nm D=576nm D=352nm D =390 nm D =544 nm D =576 nm (same material
and size)

Fig. 2.7. Pattern on sample. Layout of samples with different geometric parameters of meta-
atoms, periods, and different manufacturing regimes.
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The geometric parameters with numbers of samples of the metasurfaces are shown in Table
2.1.

Table 2.1.

Parameters of metasurfaces

Sample number | Radius of cylinder, nm | Period of metasurface, nm
1 138 576
2 122 544
3 145 390
4 126 352
5 138 576
6 122 549

Transmission spectra of these metasurfaces were measured in the range of 400 - 1000 pm,
the light source was a halogen lamp, and the detector was an OceanInsight QEpro spectrometer.
The light was focused onto the metasurface and collected after it, using identical 40x lenses.
The diameter of the focusing area was about 15 pm; the spectrum was taken from the center of
the structure. The light incidence is normal, the light is unpolarized. Experimental transmission
of the metasurface is calculated by spectrometer software using the Eq. (2.15.):

T-= Imetasun‘ace -1
-1

I
where I0ise — power obtained (noise) by the spectrometer without any incident light, W/m?;

noise

: (2.15))

substrate noise

Lupsirae — power obtained by the spectrometer when the light is incident on the substrate,
W/m?;

Inetasurface — poWer obtained by the spectrometer when the light is incident on the metasurface
with substrate, W/m?.

The experimentally measured refractive index dispersion of hydrogenated amorphous

silicon (a-Si) of the second set of samples was used as a material for numerical calculations Fig.
Fig. 2.8.
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Fig. 2.8. a) Real (n) and imaginary (k) parts of the experimentally measured refractive index
of amorphous hydrogenated silicon (a-Si) as a function of wavelength. b) Numerically
calculated evolution of the hybrid anapole for single nanoparticle as a function of radius and
wavelength.

As for the previous set, the Fig. 2.8.(b) shows a distinct hybrid anapole scattering dip for a
single cylindrical particle with different radii.
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3. MAIN RESULTS

This Doctoral Thesis proposes a new concept to create transparent metasurfaces using
silicon metasurfaces in a hybrid anapole state. The properties of metasurfaces based on the
hybrid anapole were studied in detail. The multiresonant nature of the hybrid anapole allows
for variation of the transmitted optical phase over a wide spectral and geometric range.
Importantly, unlike Huygens’ sources, the coupling between particles is practically negligible.
Thus, the hybrid anapole particle approaches the ideal of a 'true' meta-atom. This capability has
been demonstrated through the development of ultra-compact silicon arrays with particle wall
spacing equal to 1/8 of the incident wavelength in the visible spectrum, and disordered
metasurfaces have been studied that exhibit behavior identical to their periodic counterparts.
The effect of the substrate was studied, and conservation of the transmission window was
demonstrated when metasurfaces were applied to a wide range of dielectric materials,
potentially facilitating their integration into chips. As a proof-of-concept application, it was
demonstrated that it was possible to modulate the optical phase of an ultrafast Gaussian pulse
transmitted with unit efficiency through a highly disordered metasurface deposited on a glass
substrate, based solely on the optical response of the periodic array. Finally, the influence of
cones on the properties of a hybrid anapole is shown, and for the first time, a hybrid anapole
state has been obtained in silicon meta-atoms in the form of truncated cones, greatly facilitating,
simplifying, and reducing the cost of creating such structures.

The detailed results are presented in [PAPER 1], [PAPER 3], [PAPER 4], [PAPER 6],
[PAPER 8], [PAPER 10] in SUPLEMENTS.

The main result of this scientific papers is the theoretical description, numerical
simulation and experimental confirmation of the optical properties of silicon metasurfaces
consisting of cylinders in a hybrid anapole state.

This doctoral thesis discovered that the recently identified non-scattering hybrid anapole
regime can also be achieved in conical nanoparticles, in addition to elliptical and cylindrical
ones. It is shown how adjusting geometric parameters enables the manipulation of anapole
regimes for different multipoles, thereby achieving a hybrid anapole regime. This doctoral
thesis represents a step forward in nanophotonics, allowing for the exploration of more complex
shapes and fine-tuning of effects achievable with individual nano-scatterers. This research
significantly reduces the cost of developing photonic devices and opens new avenues for
practical applications in next-generation photonics. The findings of this doctoral thesis have
potential applications in various research fields, such as creating diverse dielectric
nanoantennas in the form of resonator chains compared to chains of spheres or cylinders. They
also pave the way for metasurfaces capable of achieving optical effects that were previously
unattainable.

The detailed results are presented in [PAPER 2], [PAPER 5], [PAPER 7], [PAPER 9],
[PAPER 11], [PAPER 12] in SUPLEMENTS.

The main contribution of this paper is the theoretical description and numerical
simulation of the hybrid anapole state in truncated silicon nanocones.
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Unfortunately, at this moment, the materials that were measured have not yet been
published, so this subsection demonstrates the obtained results.

First, it was necessary to demonstrate the existence of a hybrid anapole regime in single
silicon nanoparticles for experimentally measured refractive index dispersion showed in Fig.
2.6.

Fig. 3.1. shows the results of numerical simulation.
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Fig. 3.1. Numerically calculated evolution of the hybrid anapole for single nanoparticle as a
function of radius and wavelength. (a—c): Multipole decompositions of the SCS
(semilogarithmic scale) for selected radius Reyi. In all calculations, the height of the
nanoparticle was kept constant (H = 370 nm). (d) Total SCS as a function of radius and
wavelength.

The Fig. 3.1.(a-c) shows the numerically calculated multipole decomposition of a single
cylinder-shaped nanoscatterer for different radii for the experimentally measured refractive
index. The hybrid anapole scattering dip changes with different geometric parameters but is still
present for the parameters shown. The Fig. 3.1.(d) demonstrates at what geometric parameters
an anapole dip will occur in such a silicon particle.

The height H of the resulting cylinders was H = 370 nm. Fig. 3.2. shows Scanning electron
microscope (SEM) images of the metasurfaces.
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Fig. 3.2. Example SEM image of a metasurface. (a) General view of the metasurface with a
distance between the walls of metaatoms s = 300 nm. (b) Metasurface with a distance between
metaatoms s = 300 nm and radius Reyi = 125 nm. (¢) s = 100 nm and Rey1= 130 nm. (d) s =
100 nm and Rey1 = 135 nm.

Transmission spectra of these metasurfaces were measured in the range of 400 - 1000 um
(Fig. 3.3).
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Fig. 3.3. Measured transmittance spectra for silicon metasurfaces in the hybrid anapole
regime for metasurfaces with different periods s and radii Reyl. The numbering corresponds to
Table 2.1.
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In the spectral response, a feature is visible in the range of 650 - 700 nm, corresponding to
the hybrid-anapole state (maximum transmission, corresponding to the minimum of scattering).
A comparison of conventional metasurfaces and superdense ones shows that the hybrid anapole

peak of transmission almost does not change its spectral position.

To prove that this is indeed a hybrid anapole state, the Fig. 3.4. shows a multipole

decomposition.
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Fig. 3.4. Evolution of the SCS of each multipole (in log scale) (a) ED, (b) MD, (c) EQ, (d)
MQ, as a function of wavelength and radii. The arrow indicates the anapole state of each of

the multipoles.

The Fig. 3.4. shows anapole lines, which intersect in parameter space in a certain region,

which is called the hybrid anapole state.

Using such particles, metasurfaces with two different radii and three different
configurations were experimentally obtained: usual, dense and disordered (Fig. 3.5.).
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Fig. 3.5. Measured transmittance spectra for silicon metasurfaces in the hybrid anapole
regime for metasurfaces with different periods s, and structure without strict adherence to the
arrangement order of nanoparticles for radius (a-c) Reyi = 122 nm and (d-g) Rey1 = 138 nm.

The main result of this part of the Doctoral Thesis is that the experimental results were
compared with numerical simulations of metasurfaces for the current refractive index and radii.
The numerical and experimental curves are quite similar. Transmission has a maximum, which
indicates a hybrid anapole state in these metasurfaces.

The results obtained in the Doctoral Thesis were used:

o LZP project “Dynamics of non-scattering states in nanophotonic (DNSSN)” No. lzp-
2021/1-0048

o LZP project “Novel non-Hermitian singularities in all-dielectric nanostructures
(NEO-NATE)” No. 1zp-2022/1-0553
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4. FINAL REMARKS

In this final chapter, the main achievements of the presented Doctoral Thesis are discussed

in Section 4.1, the main conclusions are discussed in Section 4.2, and Section 4.3 gives a

perspective for future research.

4.1. Main achievements of the Doctoral Thesis

The main achievements of the presented Doctoral Thesis can be summarized as follows:

L.

A model of a metasurface has been developed, comprising silicon cylindrical meta-
atoms that sustain a hybrid anapole state at a specific wavelength. It has been
demonstrated that such a metasurface is transparent and does not alter the optical
phase of the radiation passing through it at the anapole wavelength.

The practical implementation of metasurfaces will inevitably require the presence
of a substrate. It can play an important role in the optical response and introduces
magnetoelectric coupling. In sharp contrast to conventional resonances, hybrid
anapole is extremely stable when applied to a substrate. In the studied nanocylinder
with hybrid anapole state (in contrast to conventional anapoles or Huygens’
sources), complete transmission is achieved due to the overlap of the resonant Mie
and Fabry-Perot modes. The former can be associated with standing waves arising
between the side walls of the resonator cavity, and the latter are mainly formed by
standing waves between the upper and lower walls. Consequently, variations in the
reflectivity of the substrate affect mainly the amplitude of the Fabry-Perot modes,
while the Mie modes remain almost unchanged. However, in the presence of a
significant contrast between the particle and the substrate, the hybrid anapole state
changes insignificantly. However, as the refractive index of the substrate approaches
the refractive index of the nanoparticle (the disappearance of the contrast and,
accordingly, the leakage of the Fabry-Perot mode into the substrate), the hybrid
anapole state gradually transforms into a conventional electric dipole anapole, still
retaining a strong decrease in scattering.

To study this phenomenon, it was obtained transmission, reflection, and
absorption in the hybrid anapole state for a metasurface deposited on a series of
hypothetical substrates with refractive indices varying in the range from 1 to 2. For
numerical simulations, it was used the experimentally obtained refractive index
dispersion for amorphous silicon.

A gradual narrowing of the bandwidth is found, mainly due to the redshift of
high-order Bloch modes. It is important to note that the total transmittance of the
metasurface itself remains close to 100% in the vicinity of the hybrid anapole
wavelength, even for a refractive index of 2.

Unlike the case of a single particle, in the case of a metasurface the Mie and
Fabry-Perot modes are coupled. As noted above, when the contrast decreases, the
Fabry-Perot mode leaks into the substrate, and the hybrid anapole degenerates into
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a regular anapole. In the presence of significant contrast, the hybrid anapole state-
induced passband is very resistant to changes in the refractive index of the substrate.
These results clearly show that the metasurface can be directly deposited on ordinary
glass (Si02) or another substrate without additional design steps and provide full
transmittance as well as optical phase control.

As a result, the contrast between the refractive indices of the elements of the
metasurface and the substrate is maintained, the hybrid anapole metasurface is
insensitive to various substrate materials, which greatly simplifies the experimental
implementation of the proposed structures.

A unique advantage of the hybrid anapole metasurfaces studied in this Doctoral
Thesis compared to traditional Huygens’ metasurfaces is the stability of their
characteristics to changes in the arrangement of particles, due to the fact that in the
hybrid anapole state the individual elements of the hybrid anapole metasurface
(metaatoms) practically do not interact with each other. In this case, the effective
multipoles of meta-atoms on the substrate are almost identical to the multipoles of
an isolated particle. This means that even at very small distances, they are not
affected by the scattered fields of neighbors, unlike a conventional nanoantenna, for
example, in the Kerker effect, the optical response of which is highly dependent on
the presence and location of neighbors.

It was demonstrated that hybrid anapole retains its properties even at very small
distances (down to 6% of the diameter of individual meta-atoms) between the
elements of the metasurface. Successful suppression of reflection has been achieved
for such closely packed metasurfaces. Importantly, the optical phase of the
transmitted field also remains virtually unchanged. Besides its academic
significance, this result sets the stage for implementing ultra-small pixels compared
to what has been achieved on other platforms thus far, which is crucial, for instance,
for holographic applications.

It was demonstrated that, unlike traditional periodic Huygens’ metasurfaces, hybrid
anapole metasurfaces are practically insensitive to disordering of meta-atoms. This
was shown through a series of numerical calculations. It was found that the hybrid
anapole state exhibits remarkable resistance to significant deviations from an ideal
periodic lattice precisely because it is largely unaffected by its neighbors, rendering
their arrangement insignificant. Additionally, it's worth noting that the proposed
metasurface exhibits high field concentrations within the meta-atoms, characteristic
of anapole regimes. Therefore, disordered hybrid anapole metasurfaces represent a
fundamentally new and flexible platform for enhancing the interaction of light and
matter at the nanoscale. This property of hybrid anapole metasurfaces presents a
unique opportunity for their utilization in nonlinear optics, such as the generation of
multiple harmonics.

It's noteworthy that such metasurfaces can be produced quite simply without the
need for complex optimization methods or careful arrangement of meta-atoms. This
is particularly crucial in the manufacturing of large metasurfaces, as maintaining
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strict periodicity of meta-atoms on a large scale poses significant challenges. The
complexity increases as the size of the metasurface grows, ultimately imposing a
technological upper limit on its size. In contrast, hybrid anapole metasurfaces are
not bound by such restrictions and can have practically unlimited dimensions.

A new mechanism was introduced to achieve 100% transmission and control the
optical phase of the transmitted wave, based on the physics of a non-radiating state
- a hybrid anapole. With future practical implementation in mind, the radius of the
cylinder was chosen as the parameter to control the optical phase of the radiation.
This choice was made because changing the radius of meta-atoms can be relatively
easily realized using well-established fabrication techniques, such as electron beam
lithography followed by reactive ion etching.

Using numerical methods, a "map" was created that related the specific
transferred optical phase to the geometric parameter of the meta-atom. Such a map
allows us to select a meta-atom that produces a specific optical phase, while
maintaining complete transparency of the metasurface. The transmittance and
optical phase were calculated for a hybrid anapole metasurface with small distances
between metaatoms for various radii and wavelengths. Thanks to the map, it is
possible to set the operating wavelength and observe a well-defined optical phase
change for a set of radii within the hybrid anapole transparency window.

Thus, a method was demonstrated to control the optical phase of radiation

transmitted through the structure by varying the radii of meta-atoms. In the studied
case, the optical phase change primarily occurs due to an increase in the contribution
of the electric quadrupole moment, which is significantly minimized by the electric
quadrupole anapole. With the assistance of 2D maps, it becomes possible to select a
specific optical phase delay for hybrid anapole nanocylinders of a given radius while
maintaining complete transparency of the structure.
The possibility of modulating the optical phase of an ultrafast Gaussian pulse in
transmission mode using a disordered hybrid anapole array on the surface of a glass
substrate was investigated. Strong disorder in the plane was chosen to illustrate the
system's independence from the arrangement of particles. Subsequently, a time-
domain finite-difference time-domain (FDTD) simulation of the incoming x-
polarized Gaussian pulse with a duration of 600 fs was conducted. The nanoparticle
radius values ranged from 125 to 135 nm to fall within the range covered by hybrid
anapole states.

As expected from previous calculations, the optical phases transferred by
periodic and disordered metasurfaces were almost identical. Transmission remained
above 85%, as confirmed by full-time profiles. Alternatively, although generally less
practical, the device can also be wavelength-controlled. It was demonstrated that the
interaction of Mie and Fabry-Perot modes enables additional optical phase
modulation of the beam. An ultrafast optical phase modulator based on a disordered
hybrid anapole array was numerically implemented. The results suggest the
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possibility of flexible design of meta-atoms without the need for time-consuming
optimization steps.

The influence of sample non-ideality on effects in dielectric nanoscatterers was
investigated, and a quantitative study was conducted on the influence of taper (1 —
Riop/Roottom) 0n the resulting optical properties of the nanocavity. Specifically, the
impact of the cone shape on the hybrid anapole regime in single nanoparticles and
metasurfaces based on them was meticulously examined. It was found that the
hybrid anapole state in cylinders is disrupted when changes are made to the shape
due to alterations in the particle's symmetry. In such cases, previously closed
channels open, leading to additional interactions between the resonator modes.
Furthermore, the feasibility of achieving a hybrid anapole regime in conical particles
was demonstrated for the first time, offering new opportunities for the design of
photonic devices with more precise tuning of optical properties, thanks to the
additional degree of freedom provided by the truncated cone radius

4.2. Main conclusions

It has been demonstrated that metasurfaces in the hybrid anapole state exhibit nearly
perfect transmittance and do not induce alterations in the optical phase or amplitude
of transmitted radiation at the wavelength corresponding to the hybrid anapole state.
As a result of parametric modelling, changing the dielectric properties of the
substrate (with the refractive index varying in the range of 1 to 2), transmission
spectra, and maps of the spatial distribution of electromagnetic fields inside and
outside the metaatom were calculated. It was demonstrated that in the presence of a
contrast between the significant refractive index of the particle and the substrate,
the hybrid anapole state remains extremely stable. However, as the refractive index
of the substrate approaches that of the nanoantenna, leakage of the Fabry-Perot
mode into the substrate was observed, causing the hybrid anapole to gradually
transition into an electric dipole anapole.

It is shown that the same effect makes it possible to create metasurfaces in the hybrid
anapole state with a very dense packing of metaatoms (the distance between the
walls is up to 6% of the diameter of individual metaatoms). Metaatoms in the hybrid
anapole state do not interact with each other.

The transmission spectra of metasurfaces were calculated for both perfectly ordered
arrangements of metaatoms and disordered configurations. Upon comparing the
obtained spectra and optical phase curves of the transmitted field, it is demonstrated
that hybrid anapole metasurfaces are insensitive to disordering of metaatoms.
Metaatoms in the hybrid anapole state are not influenced by their neighbours.

A method has been developed to control the amplitude and optical phase of the field
passing through the metasurface in the hybrid anapole state. Through parametric
numerical modelling (varying the radii of the nanocylinders), electromagnetic fields
passing through the metasurface in the hybrid anapole state were analysed. A map
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was then constructed linking the transmitted optical phase with the geometric
parameter of the metaatom. This map allows for the selection of the geometric
parameter that produces a desired optical phase while maintaining complete
transparency of the metasurface.

6. A numerical simulation of an ultrafast optical phase modulator, utilizing a
disordered array in a hybrid anapole state, was conducted with pulse duration of
approximately 600 fs. Through alterations in the shape of the meta-atoms, control
over the pulse passing through the structure was achieved. The results suggest the
capability to flexibly design metadevices without the need for time-consuming
optimization steps, achieving exceptionally high resolution.

7. The effect of changing the conicity on the resonances responsible for the hybrid
anapole regime was demonstrated. Adjustment of the conicity effectively disrupts
the fundamental symmetry of the particles and opens previously inaccessible
channels, resulting in additional interactions between cavity modes. Understanding
this effect may become crucial for future applications that leverage the unique
properties of the hybrid anapole, such as metasurface engineering and sensing.
Moreover, beyond the already established configurations of cylinders and ellipsoids
in the hybrid anapole regime, the potential for achieving the hybrid anapole state in
nanocones has been explored. Nanocones offer a simpler and easier to manufacture
platform for implementing multipole interference effects. It was demonstrated that
the hybrid anapole regime is sustained in nanocones, even with changes of up to
30% in the upper radius, albeit with a slight frequency shift of the resonance.
Consequently, the library of all-dielectric nanostructures supporting the hybrid
anapole regime has been expanded.

4.3. Further outlook

Metasurfaces in the hybrid anapole state offer a promising platform for various photonic
effects and applications, owing to their unique properties. Current research can be expanded in
the following directions:

o Exploration of new photonic effects based on anapole metasurfaces, such as the
attainment of high-quality quasi-bound states in the continuum using hybrid
anapoles. This could serve as a promising platform for developing ultrasensitive
sensors of a new generation.

o Development of a model for a controllable optical structure comprising silicon
metasurfaces in a hybrid anapole state, 2D materials, and substrates. Each element
would interact with the others, enabling the creation of a selectively transparent
structure for controlling optical radiation passing through it.

o Investigation of optical forces acting on non-scattering single silicon particles in the
hybrid anapole regime when irradiated with various forms of beams.
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Abstract: All-dielectric nanophotonics has become one of
the most active fields of research in modern optics, largely
due to the opportunities offered by the simultaneous
resonant control of electric and magnetic components of
light at the nanoscale. In this rapidly evolving scenario, the
possibility to design artificial Huygens sources by over-
lapping electric and magnetic resonances has established a
new paradigm in flat optics, bringing devices closer to
efficient wavefront shaping with direct phase engineering
at the level of the individual meta-atoms. However, their
efficiency is fundamentally limited by the near-field
coupling between the constituents of the metalattice. In
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this work, we challenge this well-conceived notion and
propose an alternative concept to achieve phase control
and full transmission in metasurfaces, based on the un-
usual properties of the nonradiating sources known as
hybrid anapoles (HAs). We analyze theoretically an array of
such sources and demonstrate that HAs are characterized
by negligible coupling with their neighbors. Therefore, in
contrast to Huygens particles, the proposed sources can
operate as individual meta-atoms even in highly compact
designs, becoming robust against strong disorder and pre-
serving its characteristics when deposited on dielectric
substrates. Remarkably, the phase of the transmitted wave
can be modulated with negligible reflection. To illustrate
the capabilities of our platform, we also utilize a disordered
HA array to implement a controlled phase modulation to an
ultrafast Gaussian pulse. The results of our study represent
a departure from the currently established designs and
open an avenue toward the realization of new devices for
flat optics with unprecedented efficiency.

Keywords: all-dielectric metasurfaces; flat optics; hybrid
anapoles; nonradiating sources; resonant nanoantennas.

1 Introduction

Over the past few years, all-dielectric nanophotonics has
become one of the most active fields in optics [1-4]. High-
index subwavelength nanostructures represent a radical
departure from the field of plasmonics, paving the way
toward efficient control of light at the nanoscale in the
absence of dissipation losses, and offering complementary
metal-oxide-semiconductor (CMOS) compatibility. Care-
ful shape and dispersion engineering of subwavelength
dielectric cavities allows exciting and tuning both electric
and magnetic resonances [5-8]. Optical structures
composed of such artificial elements, commonly termed
‘meta-atoms’, feature a plethora of exotic effects not acces-
sible with natural materials, still being explored up to date,
such as artificial magnetism [9], nonradiating sources,

3 Open Access. © 2021 Alexey V. Kuznetsov et al., published by De Gruyter. [(c) IXam This work is licensed under the Creative Commons Attribution 4.0
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supercavity modes, and bound states in the continuum,
efficient second and third harmonic generation [10], or
spin—orbit conversion [11].

Among all the promising phenomena uncovered in this
versatile research platform, directional Huygens sources,
caused by the simultaneous overlap of electric and magnetic
resonances with opposite parity [12, 13], hold enormous in-
terest in the flat optics community, since two-dimensional
subwavelength arrays -metasurfaces- of dielectric Huygens
nanodisks with different size can imprint varying phases to
an incident field, while featuring unity transmission [14],
giving birth to the vibrant field of all-dielectric ‘meta-optics’.
As a result of these developments, a number of applications
have already been proposed, such as ultrathin metalenses
[15, 16], dynamic control of transmission [17], anomalous
refraction [18], beam steering [19], holograms [20-22], and
broadband Huygens elements [23].

To achieve the ultimate goal of spatial wavefront
control with subwavelength resolution, Huygens meta-
surfaces are required to overcome fundamental bottle-
necks [24], usually ascribed to inter-element coupling
[18, 25]. When placed on an array, there exists an important
cross-talk between Huygens meta-atoms even for separa-
tions in the order of the wavelength [18], complicating the
engineering of phase at the level of the individual con-
stituents. This is a well-known problem in radio engi-
neering when dealing with phased antenna arrays, where
a number of methods have been proposed to overcome it
[26, 27]. In meta-optics, several attempts have been made to
minimize this issue; for instance, in Ref. [18] the authors
propose the use of carefully optimized supercells, while in
Ref. [28] the effect of coupling is exploited precisely in order
to imprint varying phases to distinct regions of an array.
These strategies have allowed pushing the performance
limits of Huygens metasurfaces, but the question remains
whether a direct mapping of phase to the individual meta-
atom will ever be reachable. Large-scale numerical opti-
mization of Huygens metasurfaces has indeed been shown
toimprove their performance, but by no means does gradient-
based approaches allow to minimize interparticle in-
teractions, rather they maximize the efficiency of the
ensemble [29]. As a result, the geometrical degrees of freedom
must be carefully adjusted at each stage of the design, and
special care must be taken to include the influence of period,
underlying substrate, and disorder in the array. Particularly
the latter can drastically modify the expected transmitted
phase with respect to the periodic metasurface [30, 31].
Because of the aforementioned reasons, the efficiency of such
devices might be fundamentally limited [24].

Recently, an alternative to the Huygens effect allowing to
realize unity transmission in a metasurface has been

proposed. Specifically, the so-called ‘transverse Kerker’ effect
characterized by out-of-phase dipoles and quadrupoles
in a scatterer was shown to lead to an ‘invisible’ meta-
surface, where light traversed the array without any
perturbation ([32]. Thus, the rich multipolar toolbox
offered by all-dielectric nanostructures still hosts a num-
ber of surprising effects that can be exploited to improve
the performance of meta-devices, beyond Huygens.

In this work, we propose a novel mechanism to achieve
unity transmission and phase control based on the physics
of a recently observed nonradiating state, the hybrid ana-
pole (HA) [33]. Nowadays, the so-called anapole states,
originating from the destructive interference of the electric
and toroidal dipole moments [34], have already revolu-
tionized nanophotonics, demonstrating enhanced second
and third harmonic generation [35, 36], giant photothermal
nonlinearities [37], and ‘dark’ lasers [38]. HAs constitute
the ‘new’ generation of anapoles, arising due to the
simultaneous destructive interference of all dominant
multipole moments with their toroidal counterparts [33].
While the possibility to overlap anapoles was first dis-
cussed in [39], only recently HAs were theoretically pro-
posed and experimentally confirmed to occur in dielectric
nanocylinders by inducing a degeneracy of two high or-
der modes with different symmetry [33]. Unlike conven-
tional anapoles, they have a mixed electric and magnetic
nature, in some cases displaying helicity singularities [37].
Furthermore, they have been shown to outperform their
counterparts both in terms of scattering suppression and
stored electromagnetic energy, and retain their non-
radiating character in the presence of an arbitrary dielectric
substrate [33].

Here, we investigate in detail the properties of HA-based
metasurfaces. We first show analytically and numerically
that their ultra-weak interaction with the environment
naturally leads to unity transmission. However, relaxing the
constrain for complete suppression of scattering, the mul-
tiresonant nature of HAs allows one to vary the transmitted
phase within a wide spectral and geometrical range. Most
importantly, unlike Huygens sources, the inter-particle
coupling is almost negligible. Thus, the HA particle ap-
proaches the ideal of a ‘true’ meta-atom. We showcase this
ability by designing highly compact silicon arrays with inter-
particle wall-to-wall separations of 1/8th the incident
wavelength in the visible range, as well as disordered
HA-metasurfaces exhibiting an identical behavior to their
periodic counterparts. We study the influence of a substrate
and demonstrate the preservation of the transmission win-
dow when the metasurface is deposited over a broad range
of dielectric materials, potentially facilitating their on-chip
integration. Finally, as a proof-of-concept application, we
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modulate the phase of an ultrafast Gaussian pulse trans-
mitted with unity efficiency from a highly disordered HA
metasurface deposited on a glass substrate, solely with the
knowledge of the optical response of the periodic array.

2 Limitations of the Huygens
meta-atom

The transmission characteristics of an arbitrary meta-
surface composed of identical resonators can be well
described with the knowledge of the effective multipoles
induced on a single meta-atom, taking into account their
mutual interaction [40]. Then, the complex transmission
coefficient ¢ (w) is a result of the linear addition of the
complex multipole coefficients together with the direct
transmission:

tw)=1+Y[6 (w) + " (w)], (6]

where the superscripts e, m stem for ‘electric’ and ‘mag-
netic’, and the summation runs over all the multipoles
having a non-negligible effect on the scattering charac-
teristics of the isolated meta-atom (i = 1 dipoles, i = 2
quadrupoles, etc.). An expression similar to Eq. (1) can be
obtained for the reflection coefficient r(w). As we prove
rigorously in the Supplementary Material S1, Eq. (1) is valid
for all metasurfaces with subwavelength interparticle
separations if a sufficient set of terms in the expansion are
taken into account.

When the metasurface is constituted with particles
much smaller than the wavelength, (i.e. kreg < 1, r being
a characteristic dimension of the particle) only the dipoles
play an important role [41-43]. For clarity, from now on we
omit all arguments in the expressions, and refer the inter-
ested reader to Ref. [44] and the Supplementary Material S1
for details. Considering an x-polarized plane wave propa-
gating in the -z direction with the amplitude E,, and
assuming the metasurfaces is suspended in free space, Eq.
(1) takes the simplified form:

t=1+§,[ﬁx+;ﬁiy], 2)
where C = ik/ (2Dy), with Dy = €4Ey, and §; is the surface of
the lattice unit cell. Similatly, the reflection coefficient is

r=g[pm| ©

The minus sign in Eq. (3) appears due to the opposite
parity of the electric and magnetic dipoles and is the key-
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enabling feature of Huygens metasurfaces. It gives rise to the
well-known forward Kerker condition [12] implying that if the
electric p, and magnetic i, dipoles are in-phase and fulfill
therelation p, = rhy/c, thereis noreflection and therefore the
transmitted amplitude T = [¢|> =1 - |r|* = 1 in the absence
of absorption losses. Importantly, the transmitted phase can
be varied with unity efficiency, as long as the phase differ-
ence between the multipoles is kept approximately constant.

One of the most attractive traits of Huygens meta-
surfaces is the notion of “meta-atom”: a subwavelength
unit cell with the individually tailored optical response, in
our case designed to provide a specific phase when
incorporated into an array with dissimilar characteristics,
for the implementation of different types of phase gradi-
ents. In reality, it has been shown that the meta-atoms are
in general highly sensitive to their surrounding [18] and
therefore additional and resource-consuming optimization
steps taking into account the metasurface as a whole are
required to reach the desired efficiency [18, 28]. Unfortu-
nately, during the process, the ideal notion of ‘meta-atom’
is lost [24], since one can no longer trace a one-to-one
mapping between the response of the isolated particles and
their response in the array.

The most important bottleneck is the mutual coupling
between the particles in the array [18, 24]. Indeed, the effec-
tive multipoles b = [p,, my) T entering Eqgs. (2-3) can only be
obtained from the isolated particle response b = [p,, my]T
after including the influence of the scattered fields from all
the particles in the array. By means of the multiple scattering
theory [44], one can derive a system of linear equations:

b=(I-AS)™"-b, )

where two important physical terms can be distinguished;
the polarizability matrix A is a diagonal matrix containing
the electric and magnetic multipole polarizabilities of the
isolated particle. The coupling matrix S quantifies the strength
of the multipolar fields from each particle in the array (and its
derivatives in the case of quadrupolar contributions and
higher), evaluated at the center of mass of the particle (see
Supplementary Material S1 and Ref. [44]). The elements of &
are solely a function of the electromagnetic propagator in the
medium evaluated at the positions of each constituent.

Customarily, in the analysis of Huygens metasurfaces,
the dipolar polarizabilities entering A are assumed to
follow a Lorentzian dispersion [14]:

do
Wi - @ - iwy’

(5)

@y (W) =

This formula corresponds to a phenomenological
damped harmonic oscillator with amplitude d, resonating
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at wy, driven by an external field with angular frequency w.
Here, we encounter an important limitation of the Huygens
meta-atom; indeed, near resonance, & (wo) is drastically
enhanced, and therefore so is the coupling induced by the
product AS in Eq. (4). In order to minimize coupling, a
general design rule states that the period of an array [
should be larger than |/Ge, (Oex the extinction cross-
section of the single-particle), imposing clear limitations
on their compactness and size of the unit cell, and
complicating the design of applications. Moreover, when
the metasurface is placed over a substrate, the effective
multipoles must also take into account the scattered fields
of their ‘mirror’ images [45]. Huygens metasurfaces, and in
general any dielectric or plasmonic metasurface, are in
consequence strongly influenced by the substrate.

3 Phase-controlling HA
metasurfaces

Clearly, an unconventional approach is needed to over-
come the abovementioned difficulties. If we require a true
meta-atom, we are bound to only exploit single-particle
effects, i.e., we can solely act on A. A possible solution
would then be to set A = 0. Anapoles are promising can-
didates, since they allow to resonantly suppress the electric
dipole polarizahility beyond the Rayleigh limit [34]. How-
ever, only HAs can simultaneously cancel all the dominant
electric and magnetic multipole moments, even leading to
complete transparency (33]. Namely, if we write ¢ up to the
quadrupolar terms, we obtain

t= 1+S£,(ﬁ,+%my—%0,,—£m,). 6
@y, and Myz in Eq. (6) are, respectively, the excited com-
ponents of the electric and magnetic quadrupolar tensors.
At the anapole in an isolated particle, the exact electric
dipole is suppressed by the interference of the quasistatic
electric dipole p? with the electric toroidal dipole T? in the
now classical formula p,, = p? +ikT? = 0. Conversely, at the
HA all the dominant multipoles are resonantly suppressed
via the interference with their toroidal counterparts [33].
From Eq. (6), the latter implies near-unity transmission. This
apparently simple realization lays the foundation of our
novel proposal, nonradiating HA metasurfaces enabling full
transmission. We must also point out that destructive
interference occurs strictly outside the smallest spherical
region enclosing the scatterer [46]. However, similarly to a
conventional anapole, the fields within the particle remain
strongly enhanced [33, 34], but are much more confined in

DE GRUYTER

the high-index region due to the larger quality factors of the
modes involved. As will be shown later, the combination of
the two effects results in a negligible electromagnetic
interaction in the near and far-field regions.

In the following subsections, we carry out a detailed
investigation of both periodic and aperiodic (disordered)
arrays of HA meta-particles under normally incident
plane wave illumination, as schematically depicted in
Figure 1(a). We demonstrate how the highly sought prop-
erties of the HA are directly inherited by the metasurface,
allowing for a resonant suppression of reflection, invari-
ance with a period, and robust protection from disorder, a
unique trait of our design. Remarkably, we reveal that the
transmitted phase can be varied within the region of strong
scattering cancellation. We dedicate a specialized sub-
section to understand the influence of a dielectric sub-
strate, demonstrating that the transmission band is
preserved for a broad range of materials. In particular, we
show that a glass substrate allows doubling the available
phase range. Altogether, our non-Huygens metasurfaces
can therefore represent a new cornerstone in Mie optics.

3.1 Near unity transmission and phase
control

First, we investigate periodic square arrays of HA meta-
atoms similar to the ones proposed in Ref. [33], constituted
amorphous silicon, where we have also included dissipa-
tion losses (the full dispersion is provided in section S4 of
the Supplementary Material). Figure 1(b) displays the
calculated transmission (T) spectra for an HA metasurface
with separation between walls of resonators s = 300 nm. Ay
indicates the wavelength featuring an almost complete
overlap of the dipole and quadrupole anapoles in a single
nanoparticle (refer to the Supplementary Material S5).
Confirming the theory, a broad transmission band can be
observed in the vicinity of Ay. We note that unity trans-
mission can be achieved, if dissipation losses are
neglected.

The transmitted phase is exactly 0 at A [Figure 1(c)] and
experiences a gradual increase along the transmission band
of approximately 40°. To gain insight into the physical origin
of the phase change, we decompose the complex trans-
mission coefficient with the help of Eq. (6) and the exact
expressions for the multipole moments in Cartesian co-
ordinates [47] (see Supplementary Material S3). We stress
that, unlike the scattering cross-section, T is not the result of
the direct sum of the absolute values of each individual
multipole, since they interfere. Instead, T is given by the
squared modulus of Eq. (6), in full agreement with the

51



DE GRUYTER

a)

A.V. Kuznetsov et al.: Transparent hybrid anapole metasurfaces —— 4389

Figure 1: (a) Schematic overview of the
considered Si metasurfaces composed of
HA nanoparticles, illustrating its new
functionalities: full transmission (left
inset), phase control (right inset), and
negligible electromagnetic coupling,
allowing for the design of ultracompact, as
well as disordered arrays retaining the
single-particle response. The structure is
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illuminated with a normally incident plane
wave with amplitude Eq. (b) Numerical and
semi-analytical [Eq. (6)] transmission
spectra obtained for an HA metasurface
with s = 300 nm (inset: absolute values of
the domi Itipolar contributions). The
geometrical parameters of the meta-atom
are height 370 nm and radius 130 nm. (c)
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numerical calculations [Figure 1(b)]. We first center our
attention on the absolute values of the multipolar contribu-
tions to transmission [inset of Figure 1(b)]. In direct analogy
with the single-particle behavior, we observe a resonant
cancellation of all the multipole moments at A, in the form of
dips that extend along the whole transmission band. In the
Supplementary Material S6, we demonstrate that their origin
is indeed due to the interference of the quasistatic moments
with their toroidal counterparts.

Complete destructive interference is achieved only at
Ao (leading to a zero-phase shift). However, the multipolar
fields are still strongly suppressed in its spectral vicinity.
We stress that despite its small overall contribution, the
electric quadrupole moment is the dominant multipole in
the spectral range of interest, exceeding the electric dipole
by an order of magnitude. The latter confirms that the near-
unity transmission is not due to a generalized Kerker effect
[48] between the electric dipole and the electric quadrupole
moments, but solely due to the resonant scattering sup-
pression of the HA. Importantly, the quadrupole increases
in an almost linear fashion toward shorter wavelengths,
while its phase remains almost constant [Figure 1(c)].
Within the spectral region covered by the HA, despite its
linear growth, the quadrupole is much smaller than unity,

750 775 800
A, nm

Total ti d phase ¢ ob
numerically, and phase variation experi-
enced by the electric quadrupole ¢,.

and thus displays negligible reflection. Taking these ob-
servations into account, the evolution of the transmitted
phase can now be understood as due to the dephasing in
the forward direction of the electric quadrupole field with
the incident plane wave.

We now assess one of the most distinct advantages of our
novel non-Huygens metasurfaces, i.e., their robustness
against changes in inter-particle separation s (Figure 2). Asa
comparison, we also included calculations with a less effi-
cient non-Huygens metasurface being constituted solely of
nanoparticles supporting the electric anapole [34]. Figure 2(a)
shows the variation in the overall transmission as a function
of period, evaluated at Ay (the minimum of the electric
anapole has also been designed to occur at Ap). Due to the
small overall polarizabilities, both cases studied preserve
unity transmission up to very small periods. HA meta-
surfaces, however, can successfully suppress reflection even
at dramatically small separations between the constituents,
ie. in ultra-compact arrays with wall-to-wall distances
reaching less than 6% the size of the incident wavelength.
Furthermore, the transmitted phase is also virtually unaf-
fected. In view of this result, we anticipate the possibility to
realize ultrasmall pixels beyond what has been achieved so
far with other platforms, e.g. for holography applications.
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Figure 2: Optical response of the HA metasurface with particle separation s (the geometrical parameters are the same as in Figure 1). Evolution
of reflection (a), and transmission (b) at Ao. (c) and (d) x-component of the total electric field for s/Ag = 0.2-0.4. The dashed circles depict a
section of the smallest spherical surface enclosing the scatterer. For s/Aq = 0.2 they overlap, demonstrating that our metasurface retains the

same phase and transmission even in the extreme case when the ‘equiva

lent’ spheres would intersect. In both scenarios, the fields within the

meta-atoms remain virtually identical, and the incident field is completely transmitted.

Such compact arrays cannot be analytically described
with multiple scattering theory, i.e. Eq. (4) is no longer valid,
since the multipole moments are not orthogonal and do not
form a complete basis once neighboring particles cannot be
enclosed by non-intersecting spherical surfaces [49]. How-
ever, as we proved analytically in the Supplementary Ma-
terial S1, the multipole decomposition of reflection and
transmission can still be performed with the effective
multipole moments retrieved from numerical simulations.
In Figure 2(b), we have plotted the former, given by

[&s R T <" ik -
= YT ( By + sz 2CM,,, )
Eq. (7) has an explicit inverse quadratic dependence with

the wall-to-wall separations s, which ultimately determines
the increase in reflection for small distances between the

@

meta-atoms. This behavior can be clearly appreciated in the
absolute values of the multipolar contributions shown in
Figure 2(b). We emphasize that the quadratic dependence is
common to all subwavelength square arrays, not only the
ones studied here, and is due to an averaging of the electric
field over S; (see Eq. (S2) in the Supplementary Material S1). A
unique trait of HA metasurfaces lies in their ability to mini-
mize this effect due to the small values of the multipolar
contributions to the far-field that enter the numerator of
Eq. (7), while simultaneously featuring strongly confined
near fields. Most importantly, the effective multipoles are
almost identical to the isolated particle (refer to Figure S4 in
the Supplementary Material S7), implying that even for very
small separations they are not affected by the scattered fields
of the neighbors. Thus, the slight increase in reflection is not
due to coupling, which remains negligible.
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We illustrate this aspect further by calculating the near
fields for two metasurfaces with different periods, the most
compact one corresponds to an extreme case when the
smallest spherical surfaces enclosing two neighboring
meta-atoms intersect each other [Figure 2(c)]. For a con-
ventional nanoantenna, the latter would usually lead to
strong near-field coupling [50]. In stark contrast with this
initial intuition, an inspection of the fields within the high-
index regions of the two metasurfaces [Figure 2(c) and (d)],
reveals an identical picture.

Motivated by these initial findings, we now aim at
designing a ‘map’ relating a specific transmitted phase with
some geometrical parameter of the meta-atom. Keeping in
mind a future practical realization, we choose radius a as
our degree of freedom, since radial deformations can be
implemented with well-established fabrication techniques,
e.g. electron beam lithography followed with reactive ion
etching [14]. To this end, we calculate the transmission and

A.V. Kuznetsov et al.: Transparent hybrid anapole metasurfaces —— 4391

phase for the HA metasurface with small separations
s =150 nm for different radii and wavelengths [Figure 3(a)
and (b)]. In contrast to a sphere, the behavior with a is not
identical to the one with A. This owes to the fact that the HA
appears due to the overlap of Mie and Fabry—Perot modes
having different dependence with a [33]. Nevertheless, we
can set a wavelength of operation and observe a well-
defined phase variation for a collection of radii within the
HA-mediated transparency window [Figure 3(c)], which we
refer to as a lookup table [14, 24]. We have calculated two
lookup tables for different s, which yield almost the same
results, thus once more showcasing the ability of HA
nanoparticles to act as individual meta-atoms.

The lookup table allows us to select a meta-atom
yielding a specific phase depending entirely on a. This
behavior is shown in Figure 3(d), where we have plotted the
x component of the total electric field for the points A, B, C
indicated in Figure 3(c). Indeed, the transmitted wave
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Figure 3: HA metasurfaces enabling phase control with the full transmission. (The height of the cylinders is kept constant at 370 nm)
(a) Transmission as a function of wavelength and radius of the meta-atom, calculated at a fixed, (arbitrarily chosen) wall-to-wall distance

between cylinders s = 150 nm. The chosen range corresponds to the

interval of radii featuring suppressed reflection

(A =750 nm). (b) The phase of the transmitted wave for the same parameters as in (a). (c) The lookup table of the proposed metalattice in the
oth diffractive order, calculated for two ultra-compact arrays with s = 100, 150 nm at A = 750 nm. (d) From left to right: the x component of the
electric field in three metasurfaces constituted, respectively, of meta-atoms with radius a = 130, 140, and 150 nm, and transmitted phases
¢r =10, 30, and 40°, selected from (b) (indicated with A, B, and C at A = 750 nm).
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modifies its delay with the incident field when transition-
ing from A to C in parameter space.

Summarizing the results, we have first designed a new
kind of the transparent metasurface based on the low
scattering properties of the HA and rigorously analyzed its
working principle through a multipolar decomposition of
reflection and transmission. The HA opens a transmission
band with the possibility to alter the phase of the trans-
mitted wave. In the case studied, the phase change occurs
mainly due to an increase in the contribution of the electric
quadrupole moment, whose amplitude is strongly mini-
mized due to the electric quadrupole anapole. In accor-
dance with our initial predictions, we have demonstrated
numerically that our design truly suppresses mutual
interaction between neighbors and elaborated a lookup
table encoding a specific phase delay to HA nanocylinders
of a given radius. In the next section, we will take a step
further and unveil the true potential of our design for the
fabrication of phase-controlling metasurfaces exhibiting
disorder.

3.2 Disordered lattices

Despite the large bulk of literature dedicated to the study
of periodic lattices, their fabrication requires the imple-
mentation of very precise nanolithography techniques.
Thus, to a certain degree, all realistic metasurfaces exhibit
disorder. The presence of disorder can drastically alter the
optical response of a array, making the design of appli-
cations a challenging task [31]. In general, from Eq. (1),
two types of randomness can be introduced [51]: (i) size
disorder directly affecting the polarizability matrix 4, or
(ii) positional disorder (PD), which modifies the compo-
nents of the coupling matrix S. Since we are only inter-
ested in the lattice effects, in what follows we consider
solely (ii).

In conventional metasurface designs the influence of
PD is essentially dependent on the mutual interaction be-
tween the meta-atoms. For instance, the collective lattice
resonances of arrays of Si nanospheres were shown to be
suppressed under the influence of certain types of lattice
perturbations [51]. Importantly, due to their strong sensi-
tivity to the spacing among neighboring nanoparticles [28],
Huygens metasurfaces are strongly affected by disorder
and exhibit spontaneous transitions at critical values of
PD, featuring abrupt variations of the transmitted phase
[30]. Here, once again, we encounter an important
advantage offered by the HA meta-atom; indeed, disorder
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effects must also be strongly suppressed due to the negli-
gible polarizabilities entering A.

To demonstrate the immunity to PD, we perform two
sets of numerical experiments with the results displayed in
Figure 4(a)-(e). In Figure 4(a) and (b), we introduce an
in-plane PD in the metalattice, controlled by a normal
distribution of the lattice period with mean [, and standard
deviation 8I. We numerically implemented the disorder
when constructing a finite 4 x 4 lattice and then imposed
periodic boundary conditions, as depicted in Figure 4(c),
which also shows the displacement of each HA meta-atom
with respect to the ideal array. Similarly, in Figure 4(d) and (e),
the PD is induced out-of-plane, along the z-axis, as illustrated
in Figure 4(f). Out-of-plane PD can be associated, e.g., with
surface roughness.

Remarkably, in Figure 4(a)—(f), only small variations of
the transmission spectrum and the transmitted phase can be
observed in the wavelength range affected by the HA,
demonstrating its striking resilience to very large deviations
from the ideal periodic lattice. In stark contrast, a strong
dependence on PD at the wavelengths ‘unprotected” by the
HA can be clearly distinguished, particularly prominent at
the dip of the transmission spectra, [point P in Figure 4(a)
and (d)], where a large change in the transmission ampli-
tude takes place. These behaviors are also confirmed in the
near field distributions at Ay and at the dip of the trans-
mission spectrum. On the one hand, at point P, as a conse-
quence of strong scattering, a drastic change in the fields
can be appreciated when transitioning from the periodic to
the disordered array, both outside and within the nano-
particles. In the rightmost panel of Figure 4(g) (disordered
array illuminated at point P), strong evanescent fields
appear when the particles are close to each other. On the
other hand, the near fields of the disordered HA meta-
surfaces remain visually unaltered, even for particles that
would usually exhibit large evanescent fields, such as the
pair of nanorods highlighted on the second rightmost panel
of Figure 4(g). In addition, it is worth mentioning that the
proposed metasurface benefits from the strong field con-
centration characteristic of anapole-like regimes. Therefore,
disordered HA metasurfaces constitute a flexible platform to
enhance light-matter interactions at the nanoscale in a
simple and straightforward fashion, without the need for
neither complex optimization techniques nor requiring a
careful arrangement of the meta-atoms.

From the results in this section, we can conclude that
both phase and transmission of HA meta-atoms are ‘pro-
tected’ against disorder. Thus, HA-based metasurfaces
might not require periodicity in order to implement a

55



DE GRUYTER A.V. Kuznetsov et al.: Transparent hybrid anapole metasurfaces —— 4393
X X
a), ) Bowdarypc  d) 0.0 p
g P o000 L ¢ 9]
208 £ ecoe|t S 08 E f;
& = S
06 ° € Bos R R IE
= " 1000 0|5 - I g
Gos} 8 = & So4 3 g
e 0 L N J Z
: 02} ==—30nm Z02
— 100 nm oo °©
0 £ L4 = g " : : E
2 7 " 7 7
b) 700 725 '\.75"1:“ 75 w»% o0 00 700 725 \7"':" 775 x(m% . . l .
| 900 ® @ e) 1
- B N
® 000 50 “
0
£ 3 5 £
=3 < =3
S - =——0nm = . . l l
] — 50 nm ]
-50 | =100 nm = 250 | =100 nm 2
700 725 750 775 800 700 725 750 775 800
g) A, nm E,, V/m
—4

¥, pm

4

A 05 0 0.5 1 -1 05 0 0.5 1
X, pm X, pm

X, pm

Figure 4: Numerical experiments demonstrating the resilience of HA metasurfaces to PD, paving the way toward disorder-immune meta-
devices (geometrical parameters as in Figure 1). (a and b) Transmission and transmitted phase with different degrees of in-plane PD with

standard deviation 8/, schematically depicted in (c), where the red dots indicate the ideal periodic array. (d and e) Transmission of the array

with different degrees of out-of-plane PD, with standard deviation 6z, schematically depicted in (f). In the two cases studied, both trans-

mission and phase in the HA regime are well preserved and remain almost invariant at A. (g) Calculated distributions of the x-component of
the electric field at Apand point P indicated in (a) and (d). All fields are normalized to the same colorbar. From left to right, the first two field
maps correspond to the periodic array at Apand point P, respectively. The other two correspond to the same points for a PD given by

0/=100 nm. The white circles highlight two closely packed nanorods exhibiting a

kedly different beh

; despite their proximity, at Ao no

interparticle hotspot can be appreciated, while the dimer system at point P can be clearly seen to display strong near field interactions.

varying spatial phase profile, offering exciting perspectives
for the realization of applications.

3.3 Influence of a dielectric substrate

A practical implementation of metasurfaces would unavoid-
ably require the presence of a substrate. The latter can play a
non-negligible role in the optical response and introduces
magnetoelectric coupling [52]. In stark contrast with con-
ventional resonances, the HA is remarkably robust when
deposited over a substrate [33]. In the studied nanocylinder,
the HA (differently from conventional anapoles or Huygens
sources) is effectively attained through the overlap of reso-
nant ‘Mie-like’ and ‘Fabry-Perot-like’ modes. Their field

distributions are displayed in Figure S5(b) of the Supple-
mentary Material. The first can be associated with standing
waves originating between the lateral walls of the resonator
cavity, while the second is mainly formed from standing
waves between the top and bottom walls (refer to the Sup-
plementary Material S8 for further details). Therefore, varia-
tions in the substrate reflectivity affect mainly the amplitude
of Fabry—Perot modes, but the Mie modes remain almost
unaltered [33]. With a variation of ngy,, the HA gradually
transforms to a conventional electric dipole anapole, still
retaining a strong scattering reduction.

HA metasurfaces are expected to present similar fea-
tures (Figure 5). In Figure 5(a) we have calculated trans-
mission, reflection, and absorption at the HA regime for our
metasurface deposited over a series of hypothetical
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Figure 5: (a) Optical response of an HA metasurface with inter-particle separation s = 300 nm, and geometrical parameters as in Figure 1,
deposited on hypothetical substrates with increasing refractive index. The arrows indicate the evolution of the Mie-like and Fabry—Perot (FP)
modes responsible for the HA. (b) x-component of the electric field at A, for the cases considered in (a).

substrates with index ranging from ngy, =1, ...,2. We
observe a progressive narrowing of the transmission band
mainly resulting from a redshift of high order Bloch modes.
Importantly, full transmission is preserved in the vicinity of
Ao, with a decrease of only 10% for ng,;, = 2. In Figure 5(b)
we have calculated the E, component of the total field,
which clearly shows how the wave at A, is almost fully
transmitted by the metasurface even for ng, = 2.

Unlike in the single-particle case, the Mie and Fabry-
Perot modes are coupled. The drop in transmission and the
change in the transmitted phase are linked to the evolution
of the Fabry—Perot mode; as indicated in Figure 5(a), the
substrate index influences strongly the width and spectral
position of the Fabry—Perot resonance, that rapidly red-
shifts while the Mie-mode remains almost unaltered. As a
result, the HA starts degenerating into a conventional
anapole. However, the transmission band induced by the
HA is very resilient to changes in the underlying substrate.
Importantly, the results unambiguously show that the
metasurface can be directly deposited over conventional
silica (SiO,) without further design steps and display full
transmission as well as enabling phase control. In this
case, in exchange for a small reduction of the transmission
band.

Based on the prior analysis, we elaborate a lookup
table for the HA metasurface deposited on a glass sub-
strate, schematically shown in Figure 6(a). Figure 6(b)
shows the results of the lookup table. The phase can now
be modulated in a range of 80°, almost doubling the orig-
inal design in a vacuum. The price paid is a reduction in
the range of available radii, which can be tuned from
120-140 nm preserving unity transmission and negligible
inter-particle coupling. The available range for phase
tunability is doubled with respect to free space, suggesting
there is still a large room for improvement of the effect.

4 Phase modulation of fs pulses
with a disordered HA array

Next, we discuss the possibility to modulate the phase of an
ultrafast Gaussian pulse in transmission mode, making use
of a disordered HA array on top of a silica substrate. To
illustrate the robustness of our system, we choose a strong
in-plane disorder (61 = 50 nm), corresponding to 20% of the
separation between nanorods (s = 300 nm). We then
perform finite-difference time-domain simulations of an
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Figure 7: Manipulating the phase of an x-polarized fs ian pulse with a di: HA metasurface on a semi-infinite glass substrate.

(a) Artistic representation of the concept, depicting the impinging and outgoing pulses from the disordered HA metasurface with tailored
nanoparticle sizes, and a schematic of the lookup table. (b) Transparency and advanced phase of the output pulse at their maxima, for a =125,
135 nm (top and bottom panels, respectively) in the disordered lattice, in perfect agreement with the periodic arrangement (output p.). The
height of the nanorods is kept constant at 370 nm. (c and d) Temporal profiles of the incoming (input) and outgoing pulses (output),
demonstrating full transmission for the two cases studied. In panels (b)-(d) the operator ()’ denotes averaging over the transverse cross-
section of a single unit cell.
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incoming x-polarized Gaussian pulse with 400 fs duration.
The concept is depicted in Figure 7(a); the radius of the
nanorods is chosen in accordance with the lookup table in
Figure 6(b). With a progressive increase in a, the phase of
the output pulse can be controllably tuned, as shown in
Figure 7(b), where we have plotted the maxima of the
output and input pulses. We have chosen a to vary between
125 and 135 nm, to be well in the range covered by the HA
[Figure 6(b)]. For comparison, in Figure 7(b) we have also
added the results for the periodic array.

As could be expected from our calculations in Figure 4,
the phase imprinted by the periodic and the disordered
metasurfaces is virtually identical, once more demon-
strating that HA nanoparticles indeed operate in an almost
independent fashion from their neighbors. Consequently,
transmission is kept higher than 85%, as confirmed by the
full temporal profiles displayed in Figure 7(c) and (d)
(dissipative losses were not neglected in the simulations).
Alternatively, although generally less practical, the device
could also be controlled in wavelength and designed ac-
cording to the results in Figure 5(a).

To summarize, we have numerically implemented an
ultrafast phase modulator based on a disordered HA array,
relying solely on the knowledge of the periodic lattice. The
results suggest the possibility to flexibly design meta-
devices without the need for time-consuming optimization
steps, reaching a very high resolution. It is worth noticing
that even better performances could be obtained in the
mid-IR range, since our setup is easily scalable, and could
be introduced in a plethora of active and passive light
spatial modulation schemes.

5 Conclusions

‘We have proposed and investigated in detail novel trans-
parent HA metasurfaces based on the unusual properties of
the recently observed HA regime. Unlike recent designs
exploiting, e.g., the transverse Kerker effect [32], our met-
asurfaces achieve not only near-unity efficiency in trans-
mission but also allow varying the phase of the transmitted
wave. Most importantly, they display negligible inter-
particle coupling, overcoming a critical bottleneck of
conventional Huygens sources. We have demonstrated
how the latter leads to a number of technological advan-
tages, including the possibility to fabricate ultra-compact
arrays retaining the single-particle response, the preser-
vation of the transmission window when deposited on a
‘wide range of dielectric substrates, and a robust protection
against large PD, significantly relaxing the technical

requirements of the manufacturing process. As a proof-of-
concept, we have numerically demonstrated an ultrafast
phase modulator operating in transmission with a disor-
dered and a periodic HA array, showing perfect agreement
between the two structures. We emphasize that the HA
regime is not limited by strict design constraints and can be
easily implemented in (but not only) an amorphous silicon
nanorod in the visible range under normally incident plane
wave illumination. From the above, we can conclude that
HA nanoparticles, in contrast with Huygens disks, truly
approach the ideal of a ‘meta-atom’, i.e. a subwavelength
unit cell with a unique phase imprint. The focus of this
article is on resonance-based approaches to modulate
phase. However, metasurfaces based on the geometric
phase are also constrained by inter-element coupling. In
this regard, the HA regime could help to minimize inter-
element interaction (refer to section S9 of the Supplemen-
tary Material), or both mechanisms could be combined to
cover a broader phase range. In the future, we believe that
clever designs of HA-based metasurfaces could compete
with their more established counterparts, paving the way
toward new devices in meta-optics.
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S1. Multipolar decomposition of reflection and transmission from a
subwavelength periodic array

In Ref. ! the exact multipolar decomposition of reflection and transmission was derived making use of
multiple scattering theory. While providing with analyticity, the approach is only rigorously valid if the
smallest spheres enclosing the scatterer do not intersect with each other. We now put forward a simple
derivation based on more general principles that demonstrates the correctness of Eq.(6) in the main text
even when multiple scattering theory cannot be applied to the system in question.

Consider an infinite periodic array located in the x-y plane, and a point located in the z-axis placed in the
far field. The electric field at this point r :(0 0 z)T would correspond to the superposition of the

scattered fields from all the particles in the array and the incident field E, (r):
E(r)=E,(r)+ Y E/(r). (S1)

Clearly the scattered field E,, (r) = ZE, (r) . Now, if the unit cell is subwavelength, we can replace the

sum by an integral over the transverse area of the unit cell*:
1
By, (1) =B, (r)aa. (52)
i
In the far field, the multipole decomposition of E; (r) is given by (up to the quadrupole terms):

kl ‘il.'r ~ 1 ~
E (1)~ 2 ‘—(lnx(pxnm—lmxnh
4me, r Vy

A A : (s3)
tk—”[n x (nx Qn)] + lk—"[n x (n;]n)]J
6 2v,

where n=r/r.Inour case n, = (0 0 il)T . Substituting Eq.(S3) into Eq. (S2) leads to an expression

for E, (r), which can then be directly used to evaluate the reflection and transmission coefficients as
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1Ey], (54)
1=1+[E,, /E], (S5)

For an x-polarized plane wave propagating in the —z direction, the forward normal vectoris n, = [O, 0,—1]

, and the backward vector is n_ = [(), (),l]. The angular distribution of the scattered field in any of the two

directions is then:

sca = o2 1 iky ~
Exi(n.) ~(F,\ni + V_mvni _?d A:”i
, d i (S6)
LIy BT, R
v, T 6 T T
The reflection coefficient is '
ik .
r=————FE", (87)
25e0Ey(2) ™
while the transmission coefficient can be written as
[k(] Exm (SS)

=l+— .
28,80Ey(2)

Eqs. (S7)-(S8) are equivalent to Egs. (6)-(7) in the main text. It is now clear that the only condition necessary
for the expressions to be valid is that the unit cell must be subwavelength, in order to apply Eq.(S2).

S2. Multiple scattering theory

In this section we briefly summarize well-known results regarding multiple scattering theory. For simplicity
in the treatment, we consider scatterers with only electric and magnetic dipolar response, and refer the
interested reader to the detailed series of works ** for expressions including the effective quadrupole terms.

In this simple scenario, we analyze an array of subwavelength nanoparticles which are also small with
respect to their mutual separation. Then, the effective electric (magnetic) dipole moments are induced by
the instantaneous electric (magnetic) fields ‘seen’ by each constituent, namely the incident field and the
sum of all fields scattered by the other particles in the array:

- _ ik N
B | o) £6' (R, o+ 20, e, . (59)
0

n#l

iy =, Hy (1) + f"mZ[Eng“ (Ry, )i, —ikocg(Ry, ) <D, ] . (810)

n#l
In the previous a,, o, are the particle polarizabilities (inherent to a single scatterer), Ry, =1, —r,,
g° (R,” )is the free space electromagnetic propagator evaluated at R, , and given by

e:kr

g“(r):(k1+vv) (S11)

r

The vector g(R,") is introduced for convenience:
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e ik, 1
R, )= - IR,. S12

g( f”) RIH [an RE) ] " ( )

Egs. (S9)-(S10) form a linear system of equations for all the effective multipoles. Under normally incident
x-polarized plane wave, assuming all the particles are distributed in the x-y plane, only x-polarized electric
dipoles and y-polarized magnetic dipoles can be excited, and the electric and magnetic moments are not
coupled (the third term in the rhs of Egs. (S9)-(S10) vanishes). Then we can group all multipoles in a vector

b =( By Poveres Py oIt ety )T , and write a more compact formula:
[t-AS]b=b, (S13)

where the vector b contains the multipole moments induced solely by the incident field, I is the identity
matrix, A is a diagonal matrix containing the single particle polarizabilities, and & is the coupling matrix,
the elements of which in this example have the form

S =(1-8,,) 90 (Ry,). (S14)
‘Sl,: =(1—5h,)€u§?v (Rm) (S15)
for the electric and magnetic parts of b , respectively.

S3. Cartesian Multipole Expansion

The exact Cartesian expressions of the electromagnetic multipole moments up to the quadrupoles were
recently derived in Ref. °, and are given by the following integrals over the resonator volume:

. K 1 15 j, (kr)
p:J‘PJU(kr)dErJrEJ{[rvPJr73)‘2]’}(;7(1'%, (S16)

m:—%"‘ (rxP) h(kr)

™ d’r, (S17)

Q:f(3(r®P+P®r)—2[rAP]L{]x@d%Jr
r

. L) (S18)
6k [ (5r @rir - Pl-(r @ P + P@ )2 7r2[r‘PJU}I(3k—)1d3r
e
M:Qf(lrxm@wr@[rxmwd%. (S19)
3i kr)?

Where P is the induced polarization current within the scatterer, and the j; (kr) are the ith spherical

Bessel functions of the first kind. Taking the first order terms of the Taylor series of Eqs.(S16)-(S19), one
recovers the quasistatic contributions having the classical expressions:

Pl =Ipd, (S20)
m:; :—%D]‘(rxP)udzr, (521)
0% =3 [(rppgy + ruPB‘")JdSr ; (822)
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(523)

In Egs. (522)-(523) we have omitted the diagonal terms of the tensors since they cannot be excited with

conventional illumination schemes. The first toroidal terms are given by®
T = —%j[—zrzpa +(r P)ra]dﬂr,
T :%j[(rxp)#]d?r,
T2 =—%I[4rurﬁ (r-P)=5: (1, + rBPu)JdJr,

ap

T :T—j rz[rct(rxl’)p +rﬁ(rxP)u}d3r.

(524)

(S25)

(526)

(827)

The total contribution of the current multipoles to the scattered field outside the resonator can then be
written as the sum of the quasistatic and the toroidal part multiplied by the prefactor 'ik'. For example, the

0
o

scattered field of electric dipole type is proportional to p, = p,
indicates ‘exact’. Similarly, the other ‘exact’ multipoles will be indicated in this fashion.

S4. Experimental Dispersion of amorphous Si

T ]
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Figure S1. Real (n) and imaginary (k) parts of the experimentally measured refractive index of
amorphous silicon (aSi) employed in our study, as a function of wavelength.

S5. Multipole decomposition of the scattering cross section for an
isolated nanoparticle

+ikT] , where the absence of superscript

In an homogeneous environment, the contributions to the cross section of the different ‘exact” multipole

moments are decoupled, and can be written as (up to the quadrupole)’:
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We plot each contribution, together with the full-wave solution in Figure S2, demonstrating perfect

agreement, as well as the appearance of a dip in every dominant multipole, leading to a Hybrid Anapole
state.
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Figure S2. Calculated and reconstructed scattering cross section of an isolated aSi nanorod with height 370
nm and radius 125 nm. The abbreviations in the legend denote the electric dipole (ED), magnetic dipole
(MD), electric quadrupole (EQ), and magnetic quadrupole (MQ) contributions. X is defined at the minima,
corresponding to 750 nm.

S6. Alternative Cartesian Multipole decomposition separately taking
into account toroidal moments

Egs. (6) - (7) in the main text can be further decomposed into the quasistatic and toroidal contributions,
simply by expanding the exact expressions for the multipoles entering each term in the
reflection/transmission coefficient and utilizing Eqgs. (S20)-(S27). The results of this procedure are shown
in Figure S3(a)-(c) for the dominant multipole moments. The results unambiguously confirm that the
resonant cancellation of reflection is produced when the partial fields of the quasistatic and toroidal
contributions are equal in magnitude and interfere destructively.
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Figure S3. Quasistatic-toroidal multipole decomposition of the reflection coefficient for the three most
relevant multipoles of an array of Hybrid Anapole nanorods like the ones studied in Ref. %, with period 300
nm, under x-polarized plane wave illumination. (a) Contribution to reflection from the quasistatic electric
dipole moment, the toroidal dipole moment, and the sum of both. (b)-(c) Same as (a), but for the magnetic
dipole and the electric quadrupole moments.

S7. Evolution of the multipole moments with interparticle separation

In Figure S4 we have plotted the effective multipole moments of the array as a function of the normalized
wall-to-wall separation at A, =750 nm . The multipoles are almost constant until very small spacings,

less than 6% the incident wavelength, thus confirming that coupling effects are in general negligible.
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Figure S4. Real parts of the effective multipole moments in a unit cell as a function of normalized wall-
to-wall separation s/ X, for a fixed wavelength of A, =750 nm . The notation follows the one used in
the main text. It can be clearly seen that only very small distances result in a modification of their values,
as explained in section 3 of the main manuscript.

S8. Modes supporting the HA effect

In this section we clarify the notions of ‘Mie’-like and Fabry-Perot-like (FP) modes utilized in the main
text. We refer as Mie-like to those modes that can be associated with standing waves between the lateral
walls of the cavity, as depicted in Figure S8(a), leftmost panel. Most importantly, far from avoided
crossings, Mie-like modes have a very small dependence with the cavity height. We call them ‘Mie’ in
analogy with the modes supported by infinite cylinders. In contrast, the simplest FP-like mode is formed
from standing waves between the top and bottom walls of the cavity, as depicted in the scheme in the
rightmost panel of Figure S8(a).

a)  “Mie™-like “Fabry-Perot”-like

x10°
1.2

1
0s |EL(au)
0.6
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Figure S5. (a) Schematic illustration of ‘Mie’-like and ‘Fabry-Perot’-like (FP) modes. Black arrows
indicate the propagation direction of hypothetical plane waves that interfere to generate a standing wave
pattern. (b) Electric field norm in the x-z plane for the Mie (left panel) and FP (right panel) modes
supporting the HA. The yellow arrows correspond to the electric field distribution. The modes have been
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obtained for a metasurface with s=300nm. Their eigenfrequencies are, from left to right,

Futie =3.71e14—i7.35¢11 (Hz) and fpp =3.72¢14-i1.05¢12 (Hz) .

In general, we refer to FP-like modes to those having a non-negligible dependence with the height of the
cavity. Thus, the detuning between Mie-like and FP-like modes can be easily controlled just by playing
with the cavity geometry.

Figure S8(b) shows the Mie and FP modes that, near degeneracy, give rise to the HA effect. They have
been calculated for a HA metasurface in vacuum, with §=300 nm . While the Mie mode has no z-
component of the electric field (it is transverse electric), the FP mode features three vortices of the electric
field along the vertical axis, and two well-defined hotspots. The latter is a clear signature of standing waves
formed from oscillations between the top and bottom walls of the cavity.

S9. A comparison with metasurfaces based on the Pancharatnam-Berry
phase

The Pancharatnam-Berry (P-B) phase (or geometric phase) is an alternative mechanism to introduce phase
jumps, which in principle does not require a resonant response °. In this section, we briefly analyze its
working principle and point out how the latter approach suffers from similar limitations as Huygens
metasurfaces. Finally, we provide a comparison with HA metasurfaces.

First of all, we note that, in order for the metasurface to induce a P-B phase, the meta-atoms must possess
in-plane bianisotropy, so that incident light with opposite helicity o will be scattered differently. This can
be implemented, for instance, with elongated dielectric rods. Under normally incident plane wave
illumination, the induced geometric phase emerges from the expression of the transmitted electric field '°:

t+
2

rO _tc

ES =7 B¢ =l lego o oyninoa)E® (S29)

Where 7 is the Jones matrix describing the effect of the metasurface, Ef is the incident circularly polarized
plane wave and E7 is the transmitted field. 7, ,are the forward scattering coefficients for the ordinary and
extraordinary axis of the meta-atom, respectively, and o is the rotation of the meta-atom with respect to
the laboratory frame.

Eq.(S29) is the cornerstone of P-B metasurfaces; it demonstrates that a portion of the transmitted light
experiences an helicity flip and acquires a phase 2o . Thus, by rotating the bianisotropic meta-atom, one
should be able in principle to achieve a complete 2nphase modulation. There are, however, some
limitations that can be directly inferred from Eq. (S29):

i) In-plane bianisotropy (7, #1,) of the meta-atoms is an imperative requirement to recover the
P-B phase, which might impose fabrication constraints.

ii) Part of the transmitted light does not acquire a P-B phase and must usually be filtered out.

iii) Even if maximal transmission efficiency is achieved (with f, =—f.), opposite circular

polarizations have opposite behavior, (due to the helicity © entering the second term in the
right-hand side of Eq.(S29)). In general, this means that a converging lens designed for right-

circular polarization will be a diverging lens for left-circular polarization .
iv) Strict fabrication control over the orientations of the resonators in the device is required.

Most importantly, Eq. (S29) has the same limitation as the Huygens metasurface: it is derived for an array
of periodic meta-atoms, all of them oriented in the same manner. Moreover, the t,, are in general
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functions of the period. Therefore, the formula does not consider the influence of inter-element coupling in
a realistic device. If the meta-atom is placed in a heterogeneous array, ideal performance would require an
additional optimization step. Once again, control of the phase at the level of the individual meta-atom is
not guaranteed.

The HA meta-atom does not have any of the aforementioned issues: (i) does not require bianisotropy, (ii)
relies on the resonance mechanism, and transmits all light with a modulated phase, (iii) since the meta-atom
has rotational symmetry, right and left circular polarizations are modulated by the same phase. Crucially,
as we demonstrate in the main article, inter-element coupling is virtually absent, which can potentially
lead to phase modulation at the level of the individual meta-atom. As we also demonstrate, (iv) we do not
require any careful arrangement of the meta-atoms, which can be disordered. The fabrication constraints
are thus significantly less stringent than those for P-B metasurfaces.
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All-dielectric nanophotonics opens a venue for a variety of novel phenomena and scattering regimes
driven by unique optical effects in semiconductor and dielectric nanoresonators. Their peculiar optical
signatures enabled by simultaneous electric and magnetic responses in the visible range pave a way
for a plenty of new applications in nano-optics, biology, sensing, etc. In this work, we investigate
fabrication-friendly truncated cone resonators and achieve several important scattering regimes

due to the inherent property of cones—broken symmetry along the main axis without involving
complex geometries or structured beams. We show this symmetry breaking to deliver various kinds
of Kerker effects (generalized and transverse Kerker effects), non-scattering hybrid anapole regime
(simultaneous anapole conditions for all the multipoles in a particle leading to the nearly full scattering
suppression) and, vice versa, superscattering regime. Being governed by the same straightforward
geometrical paradigm, discussed effects could greatly simplify the manufacturing process of photonic
devices with different functionalities. Moreover, the additional degrees of freedom driven by the
conicity open new horizons to tailor light-matter interactions at the nanoscale.

Recently, ever-increasing attention has been paid to the optical properties of subwavelength dielectric and semi-
conductor nanoparticles. Such objects can be used to create various structures and platforms either significantly
outperforming existing ones, or even belonging to a completely new class. Their undeniable advantages are low
losses, high efficiency, and the ability to simultaneously tailor both the electric and magnetic components of light.
Nanolasers', nanoantennas® ™, ultrathin lenses®, sensors and detectors® ™, metamaterials and metasurfaces'*-'?
and other emerging applications of the novel peculiar effects'*'* are driven by such resonators.

A big step in high-index dielectric nanophotonics was made by implementing a flexible control over multipole
excitations in subwavelength scatterers, understanding and tuning different phenomena by the means of
multipole moments combinations and their interference'**’, For example, it became possible to implement
the so-called Kerker effect—the cancellation of backward or forward scattering from a nanoparticle, which was
originally introduced for a hypothetical sphere with equal epsilon and mu?'. Nowadays, the Kerker effect plays
a crucial role in dielectric nanophotenics, giving rise to a variety of fully transparent phase-tailoring “Huygens”
metasurfaces” . As a next step, the so-called generalized Kerker effect was introduced; this effect allows one to
observe an interference picture between resonantly excited electromagnetic multipoles of different orders*-*.
Expanding the possibilities of the usual Kerker condition, it allows governing the scattering directivity via the
interplay of multipolar channels. In the recent paper® the transverse Kerker effect was shown and verified experi-
mentally; this effect is characterized by isotropic transverse scattering with simultaneous nearly full suppression
of both forward and backward scattering. This peculiar optical signature of specially designed nanoparticles
enabled fully transparent metasurfaces or even a perfect absorber*’!.

Another intriguing possibility is an access to the so-called anapole (cancellation of the dipole radiation via the
toroidal dipole one)* or hybrid anapole regimes (HA)**—simultaneous fulfillment of anapole conditions for all
the main multipoles in a scatterer, giving rise to the far-field scattering suppression and strong near-field energy
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Figure 1. Artistic representation of the considered silicon nanocone particles illuminated with a linearly
polarized plane wave, showing the main advantage of the truncated cone geometry over the simpler shapes: the
possibility of obtaining various important multipole effects within the same geometric shape.

localization regardless of a substrate. Metasurfaces based on such meta-atoms feature many useful properties
such as a controlling phase shift of transmitted light, almost perfect transparency, strong nearfield enhancement
useful for nonlinear and Raman applications, complex and unusual transient properties, etc., for various types
of substrates and shapes™-**.

Besides the completely non-scattering nanoobjects, researchers are also interested in the cases, when nano-
particles become anomalously strong scatterers. Such states are the opposite of an anapole, because at a certain
frequency scattering maxima of several multipoles appear; this state is called superscattering””. Nanoscatterers
supporting this feature can find their application in a number of areas, such as sensing, optical communication,
and other emerging areas** /0.

The cases above are usually considered for highly symmetric particles with simple geometry like spheres,
cubes, or cylinders, each of them supporting a limited set of multipole interactions depending on size, material,
and aspect ratio. Often, to get specific multipole configuration it is necessary to require some complications,
for example multilayer structure. Breaking the symmetry enables more careful mode engineering allowing, for
example, truncated conical scatterers (Fig. 1) to support all the aforementioned responses with unprecedented
flexibility in scattering pattern tailoring without the use of complicated material configurations. Moreover, such
geometry has many advantages in terms of fabrication, since most of the conventionally fabricated cylinders are
actually cones with small side slope'~**. Currently, there are plenty of studies on conical particles from resonant
reflectors™, color filters*, and nanoantennas®* to antireflecting and light-trapping coatings for photovoltaic
cells*, and photonic nanojets*.

Truncated cones are gaining popularity as elements of photonic structures due to their undeniable advantages.
The main such advantage is the opportunity to vary the upper radius, adding an additional degree of freedom.
Unlike the more popular cylinder-shaped nano-scatterers, nanocones allow one to vary the mode composi-
tion of the scatterer more precisely, which leads to a better tuning and obtaining effects that were previously
unattainable®. For example, in™, the authors were able to shift the reflection maximum of the metasurface by
varying the geometric dimensions of the truncated nanocone meta-atom, which allowed them to move the reso-
nance of interest through the entire visible spectrum. Additionally, in*, the authors showed abserptive-type filters
using truncated-cone hyperbolic metamaterial absorbers, where the desired operation frequency was achieved
by varying the geometry and composition of the meta-atoms.

Notably, the truncated-cone geometry is still understudied compared with the “conventional” spherical,
cubic, and cylindrical shapes. To bridge this gap, this work presents an extensive study of the optical properties
of truncated conical scatterers. After introducing the central concepts of a multipole and a quasinormal mode, we
discuss the new physics enabled by the additional degree of freedom—broken symmetry along the main axis. We
demonstrate all the multipolar interference phenomena mentioned above using silicon truncated cone scatterers
(experimental dispersion data for a-Si is shown in Supplementary Fig. $1) and indicate the specific parameters
corresponding to these effects, for which we performed numerical simulations in Comsol Multiphysics. Based on
our results, it is easy to find the desired effect in other materials and at other wavelengths with other geometric
parameters, which makes the approach quite universal.
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Modes and multipoles

Multipolar expansion. Multipole decomposition is an important tool for analyzing the interaction of light
with matter. Recently new expressions for multipole moments were introduced, valid for arbitrarily sized parti-
cles of any shape. Beyond the particular case of multipolar moments induced by an incident field in a structure,
these expressions can be directly applied in the many areas, where the multipole decomposition of electric cur-
rent density distributions are used”. Exact multipole moments (1-4):

ki
pusz{ / PrCiotkn + = / el lw)rafrzfm]j?,;)?} (1)
3 Jji(kr)
= E/d r(r X Ju)o o (2)
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where pr,—eleclric dipole moment (ED), m,—magnetic dipole moment (MD), Q;, ;—electric quadrupole moment
(EQ) and Q}j;—magnetic quadrupole moment (MQ), a, p=x, y, z, ] ,—current dens:ty inside the particle, j) 23
7spherical essel functions of the first kind.
Hereinafter we will not consider any higher order terms *, since they are negligible in all the cases of interest.
In the far field region, the exact induced multipole moments produce an electric field given by *:

kZ eli‘r

1 ik ik
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Importantly, upon making the change n — —n in equation (5), the electric field produced by the ED does
not change sign, while the electric field produced by the MD is reversed. For quadrupoles, the opposite hap-
pens, i.e., the MQ field is even while the EQ one is odd. The ‘even-odd’ character under space inversion is often
referred to as the parity of the multipole field. This well-defined behavior under space inversion is at the core of
all multipolar interference effects.
We also need to write down the following formula for the scattering cross-section (SCS)*, to directly compare
the contributions of different multipoles to the SCS:
Cram! Cfm + C¢m + CQ + CQ +.

sia + Coca
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Interestingly, we note that the SCS of each multipole is decoupled from the rest. Thus, every multipole can
be viewed as an independent ‘scattering channel, through which the nanoparticle can exchange power with the
environment™.

Quasinormal modes. In the presence of an exciting field, dielectric nanoparticles have the ability to con-
fine light within their volume. In other words, they act as subwavelength nanoresonators, supporting ‘resonant
modes. This confinement becomes optimal near their resonant frequencies. To understand the nature of this
phenomenon, one can trace an analogy with Fabry-Perot cavities. Once light enters the cavity, it bounces back
and forth due to reflection from the walls until it finds a way to exit. However, for some special frequencies,
a standing wave can form due to constructive interference, leading to resonant behavior. Another prominent
analogy can be found in dielectric microcavities supporting whispering gallery modes, arising by total inter-
nal reflection after a roundtrip around the cavity. Resonances in dielectric nanoparticles can be visualized as a
mixture between the two examples above; they can arise from standing waves along their transverse dimension
(similar to whispering gallery modes), their longitudinal one (resembling Fabry Perot cavities), or a combina-
tion of both.

In an ideal system, such as a Fabry Perot resonator bounded by two perfectly conducting mirrors, light
can never escape and will oscillate back and forth from the walls for an infinite time. The resonant frequencies
in this context are real numbers. However, in an actual physical system, energy eventually dissipates into the
environment, either by absorption or radiation. The resonant frequencies are then complex, implying that no
stationary excitation can fully access them. Despite this, the system’s response (e.g., scattering) is strongly affected
when approaching a resonant frequency along the real axis. Thus, understanding their behavior and radiation
characteristics is of great importance for the design of nanophotonic devices. Formally, resonant modes are
eigensolutions of Maxwell’s equations, supplemented with a set of boundary conditions. For an isolated dielectric
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Figure 2. Lowest order resonant QNM:s of a Si nanocylinder and a truncated Si nanocone. We consider only
the QNMs that can be excited by a normally incident, x-polarized plane wave. Parameters of the nanocylinder:
height 100 nm, radius 130 nm. Parameters of the nanocone: height 100 nm, bottom radius 130 nm, upper radius
65 nm. The refractive index of both nanoresonators is set to 4. (a) Scheme depicting the x-z cross-section of a
cylinder, and it’s up-down mirror symmetry. (b) Lowest order QNM of the nanocylinder with odd parity. It can
be easily identified as the well-known MD mode. Left: near field distribution in the x-z plane, right: radiation
pattern. (c) Lowest order QNM with even parity, corresponding to the ED mode. Left and right pictures as in
(b). (d) Representation of the x-z cross-section of a nanocone, indicating the lack of up-down mirror symmetry.
As a result, the QNMs are no longer even or odd. In particular, the lowest order QNMs radiate as a combination
of ED and MD multipoles. (e-f) Lowest order resonant QNMs of the nanocone. Left and right pictures display
the same as in (b) and (c). As a result of the mixed electric and magnetic contributions, the forward and
backward directivities of a single QNM can be boosted with respect to the nanocylinder.

nanoparticle in a homogeneous environment, the boundary conditions can be replaced by a radiation condition.
Assuming a dispersionless permittivity &(r), we write Maxwell’s equations with a time dependence of the form
e~ '®" (we omit for brevity the spatial dependences in the fields and the permittivity):

0 —iVx\(Emw\ _. (e 0 Ey
—ivx 0 H,) ="\ 0 =0 )\ K, )’ @

together with the radiation condition:

lim & X V x Eyy = —i2"E,), ®)
r—00 <

where F is a unit radial vector and @ = @ — iym is the resonant frequency or eigenfrequency associated with
the eigenmode Hm . Equation (8) essentially tells that the mode field must behave as a spherical wave at infin-

m i

ity, i.e. follow a epe,ndence E,, ~ Eqo(F)e®"//r. Interestingly, to ensure energy decay in the time domain, y,,,

is always a real, positive number. Therefore, far from the origin, the mode amplitude blows up due to a term

e/n"/¢ [r. In consequence, modes in open systems cannot be normalized by standard means, and often receive

the name ‘quasinormal’ modes (QNMs). Despite this, the scattered field everywhere inside the nanoparticle can

be accurately described as a linear combination of the contributions of several QNMs, i.e. Esu = Y (@) E .
n

where &, () describes the coupling of the m-th QNM to the incident field*'.

Multipolar resonances in dielectric nanoparticles are associated with a QNM. In the case of spheres, every
resonant mode radiates as a specific multipole. However, this is no longer true for arbitrary shapes. In a general
setting, the scattering pattern of a QNM can be described as a mixture of multipole contributions. To determine
how much a QNM ‘matches’ a given multipole, (i.e. its multipolar content) one can define the m-th ‘eigen’
current J,, = —i@pmeo (sp - I)E,,,,where &p is the relative permittivity of the nanoparticle. Introducing J,, into
equations (1-4), and evaluating them at the complex frequency @,, yields the desired multipolar content of the
m-th QNM™. At a real frequency w, the QNM will radiate as a combination of its intrinsic multipole moments.

However, the particle symmetry imposes strict bounds on the multipolar contents of its QNMs. For instance,
cylindrical symmetry prevents a mixture of multipoles with even and odd parity (refer to Fig. 2a-c). This has
important implications, e.g., for the design of Kerker meta-atoms: since the electric and magnetic dipoles have
opposite symmetry, the radiation pattern by a single mode cannot be directional. Thus, engineering a resonant
Kerker effect in a dielectric nanodisk requires overlapping the resonances of two QNMs with electric and mag-
netic dipolar character, respectively.

Unlike cylinders, truncated nanocones lack the vertical mirror plane, as schematically depicted in Fig. 2d.
As a result, the QNMs can radiate as a combination of multipoles with even and odd parity, such as the electric
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and magnetic dipole. Consequently, the directivity of a single QNM can be enhanced in the forward or the back-
ward direction, as can be appreciated from the radiation patterns of the two lowest order QNMs of a nanocone
(Fig. 2e~f). This also immediately implies the appearance of a bianisotropic response. Thus, truncated nanocones
not only hold an additional degree of freedom (conicity) with respect to more studied geometries such as cyl-
inders: conicity provides a simple strategy to control the even-odd mixture of multipoles in a QNM, leading to
new exotic effects, such as single mode directivity, strong coupling and exceptional points™.

Kerker effects

In this section, we talk about various types of Kerker effects (generalized and transverse Kerker effects) in silicon
truncated nanocones. The Kerker effect became more commonly used recently due to the explosive growth of
dielectric nanophotonics. In this regard, it becomes necessary to study this type of effects considering different
scatterer geometries.

The Kerker effect is a unidirectional forward or backward scattering (Generalized Kerker effects) or enhanced
side scattering (transverse Kerker effect). The multipole decomposition can serve as an excellent tool to study the
Kerker effect. It becomes possible to show the electric field as the sum of multipole contributions, where each
term is responsible for the field of a particular multipole®”.

Generalized Kerker conditions.  For the first time, the Kerker effect was discovered for spherical particles
with the dielectric constant equal to the magnetic permeability. In such particles, when the electric field ampli-
tudes of the electric and magnetic dipoles are equal, as well as at a certain phase difference of the dipoles, one
can observe only forward or backward scattering”. There are many works that show the experimental realization
of such effect in dielectric nanoparticles®**. Over time, other meaningful combinations of multipoles and the
phase difference between them were discovered, so the Kerker effect had to be "generalized"***’. Nowadays, the
term "generalized Kerker effect” is used, when it comes to pronounced forward or backward scattering.

Amplitude ratio for generalized Kerker conditions.  To describe forward or backward scattering we can write the
scattered field of an arbitrary shaped particle under x-polarized light™, inserting 7= (0, 0, n,) in (5), we obtain
9):
K e , 1 ik oy ik
Ef = rep— peniz + Smynz = ¢ MU aQ;",n,Jr“- 9

The direction of forward or backward scattering can be linked to the unit vector n. Let us set n=(0, 0, 1) for
the forward scattering, and n= (0, 0,— 1) for the backward. We consider the case of a plane wave illumination
with x-polarization.

Let us assume that we do not have backscattering, and all the multipole contributions that do not participate
in the Kerker effect tend to zero. In such cases, the following expressions are valid:

@ e 1
ED+MD155WZHT{&*;’M}=U (10)
ED + EQ:E™ = 4:;‘?{;1; +% } =0 an
MD + MQ:E™ = %ef {—%my - ;—io;’;} =0 12
ED + MD + BQ + MQ:E™ = &i{w - %my+ %Qiz - %Q};} =0 (14)

It should be emphasized that the last combination (14) includes all multipoles up to quadrupoles, and there-
fore is a superposition of the previous cases. Also, it is worth noting that combination of four multipoles can lead
not only to the generalized Kerker effect, but also to the transverse Kerker effect. Such multipole combinations
will be discussed in Sect. "Conclusions on the Kerker effects”.

Knowing the multipoles values for ‘no backscattering’ cases, we can express the forward scattering amplitudes:

i 4+ e = L] etz (15)
H = _— -m = —q =M
* 4mwey 1 Px ¢ 4meg v e
K ek ik K oehr ik
ED + E :Efw::—— ——Q = ——{——Q° 16
Q: By Tree v 1”7 % Qe P 3 Qe (16)
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Further, considering the equations (12, 4-11), we obtain the ratios between the multipole contributions for
each combination of moments leading to the Kerker effect (see Supplementary 2):

CED
s _ g 19)

ED + MD: i

ED + EQ Car _ 1.67 20)
g = 1

sca

CMD
G _
MD + MQ: it = 1.67 @1

CcEQ
if;a =1 (22)

EQ + MQ:
Q QC}m

Phase difference for generalized Kerker conditions.  Another important Kerker effect condition is the phase dif-
ference between the interacting multipoles. For the original problem of Mie scattering on spherical particles, it
was shown that electric and magnetic multipoles of the same order have opposite parity with respect to cos 6 (8
is the scattering angle with respect to the forward direction)**, This means that simultaneous forward scattering
amplification and backscattering suppression can be achieved not only for ED and MD interference, but also for
any higher-order multipoles, and scattering can be further enhanced or suppressed™.

The fact is that the phase will directly affect the shape of the scattering diagram we obtain. For all the above
combinations of multipoles, specified phase differences can be found to ensure forward scattering.

ED + MD:A@(p,m) =arg (p) —arg(m) == +2wn, ne€ Z (23)
ED + EQ: Ag(p, Q) =arg(p) —arg (Q) =w +27rnneZ (24)
MD + MQ: Ap(m, Q") = arg(m) —arg (Q") = +2rn, ne Z (25)
EQ + MQ: Ap(Q°, Q") = arg (Q°) —arg (Q™) =m + 2, ne Z (26)

In our work, all the generalized Kerker conditions with forward direction were obtained for truncated conical
nanoscatterers (Fig. 3).

Figure 3 shows the Kerker effects calculated numerically, using Comsol Multiphysics, and analytically, using
equation (5). With the help of this equation, it is possible to construct the far field distribution by varying the
values of the multipole moments in such a way as to obtain the Kerker effect. The dependence of the multipole
contributions to the scattering cross-section on the radiation wavelength is shown in Fig. 3(a—e). The points of
the Kerker effect are marked in red, following the equations (19-22). To confirm this, the analytical (f-j) and
numerical (k-o) far-field patterns are shown for each case. The scattering shape is similar but not completely the
same due to the minor contributions of other multipoles in the numerical calculations.

Thus, various kinds of Kerker effects, and necessary far field and scattering cross-section conditions are shown
for real silicon truncated cones. The resulting shapes of radiation patterns for cones, obtained in COMSOL
Multiphysics, are in a good agreement with the expected Kerker-type shapes for an ideal point calculations, In
real systems, it is impossible to obtain the ideal combination of the necessary multipoles, and therefore weak
discrepancies are observed. The absence of the need to use higher-order multipoles is also evidenced by good
coincidence of the sum of scattering cross-section of multipoles with calculation of scattering cross-section,
using the integration of the Pointing vector over a closed surface in the far-field zone and the normalization to
the incident field intensity (Fig. 3a—e, gray and orange lines).

Transverse Kerker conditions. Another equally important scattering feature is the transverse Kerker
effect, which was first described in™“". The main cause of the transverse Kerker effect is the combination of
multipoles featuring scattering to the sides only leaving the small portion of forward scattering according to
optical theorem®. Such effect can be obtained both through simple combinations of two multipoles® and
through more complex configurations™.
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Figure 3. Generalized Kerker effects for truncated conical nanoparticles with different shapes. (a-e)—
multipolar decomposition, (f-j)—far-field sum of multipoles for a point particle, calculated analytically, (k-0)—
far-field distribution for conical nanoparticles with different geometries calculated numerically for real particles
at the spectral points shown in (a-e). Conditions of the illumination—incident plane wave from the top of the
page. The geometrical parameters for every case can be found in section S3 of the Supplementary Information.
The experimental dispersion data for a-Si is shown in Supplementary Fig. S1.

Let us assume that both backward and forward scattering are suppressed, and all the multipole contributions
not participating in the transverse Kerker effect tend to zero. Then, the following system of equations is valid for
possible ways to obtain transverse Kerker effect (4 multipoles and 2 multipoles):

;i K ek ik
ED + MQ:EfWS‘zEfX““=*—{pX—* ;;}:o 27)
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After some simple algebra, one can obtain the following conditions for the multipole amplitudes:
. —_— ,k "
ED + MQ:pe= Q) (30)
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Further, taking into account the equations (27-29), we obtain the ratios between the multipole contributions
for each of their combinations (see Supplementary S2):

Ct.”
ED + MQ: 375 = 1.67 (33)
sca
cMp
MD + EQ: & = 167 (34)
CED
g =167
ED + MD + EQ + MQ: b (35)
sca
—ia = 1.67

sca

For all the above combinations, phase differences between multipoles can be obtained.
Transverse phase conditions are:

ED + MQ: Ag(p, Q") = arg (p) —arg (Q") =n £27m ne Z (36)
MD + EQ: Ag(m, Q) =arg(m) —arg (Q°) = +2rm, ne Z 37)

Ap(p, Q") = arg (p) —arg (Qm) =at2an,neZ

Ag(m, Q%) = arg(m) — arg (Q") =mnmx2rnneZ G8

ED+MD+EQ+MQ:{

In our work, all the transverse Kerker conditions are shown for truncated conical nano-scatterers (Fig. 4).

Figure 4 shows the different transverse Kerker effects obtained both numerically and analytically, calculated
in the same way as in Fig. 3. Scattering patterns shape is an obvious reason why this effect is called “transverse”.
By the proper choice of the multipole phases and amplitudes, it is possible to achieve side scattering together
with forward and backward scattering suppression.

Conclusions on the Kerker effects. Kerker effects are indeed unique phenomena, which are key to a
range of novel photonic devices. Prior to our work, each one of these had previously been only shown for com-
pletely different shapes and materials of nano-scatterers. The following are some examples demonstrating vari-
ous Kerker-type effects (Table 1).

In this section, we have demonstrated for the first time all known Kerker effects for single nanoscatterers
within the same geometry. Thus, nanocones represent a versatile, fabrication-friendly platform for the imple-
mentation of new photonic devices benefitting from a comprehensive toolbox of multipolar interference effects
including flexible tailoring of scattering patterns.

Non-scattering regimes: anapole and hybrid anapole
In the past few years, the emergent field of ‘anapole electrodynamics’ is experiencing exponential growth®.
Anapoles are semi-nonradiating sources that arise due to the destructive interference of the quasistatic electric
dipole moment and the toroidal dipole in the far field. Alternatively, in a more general picture, they can be
understood as being originated by the destructive interference of symmetry-compatible quasinormal modes*.
However, the energy stored by the quasinormal modes within the nanoparticle is nonzero, leading to counter-
intuitive light-matter interaction processes in the absence of elastic scattering, Until very recently, the suppres-
sion of scattering in these states was limited to the electric dipole contribution to radiation. The experimental
demonstration of hybrid anapoles (HA) following the pioneering theoretical proposal™, has evidenced the pos-
sibility to simultaneously overlap the zeros of all the dominant multipolar channels through a careful design of
the nanoparticle geometry. These novel states are much more promising than their dipolar counterparts for a
number of reasons***%; despite the larger volume of the nanoresonator required to obtain them, the scattering
suppression is improved by more than 20 times, while the excited quasinormal modes store approximately 10
times more energy. Such values exceed by far the performance of anapoles and 2" order anapoles™ arising in
homogeneous disk nanoresonators.

In nanocylinders pertaining to the cylindrical symmetry, it was shown in** how the anapoles from different
multipolar orders but equal parity were connected. Counterintuitively, such connection allows to simultaneously
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Figure 4. Transverse Kerker effects for truncated conical nanoparticles with different shapes. (a-c)—multipolar
decomposition, (d-f)—far-field sum of multipoles for a point particle, calculated analytically, (g-i)-far-field
distribution for conical nanoparticles with different geometries calculated numerically for real particles at the
spectral points shown in (a-c). Conditions of the illumination—incident plane wave from the top of the page.
The geometrical parameters for every case can be found in section $3 of the Supplementary Information. The
experimental dispersion data for a-Si is shown in Supplementary Fig. S1.

5569

ED+EQ

Plasmonic gold nanoring nanoantenna® -

ED+MQ

Ceramic spheroidal particle®”
Silicon square nanoplate®?

MD+EQ

Core-shell SiO2@InSb and Si@InSb in a one-dimensional (1D) metalattice
geometry in the Terahertz range®

MD+MQ

Ceramic core-shell* -

EQ+MQ

Both isolated and periodically arranged homogeneous cross dielectric

structure®”

ED+MD+EQ+MQ

Individual core-shell nanoparticles®

Silicon cube™
Ceramic cube and cylinder

Table 1. Examples demonstrating various Kerker-type effects for different shapes and material of scatterers.

overlap four anapoles with just the two geometrical degrees of freedom of the nanoparticle. As mentioned earlier,
however, the even and odd multipoles are no longer necessarily coupled once the reflection symmetry in z is bro-
ken. In this section, we aim at investigating the effect of z-sy ry breaking on a HA linder, by introduc-
ing a small geometrical perturbation on the upper radius. Such a situation occurs quite often, (unintentionally)
during a sample fabrication process. It is rarely possible to obtain particles of an ideal shape, and samples with
small defects can often be found. In practice, the manufactured nanocylinders are most likely truncated cones™”.

Figure 5a displays the exact multipole decomposition of the HA regimes of the silicon cylinder studied
in***, The simultaneous suppression of the ED, MD, EQ, and MQ channels at the same spectral position can
be appreciated. The inset depicts the norm of the electric field at the spectral point with the lowest scattering,
hereafter referred to as the ‘HA wavelength (A;,)’. The field can be seen to be strongly concentrated within the
nanoparticle, (where two hotspots appear), with the exception of a few hotspots at the surface with a size of the
order of A;;,/40. Thus, even in the near field outside the particle, the incident wave is barely distorted by scatter-
ing. We now keep the height of the resonator constant and progressively increase conicity (1 — Riop/Rpottom)- The
multipole decompositions for three selected conicities are shown in Fig. 5a-c In all cases, illumination from the
top is considered. A log scale is used to enhance the contrast of the zeros in the spectrum.

Firstly, we observe a spectral blue-shift of all resonant features. This is expected, due to the overall size reduc-
tion of the lateral dimensions of the resonator. Secondly, the original MQ and ED anapoles blue-shift faster
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Figure 5. Evolution of the HA as a function of conicity and length. (a-c): Multipole decc

of the SCS (semilogarithmic scale) for selected conicities (see geometric parameters of HA in section S3 of
the Supplementary Information). In all calculations, the height of the nanoparticle was kept constant. Insets:
distribution of the electric field norm at A, (d): Total SCS as a function of conicity and wavelength. The
experimental dispersion data for a-Si is shown in Supplementary Fig. S1.

than the EQ and MD. As a result, the four anapoles are no longer superposed in the spectrum, and the scatterer
becomes less ‘transparent’ to the incident illumination. This is demonstrated by calculations of the total SCS as
a function of conicity (Fig. 5d).

However, we also observe a progressive emergence of new anapoles in the ED and the MQ SCSs (red and
purple solid lines, respectively), coinciding with the maxima in the EQ and MD SCSs near the HA. These new
features become more pronounced with increasing conicity. Interestingly, their formation is acompanied by a
‘split’ (two separated anapoles close to each other, see Fig. 5¢) in the unperturbed ED and MQ resonances.

We evaluate quantitatively this effect by calculating the wavelength shifts of the multipolar anapoles as a func-
tion of conicity (Fig. 6). The white-dashed lines show the paths followed in parameter space (only the anapoles
involved in the vicinity of the HA regime are investigated). The unperturbed anapoles in the ED and MQ chan-
nels are labeled as A; and By, respectively (Fig. 6a, d). As could be anticipated from the results in Ref.*, the latter
follow the same path in parameter space. This is because they are both associated to the same resonant QNM.
The same occurs with the MD and EQ anapoles (Fig. 6b, c).

For values of 1 — Regp/Rpottom > 0, we confirm the appearance of new anapoles in both the ED and MQ chan-
nels, manifesting as pronounced dips in their contributions to the SCS (Fig. 6a, d). For convenience, we denote
them as A and B,. Importantly, we notice that they both follow a similar path in parameter space. What's more,
there seems to be a connection between the paths of A and B; and those followed by the original EQ and MD

poles; after their app e, the former spectrally overlap with the latter. In contrast, no appreciable new
features can be seen when 1 — Ryop/Rportom < 0. In a first regard, this observation seems contradictory, since
symmetry is analogically broken. However, later the physical reason for it will become clear. It is necessary to
mention that in the calculations of the conicity we keep Ry constant and increase Ry, then the volume of
thel — Reop/Reottom < 0is larger than1 — Reop/Riottom > 0.

To gain more insight, we briefly revisit the origin of anapoles, from the QNM perspective’*’*. As an example,
consider a scatterer supporting one resonant QNM radiating to the ED channel. The SCS would then be well
approximated by the first term in equation (6), i.e.:

awa o [p|* = [pog + p1[* (39)
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Figure 6. Evolution of the SCS of each multipole (in log scale), as a function of wavelength and conicity. White
dashed lines are a guide to the eye, and indicate the paths traced by anapoles in parameter space. The shaded
green lines highlight the unperturbed cylinder (with conicity=0). (a) ED. A, labels the original ED anapole in
the unperturbed cylinder, and A; is the new ED anapole induced by symmetry breaking. (b) MD, (c) EQ, (d)
MQ. B labels the original MQ anapole in the unperturbed cylinder, and B; is the new MQ anapole induced by
symmetry breaking. The experimental dispersion data for a-Si is shown in Supplementary Fig. S1.

Here, p) is the induced ED moment by the resonant QNM, and p, corresponds to a non-resonant contribu-
tion stemming from QNMs outside the spectral range of interest, as well as direct scattering from the object’s
shape’®. A zero (anapole), takes place when |p| = 0, so that the resonant contribution cancels out with the
background:

P1 = —Pig (40)

We note that, in general, pp, is a smooth function of frequency that cannot, a priori, be controlled by design,
while p; becomes non-negligible only near the resonance frequency. In particular, one can model p; as a Lor-
entzian function centered at the resonance frequency. In the presence of a second resonant QNM, equation (40)
can be expressed as:

P1+P2=—Prg (41)

Equation (41) provides one more degree of freedom to reach the anapole condition. In principle, it is possible

to tune p; so that p; = —ppg — p2, or change p so that p» = —ppe — p1. Since p1 2 vary naturally in amplitude
and phase near the e freq ies of the iated QNMs, a new anapole should emerge for every new

QNM contributing to the ED cross-section’”. This conclusion can be readily generalized to any multipole.

From the above discussion, it follows that anapole formation is intrinsically related to modal evolution. In
particular, the emergence of a new anapole in the ED and the MQ SCSs must be directly connected to an addi-
tional QNM contribution to these multipoles. With this idea in mind, we calculate the resonant QNMs in the
vicinity of the HA as a function of the conicity (Fig. 7a). Three QNMs were considered: the two QNMs primar-
ily responsible for the HA effect (M1 and M2 in Fig. 7a) and, for completeness, a third QNM lying within the
visible range (M3 in Fig. 7a).

In Ref.*, it was shown that M1 was associated with the formation of both the ED and MQ anapoles (A; and
By), while M2 was responsible for the MD and EQ ones. This is further confirmed here by comparing the paths
of the anapoles in Fig. 6 with the evolution of the resonant wavelengths in Fig. 7a. The role of M3 can be safely
neglected in the discussion (or considered part of the background), since it is spectrally isolated from M1 and
M2 in the range of parameters considered.
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Figure 7. (a) Resonant wavelength shifts of the QNMs in the vicinity of the HA, as a function of conicity. In an
unperturbed cylinder, QNMs M1 and M2 correspond to TE;39 and TM;3 discussed in Ref.*. M3 is associated
with TM ). Insets depict the internal fields of the QNMs for selected values of conicity (red-more intense field,
blue-less intense field). In all the calculations we neglected the dispersion of Si, and fixed its value to an average
in the spectral range under consideration, n =~ 3.45. (b) Intrinsic multipole moments of M2 as a function of
conicity. To allow a proper visualization, all moments are normalized in ED units, i.e. C.m. k,, = @y, /¢ is the
(complex) wavevector associated with the m-th QNM.

We now focus our attention on the multipolar character of QNM M2 (Fig. 7b). We calculate the intrinsic
multipole moments as explained in Sect. "Quasinormal modes". This indicates us whether a QNM will contribute
or not to the SCS of a given multipole. For our purposes, if the contribution of a specific QNM is zero, it cannot
play a role in the formation of an anapole in that multipole SCS.

The results reveal a surprising fact: for an unperturbed cylinder, the contributions of M2 to the ED and MQ
are zero, while the MD and EQ are not, as expected since it interferes in those two channels to form anapoles.
However, when 1 — Rygp/Rporom 7 0, M2 starts contributing to the ED and MQ SCSs. The MQ and ED contents
of M2 grow as a function of the perturbation. It immediately follows from the discussion above that a new anapole
can emerge in the two multipoles under consideration. Furthermore, the contributions to the MD and EQ SCS
also change: for1 — Reop/Rbottom < 0the QNM is better matched to the EQ. Conversely, for 1 — Reop/Rbottom > 0,
the MD becomes dominant.

‘The fact that M2 couples to multipoles with opposite parities when symmetry is broken can be understood
from Fig. 2 and the discussion in Sect. "Quasinormal modes”. In a truncated cone, the modes are no longer
eigenstates of parity, and therefore can scatter light as a mixture of even and odd multipoles.

In brief, the emergence of anapoles A; and B; is due to mode M2 being able to contribute to the ED and
MQ SCS, once cylindrical symmetry is broken. This also explains the apparent connection between the paths
followed by the EQ and MD anapoles (associated with M2) and the new emerging anapoles. The reason why A,
and By appear only for 1 — Rigp/Rporiom > 0 can be elucidated from the behavior of the resonant wavelengths in
Fig. 7a. It can be seen that M1 and M2 remain spectrally close when increasing 1 — Ryop/Rpottom- In contrast, for
the range of parameters considered, M1 rapidly redshifts towards the near IR with decreasing1 — Ryop / Rpotsoms
while M2 remains in the visible. In consequence, M1 is spectrally isolated from M2, and the latter does not play
an important role anymore. Thus, no new anapoles are formed.

Regarding the robustness of the HA regime under small perturbations, extensive numerical tests demonstrate
that it is still possible to recover the spectral overlap of the four anapoles up to perturbations in the range of
1 — Reop/Rpottom = {0.2, —0.2} by varying the resonator height (not shown). Interestingly, the lower limit appears
to coincide with the region where A> and By become more pronounced (Fig. 7a,b). This suggests that, once the
MQ and ED content of M2 becomes significant, the MQ and ED anapoles can no longer be tuned independently
from the EQ and MD ones, which constituted the general strategy to design HA in nanocylinders.

Next, we study the possibility to realize HA in truncated cones for conicity close to 1 (Fig. 8). Keeping the bot-
tom radius and the height constant, we perform calculations of the total SCS for conicities in the range between
1 (perfect cone) and 0.5 (Fig. 8a). Our simulations reveal the existence of regions with strongly suppressed SCS
(white square in Fig. 8a). Figure 8b displays the multipole decomposition for a nanocone with conicity 0.88.
A HA can be seen to form due to the overlap between the ED and EQ anapoles, and the spectral proximity of
MD and MQ anapoles. For the example at hand, scattering is suppressed by approximately 8 times the average
SCS in the visible range. In the wavelength featuring the lowest SCS the scatterer is virtually transparent to the
incident plane wave, as demonstrated in the field profile shown in Fig. 8c. The incident plane wave is seen to
propagate undistorted by the cone. Although significant, the result leaves room for improvement. More intensive
multiparameter searches can lead to a closer overlap between the four anapoles, and an even more pronounced
scattering suppression.

The study in this section reveals the strong effect that small perturbations in conicity can have in the reso-
nances responsible for the HA, since they effectively break the underlying symmetry, and render previously
closed channels open, which leads to additional interactions between the modes. The knowledge of these can
be important for future applications that benefit from the exotic properties of HA, for instance, metasurface
engineering, sensing, etc. Furthermore, we have demonstrated, for the first time, the possibility to achieve HA in
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Figure 8. (a) Evolution of the total SCS near the HA for cone. The white-dashed circle highlights the region
with the strongest scattering supp in the p range considered. (b) Multipole decomposition of the
SCS for a truncated nanocone with conicity 0.88, lying within the region of maximum scattering suppression
shown in (a). The green-shaded area indicates the spectral range with the maximum scattering suppression
(approximately 8 times less than the average SCS in the visible). (c) x-component of the electric field when
illuminating the nanocone with an x-polarized plane wave at a wavelength of 625 nm, corresponding to the HA.
The geometrical parameters can be found in section S3 of the Supplementary Information. The experimental
dispersion data for a-Si is shown in Supplementary Fig. S1.

nanocones. In this way, we have expanded the library of all-dielectric nanostructures that support HA, beyond
cylinders™ and ellipsoids™. Once again, cones present themselves as a simple, fabrication-friendly platform for
the implementation of multipolar interference effects.

Superscattering regime
In the last section, we introduce the superscattering effect. In contrast to the hybrid anapole this effect concerns
scattering enh ent from a sul length particle. This unique regime has already found a plethora of
emerging applications, such as, e.g. sensing’®, energy harvesting’, radar deception®, etc. To enhance scattering,
itis generally believed that one needs to spectrally overlap the resonant frequencies of several QNMs scattering
to different multipoles”. It follows from a simple geometry tuning where the thicknesses of core-shell structures
were optimized to precisely bring modes together. Since the structure retains spherical symmetry, no multipole
mixing is allowed, and thus there is no interaction between the different QNMs. Several other works followed
on the same foot-steps; the superscattering regime has been investigated in a variety of structures retaining
spherical symmetry***#'-%3 and was recently confirmed experimentally in the microwave frequency range™.
The generally accepted definition of superscattering is as follows”: the total scattering cross-section of a reso-
nator must exceed (by far) the maximum scattering cross-section of a dipolar particle with spherical symmetry*.
‘The maximum contribution of a multipolar channel to the scattering for the specified resonator can be formu-
lated as 74,

20+1
E= 2, 42
= @)
where /is the total angular um and A is the length. Thus, for the first order multipoles (electric and
magnetic dipoles) the maximum cross-section reduces to
3,
Chax = =2, (43)
2

Hereafter we refer to this limitation as the dipolar maximum for the spherically symmetnc scatterer or the
DM as an abbreviation. Hence, superscattering corresponds to the condition Cpax >> C,,m

Recently, it has been noticed that departing from the spherical scatterer to a scatterer lacking a rotation and/
or a reflection symmetry, this bound no longer holds*. Therefore, the scattering maxima of the multipoles are
no longer limited by equation (42). In fact, to our knowledge, in a scatterer of arbitrary size and shape, the con-
tribution of a multipole to the scattering cross-section is not bounded™. In the literature, however, the scattering
limitations defined for spherical scatterers remain as a benchmark for the superscattering occurrence. Henceforth,
we are normalizing the scattering by the dipolar channel maxima defined in equation (43) to establish consistent
comparisons for the scattering enhancement in different setups.

In our recent work™, we have suggested and experimentally demonstrated a new paradigm to achieve super-
scattering. It benefits from the vastly growing fields of non-Hermitian physics. Indeed, it has been established
that subwavelength open-cavity resonators support QNMs that may interact and collectively lead to a plethora
of light-matter interactions effects such as enhanced directionality or broadband scattering.

We have shown™ starting from a spherical resonator supporting two QNMs that radiate independently to
two multipolar channels of different order but equal parity, a fine tuning of the vertical and/or the horizontal
radius (i.e., deforming the sphere into a spheroid) results in increasing scattering on a certain multipole so that it
exceeds the limitation introduced in equation (42). It also proves that breaking the fully symmetric structure, in
this case defined by the sphere, into an axisymmetric structure such as the ellipsoid may lead to strong coupling
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Figure 9. Evolution of the superscattering features as a function of conicity and wavelength. (a) Normalized
total scattering cross-section of the perturbed cone under normal incidence plane wave excitation. (b) Resonant
wavelengths of the QNMs (M,’-M,’) as a function of the conicity. Insets define modes inner fields at three
selected conicities (red—more intense field, blue-less intense field). Cones height and bottom radius considered
constant with values (500 nm) and (100 nm), respectively. The cones top radius was modified with constant
step size in the range (30-170 nm), while the material is considered dispersionless (n=3.45) for calculations
simplicity reasons. (c-e) Multipole decomposition of the normalized total scattering cross-section for the three
selected conicities in (a). Scattering patterns at the peaks of the electric and magnetic dipoles resonances are
inserted for each case. The dashed lines point to the dipolar channel scattering maxima in the case of spherical
symmetric resonator (DM). Multipolar channels that contribute more than the DM are superscattering.

between two QNMs and furthermore allows controlling the multipolar character of the scattered wave (i.e. its
far field characteristics). Thus, for the first time the concept of super multipoles was introduced. This newly
suggested pathway to superscattering opens uncharted territories for designing resonators that capture incident
photons in an unusually large area. Compared to core-shell spherical particles where superscattering can be
achieved only through the accidental overlapping of modes, scattering of reduced symmetry resonators can be
enhanced both accidentally (spectrally tuning the resonance frequencies of two noninteracting QNMs) or by
carefully tailoring the interference of coupled QNMs.

As emphasized in the previous sections, the tuning of the conicity offers more degrees of freedom in control-
ling the radiation patterns of the QNMs that are unavailable for scatterers with cylindrical symmetry. Lack of
the reflection symmetry in conical geometries allows for interference between modes with unequal parities. This
additional degree of freedom has an important consequence on realizing super multipoles as we later explain.

Figure 9a displays the total scattering cross-section normalized by the DM (Eq. (43)) as a function of the
conicity and the wavelength. To reduce the computational complexity, we again assume dispersionless Si materials
similarly to the setup described in the previous section. Cone’s geometrical parameters are enlisted in the figure
caption, we here selected a subwavelength cone in the visible and near-infrared region as a practical low-loss
superscatterer structure. It is apparent that the normalized scattering exceeds by more than double the DM in
the specified range. One can also observe that the now presented “superscattering” broadens while tuning conic-
ity with multiple appreciable superscattering peaks. Noteworthily, the normalization factor (the DM) is not a
function of the geometry, therefore, one can assume that the value of superscattering can be readily increased
by considering factors of geometry along with the operating wavelength range and the material composition of
the resonator.
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Figure 10. The multipole contributions to total scattering of the cone setup presented in Fig. 9 with ED (a),
MD (b), EQ (c), and MQ (d). The shaded green line corresponds to the unperturbed cylinder (conicity =0). The
two black arrows point to the regions of maximum of electric dipole and magnetic dipole contributions in the
lower and upper branches of modes M,” and M,’ interference. Material is considered dispersionless (n=3.45) for
calculations simplicity reasons.

The resonance frequencies of the QNMs in the spectral range of interest are shown in Fig. 9b as a function
of conicity. The QNMs are labeled as M;’~M, It can be noticed that the cylinder (conicity =0, marked by the
shaded green line) supports the conventional magnetic dipole mode M, at the resonant wavelength 983 nm and
a super-ED mode M’ at resonant wavelength 895 nm*. The insets in Fig. 9b show the internal field distribution
of the two modes, (detailed field profiles inside and in the vicinity of the cylinder are shown in supplementary
figure $2). M;” and M,’ avoid the crossing, and redshift as the cone volume increases (for an increased conic-
ity). We consider these two QNM:s as the focus of our investigation to alter and potentially enhance scattering.

From Fig. 9d, it can be appreciated that the two even multipolar channels, the electric dipole and the magnetic
quadrupole, contribute to the scattering at spectral points coinciding with the resonant wavelength of M, We
notice that the electric dipole is showing superscattering where it exceeds the DM by about 1.5 times. The latter
are closely related to the super dipole resonances studied in Ref*. Similarly, M,” and M;’ appear to radiate on
the odd multipolar channels, the magnetic dipole and the electric quadrupole, respectively. The magnetic dipole
displays a scattering cross-section with values slightly above the DM. Summarizing, mode M,’ is even and scatters
as a combination of electric dipole and magnetic quadrupole moments, while odd QNMs M, and M;’ are odd
and scatter as a combination of magnetic dipole and electric quadrupole moments.

We show in Fig. 9cand d cases for conicity 0.25 and - 0.4, respectively. In the first, the electric dipole cross-
section is now almost double the DM, while the magnetic dipole is reduced below that level. When decreasing the
upper radius of the cavity, the resonant wavelengths of QNMs M,” and M,’ are blueshifted [Fig. 9b]. As a result,
the multipole resonances are also blueshifted [Fig. 9c]. The opposite occurs when increasing the upper radius,
[Fig. 9¢]. However, a second magnetic dipole scattering peak is now observable, overlapping with the electric
dipole and magnetic quadrupole peaks. Meanwhile, we show for all the three cases the scattering patterns at the
distinguished dipolar scattering peaks. The scattering is more directive when both dipoles are present and com-
parable in values, and it takes obviously a dipolar scattering signature when either of the dipoles is dominant. To
have a clearer picture of the mechanism at play that controls the position and amplitudes of the superscattering
multipolar channels, we show in Fig. 10 the scattering evolution of the first four multipoles as a function of the
conicity and the wavelength.

When compared to the QNMs’ dispersion in Fig. 9b, we notice that the power scattered by the electric dipole
is mainly attributed to mode M, while it appears that modes M,’-M,’ are able to scatter through the magnetic
dipole channel. For this reason, we see that the magnetic dipole appears with two peaks on the scattering spec-
trum where it is especially noticeable for negative higher conicities (conicity < —0.2). Modes M;" and M, across
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the parametric space are radiating on the electric quadrupole channel. One can notice also that the magnetic
quadrupole channel is mostly apparent aligning with the electric dipole peak scattering. Although the quadrupo-
lar channels are not superscattering within themselves in the current design, they have important contributions
to the total scattering cross-section.

It can be concluded that modes M, and M, of the cylinder are allowed to interfere with each other after
breaking the vertical mirror symmetry i.e., with conicity # 0. This implies that both modes are now able to radi-
ate on the even and odd parity multipolar channels. One important result of this interference is an increase of
the electric dipolar superscattering with almost doubling the DM at small conicities. We can also appreciate
that M’ start to scatter on the magnetic dipolar channel in the bigger conicities region of the parametric figure.
Considering this mode is originally even parity in the cylinder, it becomes hybrid when tuning conicity in the
sense that it scatters as a mixture of electric and magnetic dipole moments. Therefore, a single QNM in the conical
geometry is able to drive opposite parity multipolar channels to superscattering regime. This type of superscat-
tering cannot be obtained in cylindrical resonators without spectrally overlapping the resonant wavelengths of at
least two QNMs. Such hybridization of superscattering channels is particularly important for the superscattering
effect since it also decisively impacts the directivity of the overall scattering. This means, that it can be utilized
to enhance forward or the backward scattering upon prerequisites. Another important consequence of M, /M,’
interference is the broadening of the superscattering. This can be seen in both the lower and upper regions of
the interference.

The above systematic exploration of the superscattering achievable through designing conical geometry
has revealed a new approach to obtain desired outcomes in superscattering features. We focused on tuning
two modes (M’ and M,’) of a cylinder that are in spectral proximity, sufficiently confined within the resonator
domain, and with an unequal parity. This strategy can be sufficient but is not necessary to achieve superscatter-
ing in the geometry under consideration. However, the investigated mechanism highlights important features of
superscattering in a cone, namely, (i) the possibility to exceed the DM with the help of the novel supermultipoles
and (ii) the mixed character of the involved QNMs, which scatter as a combination of even and odd multipoles,
unlike in spheres or cylinders. Alternatively, other strategies remain possible as well, however with optimized
conical structure in this work we believe that several important aspects of the superscattering conical geometry
have been revealed.

‘Thus far we have shown a remarkable control over scattering, due to the design flexibility and symmetry rules
governing the conical geometry. Tuning a single geometrical parameter (in this case—the conicity) can result
in strong coupling between two QNMs of opposite parity, as was previously shown very recently®>. Remarkably,
this mechanism can be utilized to enhance scattering and manipulate the radiation pattern at the resonance to
render it more directive. It indeed provides a plethora of opportunities to optimize truncated cones for applica-
tions in optics.

Conclusion

In this work, we have proposed the conical geometry as a universal platform for obtaining many important opti-
cal effects that are of interest in nanophotonics. For the first time, all known Kerker effects were obtained on one
scatterer shape for a real dispersion of the refractive index of silicon. It was found that the recently discovered
non-scattering hybrid anapole regime can also be obtained in conical nanoparticles, in addition to elliptical
and cylindrical ones. It is shown how, by changing the geometric parameters, it is possible to adjust the anapole
regime of different multipoles and obtain a hybrid anapole regime. We also studied the possibility of obtaining
superscattering, the effect inverse to the anapole regime, in conical particles, showing the dependence on the
geometry of the scatterer. This research takes a step towards nanophotonics of more complex shapes with the
ability to fine-tune the effects that can be obtained on a single shape of a nano-scatterer. This research significantly
reduces the cost of developing photonic devices and opens up new horizons for the practical application of the
next-generation photonics. This work can find its application in various fields of research, for example, to create
various dielectric nanoantennas in the form of a chain of resonators in comparison with chains of spheres or
cylinders, or for metasurfaces based on which it will be possible to obtain a number of optical effects that were
previously inaccessible.

Data availability
All data generated or analysed during this study are included in this published article [and its supplementary
information files].
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S1. Experimental Dispersion of amorphous Si
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Supplementary Figure S1. Real (n) and imaginary (k) parts of the experimentally measured
refractive index of amorphous silicon (aSi) employed in our study, as a function of wavelength.
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S2. Conditions for Generalized Kerker effects

In the main part of the article the conditions for the forward Kerker effect were obtained. We used
formula (6) in main part of manuscript and vanished the terms that do not participate in the effect.
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We proceed in a similar way with the formula (9) in main part of manuscript for the scattering cross-

section of multipoles (n, = -1, E_f"""' =0, because forward scattering only).
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Now we can take the multipoles moments from the formulas and substitute them into the formulas for
the scattering cross-section to obtain conditions in the absence of backscattering.
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This shows how the scattering cross-sections of different multipoles must be related to each other to
fulfill the conditions for the absence of backscattering. Similar calculations can be used to obtain the
same values for the absence of forward scattering.
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Following the same logic as for the Generalized Kerker effect, we obtain the conditions for the
Transverse Kerker effect.
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Whence it follows that:
ED

ED + MQ: ﬁ= 1.67 (S21)
MD

MD + EQ: ﬁ =1.67 (S22)

S3. Specific parameters of the considered effects for truncated silicon
nanocones.

These data will make it easy to get any listed effect at the desired wavelength using the following
simple relationships, provided that the refractive indices at these wavelengths are approximately
equal:

-

R

bottam ‘bottom

N
n = const

En ~ H—, n" = const (523)
A A

R .
—n=-—n =const
A

A

*

, where the parameters without an asterisk are the parameters below and the parameters with an
asterisk are the parameters to be retrieved.

Generalized Transverse
H =140 nm
Riop =120 nm
ED + MD -
Rbottom = 90 nm
A =779 nm
H =160 nm
Riop = 100 nm
ED + EQ -
Ruouom = 250 nm
A=675nm
ED + MQ - H=420nm




Riop = 130 nm
Rpouom = 110 nm
L=779 nm
H =300nm
Ripp =40 nm
MD + EQ -
Riouom = 120 nm
h=617nm
H =100 nm
Riop= 190 nm
MD + MQ -
Rbottom = 140 nm
A =767 nm
H =320 nm
Riop=360 nm
EQ + MQ -
Riottom = 180 nm
A=2815nm
H=220nm H=520nm
Rigp = 50 nm Riop =55 nm
ED + MD + EQ + MQ
Reouom = 330 nm Reoowom = 195 nm
A =625 nm % =900 nm

Supplementary Table S1. Specific parameters of nano-scatterers for obtaining Kerker effects for

truncated silicon nanocones.

Hybrid Anapole regime

H =200 nm, Ry = 40 nm, Rpoom = 340 nm, A = 625 nm (truncated cone)

H =369 nm, R = 127 nm, A = 748 nm (cylinder)
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Supplementary Figure S2. QNMs M,' and M’ field distributions for the cylinder presented in figure

10 in the main text. The field distributions show M' is an even-parity mode while M>' is an odd-parity
mode.
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Abstract. In this work, using the numerical simulation in the COMSOL Multiphysic package, we studied the optical
properties of the hybrid anapole state in silicon nanocylinders and their metasurfaces. Our investigations show the
possibility of creating invisible metasurfaces consisting of silicon cylinders based on the novel state. These results can be
used in various fields of nanophotonics and may have important outcome in the development of various sensors and other
photonic devices.

INTRODUCTION

In recent years, studies in the field of dielectric nanophotonics are gaining more and more popularity. A huge
number of works are devoted to discoveries in this field [1-7]. This interest is due in part to the emerging possibilities
of applying the anapole state of dielectric nanoparticles in practice [8,9]. Due to the fact that the anapole states in
dielectric nanoparticles are practically invisible at a certain wavelength [10], they, for example, can be used to hide
objects, making them invisible [11].

Anapole particles have found applications in many branches of nanophotonics, in particular, ideas about their use
for the development of metasurfaces in order to solve various optical problems are beginning to emerge [12].
Metasurfaces of anapole particles can be useful for developing new coded metasurface architectures and holographic
structures [13].

Great prospects in this direction appeared after a detailed examination of high-order toroidal moments, with the
help of which it is possible to obtain interference of the far fields of basic multipole moments and their toroidal
analogues. To date, Cartesian multipoles up to 16-pole magnetic and 32-pole electric, as well as toroidal moments to
magnetic quadrupole and electric octupole members have been explicitly derived [14].

In the future, the anapole state of nanoparticles makes it possible to control light, which will contribute to the
creation of new photonic elements, and the anapole state also finds its application in radiation generation, sounding,
and nonlinear optics [15].

RESULTS AND DISCUSSION

In this work, using the numerical simulation in the COMSOL Multiphysics package, we studied the optical
properties of the anapole hybrid state in silicon nanocylinders and their metasurfaces.

First of all, the anapole state for a silicon nanocylinder was found by optimizing its geometric dimensions to obtain
a minimum scattering cross section at a specific wavelength (fig. 1). For this, the radius and height of the cylinder
were changed with a fixed step at fixed incident wavelength. Then the scattering cross section was considered for each
geometric configuration. From the obtained data array, the minimum value was selected.

Sth International Conference on Metamaterials and Nanophotonics METANANO 2020
AIP Conf. Proc. 2300, 020075-1-020075-3; https://doi.org/10.1063/5.0031735
Published by AIP Publishing. 978-0-7354-4034-0/$30.00
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FIGURE 1. Graphs of the dependence of the scattering cross section on the length of the exciting radiation for a silicon
nanocylinder with a radius R = 128 nm and a height H = 369 nm.

The graphs show that the scattering minimum for the optimized nanocylinder is at a wavelength of A = 789 nm.
This point corresponds to the hybrid anapole state of a silicon nanocylinder. For this state, a multipole decomposition
was performed, represented by dashed lines. The graph shows that the electric dipole (ED), magnetic dipole (MD),
electric quadrupole (EQ) and magnetic quadrupole (MQ) contribute to the overall picture of the scattering cross
section, which describes the data obtained by numerical simulation with sufficient accuracy. Thus, due to the
destructive interference of multipoles in the far zone, this cylinder will be practically invisible at a wavelength of 1 =
789 nm.

Then, a metasurface consisting of these nanocylinders having an anapole state at a wavelength of A = 789 nm was
developed, and its optical properties depending on the wavelength of the incident radiation were considered (fig. 2).
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FIGURE 2. Graphs of the depend: of the issi flection and absorption of radiation with a length of 2. = 789

nm metasurface consisting of silicon nanocylinders with a radius of R = 128 nm and a height of H = 369 nm, on the wavelength
of the incident radiation (a), artistic representation of the considered silicon metasurface composed of nanocylinders (infinite
nanostructure illuminated with the linearly polarized plane wave). (b).

The graphs show that such a metasurface has a high transmittance and low reflection coefficient, which makes it
practically invisible at the wavelength of the anapole state. The cylinders of the metasurface are located quite far from
each other, so their mutual interaction minimal. We designed a face where each element is practically invisible
at a specific wavelength, which means that the metasurface itself is also practically invisible.

Thus, in this work, the anapole state for silicon nanocylinders was found by optimizing their geometric dimensions
and finding the minimum value of the scattering cross section. From these nanocylinders, a metasurface model was
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developed which is practically invisible at a wavelength of A = 789 nm at a fixed distance between the cylinders D =
244 nm. The results of our study demonstrate the possibility of creating invisible metasurfaces consisting of silicon
cylinders in the hybrid anapole state. Thus, our design can be used in various fields of nanophotonics, and may play
an important role in the development of future sensors and other photonic devices.
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Abstract. In this work we studied the optical properties of the metasurfaces based on silicon
nanocylinders experincing hybrid anapole. Our investigation shows the possibility of creating
fully invisible metasurfaces consisting of silicon nanocylinders based on the novel state which
in their properties can compete with the Huygens’ metasurfaces. These results can be used in
various fields of nanophotonics and may have important outcome in the development of
various photonic devices.

1. Introduction

In the recent years, dielectric nanophotonics has become ubiquitous in numerous scientific and
technological disciplines [1-6]. Enabling the ability to control the electric and magnetic components
of light at the subwavelength scale with negligible losses, this fast-developing field holds the key to
the design and fabrication of ultrasmall optical devices for flat optics. Dielectric metasurfaces have
allowed the manufacturing of ultraflat lenses [7,8], hologram displays [9-12], light-managing devices
[13-15], and dispersion control applications [16]. To a large extent, these developments were
facilitated by Huygens metasurfaces, featuring the possibility to vary the transmitted phase with unity
transmission, namely due to spectrally overlapping electric and magnetic dipole resonances of almost
equal strength [17]. However, their efficiency is fundamentally limited by the near field coupling
between the constituents of the metalattice [18], which has motivated the search for alternative means
to achieve the desired 2r phase variation [19].

The recently observed hybrid anapole states [20] are nonradiating sources that, unlike conventional
anapoles, simultaneously suppress electric and magnetic contributions to radiation (figure 1). This
unique peculiarity can be exploited to suppress both far and near field coupling from the structure,
unlike Huygens” sources. In this work, we explore this promising alternative to the Huygens’s effect
and design a fully transmissive metasurface that can control the phase, based on the hybrid anapole
state of the individual metaatoms.

2. Results and discussion

Figure 1 shows the dependence of the reflection of the metasurface depending on the distance between
the surfaces of the meta-atoms (a) and the distribution of the electric field norm in the particles at
different distances (b). A model of a non-Huygens” metasurface consisting of silicon nanocylinders in
a hybrid anapole state is schematically shown in (c).

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI.
Published under licence by IOP Publishing Ltd 1
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Figure 1. Dependence of the reflection of radiation with a wavelength of hybrid anapole state A =
789 nm metasurface consisting of silicon nanocylinders with radius R = 128 nm and height H = 369
nm, on the distance between cylinders (a), fragments of the spatial electric field norm distribution in

the xz-plane for distance between surfaces of metaatoms D = 20 nm, 144 nm show that near field

coupling occurs only at very small periods (b) and artistic representation of the considered silicon
metasurface composed of nanocylinders (c)

It is seen from the figure that even highly compact metasurfaces display minimal reflection until
the near field of the metaatoms begins to influence the field inside neighboring scatterers. In addition,
contrarily to other recently proposed effects inducing zero transmission, the hybrid anapole is
preserved when deposited over substrates having almost any refractive index contrast. This reduces the
requirements for the technical production process, allowing more design flexibility in terms of the
material of the underlying substrate.

3. Conclusion

Thus, in this work, a metasurface model was developed, which, in terms of its optical properties,
can become a worthy alternative to Huygens’ metasurfaces. The developed non-Huygens’ metsurface
model based on nanocylinders in a hybrid anapole state has a number of indisputable advantages, such
as full transmission of incident radiation, zero phase shift when radiation passes through it, and the
possibility of deposition on various types of substrates without significant changes in the optical
properties of the metasurface. All of the above properties make it possible to largely unlock the
potential for creating various devices based on metasurfaces, for example, various metal lenses,
sensors, holographic devices, and so on.
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Abstract. In this work, we investigated the possibility of creating various multipole
combinations in conical silicon nanoparticles. It was found that in conical silicon particles it
seems possible to create key effects for nanophotonics, such as various kinds of Kerker effects
(Generalized Kerker, Transverse Kerker), Hybrid anapole state, Bound states in the continuum.
This greatly simplifies the manufacturing process of photonic devices due to the easier
production of nanocones in practice. Also, conical particles allow an additional degree of
freedom, which opens up new horizons for obtaining previously unknown effects.

1. Introduction

In recent years, an increasing number of scientific studies have been devoted to areas in which
subwavelength dielectric nanoparticles are used. The fact is that such particles can be used to create
various kinds of devices, the characteristics of which either significantly exceed the characteristics of
existing ones, or even open up the possibility of creating a new class of devices. Their undeniable
advantage lies in their high efficiency and relatively easy production. There are a lot of examples of
the use of devices based on dielectric nanoparticles: nanolasers [1], nanoantennas [2], metamaterials
[3] and metasurfaces [4], ultrathin lenses [5], detectors [6] and other equally interesting applications
[7.8].

A huge impetus to the development of high-index dielectric nanophotonics was made by opening
the possibility of separate control of multipole excitations in scatterers and, as a consequence,
combining multipole moments to obtain various effects [9-12].

Thanks to this possibility, it became possible to obtain the Kerker effect, which was originally
introduced for a hypothetical magnetic sphere and did not attract the attention of researchers [13].
Now, the Kerker effect has been significantly expanded thanks to the capabilities of dielectric
nanophotonics, where it became possible to obtain a magnetic moment in small particles. An excellent
example for this is the generalized Kerker effect, which allows one to obtain resonant excitation and
interference of various electromagnetic multipoles [14-18] or transverse Kerker, characterized by
transverse isotropic scattering by subwavelength nanoparticles with simultaneous suppression of both
forward and backward scattered fields [19].

Another important discovery related to multipole combinations is the possibility of obtaining a
hybrid anapole state (HAS) of nanoobjects. It is possible to create a metasurface from such nano-
objects, which will have many useful properties, for example, a zero phase shift of a light wave when
passing through a metasurface, almost complete light transmittance, the ability to apply such a
metasurface on various types of substrates [20]. This opens up incredible opportunities for creating
various kinds of devices for flat optics.
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Devices using bound states in the continuum (BIC) also play an important role in the development
of dielectric nanophotonics. The flexibility that quasi-BICs has brought to the design and
implementation of high Q resonances in nanophotonic systems has made them very useful to the
nonlinear photonics community. BICs have so far been used to amplify a variety of nonlinear effects,
including optical Kerr effect, laser action, second and third harmonic generation, and four-wave
mixing. Thanks to BIC, lasers, harmonic generating devices, optical fibers, beamforming devices, etc.
can be created [21].

All of the above cases were presented for particles with elementary geometry, for example, on
spheres or cylinders, but, for example, frustoconical scatterers are currently poorly studied, although
this geometry has many advantages.

Due to the additional degree of freedom in the form of the upper radius, unpredictable new effects
may appear that have not been investigated before.

Another important advantage of the geometry of the cones is that the practical production of
elements for photonic devices has not yet been perfected. For example, in the process of fabricating
such scatterers, it is practically impossible to obtain a perfectly flat nanocylinder with the given
parameters. It is much easier in practice to create a truncated cone.

Thus, this work is devoted to the study of the optical properties of the scatterer in the form of a
truncated cone, the search for cases that are inaccessible to standard geometries, and testing the
obtained results.

2. Results and discussion

Figure 1 shows a schematic drawing of the model for which mathematical modeling was carried out.
As a scatterer, a silicon nanocylinder was taken from which, by changing the upper and lower radii,
height and wavelength, various combinations of multipoles were obtained (a). Distributions for the
far-field were plotted (c,e) for conical silicon particles, which were confirmed by theoretical
combinations of multipoles for a point (b,d).

a) b) ) c)

z
y 2
L - xodoy vofux
Figure 1. Artistic representation of the considered silicon particle composed of nanocylinders (infinite
nanostructure illuminated with the linearly polarized plane wave) (a), theoretically far-field
distributions of different combinations of multipoles for point (b,d) and simulated far-field

distributions of different combinations of multipoles for conical silicon particles
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It can be seen that by varying the parameters of conical silicon particles, we managed to obtain
various combinations of multipoles, for example, the usual Kerker (c) and generalized Kerker effect
(e). In the report we will show other possible combinations and unusual effects enabled by the
truncated cone shape via separate tailoring of different multipoles.

3. Conclusion

Thus, this work is devoted to the extensive tutorial study of the optical properties of truncated
conical nanoscatterers. In this work, various optical effects are obtained by tuning the parameters of
the fabrication-friendly resonators - conical silicon scatterers. This opens up new possibilities for the
production of photonic devices based on such shape of nanoscatterers. Also, conical particles allow an
additional degree of freedom, which opens up new horizons for obtaining previously unknown effects.
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Abstract. The purpose of this work is to study of the optical properties of metasurfaces
consisting of cylindrical metaatoms in the recently discovered hybrid anapole state. With the
help of such metasurfaces, it was possible to obtain completely invisible metasurfaces based on
new principles that is an alternative branch of development to the already known Huygens’
metasurfaces. This research might be helpful for the development of modern ultra-compact
photonic devices based on new effects.

1. Introduction

To date, all-dielectric nanophotonics is developing extremely rapidly, in particular, precisely because of
its practical significance in many fields of science and technology [1-4]. Due to the possibility of
lossless control of the components of electromagnetic radiation on a subwavelength scale, it becomes
possible to produce super-thin optical devices. All-dielectric metasurfaces give the opportunity to create
hologram displays [5.6], flat lenses [7,8], dispersion control applications [9] and light-managing devices
[10-13]. A huge contribution to this area was made by the Huygens’ metasurfaces, which provide
complete transparency and at the same time make it possible to change the phase of the radiation passing
through them [14,15]. But such metasurfaces have a fundamental limitation - the connection of near
fields between the elements of the metalattice [ 16]. This limitation motivates the search for new concepts
to obtain 27 phase variation [17].

Newly discovered hybrid anapole states [18] are nonradiating sources that, unlike anapoles, jointly
quenches the clectrical and magnetic contributions to the scattering (Figure 1). This effect can be used
to suppress coupling in the far and near fields between meta-atoms, which is difficult to implement for
Huygens” sources. In this work, we propose a metasurface model composed of silicon nanocylinders in
a hybrid anapole state, which will have complete transparency and the capability to regulate the phase
of the transmitted signal [19].
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Figure 1. Schematic representation of the introduced metasurface, consisting of silicon
nanocylinders, which shows the main advantages: unity transmission, the capability to adjust the
phase and almost complete independence of optical properties from the position of nanocylinders

(a), relation of the transmission of radiation with fixed separation between meta-atoms s = 300 nm
(inset: absolute values of the dominant multipolar contributions) (b), total phase of transmitted
radiation ¢ and phase variation of the electric quadrupole ¢q (c) obtained numerically.

Figure 1 presents the relation of the transmission of radiation through a metasurface, consisting of
silicon nanocylinders (b) and the phase shift of radiation transmitted through such a metasurface (c),
depending on the wavelength, the separation between the surfaces of the nanocylinders was constant. In
the figure, you can see the so-called "transparency window" which appears due to the hybrid anapole
state and remains even with a dense arrangement of meta-atoms. An indisputable advantage of such a
metasurface is the possibility of applying it to various substrates with almost zero contrast of the
refractive index while maintaining unit transmission, which greatly simplifies the choice of the substrate
material and opens new possibilities for practical implementation.
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2. Conclusion

As a result, in this work, unique models of metasurfaces were developed, the meta-atoms of which are
in the recently discovered hybrid anapole state. Such metasurfaces have full optical transparency,
thereby competing with the already known Huygens’ metasurfaces while working on other principles.
Such metasurfaces have many advantages, for example, the absence of interaction of meta-atoms with
the substrate and with neighboring meta-atoms. Due to this, it becomes possible to choose practically
any dielectric substrate for experiments, as well as the ability to create a disordered metasurfaces by
varying the optical properties directly at the level of individual meta-atoms. Thus, all these features
contribute to the development of the direction of creating different photonic devices based on hybrid
anapole metasurfaces, for example, sensors, various lenses, holographic devices, and much more useful
devises.
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Abstract: Here, we show how to use out-of-plane symmetry breaking using easy-to-fabricate
truncated nanocones. Using the same shape, it is possible to achieve various types of Kerker
effects, hybrid anapole regime and other peculiar effects. © 2023 The Author(s)

1. Introduction

Dielectric nanophotonics opens a lot of possibilities to control light at the nanoscale. Emerging devices
include nanolasers, nanoantennas, ultrathin lenses, sensors and detectors, and other peculiar approaches to
manipulate electromagnetic field. [1-7]

Research groups are constantly looking for new opportunities to tune optical response of nanostructures,
such as metasurfaces and nanoantennas. Usually, fabrication restrictions impose the requirement of out-of-plane
symmetry, thus prohibiting the use of this degree of freedom. Here, we present the way to overcome this restriction
by easy to fabricate truncated cones. We numerically show that a few peculiar properties can be achieved, making
an example of hybrid anapole effect for truncated cones with large conicity.

2. Results and Discussion

Anapole physics at the nanoscale gained a lot of attention recently, and truncated cone shape is a good
candidate to add more freedom to the anapole effects optimization. Multipole decomposition and the use of high-
order multipole moments [8-10] are essential for analyzing anapole conditions. Conventionally, dielectric nanodisks
were used for anapole demonstrations, [11] but perfect cylindrical shape is not usually easy to achieve due to
fabrication limits. However, hybrid anapole can be achieved and effectively optimized when particle conicity is
considered. [12]
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Figure 1. [Adapted from [12]] (a) Evolution of the total SCS near the HA for large conicities. The white-dashed
circle highlights the region with the strongest scattering suppression in the parameter range considered. (b)
Multipole decomposition of the SCS for a truncated nanocone with conicity 0.12, lying within the region of
maximum scattering suppression shown in (a). The green-shaded area indicates the spectral range with the
maximum scattering suppression (approximately 8 times less than the average SCS in the visible). (¢) x-component
of the electric field when illuminating the nanocone with an x-polarized plane wave at a wavelength of 625 nm,
corresponding to the HA
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Figure 1 shows the scattering cross section analysis for nanoparticles with high conicity. The considered
particles are silicon truncated (refractive index n is obtained experimentally [11]). Particle conicity is calculated as a
ratio between top and bottom edge diameters, while bottom diameter is fixed as D = 254 nm. Particle height is H =
369 nm. Figure 1 (a) shows the evolution of total scattering cross-section for such particles, and the maximum
scattering dip is marked with white dashed line. One can see that hybrid anapole position can be spectrally tuned by
particle conicity. Figure 1 (b) illustrates the multipole decomposition for conicity 0.12, where the maximum
scattering dip was observed. The total scattering is at least 8 times lower than average scattering in this frequency
range due to the variety of multipole moments under suppression. Figure 1 (c) additionally illustrates the emerged
hybrid anapole by showing the x-component of electric field interacting with the considered nanoparticle. One can
see that field almost does not sense the truncated cone; however, field is concentrated inside the particle.

3. Conclusion

In this work, we showed the hybrid anapole in truncated cone nanoparticles. Such nanoparticles can be also used
to achieve various Kerker-type effects [12-14], superscattering regime, conventional anapole, and other peculiar
effects. Our investigation paves the way for wider usage of currently underrated truncated cone shape at the
nanoscale.
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Abstract. All-dielectric nanophotonics opens up new possibilities for obtaining
a large number of useful optical effect. Here, we investigate fabrication-friendly
truncated-cone nanoresonators and achieve non-scattering regimes due to the
inherent property of cones - broken symmetry along the main axis without involv-
ing complex geometry or structured beams. In this study, we demonstrate the
anapole regime in conical silicon particles, which is achieved due to symmetry
breaking along the main axis. Additional degrees of freedom due to the conicity
allow for more fine-tuning of the optical properties at the nanoscale.
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1 Introduction

Due to the possibility of controlling the electromagnetic components of the field, stud-
ies of the interaction of light with dielectric nanoparticles are becoming increasingly
popular. Light control devices [1, 2], color filters [3], nanolasers [4], nanoantennas (5],
optomechanical manipulation [6], sensors [7—10], metamaterials and metasurfaces [11—
14] and many other interesting applications are driven by such resonators. To date,
research is being actively conducted in nanophotonics aimed at studying the different
geometry shapes of metaatoms to obtain different unexpected effects.

As a result, using the unusual shapes of nanoscatterers, it is possible to obtain new
effects and more finely tune the optical properties of structures by controlling the mul-
tipole components. In particular, truncated conical particles are promising, which have
an additional variable radius in contrast to cylinders, which is its undeniable advantage.
Also, this geometry has many advantages in practice, because most cylinders in practice
turn out to be truncated cones for the reason that imperfections in fabrication [15, 16].

Newly obtained anapole (cancellation of the dipole radiation via the toroidal dipole
one due to their destructive interference) [17] or hybrid anapole regimes (HA) [12] —
simultaneous fulfillment of anapole conditions for all the main multipoles (up to the
magnetic quadrupole) in a scatterer, giving rise to the far-field scattering suppression
and strong near-field localization regardless of a substrate. Such properties open up new
possibilities for creating various devices. Based on such metaatoms, it is possible to
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create almost perfectly transparent metasurfaces to tune the phase shift of transmitted
light with a strong near-field enhancement, useful for nonlinear and Raman applications
for various materials of substrates and shapes of scatterers [13, 18].

In this study, we investigate the influence of symmetry breaking along the main axis
of the cylinder in the Hybrid anapole regime on the conservation of the effect. Quite
often, due to the non-ideal fabrication process, it is not possible to obtain ideally shaped
cylinders, which makes it necessary to understand the tolerance. In practice, samples are
most often obtained in the form of a truncated cone [19, 20]. Please note that the first
paragraph of a section or subsection is not indented. The first paragraphs that follows a
table, figure, equation etc. does not have an indent, either.

2 Non-scattering Regime in Cone Silicon Particles

Anapole electrodynamics has recently gained a lot of popularity [21]. Anapoles are
semi-nonradiating sources that arise due to the destructive interference of the electric
dipole moment and the toroidal dipole in the far field. Alternatively, in a more general
picture, they can be understood as being due to the destructive interference of symmetry-
compatible quasinormal modes [12].

The nonzero stored energy of quasi-normal modes inside a particle leads to unex-
pected processes of interaction of light with matter in the absence of elastic scattering.
Initially, the suppression of scattering in these states was limited to the electric dipole
contribution to radiation.

Recently, after a theoretical description, the experimental possibility of obtaining a
Hybrid anapole was demonstrated by overlapping multipole channels up to a magnetic
quadrupole by carefully selecting the geometric parameters of the particle [22]. Such
states are the next step in anapole electrodynamics for a number of reasons [12, 13]. In
such particles, scattering is suppressed approximately 20 times more strongly, and the
energy stored by quasi-normal modes increases by about 10 times. These values exceed
by far the performance of anapoles, and 2nd order anapoles [23] arising in homogeneous
disk nanoresonators.

For a cylindrical silicon particle in the Hybrid anapole regime, a multipole
decomposition was demonstrated in Fig. l1a studied in [12, 13].

The ‘Hybrid anapole wavelength (AHA) will be the point with the least scattering
on the spectrum, the image in the inset demonstrates the distribution of the electric field
norm at this point. The field for particles in the Hybrid anapole regime is concentrated
inside the particle, which can be seen from the inserts (two hot spots appear inside the
cylinder). The evolution of the distribution of the electric field norm in a nanoparticle
with a change in the conicity parameter can be traced in the insets. Areas where the
electric field norm reaches its maximum are marked in red. Due to this, particles become
insensitive to the environment and to neighboring meta-atoms, which opens up new
possibilities for designing metasurfaces.

As a result, the scatterer practically does not distort the field incident on it, even in
the near zone. Keeping the height of the particle, we change its conicity Rtop/Rbottom.
The multipole decompositions for three selected conicities are shown in Fig. la-c. All
figures show spectra for illumination from top side of particles shown in the insets in
Fig. 1. A log scale is used to enhance the contrast of the zeros in the spectrum.
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First, we see a shift of all resonances to the shortwave region of the spectrum shown
in Fig. 1. This is expected, due to the overall size reduction of the lateral dimensions of
the resonator. Secondly, the original electric quadrupole (EQ) and magnetic dipole (MD)
anapoles blue-shift slower than the magnetic quadrupole (MQ) and electric dipole (ED).
As aresult, all resonances are shifted relative to each other, and, due to this, the total value
of the particle scattering cross section increases. This is demonstrated by calculations
of the total scattering cross-section (SCS) as a function of conicity (Fig. 1d).
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Fig. 1. Evolution of the Hybrid anapole regime as a function of conicity and wavelength. (a-
¢): Multipole decompositions of the scattering cross-section (semilogarithmic scale) for selected
conicities. In all calculations, the height (H) of the nanoparticle was kept constant. Insets: dis-
tribution of the electric field norm at Hybrid anapole wavelength (Ay4) (d): Total scattering
cross-section as a function of conicity and wavelength (1). Geometric parameters for all cases: H
=369 nm, R = 127 nm, » = 748 nm

In practice, it is important to take into account the multipole shifts shown in the Fig. 1.
The fact is that due to the imperfection of fabrication (etching usually goes from top to
bottom), it is very difficult to obtain ideal cylinders. Various defects can also appear on
the edges of the cylinder, which can unexpectedly affect the final effect, since we are
dealing with resonances. Therefore, it is very important to study “non-ideal” cylindrical
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shapes of nanoscatterers, namely, truncated nanocones, which are demonstrated in this
work.

3 Conclusion

The results in this study show that changes in the conicity of the particle significantly
affect its resonant properties, which entails the destruction of the Hybrid anapole regime.
We have shown how, using the fine tuning of geometric parameters, it is possible to
improve the effect obtained and how the imperfection of technological processes can
affect the Hybrid anapole regime.

This knowledge can be useful when designing devices for different photonic appli-
cations based on a Hybrid anapole regime, such a metasurface engineering for sensing,
holographic applications, warless transfer power etc.
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Abstract. Through all-dielectric nanophotonics, it becomes possible to obtain a
huge variety of new optical phenomena based on semiconductor dielectric nanores-
onators. In this study, we investigate easy-to-make truncated-cone resonators and
achieve superscattering regime due to the inherent property of cones — broken
symmetry along the main axis without involving complex geometry or struc-
tured beams. Additional degrees of freedom due to the conicity allow for more
fine-tuning of the interaction of light with matter at the nanoscale. #CSOC1120.
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1 Introduction

In recent years, more and more relevant to the optical properties of subwavelength
dielectric nanoparticles. With the help of such elements, it is possible to create platforms
that exceed existing analogues in their properties, and sometimes even belong to a new
class of devices. The undeniable advantages of such elements include high efficiency,
low losses and the ability to control light at the nanolevel. Light control devices [1, 2],
nanolasers [3, 5], nanoantennas [6, 8], optomechanical manipulation [9, 10], sensors [11,
14], metamaterials and metasurfaces [15-19] are driven by such resonators for different
photonic application.

Interest in this direction grew significantly when it became possible to spectrally
overlap resonances, which leads to various nanophotonic effects. Besides the completely
non-scattering nanoobjects, researchers are also interested in the cases, when nanopar-
ticles become anomalously strong scatterers. Such states are the opposite of an anapole
[17, 18], because at a certain frequency scattering maxima of several multipoles appear;
this state is called superscattering [20]. Nanoscatterers supporting this feature can find
their application in a number of applications, such as sensing, optical communication,
and other emerging areas [21, 22].

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2023
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Superscattering Regime for Si Conical Nanoparticles 255
2 Superscattering Regime in Cone Silicon Particles

The study of various shapes of nanoscatterers has become increasingly popular in recent
years due to the possibility of obtaining new effects and more precise tuning of multipole
contributions to scattering pattern.

The most convenient in manufacturing geometry shape of scatterer with a large
number of degrees of freedom is a truncated cone. Due to directed etching, a truncated
cone is most likely to be obtained during sample production; therefore, the study of this
shape of nanoresonators is important for optimizing the fabrication process and getting
new effects [23, 24].

It is because of the symmetry breaking in the case of truncated nanocones along the
z axis, it is important to study the multipole content of nanoscatterers depending on the
direction of radiation (Fig. 1). By changing the direction, the multipole content of the
nanoscatterer changes, while the total cross-section does not change.
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Fig. 1. Magnetic dipole and electric quadrupole contributions to the total scattering cross-section
of the truncated cone. (a), (b) Multipole contributions for normally-incident plane wave for prop-
agating along the z-direction (forward). (c), (d) Multipole contributions of the scattering for the
opposite (backward) excitation. Geometric parameters: P1: H =415 nm, Riop = 216 nm, Ryotom
= 180 nm, A = 760 nm, P: H = 415 nm, Riop = 144 nm, Ryotom = 180 nm, k. = 673 nm
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As depicted in Fig. 1, radiation occurs through the magnetic dipole (MD) and electric
quadrupole (EQ) channels depending on the direction of the incident radiation. Interest-
ingly, if the propagation of the light has a different direction the magnetic dipole channel
displays strong superscattering in the lower branch of the interference (see Fig. 1(a),
(b)).

A similar but opposite statement can be made for the electric quadrupole channel
(see Fig. 1(c), (d)). Considering the structure is assumed to be lossless then the total
scattering is conserved upon a reversed excitation direction. Notably, the two odd multi-
polar channels offset the difference in the scattering whereas their summed contribution
to scattering and the overall bandwidth is nearly identical for both the forward and
backward incident light propagation.

In Fig. 2 the near-field and far-field scattering signatures are shown for the two points
Py and P; of the scattering maxima. The figure shows how a particle in the superscattering
regime can significantly change the field around it. By carefully tuning the geometry
of the nanoresonator, it is possible to obtain the necessary radiation patterns, which
makes such particles a promising platform for devices capable of controlling light at the
nanoscale.

Fig. 2. Strong near-field distribution and the correspondent scattering pattern for the points (P
and P; (see Fig. 1)) of maximum scattering. Scattering patterns and distribution of the near field
are shown depending on the direction of the incident radiation on the truncated cone particle. A
plane wave was used as the incident radiation.

Although the total scattering remains identical upon reversed excitation direction
there are noticeable differences in scattering patterns. While the presence of the scattering
side lobes evidences a strong presence of electric quadrupole radiation the overall direc-
tivity at P, is higher compared to P;. This can be noticed by the scaled backscattering-
caused shadow at P; for the case of the backward excitation. However, when the magnetic
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dipole dominates the scattering, the situation is reversed where the scattering is more
directive under the forward excitation.

In such way, by changing the direction of the incident light onto a cone particle,
one can obtain different radiation patterns in the particle superscattering regime. This
opens up new horizons for designing various structures with the ability to control optical
properties depending on the direction of radiation.

3 Conclusion

Thus, we have demonstrated a remarkable control over scattering afforded by the conical
geometry. We have demonstrated that conicity can be utilized to enhance scattering
strongly and to control scattering linewidth in a broad range.

We showed that the behavior of different multipoles, which can be controlled by
conicity, influences certain outcome in scattering for instance. It indeed leaves plethora
of opportunities to optimize “the practical” cone geometry for intended applications.
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Abstract. The report analyzes the optomechanical interaction of a Gaussian beam
and a silicon nanoparticle in a hybrid anapole state. To study the particle scattering
in the Gaussian beam waist, as well as to confirm the appearance of a hybrid
anapole state, a multipole decomposition was carried out. We made calculations
of the optical forces acting on the particle along different directions depending on
the relative position of the light beam and the particle. The pressure and gradient
components of force were analyzed separately. In addition, the torque acting on the
anapole and scattering particles at the center of the beam waist was calculated. It
is shown that the torque can change sign if the particle is at anapole. #CSOC1120.

Keywords: Anapole - Optical Force - Multipole Decomposition

1 Introduction

The phenomenon of the mechanical action of light on various objects [1] has been widely
used in science and technology [2-5]. On its basis, an optical tweezer was created, which
revolutionized biology [6—8]. With its help, cells and proteins are manipulated, which is
impossible with mechanical tools. This technology allows us to study cells and bacteria
at a qualitatively new level, as well as to study intracellular processes. In addition to
biology, optical tweezers have been widely used in physics [9-11] and chemistry [12—
16]. The adaptation of this technology made it possible to obtain a Bose condensate,
which greatly advanced the study of quantum effects.

Turning to the nature of the phenomenon, we should note that when a wave interacts
with a particle, two components of forces of different nature can be distinguished. The
pressure component of the force is caused by the transmission of the wave momentum
to the object, and the gradient component arising from the inhomogeneous distribution
of the amplitude of the light intensity along the wave profile draws the particle into the
region of maximum intensity [4]. In this paper, we wondered whether the hybrid anapole
state [ 17-21] has advantages in terms of optical force [22-28]. The purpose of this report

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2023
R. Silhavy and P. Silhavy (Eds.): CSOC 2023, LNNS 723, pp. 237-243, 2023.
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was to investigate how the ratio of the components of the pressure and gradient forces
acting on a particle in a hybrid anapole state [29-32] will change.

In the course of the work, a hypothesis was put forward about the existence of the
hybrid anapole state for a cylindrical silicon nanoparticle in a linearly polarized Gaussian
beam. The goal of the report was to study the optical forces and torque arising in a focused
Gaussian beam for various configurations of the system.

2 Methods

We For the numerical experiment, simulations were carried out in the COMSOL Multi-
physics package. To calculate the components of the forces F, a time-averaged Maxwell

stress-tensor M is integrated over a surface around the nanoparticle. The similar way
was to calculate the torque T arising in the system relative to the origin — integrating the
cross product of the radius-vector and Maxwell stress-tensor. Integrating nanoparticles
by volume, electric and magnetic dipole and quadrupole moments were obtained, using
them, the scattering coefficients of each component were calculated, that are necessary
to determine the existence of a hybrid anapole state. Here and further by forces and
torques meant time-averaged forces and torques:

(F):fs(ffl)md(f ()
(T) = —/Sn[(fﬁ) x r]do @

where (ﬁ) = lRe:[e()E QE* 4+ poH® H* — %(eolE\z + unglz)Y].

The system we are exploring is the cylindrical silicon resonator with special size
parameters. The height of the cylinder is h = 369 nm, the radius is r = 127 nm. These
parameters have been chosen to have a resonance wavelength of 750 nm where hybrid
anapole state is observed with linearly polarized plane wave. The cylinder is placed in
a Gaussian beam, and its center of mass is in the waist plane of the beam as it can be
mentioned from Fig. 1. The default beam’s waist radius was wg = \.

Light propagation

Fig. 1. The geometry of the problem.
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3 Results

To confirm the existence of the hybrid anapole state (HAS) the linearly polarized wave
was simulated. The scattering coefficient from the wavelength was calculated. Hybridity
at : ~ 750 nm was clearly confirmed, which allowed us to proceed to a further solution
of the problem.

Then during the numerical experiment, the hypothesis of the existence of a HAS for
a cylindrical nanoparticle in a Gaussian beam was tested, and the properties of a HAS
were analyzed. The primary conclusion of the experiment is the fact of the destruction
of the HAS as the nanoparticle moves away from the optical axis, which can be seen in
Fig. 2.

— Total
—P.
—m

— QF

700 720 740 760 780 80C 700 720 740 760 780 800
A, nm A, nm

Fig. 2. Logarithm of scattering cross-section from the wavelength. HAS destruction demonstra-
tion with moving nanoparticle from the optical axis of the Gaussian beam.

Total is the sum of every multipole component of the coefficient (p — electric dipole,
m —magnetic dipole, QF — electric quadrupole, QM — magnetic quadrupole). The minima
of multipoles cease to be at the same wavelength. This is explained by the fact that at
a distance from the optical axis, even in the focal plane of the beam, the wave front is
curved and it cannot be approximated as a plane wave.

To obtain a gradient force comparable to the pressure force, a large curvature of the
beam is required. This can be achieved by reducing the waist wq to values comparable
to half the wavelength. During the simulation, an additional factor was revealed that
strongly affects the optical forces in the system. The minimum waist radius is comparable
to the radius of the cylinder itself. Therefore, the profiles of forces in our experiment for
differently focused, will be different, which can be seen in Fig. 3.
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Fig. 3. The forces dependence on the position of nanoparticle. Dotted lines — non-anapole state
(n1 = 770 nm). Solid graphs — anapole state (h> = 750 nm).

During the experiment, three configurations of a Gaussian beam (w; = 375 nm, w,
= 562.5 nm, w3 = 750 nm) were considered at two wavelengths —anapole k| = 750 nm
and non-anapole k2 = 770 nm. Since the forces are symmetric with respect to the optical
beam, they were considered only for a one-way shift — x5 € [0, 0.9] pm.

It is clearly proved that in the anapole state, the pressure force on the particle is an
order of magnitude smaller. Let us consider separately the case of the waist radius equal
to the wavelength (wo = A = 750 nm). When the hybrid anapole state exists the pressure
force on the cylinder placed on the optical axis of the beam F 4nap.(0) ~ 0.08 pN. If HAS
do not exists (k. = 770 nm, wp = 750 nm) the pressure force is maximum F 1o anap.(0) ~
0.53 pN. The relation of these forces exactly repeats relation of the scattering coefficients.

4 Discussions

In this report we also explore the rotation of the nanoparticle around the y-axis and
torques arising in this system. It was important to understand how the hybrid anapole state
behaves during the rotation of the cylinder in the Gaussian beam. It was clearly shown
that HAS destructs and the scattering properties of the particle aims to non-anapole.

If the cylinder is coaxial to the optical beam, apparently there are no moments and
there is only one component of the optical power (F, is pressure). In our case, there is
only one moment component (Ty), with Ty, T, = 0. As expected, in the non-anapole
system, there is one equilibrium position when the cylinder axis coincides with the beam
axis (Fig. 4, dotted curve).

In the case when a hybrid anapole state is formed in the particle, there is one-point o =
40°, when the torque changes sign. Thus, it was obtained that there are two equilibrium
positions 0° and 90° in HAS. This is not a typical behavior compared to “ordinary”
particles.
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Fig. 4. Torque arising in the system out of rotating the cylinder in the Gaussian beam.

5 Conclusion

Summing up the results of the work, we can first of all highlight the fact of confirmation
of the hypothesis of a decrease in the pressure force in the hybrid anapole state for a
Gaussian beam. Some nontrivial features of the HAS were also discovered. The first of
them is the fact of the destruction of the hybrid anapole state in the particle as it moves
away from the optical axis. This is explained by the curvature of the beam front. Another
fact highlights the dependence of the pressure force on the waist radius of the beam.
This phenomenon is due to the fact that the waist radius of the beam is comparable with
the radius of the cylinder. The beam intensity is distributed non-linearly at the end of
the cylinder.

Moreover, torques arising when cylinder is tilted relative to the optical axis of the
Gaussian beam were studied. There is a balance in the general case if the particle is not
coaxial to the optical axis. However, for the anapole particles there is an angle (o = 40°)
when T = 0 and torque changes sign.
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Abstract. A lot of new effects and phenomena based on dielectric nanoscatterers
are becoming possible through research in the field of dielectric nanophoton-
ics. These resonators show exceptional optical characteristics, encompassing both
electric and magnetic responses within the visible spectrum. The conical shape
introduces additional degrees of freedom, paving the way for fresh opportuni-
ties to tailor light-matter interactions at the nanoscale.In this research, we study
truncated cone resonators, which demonstrate transverse Kerker effects.

Keywords: Transverse Kerker effects - Truncated Cone - All-dielectric
nanophotonics

1 Introduction

In recent years, interest in studying the optical properties of subwavelength dielectric
nanoparticles has been constantly growing. These nanoparticles represent a promising
basis for creating photonic devices that outperform their counterparts. They suggest
several undeniable advantages [1], such as minimal losses, high efficiency [2—4], and
the capability to manipulate both the electric and magnetic components of light simul-
taneously [5]. As a result of these remarkable properties, nanolasers [6], nanoantennas
[7], ultrathin lenses [8], sensors, detectors, metamaterials [9], metasurfaces [10], and
numerous other emerging applications have been developed to harness the distinctive
effects facilitated by these resonators [11-13].

Remarkable progress in high-index dielectric nanophotonics has been achieved
through the efficient use of versatile manipulation of multipole excitations in subwave-
length scatterers [14, 15]. This contributed to a deeper understanding and effective con-
trol of various phenomena through the integration and interaction of multipole moments.
An important result of this achievement is the transverse Kerker effect, which entails
the suppression of both backward and forward scattering of nanoparticles. Originally
conceived for a hypothetical sphere with equal epsilon and mu [16], the Kerker effect
now holds great significance in dielectric nanophotonics. It has paved the way for the
development of fully transparent phase-tailoring “Huygens™ metasurfaces, offering a
wide range of possibilities in this field 8, 17].

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2024
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Truncated cones are increasingly preferred as components in photonic structures due
to their numerous advantages [ 18]. Animportant benefit lies in their capacity to adjust one
of the radii, introducing an additional level of flexibility. Unlike the more commonly used
cylindrical nanoscatterers, nanocones provide precise control over the modal composi-
tion of the scatterer. This advanced control allows for improved customization options
and effects that were previously unavailable.

This research primarily focuses on the transverse Kerker effects exhibited in silicon
truncated nanocones. With the increasing importance of the transverse Kerker effect in
the rapidly developing field of dielectric nanophotonics, there is a need to investigate
and conceptualize these effects in the context of different scatterer geometries.

2 Transverse Kerker Effects in Cone Silicon Particles

As the Kerker effect has been studied, various combinations of multipole moments
and phase differences have been discovered, leading to a broader understanding of the
Kerker effect. In addition to the generalized Kerker effect, another crucial scattering
phenomenon is the transverse Kerker effect, which was first described in [19, 20]. The
transverse Kerker effect primarily arises from the interplay of multipole interactions,
leading to scattering that predominantly occurs sideways, with only a minor portion
involving forward scattering, in line with the optical theorem. This effect can be real-
ized through straightforward combinations of two multipoles, as well as through more
complex configurations (see Fig. 1).

Figure 1 shows the transverse Kerker effects achieved through a combination of
numerical and analytical approaches. The term ‘transverse’ is derived from the shape
of the scattering patterns. By adjusting the phases and amplitudes of the multipole
components, it is possible to induce lateral scattering while minimizing forward and
backward scattering.

This work shows various manifestations of the transverse Kerker effects. The radia-
tion patterns of these cones generated using COMSOL Multiphysics closely resemble the
expected Kerker-type patterns obtained from ideal point calculations. However, minor
differences arise due to practical limitations in implementing the ideal combination of
required multipoles in real systems.

In addition, the results highlight that higher order multipoles are redundant, as evi-
denced by the good agreement between summation of multipole scattering cross sections
and calculations obtained from integration of the Poynting vector over a closed surface
within the long range. This agreement is evident from the gray and orange lines shown
in Fig. la—e.
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Fig. 1. Transverse Kerker effects in truncated conical nanoparticles with different geometries.
Figures (a—c) provide a visual representation of the multipolar decomposition, while figures (d—f)
display the far-field sum of multipoles calculated analytically for a point. Figures (g—i) illustrate
the numerically calculated far-field distribution for conical nanoparticles of different sizes at the
spectral points indicated in (a—c).

3 Conclusion

In this study, we have demonstrated transverse Kerker effects within individual nanoscat-
terers of the same geometry shape. This makes nanocones a versatile and easy-to-
fabricate platform for realizing new photonic devices that use a wide range of effects.
This platform provides the flexibility to customize the scattering pattern.

Moreover, our study reveals conical geometry as a versatile platform for achieving
numerous important optical effects in the field of nanophotonics. We achieved trans-
verse Kerker effects on a single scatterer shape while accounting for realistic refractive
index dispersion of silicon. This research represents a significant advance in the field of
nanophotonics, especially in the context of more complex shapes, offering the ability to
precisely control the effects achievable with a single nanoscatterer shape. Such advances
significantly reduce the costs associated with developing photonic devices and open new
opportunities for practical applications in next-generation photonics.

The results of this study have wide implications in various fields of research. In
addition, the proposed approach can be used in the development of metasurfaces, opening
a number of optical effects that were previously unattainable.
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Abstract. All-dielectric nanophotonics allows the study of new optical phenom-
ena and different scattering characteristics from dielectric nanoparticles. These
resonators have unique optical properties spanning both electrical and magnetic
responses in the visible spectrum, offering promising applications in nano-optics,
biology, sensing, and various other fields. Our research focuses on truncated cone
resonators, which demonstrate the full range of generalized Kerker effects. This
achievement is attributed to an inherent characteristic of cones—their asymmetry
along the primary axis. Through a simple geometric approach, these effects enable
the optimization of the fabrication of photonic devices with diverse functionalities.

Keywords: Generalized Kerker effects - Truncated Cone - All-dielectric
nanophotonics

1 Introduction

Recently, there has been significant interest in studying the optical properties of sub-
wavelength dielectric and semiconductor nanoparticles. These particles hold significant
promise, potentially surpassing current technologies and even creating entirely new
classes of devices. They offer several undeniable advantages [1], including low losses,
high efficiency [2—4], and the ability to manipulate both the electric and magnetic com-
ponents of light simultaneously [5]. These properties allow to develop of nanolasers [6],
nanoantennas [7], ultrathin lenses [8], sensors [9], metamaterials [10, 11], metasurfaces
[12], and other emerging applications that harness the unique effects enabled by these
resonators [13, 14].

Significant progress has been made in high-index dielectric nanophotonics by suc-
cessfully achieving flexible control over multipole excitations in subwavelength scatter-
ers [15]. This achievement has enabled a deeper understanding and effective manipu-
lation of various phenomena by combining multipole moments. One notable outcome
of this advancement is the realization of the Kerker effect, which allows for the sup-
pression of backward or forward scattering from a nanoparticle [16]. Kerker effect now
holds immense importance in the field of dielectric nanophotonics. It has paved the way
for the development of fully transparent Huygens metasurfaces that can precisely tailor
the phase of light, offering a wide range of possibilities in this area of research [17, 18].
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Truncated cones are becoming increasingly popular as components of photonic
structures due to their undeniable advantages [19]. A key benefit is that one of the
radii can be adjusted, providing an additional level of flexibility. Unlike the frequently
employed cylindrical nano-scattering structures, nanocones provide finer control over the
mode of the scatterer. This increased level of control results in improved customization
capabilities, allowing you to achieve effects that were previously unattainable.

Notably, the truncated-cone geometry is still relatively underexplored when com-
pared to more ‘conventional’ shapes like spheres, cubes, and cylinders [20, 21]. In
this study, we explore the generalized Kerker effects displayed by truncated silicon
nanocones. The Kerker effect has found wide application in the rapidly developing field
of dielectric nanophotonics. Therefore, it is critical to delve deeper and understand these
effects in the context of different scatterer geometries.

2 Generalized Kerker Effects in Cone Silicon Particles

The Kerker effect was originally discovered in spherical particles characterized by iden-
tical electrical permeabilities and magnetic permeabilities. In such particles, when the
electric and magnetic dipoles have identical field amplitudes and a certain phase shift,
only forward or backward scattering is observed. Numerous studies have experimentally
confirmed the manifestation of this phenomenon in dielectric nanoparticles. As research
progressed, additional important combinations of multipole moments and phase differ-
ences were discovered, leading to the broader concept of the Kerker effect. Currently,
the term “generalized Kerker effect” is used to characterize situations where there is
significant forward or backward scattering. (see Fig. 1).

Figure 1 presents a study of the Kerker effects using both numerical (Comsol Multi-
physics) and analytical calculations. Figure 1(a-e) shows the dependence of the multipole
contributions to the scattering cross section.

The Kerker effect points are highlighted in red. Corresponding analytical representa-
tions (f-j) and numerical simulations (k-o) of the far-field patterns are provided for each
case. Although the scattering shapes are similar, small deviations occur in the numerical
calculations due to the small contributions of other multipoles. The strong agreement
between the summation of scattering cross-sections from the multipoles and the calcu-
lations derived by integrating the Pointing vector over a closed surface in the far-field
region, normalized to the incident field intensity, further supports the notion that higher-
order multipoles are not required. This agreement is showed by the gray and orange lines
in Fig. 1(a-e).
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Fig. 1. Generalized Kerker effects in truncated conical nanoparticles. Figures (a-e) illustrate the
decomposition of multipolar contributions, while figures (f-j) present the analytical summation
of multipoles in the far field for a point. Figures (k-0) show the numerically computed far-field
distributions for conical nanoparticles with varying geometries at the spectral points indicated red
dots in (a-e). The incident plane wave illuminates the nanoparticles from the top of cone.

3 Conclusion

In this study, we have showed the complete range of established generalized Kerker
effects for individual nanoscatterers with the same geometric shapes, representing a
pioneering achievement. This underscores the adaptability associated with nanocones
as a foundation for introducing novel photonic devices that demonstrate a broad spec-
trum of multipolar interference phenomena. These effects provide versatile control over
scattering patterns.

Furthermore, we propose the conical geometry as a universal platform for achieving
all known generalized Kerker effects within a single scatterer shape, while considering
the realistic dispersion of the refractive index of silicon. This research marks particularly
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advantages concerning more intricate shapes. The use of nanoscatterers of the same shape
significantly reduces the cost of developing photonic devices and paves the way for fresh
prospects in the next generation of photonics.
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