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Abstract

The light manipulation at the nanoscale is the leitmotif of the research field of
nanophotonics. Over the last decades, the classical limits imposed by diffraction
have been largely surpassed by virtue of technological and theoretical breakthroughs
in the field of light-matter interaction. Properly engineered metallic and dielectric
nanostructures provide an unprecedented level of control over the electromagnetic ra-
diation in subwavelength spatial regions. This is enabled by their resonant behavior
at the optical frequencies. Thus, the development in this research field necessarily
depends on an effective electromagnetic modeling of these resonances.

Hand in hand with the technological progress, there have been growing efforts
in providing a complete and accurate framework for the description of resonances in
metallic and dielectric nanostructures. The most powerful tools have certainly been
represented by the spectral theories, in which the object electromagnetic behavior
is characterized by its resonant modes. These modes are calculated as solutions of
an auxiliary eigenvalue problem, i.e., the source-free Maxwell’s equations. Several
spectral theories have been developed, and in each of them the nanostructure geo-
metric parameters, material, and resonant frequencies are intertwined in a different
way, according to the choice of spectral parameter. For instance, the quasi-normal
modes, widespread in the nanophotonics community, adopt, as the spectral parame-
ter, the operating frequency, and hence the modes depend on both the nanostructure
material and its shape.

In the recent years, a spectral method that uses the object relative permittivity
as spectral parameter, has proved very useful in the modeling of the electromagnetic
scattering from homogeneous isotropic nanostructures. This method relies on modes,
called material-independent modes, that depend on the object geometry and the
operating frequency, but not on the nanostructure dielectric permittivity.

The goal of this thesis is to develop the description of electromagnetic scattering
by homogeneous objects in terms of material-independent modes. In particular,

In Chapter 1, we briefly review recent highlights in the modeling and applications

of resonant metallic and dielectric nanostructures, and contextualize the spectral



ii

theory of the material-independent modes.

In Chapter 2, we develop the formalism to describe the resonances in objects
smaller than the incident wavelength. Specifically, we show that the resonances in
metal and dielectric nanostructures of any shape are electro- and magneto-quasistatic
in nature, respectively, and can be described through eigenfunctions (quasistatic
modes) of compact and self-adjoint integral operators. Through means of a per-
turbative approach, we then provide an extension to the quasistatic analysis, and we
link the radiation corrections to the frequency shift and radiation quality (@) ) factor
of the quasistatic modes, through closed-form expressions. In the derived expressions,
the dependencies on the material and the size of the object are factorized.

In Chapter 3, we exploit the quasistatic mode framework introduced in the pre-
vious chapter for the calculation of the optimal current distribution supported by
an object of dimension smaller than the wavelength, yelding the minimum @) fac-
tor. This part has been developed during my stay at the Photonics Initiative at
the Advanced Science Research Center, in New York, under the supervision of Prof.
Andrea Alu. The provided representation leads to analytical and closed form expres-
sions of the electric and magnetic polarizability tensors of arbitrary shaped objects,
whose eigenvalues are known to be linked to the minimum @ factor. Many examples
are worked out, in three-dimensional, two-dimensional (surfaces), and translational
invariant objects.

In Chapter 4, we introduce the full-wave material-independent modes for the
description of the scattering from an arbitrary sized 3D object. As a case of study,
we investigate the modes and resonances of the prototypical structure of a sphere.
We show how the analysis of the object modes and eigenvalues provides a systematic
classification of resonances and interference effects. In particular, in this framework,
we are able to justify the differences in the power spectrum scattered by dielectric
and metal nanoparticles.

In Chapter 5, we investigate the resonances and resonance modes in the elec-
tromagnetic scattering from metallic and dielectric sphere dimers in the full-wave
regime, by using the material-independent modes. Along the lines of the well-known
plasmon hybridization model, we see the dimer modes as the result of the hybridiza-
tion of the modes of the two constituent spheres, whose importance is quantified by
hybridization weights. In this way, as we vary the spheres arrangement, although
the dimer modes change, they are still represented in terms of the same set of single-
sphere modes, but with different hybridization weights. This study represents the
first full-Maxwell theory of hybridization in dielectric dimers, and it also constitutes

an extension of the plasmon-mode hybridization theory.
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Chapter 1

Introduction

Over the last decades, particular interest has been raised by the resonant electromag-
netic scattering from metal and dielectric nanostructures.

Metal nanostructures can support coherent oscillations of their free electron
plasma, known as localized surface plasmons, which generate a high electric field-
enhancement [1, 2]. This property makes them particularly effective in light concen-
tration into deep-subwavelength volumes, enabling the boosting of linear and non-
linear optical processes [3]. This fact stimulates a variety of potential applications,
including high-sensitivity biosensors [4], nonlinear optics [5], and energy harvesting
[6, 7]. Furthermore, due to their control capabilities of electromagnetic fields at the
nanoscale, metals are largely employed in electromagnetic metamaterials, i.e., ag-
gregates of elementary deep-subwavelength units arranged in repeating patterns to
provide an unconventional electromagnetic response [8, 9, 10], for a plethora of appli-
cations, including cloaking devices [11, 12, 13|, analog optical computing [14, 15, 16],
super-resolution imaging [17, 18, 19, 20]. Nevertheless, the available metals for these
applications, mostly noble metals (e.g., gold and silver), are plagued by high losses
at the optical frequencies, which are inhibiting the development of practical devices
[21].

Recently, dielectric resonators are gaining increasing attention in nanotechnology,
and many researchers currently suggest that high-index dielectrics may be a feasible
alternative to noble metals for many applications [22, 23, 24, 25, 26]. This interest
has been prompted by the evidence that the enhancement of electric and magnetic
fields in dielectric nanostructures is of the same order of magnitude of the one achiev-
able in their metal counterpart. Dielectric objects of small dimensions compared to
the free-space wavelength, in fact, may display a resonant behavior, provided their
dielectric permittivity is sufficiently high [27, 28, 29]. This fact is well-known at radio

frequencies, where low-loss dielectrics with high (~ 100) relative dielectric permittiv-



1.1 Motivations for a modal analysis

ity are exploited in several applications, such as resonators and filters [30, 31, 32],
while a series of perovskites has been measured at a relative permittivity larger than
1000 [33, 34, 35]. In the visible and near-infrared frequency ranges of the spectrum,
resonances in high-index nanostructures, such as AlGaAs, Si, and Ge nanoparticles,
have been experimentally observed, e.g., [36, 37, 25|, and have been employed in
various applications, e.g., [38, 39, 40, 41, 42, 43, 44]. In the nano-optics community,
these resonances are known as “Mie resonances” [25].

The physics governing the scattering from high index dielectric nanoparticles is
far richer than the physics behind the scattering from metal nanoparticles, due to
the possibility of exciting magnetic modes [37, 36, 45, 46] and due to the presence
of multimode interference, which may lead to the formation of Fano-resonances [47,
48].

1.1 Motivations for a modal analysis

The understanding of the resonant electromagnetic behavior of nanostructures is
elemental for the analysis and engineering of the field-matter interaction. In this
direction, the characterization of the scattering by nanostructures in terms of their
resonant modes is enlightening. In fact, compared to the direct solution of the scatter-
ing problem, the description in terms of resonances and modes, which solely depend

on the inherent properties of the nanostructure
o offers intuitive insights into the physics of the problem;

o enables the rigorous comprehension of interference phenomena, including Fano

resonances, as the interplay among well-identified modes;

o suggests how to shape the excitation to achieve a prescribed tailoring of the

scattering response.

In closed electromagnetic systems, the definition of resonances and modes is straight-
forward [49]. On the contrary, in open systems, where the electromagnetic field
occupies an unbounded domain, this definition is challenging. In an oversimplified
but widespread approach, the electromagnetic resonances of a body are found as
the peaks of its scattered power spectrum when a frequency-tunable probe field il-
luminates it. The corresponding electromagnetic field distributions are denoted as
“modes”. This approach is flawed for several reasons: it hides the modes that cannot

be excited by the chosen incident field; it disregards the fact that a peak can be due
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to the interplay of two or more modes; it is not useful in the interpretation of the
interference phenomena.

Several more rigorous approaches are possible, grounded in different choices of
the modes. The quasi-normal modes are the most widely used ones for the inves-
tigation of the resonances of open systems [50, 51, 52, 53, 54].They are also known
as resonant states [55]. They depend on both the material and the geometry of the
scatterer. They are not orthogonal in the usual sense and diverge exponentially at
large distances [56], thus they need to be normalized [57, 58, 59]. Another approach,
increasingly used in nanophotonics, is represented by the characteristic modes [60, 61,
62, 63]. They are real and satisfy a weighted orthogonality. Moreover, they depend
on the frequency, on the geometry, and on the material composition of the scatterer.

An alternative strategy, which we embrace throughout this work of thesis, is the
material-independent mode decomposition [64, 65|. The material-independent modes
allow separating the role of the geometry, material, and incident electromagnetic
field; thus, they provide a very different perspective in the modeling of the resonant
electromagnetic behavior of bodies than the aforementioned approaches. They are
bi-orthogonal but, unlike the quasi-normal modes, they satisfy by construction the
radiation conditions at infinity. Over the years, material-independent modes have
been calculated in the quasi-static limit [66, 67, 68, 69, 70, 71, 72|, in the long
wavelength limit [64], and for the scalar Mie scattering [73]. They have been also
derived within the quasi-static [74] and retarded [75] single dipole approximation.

More recently, the material-independent modes have been derived for the full-
retarded vector scattering by a homogeneous sphere [65], by a coated sphere [76], by
a flat slab [77], and by arbitrary shaped objects [78]. Furthermore, it has been also
shown that the investigation of the eigenvalues associated to the material-independent
modes unveils important structural properties of plasmonic and dielectric resonances
[79]. These modes have also been proved effective in the design the permittivity
of the object to pursue a prescribed tailoring of the scattered field, including the
cancellation of the backscattering, the suppression of a given multipolar order, and
the maximization of the scattered field in the near-field zone [80, 76]. They have been

also employed in the modeling of complex lasing media [81].

1.2 Quasistatic modal decomposition

When the object is much smaller than the operating vacuum wavelength, its res-
onances and resonance modes are well described by the electro- and magneto-

quasistatic approximations of the Maxwell’s equations.



1.2 Quasistatic modal decomposition

The electro-quasistatic approximation covers the (plasmon) resonance mechanism
occurring in small metal nanoparticles with negative dielectric permittivity, arising
from the interplay between the energy stored in the electric field and the kinetic
energy of the metal free electrons. In this limit, there exist spectral theories modeling
plasmon resonances. For instance, for a spherical nanoparticle of relative dielectric
permittivity g, and size much smaller than the incident wavelength, the Frohlich
condition [82], i.e., min ler(w) + 2|, predicts the resonant value of permittivity, and
hence of the resonant frequency. Moreover, Mayergoyz et al. [70, 83] introduced a
more general electro-quasistatic approach based on a surface integral equation. This
approach is applicable to arbitrary shaped particles, whose resonances are associated
with negative values of permittivity in correspondence of which source-free solutions
exist [70, 84, 85, 86]. The applicability domain of these techniques has been extended
through perturbation approaches to include first-order radiation corrections [70, 87].

For the modeling of metallic complex nanostructures, a very popular and useful
approach is the plasmon hybridization model [88, 89]. The plasmon hybridization
consists in the representation of the modes of a complex plasmonic nanostructure, i.e.,
“plasmonic molecule”, in terms of the modes of its constituent parts, i.e. “plasmonic
atoms”. Thus, even if the mutual spatial arrangement of the atoms is changed, the
modes of the plasmonic molecule are represented in terms of the same set of atomic
modes, while only the atomic modes weights change. Many studies have demonstrated
that very complex molecular modes arise from the hybridization of just few atomic
modes [84, 90, 91, 92, 89].

Instead, dielectric resonators have been traditionally analyzed by using perfect
magnetic wall boundary conditions (PMW) [33, 35, 31]. However, because electro-
magnetic fields do exist beyond the geometrical boundary of the cavity, this condition
is unable to accurately predict resonances [93, 94, 95]. Many ad hoc corrections to
the PMW conditions have been proposed, including the Cohn model [96], where an
idealized waveguide with PMW walls is considered, and the Itoh-Rudokas model [97].
Instead, Van Bladel investigated these resonances without ad hoc assumptions, using
an asymptotic expansion of the Maxwell’s equation in differential form in terms of
the inverse of the index of refraction [27]. Glisson et al. [98, 99] obtained the resonant
frequencies of rotationally symmetric dielectric bodies by searching the frequencies at
which the determinant of the impedance matrix is zero; they assembled the impedance
matrix by discretizing a surface integral formulation of the full-Maxwell equation.

By using an integral formulation, the authors in [100] showed that the resonances
of small objects with positive and high permittivity are described by the magneto-

quasistatic approximation of the Maxwell’s equations, and are due to the interplay
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between the polarization energy stored in the dielectric and the energy stored in
the magnetic field. These resonances are associated with values of permittivity and
frequency for which source-free solutions exist, in which the normal component of the
displacement current density field vanishes on the surface of the particle.

Each quasistatic resonance also exhibits a radiation ) factor [101], which, in the
limit of high Q and noninteracting modes, is equal to the inverse of the fractional
bandwidth. In [101], the authors derived closed-form expressions for the frequency
shift and radiation ) factor of objects of dimensions smaller than the incident wave-
length in terms of the radiation corrections of the quasistatic modes. In the derived
expressions, the dependencies on the material and the size of the object are factorized.

The aforementioned material-independent modes for the analysis of scattering
from arbitrary sized objects are the full-wave extension of these quasistatic modes. In
this framework, the investigation of the resonant modes in plasmonic and dielectric
homogeneous nanoparticles of size smaller then the operating wavelength revealed
that these resonances are electro- and magneto-quasistatic in nature [102, 100, 101].

For this reason, to provide a complete picture of the modeling of electromagnetic
resonances in plasmonic and dielectric objects, we start this thesis with a description
of their quasistatic modes, for different geometries. Later, we extend this analysis to

the full-retarded scenario, by examining the an isolated sphere and a dimer.

1.3 Quality factor of electrically small objects

The technological advancement in the fabrication process has driven a reduction in
the footprint of electromagnetic resonant devices, progressively scaled to fit sub-
wavelength domains [103, 104, 105]. However, this generally comes at the cost of
bandwidth (and therefore, e.g., operational speed). This fundamental trade-off be-
tween volume, peak field enhancement or scattering, and bandwidth has been inves-
tigated using various analytical and numerical methods [106, 107, 108, 109, 110], the
most well-known of which is perhaps the Chu limit [111].

The Chu limit determines the minimum radiation quality factor (@) factor) of
electrically small radiators, i.e., objects that fit inside a sphere of radius equal to the
inverse of the field wave number [112]. This limit does apply to both self-resonant
objects, and non self-resonant objects, provided that a convenient tuning network
is used. The minimum () factor is associated with an optimal current, which is
the particular current density distribution supported by the radiator yielding the
minimum () .

The search for such lower bounds originated with the works of Chu [111],
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Wheeler [113], and Harrington [114], and several techniques were proposed over the
years by many contributors including Collin and Rothschild [115], and McLean [116].
Thal [107] noticed that the previous approaches did not account for either the energy
stored within the antenna or for any energy stored in the space between the actual
antenna’s physical boundary and the enclosing sphere (in cases where they are not the
same), thus leading to loose bounds. By including these contributions, he arrived to
more strict bounds compared to his predecessors. Then, in a series of contributions,
starting in [106], Gustafsson and co-workers provided shape-dependent bounds on the
minimum radiator’s ) , linking it to the available volume in which the search of the
optimal current is constrained. They also reduced the variational problem of finding
the minimum Q of radiators to determining the largest eigenvalues of either electric or
magnetic polarizability tensors. In the subsequent years, Gustafsson and co-workers
refined and extended their original idea [117, 108], including also the very important
contributions of Vandenbosch [118, 110]. Efficient numerical determination of opti-
mal currents in terms of a mode expansions was also recently demonstrated [119, 120,
121].

Even though these limits have been originally conceived having small radio-
frequency antennas in mind, they are also applicable to optical nanoantennas, which
are often self-resonant, as in the case of plasmonic (metal) and dielectric resonators.
In the long-wavelength limit, their resonances are well modeled by the quasistatic
modes, and their @) factor.

Interestingly, the recent literature on ) factor bounds divides radiators into two
categories (e.g., [118, 110, 122]), depending on the characteristics of the currents they
support. Radiators of electric-type support currents with zero curl, i.e., longitudinal
currents, while radiators of magnetic type support currents with zero divergence, i.e.
transverse currents. This distinction naturally applies also to nanoantennas, since
the plasmon resonances are driven by longitudinal currents, while the resonances in
high-permittivity dielectric objects are driven by transverse currents.

In this work of thesis, we introduce a representation of the optimal current in
terms of the quasistatic scattering resonance modes. This representation not only
unveils the intimate connection between the optimal current yielding the minimum
@ factor and the modes supported by plasmonic and high-permittivity resonators,
but has several appealing advantages. A quasistatic mode expansion of the current
density leads to analytical and closed form expressions of the electric and magnetic
polarizability tensors of arbitrary shaped objects, whose eigenvalues have been linked
by Gustafsson and coworkers to the minimum ) . This fact implies that the mini-

mum Q and the corresponding optimal current can be directly determined from the
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knowledge of the eigenvalues and the dipole moments of quasistatic scattering modes.

1.4 Full-wave hybridization

Interacting nanoparticles, which can be either metallic or dielectric, constitute an
example of composite open electromagnetic system. In particular, interacting metal
nanoparticles have been extensively investigated [1]: they exhibit larger electric field
enhancement with respect to their isolated constituents [3], they feature tunability of
the resonance position [123, 124] and of the scattering directionality as the particle
arrangement changes, and novel physical properties, such as Fano resonances [47,
125, 126].

As stated in the previous section, the plasmon hybridization theory has been a
cornerstone for the modeling of such metal systems, within the electrostatic frame-
work. As such, it is based on compact Hermitian operators and orthogonal electric
field modes. This theory is only applicable to metal structures much smaller than the
incident wavelength, because the magnetic interactions and radiation effects are not
present. In other words, the plasmon resonators are treated as they effectively were
closed resonators. For this reason, although its validity domain can be extended to
include weak radiative contributions by using the aforementioned perturbation ap-
proaches [71] or by adding retardation to the Coulomb potential [127], it completely
fails to describe dielectric resonators, which are dominated by magnetic interactions
[37].

Dielectric particle dimers coupled in the near field zone may exhibit significant
enhancement of both electric and magnetic fields [128, 129, 130, 131, 132, 133] with
reduced heat conversion [134, 135], directional Fano-resonances [136], and strong
directional scattering [137, 138]. A theory of hybridization in silicon (Si) dimers,
although limited to electric and magnetic dipole-dipole interactions, has been theo-
retically proposed in [129] and experimentally validated in [131]. More recently, the
hybridization in Si [45] and AlGaAs [139] dimers has been experimentally studied.

An important result of this thesis is the derivation of resonances and modes of a
sphere dimer in the full-Maxwell regime [140]. In particular, we extended the scheme
proposed by Bergman and Stroud [64], valid only in the long-wavelength limit, when
all radii, as well as the interparticle distance, are small compared to the wavelength
outside the scatterers. Along the lines of the plasmon hybridization model, we de-
scribe the dimer modes as the hybridization of the modes of the two constituent
spheres: each dimer mode is expanded in terms of a complex weighted linear com-

bination of a set of isolated-sphere modes. The method here proposed, permits the
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rigorous modeling of the resonant behavior of either palsmonic or dielectric homoge-
neous dimers, regardless of their size. This fact enables us to address, for the first
time, the mode analysis and the hybridization in silicon dimers in the full-Maxwell
regime, and to refine the understanding of plasmon-mode hybridization in a full-wave

scenario.

1.5 Author’s main contribution

I was the lead contributor to the

o formulation of the theory of hybridization, its numerical implementation, and
interpretation of the results [140] (included in the fifth chapter of the present
thesis),

o formulation of the spectral theory of a coated sphere, by using material-

independent modes [76] (not included in the thesis).

During my stay at the Photonics Initiative at the Advanced Science Research Center,

in New York, under the supervision of Prof. Andrea Alu, I developed

« an analysis of the ) factor of singular plasmonic nanoresonators (not included
in the thesis),

o a method for the calculation of the minimum () factor of electrically small
radiators, through quasistatic scattering modes (described in the third chapter
of the thesis),

o a formalism for the analysis of the resonances and the () factor of translational

invariant structures (included in the second and third chapter of the thesis).

The papers including these results are currently under preparation.

I also contributed to the following works:

o description of resonances in high-permittivity small dielectric objects through
magneto-quasistatic scattering modes (included in the second chapter of the
thesis) [100];

o description of modes and resonances in two-dimensional (surfaces) bodies (in-
cluded in the second chapter of the thesis) [102];

o directional scattering cancellation for an electrically large dielectric sphere (not
included in the thesis) [141];
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resonances in a long and narrow nanoribbon of finite length (not included in
the thesis) [142];

material-independent modes for the design and analysis of electromagnetic scat-
tering [48, 80] (included in the third chapter of the thesis).



Chapter 2

Modes and resonances of

electrically small objects

In the linear regime, a nonmagnetic, homogeneous object, assumed small compared
to the incident wavelength in vacuum, may resonate through two mechanisms. The
first one occurs in small particles with negative dielectric permittivities, e.g., metals
at frequencies near their plasma frequency. For metals, it arises from the interplay
between the energy stored in the electric field and the kinetic energy of the free
electrons. When the object is very small compared to the wavelength in vacuum,
these resonances are well described by the electro-quasistatic approximation of the
Maxwell’s equations and are associated with the negative values of the dielectric
permittivity in correspondence of which source-free solutions exist 71, 143].

The second resonance mechanism occurs in small objects of high and positive di-
electric permittivity, and it arises from the interplay between the polarization energy
stored in the dielectric and the energy stored in the magnetic field. Manifestation
of this kind of resonance can be found at microwave [144, 31] and optical [24, 145]
frequencies. When the object is very small compared to the free-space wavelength,
and the permittivity is very high, these resonances are well described by the magneto-
quasistatic approximation of the Maxwell’s equations, where the normal component
of the displacement current density field vanishes on the surface of the particle [100].

Each quasistatic resonance mode may be characterized by a radiation quality
factor (@ factor), which links the stored energy to the energy radiated toward infinity.
In the limit of high Q and noninteracting modes, it is equal to the inverse of the
fractional bandwidth.

In this chapter, we introduce the electro-quasistatic and magneto-quasistatic

modes and resonances of linear, nonmagnetic, homogeneous and isotropic objects,

10



2.1 Three-dimensional objects

using an integral formulation of the Maxwell’s equations. We derive their radiation
corrections through means of a perturbation approach, treating the size parameter of
the object x = kol., being ky the wave number and /. a characteristic length of the
object, as a small parameter. Then, we provide closed-form expressions of the relative
resonance frequency shift and the radiation () factor of the quasistatic modes, as a
function of their radiation corrections. We carry out this study for arbitrary shaped

three-dimensional (3D) and translational-invariant (TI) objects, and surfaces (2D).

2.1 Three-dimensional objects

Let us consider a linear material occupying a domain 2, bounded by a closed surface
0N) with normal 0, sketched in Fig. 2.1. This material is assumed nonmagnetic,
isotropic, homogeneous, nondispersive in space, time-dispersive, with relative dielec-
tric permittivity g, and it is surrounded by vacuum. The object is illuminated by a
time-harmonic electromagnetic field incoming from infinity Re {Ej,.(r)e™™'}, where
w is the angular frequency. We characterize the electromagnetic scattering from an

arbitrary shaped object in the quasistatic regime, starting from the full-wave descrip-

r}«

tion.

@)

X

Figure 2.1 — A three-dimensional domain 2, with normal f.

The scattering problem is formulated by considering as unknown the current den-
sity field J(r) induced in the object, which particularizes into: conduction current, in
metals at frequencies below interband transitions; polarization current, in dielectrics;
sum of conduction and polarization currents, in metals in frequency ranges where
interband transitions occur.

We have J(r) = —iweoxE(r), where E is the total electric field (induced and
incident), g¢ is the vacuum permittivity, and y = (g — 1) is the electric suscepti-
bility. Both the vector fields E and J are divergence-free (div-free) in Q due to the

11



2.1 Three-dimensional objects

homogeneity and isotropy of the material. The current density J is governed by the

full-wave volume integral equation [146, 147, 148]:

IO L v d a0y wew—v) ds — k2 / IW)G (r — 1) dV’
X o) Q
= —iweg Einc(r), Vr € Q, (21)
where ky = w/cy, being ¢y the speed of light in vacuum, and G (r—1') =

ekolr=r'l /4m|r — 1| is the Green’s function in vacuum.
The surface integral represents the contribution of the scalar potential to the in-
duced electric field and the volume integral represents the contribution of the vector

potential [146]. We introduce the dimensionless size parameter x defined as

W
= —/,, 2.2
o= 2 22)
being /. a characteristic linear length of the region €2 (e.g., the radius of the smallest
sphere enclosing the object).
Then, Eq. (2.1) is recast as follows

J;r) — L{J} (r) = —iweg Ejpe(r), Vr e Q, (2.3)

where the spatial coordinates have been normalized by £, i.e., r — r/{,,

L{W}(r)=-V ) W(') -0g(Ar,x) dS' + 2° / W(r')g (Ar,xz) dV',  (2.4)
o0 Q
Q2 is the corresponding scaled domain, V is the scaled gradient operator, and g (Ar, x)

is the dimensionless scalar Green’s function in vacuum
i Ar

A -
g( T,ZL’) 47TAT"

(2.5)
with Ar = |r —1/|.

We now study the solution of Eq. (2.3) in the quasistatic limit, namely for z — 0.
We introduce a complete basis for representing the unknown J, which is obtained
from the union of two orthogonal sets [100]. The first set {JLIZ} is given by the solution
of the eigenvalue problem

Ly

L. {J‘l"b} (r) = th(r% Vr € Q, (2.6)

12



2.1 Three-dimensional objects

where L. is the electrostatic integral operator that gives the electrostatic field as a

function of the surface charge density [143]:
LAW} ==V ) W(r') -d'gy(Ar) dS’, (2.7)
o0

where

1
A p—
9o (A7) 47 Ar

is the dimensionless static Green’s function in vacuum. The spectrum of L. is count-

(2.8)

able infinite [143], and the eigenfunctions { ‘]l;ll} new are longitudinal vector fields: they
are both div-free and curl-free in €2 but have nonvanishing normal component to 952
[71]. Moreover, L. is self-adjoint and definite negative, therefore the eigenvalues X',L
are real and negative, and the eigenfunctions are orthogonal according to the scalar

product
(A.Bo :/QA-BdV. (2.9)

We then assume this set orthonormal, i.e.,

by ik)e = On. (2.10)

where 9y, is the Kronecker delta function.
To complete the basis for the vector space of square integrable div-free functions in €2,
it is sufficient to add to { J‘}L} a set of transverse vector fields {ji-}, which are div-free

in €2, with vanishing normal component to 0f2, i.e.

— 0, (2.11)

and are solutions of the eigenvalue problem in weak form

L {3t} (x) = K;lﬁjﬁ(r), Vr € (), (2.12)

where L,, is the magnetostatic integral operator
L, {W}(r) :/W(r’)go (Ar) dV'. (2.13)
Q

L., has a countable infinite spectrum, and is self-adjoint and definite positive, there-

fore the eigenvalues {k7 }nen are real and positive, and the eigenfunctions {j;i }ren

13



2.1 Three-dimensional objects

are orthogonal according to the scalar product (2.9), and assumed normalized, i.e.
(s di o = On. (2.14)

Furthermore, the eigenfunctions {ji-} are orthogonal to the eigenfunctions { in } Both
the sets of eigenvalues-eigenfunctions of the operators L. and L,, are material inde-
pendent, and do not depend on the size of the object, but only on its shape.

The union of the two sets {J } and {ji} is a complete basis for the vector space
of square integrable div-free vector fields in €2. Therefore, the current density J in
the quasistatic regime (z — 0) can be expressed as

1L
Ky

I
+ -
ki — w2y

= —ZWEQX Z <jf7,_7 EinC>Qj}JL_ . (215)

(ih: Einc).dh
- X

This expansion disentangles the dependence on the material, in the form of polyno-

mial functions of y, from the dependence on the geometry, buried in the material

independent eigenvalue-eigenfunction systems [64].

The expression of the current density J clearly highlights two distinct resonance con-

ditions for y, arising from different physical mechanisms: the first one is

Re {x} = x). (2.16)

with the resonant excitation of the elgenfunctlon jp; the second one is

Kiy
Re{x} = pok (2.17)
with the resonant excitation of the eigenfunction ji-.

Thus, the sets {_] } and {ji} can be mterpreted as the density current modes of
the body in the quasistatic limit, and {y|} and {x}/22} can be interpreted as the
corresponding eigen-susceptibilities. The scalar products <J£>Einc> and (ji, Eipe) in

Eq. (2.15) describe the coupling of the current modes with the external excitation.

2.1.1 Electroquasistatic modes and resonances

We now investigate in detail the electro quasistatic resonances associated with the
eigenvalues X and the elgenfunctlons J of the electrostatic integral operator £, in

Eq. (2.6). We call the eigenfunctions j!

electroquasistatic (EQS) current modes, and
the eigenvalues X EQS eigen- susceptlblhtles

The EQS current modes J h are longitudinal vector fields: they are square inte-

14



2.1 Three-dimensional objects

grable in ( € L?(Q)), and are both curl-free and div-free within the object, but

have nonvanishing normal component to the object surface, i.e., J” € L”(Q)
L}Q) = {L*(Q)|V-j1 =0,V xjl = 0in Q\ 00} . (2.18)

The normal component of j','L to the object’s boundary is related to the induced surface

charge density on 02, and satisfies the charge-neutrality condition, namely

515 il fds =o. (2.19)
o9
An important property of the spectrum of L. is that the eigenvalues XH accumulate
at a finite value [71], specifically

lim x| =—2, (2.20)

h——4o00

independently from the shape of the object. For a time-dispersive metal described

by the Drude model [1]

(,UQ

X = —m, (2.21)

where w, and v < w,, are the plasma and collision angular frequencies, the resonance

frequencies corresponding to the eigen-susceptibilities XH

accumulate at w,/v/2, being
w, the plasma frequency of the metal.

Under the normalization (2. 10) ie
the h-th EQS current mode Jh is

J|f|LHQ = 1!, the scaled ? electrostatic energy of

We{il} = o 55@9 §éﬂgo (AF) oy (1) (r')dS'dS = 2150( ;> (2.22)

where 03, = j, - 1 is the surface charge density related to the h-th EQS current mode.

The electric dipole moment P}, of the EQS current mode j|}|b is defined as 3

P, = / lav = 55 r (j, -n)ds. (2.23)
Q o0

If the mode j|,|l exhibits a vanishing electric dipole moment P, it is called dark,

L H . H is the norm induced by the scalar product in Eq. 2.9, namely HJ H Jh7-1h

2To obtain the dimension of an energy, we have to multiply for %
3With respect to the standard definitions of surface charge density and electric multipoles [149],
the prefactor 1/(—iw) is omitted.
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2.1 Three-dimensional objects

otherwise bright. When the object exhibits a density current mode that is spatially
uniform in 2, and directed along a given direction ¢ (as it happens for instance for a
sphere or a spheroid), the orthogonality condition (2.10) implies that all the remaining
current modes exhibit a vanishing electric dipole moment along that specific direction,

namely

/c-jlidvzc-Pk:o. (2.24)
Q

Since the EQS operator L. is definite negative, its eigen-susceptibilities are nega-
tive valued, therefore, according to the resonance condition (2.16), the corresponding
current modes {J','L} can be resonantly excited only in objects with negative dielectric
permittivity, e.g., in metal nanoparticles at frequencies near their plasma frequency.
For metals, they correspond to the resonant plasmon modes, deriving from the inter-
play between the energy stored in the electric field and the kinetic energy of the free
electrons [143].

2.1.2 Magnetoquasistatic modes and resonances

We now investigate in detail the resonance mechanism associated with the eigenvalues
k- and the eigenfunctions ji- of the integral operator £,, in Eq. (2.13), which is
magnetostatic in nature.

Indeed, we now briefly prove that the eigenfunctions ji are source-free solutions
of the Maxwell’s equations in high-permittivity dielectric objects, in the limit x <
1 ( small object), where x is the size parameter of the object, introduced in Eq.
(2.2). Under these conditions, the electromagnetic field is primarily determined by
the displacement current density field J induced inside the object itself [27]. Thus, we
look for the values of the parameter 3 = (z/£.)?x for which there exists a nontrivial

solution of the source-free magnetoquasistatic (MQS) problem [150]

VxA= ILL()H, (225&)
VxH=1], (2.25b)
with the constitutive relation
J = éAHQ, (2.26)
Ko

where x = (eg — 1) is the electric susceptibility, Il is the characteristic function on
the set 2, ie., Il =1 for r € Q and 0 otherwise, p is the magnetic permeability in
vacuum. The MQS vector potential A satisfies the Coulomb gauge (V- A = 0) in
and R3\ €, and both A and the magnetic field H are regular at infinity. Equation
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2.1 Three-dimensional objects

(2.26) disregards the effects of the displacement current density field in vacuum. Since
the normal component of the current density field J at the boundary is equal to zero,
the current density field J is div-free everywhere in R3; on the contrary, the normal
component of the vector potential at €2 may be discontinuous. The fact that J has
a vanishing normal component on 9€) implies also that the normal component of the
polarization current density field is zero.

After scaling the spatial coordinates by the characteristic length ¢. (r — r//.),
problems (2.25) and (2.26) are solved by expressing the vector potential A in terms
of the current density J as

A(r) = poleLm {J} (r), (2.27)

where L, is the MQS integral operator in Eq. (2.13), in which the presence of the
static Green’s function g is due to having neglected the displacement current density

in vacuum. By combining Eqgs. (2.26) and (2.27), we obtain the linear eigenvalue

problem
1
Ln{J}(r) = —I(r), Vre, (2.28)
K
with
J-1nf,, =0, (2.29)
where k- = z%y. We recognize the eigenvalue problem (2.12) with the constraint

(2.11). Consequently, we call the eigenfunctions j; MQS current modes, and x;- /2>
MQS eigen-susceptibilities. It is important to remind that Eq. (2.28) holds in the
weak form in the functional space equipped with the inner product (2.9), and consti-
tuted by the transverse vector fields which are square integrable and div-free within

2 and have zero normal component to 92 [100], i.e.

L3 (Q) = {L2(Q)|V-jl =0, in 0\ 0Q and j* - &

0 on 90} (2.30)

The integral operator L,, is compact, positive definite, and self-adjoint. There-
fore, Eq. (2.12) admits a countable set of eigenvalues {mﬁ}hem real and positive,
accumulating at infinity, namely

lim sy = +oo0, (2.31)

h—+o0

independently from the shape of the object. The integral operator L,,, and hence
its eigenvalues, depend on the chosen spatial coordinates normalization. Specifically,

the eigenvalues ;- increase quadratically with /..
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2.1 Three-dimensional objects

The MQS current modes ji are dark, i.e., have zero electric dipole moment ac-
cording to the definition (2.23). Assuming the current modes to be unit vectors

(HJ#HQ = 1), the scaled® magnetostatic energy of the h-th MQS current mode is

. 1 [. . 7 ) jH(r , to 1
W, lin} = Q/Qﬁ ~A{jHav = &i/S)Jﬁ(r) : /QA(QdV dV = 30% (2.32)

The magnetic dipole moment M, of the h-th MQS current mode ji- is defined as
1 .L
M,== [ rxj,dV. (2.33)
2 Ja

If the resonator supports a mode of the form j;- = # X ¢, where c is a constant vector,
the orthogonality condition (2.14) implies that the generic remaining current mode

ji has a vanishing magnetic dipole moment along c, i.e.,

1
2/j,§~(f~><c)dvzc~1v1k:o. (2.34)
Q

Among the set of MQS current modes, there exists a subset of modes generating

a transverse vector potential A { ‘]ﬁ}, i.e., with zero normal component to 0€:
N .l o
i - A {j }\m = 0. (2.35)

We refer to a MQS mode belonging to this subset as At-mode. The At-modes are
also solution of the problem (2.28) in a strong form (in the space of square integrable
vector fields).

The resonance angular frequencies wy, given by

1
co | Ky
= — | —. 2.
W, o\ (2.36)

accumulate at infinity, in contrast to the EQS resonance frequencies which accumulate
at a finite value (w,/v/2, if the object is filled with a Drude metal with plasma

frequency w,). Moreover, the following bound on the eigenvalues hold:

RL>\/§1

= 4r a2’

Vh e N, (2.37)

where a is the radius of a sphere B, having the same volume of €2. The inequality

4To obtain the dimension of an energy, we have to multiply for £3.
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2.2 Radiation corrections

(2.37) is obtained by multiplying both members of Eq. (2.28) by ji, assumed nor-
malized according to Eq. (2.14), integrating over € and using the Cauchy-Schwarz
inequality and the inequality [151]

1 1
/ ——dV' < / ——=dV' = 4na, Vr € Q. (2.38)
/ /
o |r—r| B V]
Therefore, given the inequality in Eq. (2.37) and the resonance condition (2.17),
the MQS current modes {ji} can be resonantly excited in electrically small objects
(x < 1) only with positive and high dielectric permittivities.

In the MQS resonances in dielectrics, the energy oscillates back and forth be-
tween the polarization energy of the dielectric and the magnetic energy. In fact, by
combining Egs. (2.32) and (2.36) we obtain

2
|
: Jilly 239)
2e0 wj X

43
—5 m{JL} =
w? h

The left-hand side is the energy stored in the magnetic field associated with the
current mode ji-, while the right-hand side is the energy stored in the dielectric in

the form of polarization energy at the resonance frequency wy,.

2.2 Radiation corrections

Any resonant scattering mechanism in arbitrary sized object is associated with the

solutions of the eigenvalue problem [65]

. L,
L{jn} = %Jh, (2.40)

where £ is the full-retarded integral operator given Eq. (2.4), whose properties
will be discussed in depth in Chapter 3. In the previous section, we show that
in the quasistatic limit x — 0, this eigenvalue problem splits into the EQS eigenvalue
problem (2.6) and the MQS eigenvalue problem (2.13). Starting from this property,

we introduce a classification of the eigenvalues of Eq. 2.40:

o The eigenfunctions of £ that in the limit + — 0 tend to the EQS modes are
indicated with {u;}, and the corresponding eigenvalues are indicated with {x}.

These eigenfunctions are called plasmonic modes.

o Dually, the set of eigenfunctions of £ that in the limit z — 0 tend to the MQS

modes are indicated with {v;}, and the corresponding eigenvalues are indicated
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2.2 Radiation corrections

with sy, /2?. Although in the limit z — 0, the eigenvalues x;/z? diverge, the

quantities xj, remain constant. These eigenfunctions are called dielectric modes.

The union of the two sets {u} and {v;} is a basis for the unknown current density
field in Eq. (2.1). Its solution is expressed as
Kh

A (Wp, Eine)o up, + ————
Xh — X Kh — X

oo

J = —iwepx Z (Vi, Einc)a Vi (2.41)
h=1

where both the sets of modes {u;} and {v,} are normalized such that (u,u,)q =1

and (v, vp)o = 1 Vh. This equation tends to Eq. (2.15) in the quasistatic limit

xz — 0.

We now introduce a perturbation technique to evaluate the plasmonic and dielec-
tric resonances and resonance modes of an arbitrary shaped three- dimensional elec-
trically having a dimension smaller than or almost equal to the operating wavelength,
namely with size parameter x < 1, by starting from the corresponding resonances and
resonance modes in the quasistatic regime. Moreover, we will iterate the procedure
up to the first real and imaginary radiative corrections of the quasistatic eigenvalues,
which we will demonstrate to be related to the frequency-shift and the radiation @)

factor of the current modes, respectively. The full derivation of the procedure can be
found in [101].

2.2.1 3D Plasmonic Resonances

To evaluate the plasmonic resonances of three-dimensional small particles, it is con-

venient to recast the eigenvalue problem (2.40) as

uy(r) + xn [vyﬁ u,(r') - 0'g (Ar,z) dS' — 2* /uh(r’)g (Ar,z)dV'| =0,
90 Q

Vre Q. (2.42)

When the free-space wavelength A = 27¢y/w is large in comparison with the charac-
teristic dimension /., the size parameter x can be treated as a small parameter, and
the Green function g (Ar,x), the current mode uy,, and the eigenvalue x; can all be

expanded in terms of x in the neighborhood of the EQS resonance with eigenvalue
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2.2 Radiation corrections

Xh and mode j J

Xh = Z xak (2.43)
(k) k
u, = Z u, (2.44)
A"f’k 1

g (Ar,x) —Zz

(2.45)

where X,(l) = X'}L and uh) fJ}L

By using Eqs. (2.43-2.45), Eq. (2.42) becomes

00 00 k-1
4 S a4 3 ek v [ §l§ (Z kAT ) <Z unk,)la:k> ds’
k=0 k=0
AT‘k 1 o) *)
/ (Zz ) (Z u, :z;k“) dV/] =0, Vr e Q, (2.46)
Q k=0

k=0

where uflk,)l = u,(zk) . n‘m and Xﬁﬂ = X‘,‘1

Matching the first-order terms in Eq. (2.46), and applying the charge neutrality

condition (2.19), the following integrodifferential equation is obtained:

I D)y . 3 (1) I (p
ul) 4 Xn wdsfz_& yﬁ Jnn(r )dS’ VreQ, (247
VP s o (VP A , VreQ, (247)

where the scalar field jll h= ‘,ll - ﬁ‘aﬂ is defined on the object’s surface d€2. Since

X) is an eigenvalue of the left-hand side of Eq. (2.47), a solution to (2.47) exists

only under the condition that its right-hand side is orthogonal to the corresponding
current mode ij according to the scalar product introduced in Eq. (2.9). This is
the so-called normal solvability condition of Fredholm integral equations [152, 153].

Consequently,

(1) | 1)

Xh .| ]n,h(r) ' XE N2

V/J r)- ——dS" | dV = =~ |ljill =0, 2.48
47'(' Q h( ) ( a0 AT Xllz ’hH ( )

where Eq. (2.6) has been used. Thus Eq. (2.47) is only solvable if
W =o0. (2.49)

Regardless of the object’s shape, the first-order correction to EQS eigenvalues van-
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2.2 Radiation corrections

ishes. As a result of (2.49), Eq. (2.47) only admits the trivial solution
ur)=0 vreq (2.50)

Collecting the second-order terms in Eq. (2.46), and applying the normal solv-

ability condition, the second-order correction Xf) is derived

I Al
@ _ (Xh) 55 | 55 Ar i, Jn(™)
X = Jnn(T r')dS'dS + - | =—=dV'dV
" Ar [ B #() o0 o Ar

(2.51)

where the scalar field jl = J h n‘ is defined on the object’s surface 9€). According

to Eq. (2.51), Xl(z) is real. Moreover, the first term in parenthesis in Eq. (2.51)
originates from the radiative self-interaction of the surface charge density associated
with the EQS current mode through the scalar potential. The second term is instead
proportional to the magnetostatic energy of the EQS current mode .]LIL Eq. (2.51) is
in agreement with the second-order correction to the EQS modes derived in [71] by
expanding the Maxwell’s equation in differential form. It will be demonstrated in Eq.
(2.60) that X,(f) is associated with the frequency-shift of the h-th plasmonic mode.

The second-order correction of the associated plasmonic mode uﬁlz) has both lon-
(2)L

gitudinal and transverse components, denoted as uf)H and u;, ', respectively:
2 (2)L 2
u? = u®@l f y@* = Za +25}<”1J : (2.52)

k;ﬁh

@

where the longitudinal part u; " is represented in terms of the EQS mode basis

{JQ} o and the transverse part u;fﬂ in terms of the MQS mode basis {jé_}keN'

Assumlng the eigenvalues nondegenerate, the expansion coefficients are:

Il
1 ( ( A
(2) XEXh | T / !
ah,k 47T XLL VI [ 50 ]n,h(r) 50 9 ]n k( )dS dsS

Xh
o | W vl wkgn sy
Q o Ar
@ X [ ()

Matching the third-order terms in Eq. (2.46), the third-order correction X(B)
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2.2 Radiation corrections

obtained:

2
X = —i(xyL)|

67
which is purely imaginary and proportional to the squared magnitude of the electric
dipole moment P, of the h-th EQS mode, defined in Eq. (2.23). As it will be
demonstrated in Eq. (2.62), )(23) determines the radiation @) factor of the h-th bright

plasmonic mode. However, for dark plasmonic modes, X%S) vanishes, and a higher

P|% (2.55)

order perturbation, depending on a higher order multipole moment of the EQS current
mode, has to be considered. Specifically, in this case it is mandatory to consider the
fifth order perturbation X;f)- For dark modes, it can be expressed in terms of the

electric quadrupole tensor 65 , of the EQS mode, and its components Qgjpji;:

2
X§7,5) = _Z'M i (QE|h|ij)2 - ;Tr (6%)2 (2.56)

80m |52

where Tr is the trace operator, and 65 , is defined by Eq. (A.2) of the Appendix A.
Thus, the fifth order correction is purely imaginary and proportional to the power
radiated by a quadrupole.

The outlined procedure can be iteratively applied: if the fifth order correction
vanishes, the next order correction that may give an imaginary contribution is the

seventh, which can be calculated by matching the terms of the corresponding order
in Eq. (2.46).

2.2.2 Resonance frequency-shift and () factor of plasmonic

modes

Let us now assume that the object is made of a time-dispersive metal, whose suscep-
tibility x is described by the Drude model in Eq. (2.21), with plasma frequency w,
and collision frequency v < w,. The EQS resonance frequency w,'l of the h-th mode,
is generally defined as the frequency at which the real part of the metal susceptibility

Re{x (w)} matches the EQS eigenvalue X'f'ﬁ in the Drude case

s 1 (2.57)
T Wy |

where xl'l = w,llﬁc /co and x, = wyl./co are the size parameters at the EQS resonance

frequency and at the plasma frequency, respectively.
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2.2 Radiation corrections

In the full-wave scenario, by looking at the denominator in the first summation
of Eq. (2.41), the value xj, of the size-parameter at the plasmonic resonance is the
value of = at which the real part of the metal susceptibility x (w) matches the real

part of the corresponding eigenvalue x;, (z) of Eq. (2.40). i.e.

w? x?
Re {xn} = Re{x (wn)} = ——5 = =3, (2.58)
h h

where wy, is the corresponding resonance frequency. Eq. (2.58) is the resonance
condition of the plasmonic modes. For small particles z, < 1, by retaining only
the real and imaginary nonzero corrections of the lowest order in Eq. (2.43), the

plasmonic eigenvalue xy, (x) is approximated as

2 U n;
Xn (z) ~ XLL + XEL ) 4 X; )z , (2.59)

where n; is the order of the first nonzero imaginary correction Xg””.

We define the frequency shift of the plasmonic resonance with respect to the EQS
resonance as Awy, = wy, — wll, and the shift in the resonance size parameter as Ax), =
Ty — x',lL By plugging the Eq. (2.59) into the Eq. (2.58), for Awh/wyl < 1, and in the

small particle limit a:',‘z < 1, we find that

2

AT
In conclusion, the relative frequency shift of any plasmonic mode is a quadratic
function of xlll, whose prefactor is one half the ratio between the second-order

correction Xf) and the EQS eigenvalue XL'L.

The radiation @ factor ‘,‘L of the h-th EQS mode is obtained by considering the
inverse of the full width at half maximum (FWHM) fractional bandwidth of the hA-th
addend of the first summation in Eq. (2.41), assuming negligible nonradiative losses
Im {x} ~ 0, and using the expansion (2.59):

| _ X|}|L

X

(;h)n | (2.61)

The @ factor is an inverse power function of the size parameter at the resonance,
whose exponent is the order n; of the first nonvanishing imaginary correction, while

the prefactor is the ratio between the EQS eigenvalue X‘,‘l and the correction Xg”).
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2.2 Radiation corrections

If the mode j')b is bright, it follows that XS’) # 0, n; = 3, and the @ factor is obtained
by combining Eqs. (2.55) and (2.61):

N 6 1 3
= e ) (262

By expressing in Eq. (2.62) the EQS eigenvalue X'}L in terms of the electrostatic energy
We {Jl,ll} of the mode j‘,‘1 (using Eq. (2.22)), Q'}L is also found equal to 27 times the
ratio of W, { _]‘}L} to the energy radiated in a period by the electric dipole Pj, at the
resonance frequency wy,.

On the other hand, for a dark mode with nonvanishing electric quadrupole, it
follows that Xf) # 0, n; = 5, and the @ factor is obtained by using Eqs. (2.56) and

(2.61): |
Q” _ 80w 1 | 06
' XL‘Z [Zij (QE\hm)2 - %Tr( gm)? (xh)

which is also equal to 27 times the ratio of the electrostatic energy of the h-th EQS

mode to the energy radiated in a period by the electric quadrupole aLljm at the
resonance frequency wy. If the electric quadrupole moment is also vanishing, the
outlined process can be iterated by considering higher order electric multipoles.

For the sake of completeness, we also consider the opposite regime, dominated by
material losses. In this case, the dissipation ) factor Q‘,‘Ld is obtained as the inverse
of the fractional bandwidth of the h-th addend of the first summation in Eq. (2.41),

assuming negligible radiation losses. For a Drude metal, we have

d Wh
= (2.64)

which was already shown by Wang and Shen in [84].
In an intermediate regime, the resulting resonance () factor, indicated with Q,

can be obtained through the parallel formula [154]

1 1 1
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2.2.3 3D Dielectric resonances

To evaluate the dielectric resonances of three-dimensional small particles, it is con-

venient to recast the eigenvalue problem (2.40) as

vy (r) + Ky, [V% vi(r') -0 g (Ar,z) dS" — 2* / vi(r')g (Ar,z) dV’
20 Q

Vre Q. (2.66)

As for the plasmonic case, the mode vj, and the corresponding eigenvalue x; are

expanded at z = 0 in the neighborhood of MQS eigenvalue x;- and mode ji-
(k) .k
Ko = Z Ky, @ (2.67)
vy, = Z th k. (2.68)
k=1

By substituting Eqgs. (2.67), (2.68), and (2.45) in Eq. 2.66

fe'e) [e’s) A k—1 0
Yy vék)yck+2 + > K;Lk)l‘ [ §1§ <Z Ll 2) (Z v,(lk,za:k> as’
k=0 k=1 N k=0

k=1
A k—1 o0
/ (Zz r ) <Z vg%k) dv’] —0 VreQ, (2.69)
Q \k=1 k=0
where v,(lk,z = ng) n‘aﬂ K;LO) = ki and Vg = jii

By matching the terms of the corresponding order in Eq. 2.69, it is possible to

demonstrate that first-order corrections vanish regardless of the shape of the object:

kY =0, (2.70)
vi(r)=0, vreq. (2.71)

(2) .

The second-order correction ;' is a real quantity, namely

K,
GO

|:/.]h /.]h JArdV’ dV+Z Xk ‘WmI{Jth}’ (2.72)

where Wml{ jr,Jir} is the magnetostatic interaction energy between the MQS current
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mode ji and the EQS current mode j Jk, ie.

Wradil i} = £2 / il( / L aviay. (2.73)

The first term in parentheses in Eq. 2.72 originates from the radiative self-interaction
of the MQS mode ji through the vector potential. The second term is a summation,
whose addends are proportional to the ratio of the magnetostatic interaction energy
between the MQS current mode j; and the EQS current mode j',l, to the electrostatic
energy of the EQS mode j| (using Eq. (2.22)).

The MQS current mode ji- may be an At-mode, generating a transverse vector
potential, according to the definition (2.35). In this case, since every EQS current
mode is longitudinal, and transverse and longitudinal functions are orthogonal ac-
cording to the scalar product (2.9), the energy WmI{Jk, jir} vanishes Vk, and Eq.
(2.72) further simplifies:

ATJ_

r')dV'dV, for A--modes. (2.74)

As it will be demonstrated in Eq. (2.87), /41512) is associated with the frequency-shift

of dielectric modes.

The second-order correction V;l ) to the current density mode has both longitudinal

@)l

2)L . .
and transverse components, denoted as v;, " and V,(1 ) , which can be in turn expanded

in terms of EQS and MQS current modes, respectively:

ngz) ( Wy V Z 0422,11.1 + Z ﬁthk (2.75)

k:;éh

. . . . 2
where, assuming the eigenvalues are nondegenerate, the expansion coefficients aé,)g

and (3 }(LQIZ are

gk = ’“Wml{ Lt ), VkeN,  (2.76)
(2 _ K’k '%h Ar L d d 9
Bh i P "fk; In [/ / V'dv (2.77)

/ il / 30 dV] Vk#h  (278)

Although any magnetoquasistatic mode has a zero electric dipole moment, its second-
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order radiative correction vf) may exhibit a nonzero electric dipole moment Pf),

given by
P =3 o) Py, (2.79)
k=1
where Py, is the electric dipole moment of the k-th EQS mode j/lll. For At-modes the
longitudinal part of Vf) vanishes, and they do not display electric dipole moment up
to this order.
The third-order correction /{23) is purely imaginary and depends on the magnetic

dipole moment M}, of the mode jj

2
1
(3) '(K/h) M 2 28
A 80
M = i (280

where M, is defined in Eq. 2.33. As it will be shown in (2.89), the correction /i,(l?’), if
nonvanishing, determines the radiative ) factor of the h-th dielectric mode. However,
it vanishes when the corresponding magnetic dipole moment is zero. In this case, the

next imaginary correction has order 5 and has the following expression:

K = (“ﬁ)Q 23: (Qigij)Z

T =1 + ‘PEQVL N Pg)‘z

(2.81)

where (Q}Am is the magnetic quadrupole tensor of the h-th MQS mode, defined in
Eq. (A.5), Qqypy; are its components, and Pg, ), is the toroidal dipole, defined in
Eq. (A.4), and Pf) is the electric dipole moment of the second-order correction Vﬁf),
introduced in Eq. (2.79). In conclusion, the fifth order correction is determined by
two contributions: they account for the power radiated to infinity by the magnetic
quadrupole Q}/II . and by an effective electric dipole resulting from the interference
between the Pﬁth and Pgﬁl

For At-modes, Eq. (2.81) further simplifies

6 _ (“ﬁ)Q 3 (Qﬁlhw)2

2
h = - 80 |

+ [P (2.82)

ij

The outlined procedure can be iteratively applied. If the fifth order correction
vanishes, the next order correction that may give an imaginary contribution is the

seventh, which can be calculated by matching the terms of nine-th order in Eq. (2.69).
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2.2 Radiation corrections

2.2.4 Resonance frequency-shift and () factor of dielectric

modes

It is now assumed that the object is made of a nondispersive dielectric material with
positive susceptibility x, with Im{x} < Re{x}. The size parameter zj at the
resonance of the h-th MQS mode ji- is defined as the value of z at which the real

part of the susceptibility y matches the eigenvalue xi- /2%, namely:

1L 1

1 Wh K,
=ry = , 2.83
h Co Re {X} ( )

and w;- is the corresponding MQS resonance frequency.

In the full-wave regime, the resonance of the dielectric mode v, is defined by
zeroing the real part of the denominator of the h-th addend of the second summation
of Eq. (2.41). Thus, the value of size parameter z;, = wpl./co at the dielectric
resonance is

Re {xn} = Re {x} 77, (2.84)

This is the resonance condition for dielectric modes, and wy, is the dielectric resonance
frequency. For small particles, z, 5 1 and by keeping only the real and imaginary
nonzero corrections of the lowest order in Eq. (2.67), the dielectric eigenvalue &y, ()

is approximated as

k(z) ~ ki + kP ik e (2.85)
where n; is the order of the first nonzero imaginary correction HEZ”). By using Eq.
(2.85) in (2.84), we find that

w K- Ty
SV S S
o Re {x} =, \/1 — R JRe{x}

From this equation, for high-index dielectrics Re{x} > 1, we obtain the relative
frequency shift of the h-th dielectric resonance with respect to the MQS resonance
frequency Awy /wi = (wp, — wi-) /wit, or the corresponding relative shift in the reso-

nance size parameter, i.e., Az /zik = (2, — zib) /2y

Aw, Az 1 /1512) B 1/{22) ( L>2

= ~ — = R 1. 2.87
wi- T 2Re{x} 2 ki Th e {x} > (2.87)

In conclusion, the relative frequency-shift of any dielectric mode is a quadratic func-

tion of z;-, whose prefactor is approximately half the ratio between the second-order
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2.2 Radiation corrections

. 2 . . .
correction Hg) and the quasistatic eigenvalue rjt.

The radiation @ factor Qi of the h-th MQS mode is obtained by considering
the inverse of the FWHM fractional bandwidth of the h-th addend of the second

summation in Eq. (2.41), assuming negligible nonradiative losses Im {x} ~ 0, and

using the expansion (2.85):

1 1 Mg
Q= |1 () : (2.88)
Ky " Th

The @ factor is an inverse power function of the size parameter at the resonance,
whose exponent is the order n; of the first nonvanishing imaginary correction, while
the prefactor is the ratio between the MQS eigenvalue ki~ and the correction /12"").

If the mode ji- exhibits nonvanishing magnetic dipole moment, the @ factor is ob-

tained by combining Eqgs. (2.80) and (2.88):

o <1)3. (2.89)

" REIM 2

By expressing in Eq. (2.89) the MQS eigenvalue 7 in terms of the magnetostatic

energy W,, {Jﬁ} of the mode ji- (using Eq. (2.32)), Qi is also found equal to 27
times the ratio of W, { J',L} to the energy radiated in a period by the magnetic dipole
M,, at the resonance frequency wy,.

Furthermore, if the magnetic dipole vanishes, but at least one among the mag-
netic quadrupole moment 61%/[‘ 4, and the effective dipole moment resulting from the
interference between the toroidal dipole moment PﬁQ‘ ,, and the dipole moment of the
second-order mode correction P,(E2|)h is nonzero, the radiation @) factor has the following

expression:

Qf = 1 ). e

Kiy 8017r%: (th/{\h\ij)Q + 617r ‘Pémh _PELQ)F "

which is equal to 27 times the ratio of the magnetostatic energy of the h-th MQS
mode to the sum of the energies radiated in a period by the magnetic quadrupole
afﬂ ,, and by the effective dipole moment P§2| h— P;LZ), at the resonance frequency wy,.

If they are all vanishing, the outlined process can be iterated by considering higher
order magnetic multipoles.

In dielectric resonators, the opposite regime, dominated by material losses, is
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2.2 Radiation corrections

less common. Nevertheless, it is now considered for completeness. In this case, the
dissipation @ factor Q7 is obtained as the inverse of the factional bandwidth of the
h-th addend of the second summation in (2.41), assuming dominating nonradiative

losses: L
1d _ (ki) i%Re{X}‘
" Im{x}a}  Im{x}

In an intermediate regime, the total @ factor, indicated with @}, is obtained as [154]

(2.91)

1 1 1

o= or T o (2.92)

2.2.5 Sphere

As a case of study, we consider the plasmonic and dielectric resonances of an electri-
cally small sphere of radius R. The object characteristic length /. is assumed equal to
the radius R, and hence the size parameter x is x = “ R. The formulas of the radia-
tion corrections here presented can be extrapolated ggf perturbing the denominators
of the Mie coefficients in the neighborhood of their EQS and MQS resonances, and
they can also be directly obtained from the Padé expansion of the Mie coefficients
found by Tzarouchis and Sihvola in [155, 156].

In particular, the EQS eigenvalues of a sphere and their radiation corrections are:

o+ 1

N (2.93a)
n
2 (n+1)(2n+1)
(2 _ _ % 2.93b
Xn n?(3+2n)(2n —1)’ ( )
1

Koy - D (2.93¢)

[n(2n — DI’

where n € IN, and (2n — 1)l =1 x3 x5 x --- x (2n — 1). The index n is the mode
multipolar order: the modes with n = 1 are dipolar, n = 2 quadrupolar, and so

on. Each eigenvalue x|l is associated with a set of 2n + 1 degenerate current modes
il

men
Appendix B. The subscript p distinguishes between even (e) and odd (o) modes with

respect to the azimuthal variable. The sphere EQS modes jﬂln

with m = 0,1,2,...,n, whose analytical expressions are given in Eq. (B.1) in
forn=1, 2, 3, 4 are

shown in Fig. 2.2.

The radiation @) factor of the plasmonic resonances is obtained by applying Egs.
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2.2 Radiation corrections

Figure 2.2 — Quasistatic modes of a sphere. Electroquasistatic modes jgln with
n=1,2,3,4. The magnetoquasistatic modes are divided into two subsets: the TM MQS
mdoes j5I, and the TE (A1) modes j5I5, with n = 1,2,3,4 and [ = 1,2. Their projection

on the y = 0 plane is shown, except for j5% (y = 0.35R plane), j5% (y = 0.3R plane),

J5%E (y = 0.25R plane), and j 55 (y = 0.15R plane).

‘n:2,3,4

(2.93a) and (2.93¢c) in Eq. (2.61):

n[@2n+ DN 1
(n+1)(2n+ 1) x2nt+t

Q) = (2.94)

For instance, for the electric dipole, quadrupole, and octupole, we have Qq =
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31 | 1181
21';%’ - 57Q -

provided by G Colas des Francs in [157].
The MQS modes are divided into two sets. The first set is composed by the current

, respectively. Eq. (2.94) coincides with the formulas

modes which have no radial component. Since the corresponding electric field has
the same property, these modes are called transverse electric or TE modes. They
also generate a vector potential, which has nonvanishing normal component to the
particle-surface, so they are also A*-modes. Their eigenvalues and the corresponding

corrections are [155, 156]:

F™® = (2n-10)?, (2.95a)
me 2t 2.95b

n , 2
L S —— (2.95¢)

[(2n — 1)N]

where z,; denotes the [-th zero of the spherical Bessel function j,,. Each eigenvalue
K" is associated with a set of 2n + 1 degenerate current modes j,,o=;, with m =
0,1,2,...,n and with even and odd parity, whose analytical expression is given in Eq.
(B.3) in Appendlx B. The odd MQS modes j5'& withn =1,2,3,4,and [ =1, 2, 3

are shown in Fig. 2.2. The radiation @) factor of the TE MQS modes is obtained by
combining Eq. (2.95) and (2.88):

11e _ [Zn-10 (20— Dl ( 1 )2n+1 . (2.96)

For instance, for the magnetic dipole modes, we have

e (m)? 1
= — Vi € IN. 297
1 2 legl ? ( )
The second set of current modes generate a magnetic field with vanishing radial
component, so they are called TM modes. Their eigenvalues and the corresponding

corrections are [155, 156]:

R = (2n0)" (2.98a)
e N2 (2.98b)
mn n b .
2
™ (2n+3) .
K = 41 . 2.98¢
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Each eigenvalue k5™ is associated with a set of 2n + 1 degenerate current modes
oy with m = 0,1,2,...,n and with even and odd parity whose analytic expression

is given in Eq. (B.5) in Appendix B. The MQS modes j5™ with n = 1, 2, 3, 4 and
Il =1, 2, 3 are shown in Fig. 2.2. The radiation quality factor of the TE MQS modes
is obtained by combining Eq. (2.98) and Eq. (2.88):

2 2n+3
T [z (2n— 1N ( 1 )
= ’ — 2.99
52
As an example, the toroidal electric dipole mode has radiation () factor Qﬁm =5 1; )
T11

Drude metal High-index dielectric
102 2
x, = 0.05 | 107 10t 44
1
© 10 " 10!
S 10 S
° T
107!
107!
102}z, = 0.3 107Fy, = 10% 4 0.14
38 R
g 10! Z 10
10°
102ty = 102 4}0.01@'
g 3
e 10!
0.52 0.54 0.56 0.58 3.1 3.15

(a) w/wp (b) xzy/Re{x}

Figure 2.3 — (a) First peak of the absorption cross-section o,ps of a Drude metal sphere
with radius R = ¢, as a function of w/w, = z/x,, for x, = 0.05 (top panel), z, = 0.3
(middle panel), z,, = 0.6 (bottom panel). (b) First peak of the oans of a dielectric sphere
with susceptibility x = 10% 44 (top panel), x = 10% 4 0.1 (middle panel), xy = 102 + 0.014
(bottom panel), as a function of xy/Re {x}. The resonance position obtained by Eq. (2.60)
(case (a)) and Eq. (2.87) (case (b)) are shown with vertical dashed lines. Horizontal lines
show the peak FWHM.

With the aid of Fig. 2.3, we now briefly investigate the resonances of an electrically
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small sphere under plane-wave excitation, in two different scenarios: in the first
one, the sphere is made of a Drude metal; in the second one, it is filled with a
high-index dielectric (Re{x} > 1). In both cases, low material losses are assumed
(Im{x} < 1): this hypothesis is essential for a fair comparison between the predicted
radiation () factor and the fractional bandwidth of the peaks, otherwise dominated
by nonradiative (material) losses. As physical observable, we choose the absorption

efficiency .1, defined as

2
dv, (2.100)

Pips T E
Oabs = I 72 = WIm{X}/Q E}
where P,ps is the absorbed power, I; = eqcy/ 2E§ the incident irradiance, and FEj
the incident amplitude. It is calculated using the standard Mie theory [87]. The
radiative shift of the first peak of o,,s and its () factor are investigated as the object
size increases. In particular, the plasmonic and dielectric resonance frequencies are
compared against the frequency at which the curve has the peak, denoted as wyes.
Similarly, the @) factor of the plasmonic and dielectric modes are validated against
the corresponding heuristic () factors, given by the inverse of the full-width at half
maximum FWHM [158]. In the o, spectra of Fig. 2.3, a segment joining the two

ordinates at half maximum is also shown.

T w1 /Wy Wres/Wp Qlld Q! Q. FwHM™!

0.05 0.577  0.577 o772 62416 5283 4641
0.3 0.570  0.570 o704 299 284 286
0.6 0.550  0.552 5496 42 42 42

Table 2.1 — Resonance frequency w; and Q factors QIl4, !, @1 of the first plasmonic
mode of a Drude metal sphere (v = 10~ %w,) with different values of z,, and their heuristic
estimates wres and FWHM ™! at the peak of oaps in Fig. 2.3a.

In Fig. 2.3a, we plot the 0., for a sphere made of a low-loss Drude metal, with
the dispersion relation given in Eq. (2.21), in which v = 10~%w,. We evaluate oy for
three different values of x, = 0.05, 0.3, 0.6, which for a gold sphere (w, = 6.79 Prad/s
[159]) correspond to R ~ 2nm, 13nm, 26 nm. The resonance position of the first
excited plasmonic mode, which in the quasistatic limit tends to the dipolar EQS
mode j!n (if the impinging plane wave is X-polarized), is obtained using Eq. (2.60),
and is shown with a vertical dashed line. In Tab. 2.1, the resonance frequency w;
is compared against the corresponding peak position wye, and the resonant mode

ﬂ against its heuristic counterpart FWHM~'. The dissipation Q!¢ and the total Q;
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factors, calculated using Eqgs. (2.64) and (2.65), respectively, are also shown.

For x, = 0.05 (top panel), the radius R is much smaller than the plasma wavelength
Ap, and hence the EQS approximation works very well: Eq. (2.57) exactly predicts
the occurrence of the considered peak. In this case, the resonance is dominated by
material losses, as confirmed by the values of the dissipation Q!¢ and the inverse of
the FWHM in Tab. 2.1.

Increasing x, to x, = 0.3 (middle panel) and z, = 0.6 (bottom panel), the peak
undergoes a broadening and a shift from its quasistatic position. Neverthless, the
resonance position obtained through Eq. (2.60), which incorporates the radiation
corrections, accurately predicts the occurrence of the peak. This time, the resonance
is dominated by radiation losses, as confirmed by the good agreement between the
mode QJ and FWHM ! in Tab. 2.1.

X ziy/Re{x} zwsyRe{x} Q¢ Qff Qu FuHM!

10* 44 3.141 3.141 10* 15920 9409 8955
103 +0.14 3.137 3.137 10* 5048 3355 3181
102 +0.014 3.094 3.097 100 164 161 171

Table 2.2 — Resonance position z111/Re {x} and Q factors Q1% Qij, Q11 of the first
dielectric mode of a high-index dielectric sphere (Re{x} = 10~*Im {x}) with different
values of susceptibility x, and their heuristic estimates x,.sy/Re{x} and FWHM™! at the
peak of o,ps in Fig. 2.3b.

In Fig. 2.3b, we investigate the first peak of the o,,s of a sphere made of

nondispersive high-index dielectric with low losses, as a function of the param-
eter z1/Re{x}. We consider three different values of susceptibility x, namely
x = 10* + 4, 10% + 0.14, 10> + 0.01:. In all cases, we have Re{x} = 10*Im {x},
and hence the dissipation Q, calculated using Eq. (2.91), is Q+? = 10%. The reso-
nance position of the dielectric mode that tends to the MQS dipolar mode j5T (if the
impinging plane wave is X-polarized) is obtained by Eq. (2.87), and highlighted with
a vertical dashed line. In Tab. 2.2, the resonance parameter x;; is compared against
the corresponding peak position z,.s, and the resonant mode QlL against its heuristic
counterpart FWHM™!. The dissipation Q*¢ and the total @, calculated using Eq.
(2.92), are also shown.
For x = 10* + ¢ (top panel), the size parameter z € [0.030,0.032] is very small, and
the MQS approximation works well: Eq. (2.83) exactly predicts the occurrence of
the o.1,s peak. Here the resonance is dominated by material losses, as confirmed by
the values of the dissipation Q% and the inverse of the FWHM in Tab. 2.2.

36
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Decreasing Re {x} to the cases y = 10*+0.14 (middle panel) and xy = 10*4-0.01¢ (bot-
tom panel), the size parameter is increased to = € [0.096,0.101] and x € [0.304, 0.320],
respectively, and the o,,s peak experiences a broadening and a red shift with respect
to its quasistatic position. As confirmed by the third and fourth columns of Tab. 2.2,
Eq. (2.87), which takes into account the radiation corrections, correctly estimates
the occurrence of the peak. In the last case Re {x} = 10?, the resonance is dominated
by radiation losses, and there is very good agreement between the mode Q7; and the
FWHM ',

2.3 Translational Invariant (TI) objects

We now investigate the scattering from a translational invariant (TI) object, using
the methods developed so far. In this case, the domain of concern is the object
cross-section, which we label X, with its boundary, which we label 0%, as sketched in

Fig 2.4. We denote with r the in-plane coordinates (x,y), and the operators such as

Figure 2.4 — A translational invariant object cross-section ¥, with boundary 0%. 1 is the
in-plane outgoing normal to 93.

divergence or gradient are assumed to only act on these coordinates. All the fields
are assumed independent of z.

The object is made of a linear, isotropic, homogeneous, nonmagnetic material
with relative dielectric permittivity ez and susceptibility x, and it is surrounded by
vacuum. It is illuminated by a time-harmonic electromagnetic field Re {Ej,.(r)e ™'}

w
As for the 3D case, we introduce the dimensionless size parameter x = —/., being
Co

(. a characteristic linear length of the region ¥, e.g., the radius of the smallest circle

enclosing the object cross-section.
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The current density field J induced in the object is governed by the full-wave
two-dimensional integral equation

J;r) ~ LTIV (r) = —iweo Ene(r), Vre s, (2.101)

where the spatial coordinates have been normalized by /. (r — r/{,.),

LYYWEr) =V [ W) -2 ¢*’ (Ar,z) dlI' — 2? / W(r')g*P (Ar,z) dS’, (2.102)
o5 b
> is the scaled domain, V is the scaled 2D gradient operator, n is the outgoing

in-plane normal to 9%, and ¢*” (Ar, ) is the 2D Green’s function in vacuum
g*P (Ar,z) = —%H((]l)(:pAr), (2.103)

with Ar = |r — 1’|, and H{" is the 0-order Hankel function of the first kind [160].
As for the 3D case, in order to represent the solution of Eq. (2.101) in the
quasistatic limit (z — 0), we build a complete basis joining two orthogonal sets. The

first set {J|}|L} is given by the solution of the eigenvalue problem
TI gl 1 |l
LHin}r) = —pdu(r), VreX, (2.104)
Xh

where £ is the two dimensional electrostatic integral operator that gives the elec-

trostatic field as a function of the linear boundary charge density [143]:

LYW=V ) W()-d'g2? (Ar) dl, (2.105)

ox

where .
9P (Ar) = by log Ar (2.106)

is the static Green’s function in vacuum.

The spectrum of £I! is countable infinite [143], and the eigenfunctions {jl,ll}he]N
are longitudinal vector fields: they are both div-free and curl-free in ¥ but have
nonvanishing normal component to 0X. Moreover, LI is self-adjoint and definite
negative, therefore the eigenvalues X‘,L are real and negative, and the eigenfunctions

are orthogonal according to the scalar product

(A,B)Z:/EA-BdS. (2.107)
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We then assume this set orthonormal, i.e., <J‘,L,J£> = Op -

The second set is made up by transverse vector fields {j; } orthogonal to the eigen-
functions {JQL , which are div-free in ¥, with vanishing in-plane normal component

to 0%, and are solutions of the eigenvalue problem in weak form

. 1,
Lo{in}(r) = K—y#(r), vr ey, (2.108)

where L]T is the two-dimensional magnetostatic integral operator
LIH{W}(r) / W(r')g" (Ar) dS'. (2.109)

L7 has a countable infinite spectrum, and is self-adjoint and definite positive, there-
fore the eigenvalues {k7 }nen are real and positive, and the eigenfunctions {ji }nen are
orthogonal according to the scalar product (2.107), and assumed normalized, namely
(i dic)s = One.

Eventually, as in the 3D case (see Eq. (2.15)), the current density J in the

quasistatic regime (x — 0) can be expressed in the form

o0 l €L
. X K . :
J=—iwxeo ) | (G Bine)s i + thGiEingJﬁ : (2.110)
h=1 [ Xn — X Ry, X

and the resonance conditions for the elgenfunctlons _] and ji are Re {x} = X and
Re {x} = ki /22, respectively. Thus, the sets {J e and {ji }v can be interpreted as
the EQS and MQS current modes of the body, respectively, and {Xh}hell\h {kit /2% hen
their eigen-susceptibilities.

The 2D electrostatic and magnetostatic operators, as well as their eigenfunctions
and eigenvalues, share the same properties of their 3D counterparts. All the quantities
introduced for 3D objects modes, such as the dipole moments, are defined over the
TT object cross-section (see Appendix A.2).

Maxwell’s equations show that a two-dimensional field can be separated into a
contribution from an H-wave (or TE), with the electric field lying in the cross-section
¥, and an E-wave (or TM), with the electric field directed along the z-direction [146].
The current density of H-waves lie in the cross-section Y, and in the quasistatic
limit are represented by both the sets {J } and {j+}. On the contrary, the currents
in an F-wave are directed along the z-direction, and in the quasistatic limit can
be represented only by the set of modes solution of the MQS eigenvalue problem

(2.108), but orthogonal to the cross-section X. This set of current modes are therefore
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independent from and orthogonal to the MQS current modes needed by the H-waves.
Any resonant scattering mechanism in 2D objects with arbitrary sized cross-

section is associated with the solutions of the eigenvalue problem

1
L™Gn} = —in, (2.111)
Yh

where £2P is the full-retarded operator in Eq. (2.102). The operator £2 is compact,
symmetric, but not self-adjoint. For any value of the size parameter z, its eigenvalues
are complex with negative imaginary part. The eigenfunctions corresponding to two
different eigenvalues are biorthogonal [64, 65]. This eigenvalue problem splits in the
EQS eigenvalue problem (2.104) and in the MQS eigenvalue problem (2.108) in the
quasistatic regime  — 0. The eigenfunctions of £2P that in the limit z — 0 tend
to the EQS modes are indicated with {u;} and the corresponding eigenvalues are
indicated with {y,}. These eigenfunctions are called plasmonic modes. Dually, the
set of eigenfunctions of £2” that in the limit + — 0 tend to the MQS modes are
indicated with {v;,} and the corresponding eigenvalues are indicated with ry,/x?.
Although in the limit x — 0, the eigenvalues xj /2% diverge, the quantities x; remain
constant. These eigenfunctions are called dielectric modes. The union of the two sets
{u,} and {v,} is a basis for the unknown current density field in equation (2.111).
Its solution is expressed as

Ah (Un; Bine)s up + LQ
Xh— X Kn — XT

J = —iwegpx Z (Vi, Eine)s Vi (2.112)
h=1

where both the set of modes {u;} and {v,} are normalized such that (uj,us)s =1
and (vp,vp)ys = 1, Yh. This equation tends to Eq. (2.110) in the quasistatic limit
xz — 0.

We now apply the perturbation technique developed in Section 2.2 to TT objects, in
order to evaluate the plasmonic and dielectric resonances of a TT object with arbitrary
cross-section shape and size parameter x < 1, by starting from the corresponding

modes in the quasistatic regime.

2.3.1 TI Plasmonic Resonances

To evaluate the plasmonic resonances of TT objects whose cross-section is smaller than

or almost equal to the operating wavelength, it is convenient to recast the eigenvalue
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problem (2.111) as

uy(r) + xn [—V ygz u,(r') -0 g?P (Ar,x) dl' + x /uh(r')gw (Ar,x) dS’

b
Vrex. (2.113)

We treat z as a small parameter, and expand the Green’s function ¢ (Ar,z), the
current mode uy, and the eigenvalue yj, in terms of z in the neighborhood of the
EQS resonance associated with the eigenvalue X and mode J

The 2D Green’s function admits the following expansion [160]

1 & Vel 1 TAr
DA :_3 7§ ( 1 )
(Aroa) = =3+ or 2 kl PRI R A

1 & (=)t (aAr 2 TAr
— log — 2.114

where 7 is the Euler-Mascheroni constant. We assume the same expansion for u;, and

Xn, keeping only the terms tending to 0 for x — 0, namely °

Xn = Z X(Qk e Xf’g'L)x?k log , (2.115)
k: 1

uy, = Z u, (2R) 2k Z u; (2KIL) 12K Jog 2, (2.116)
k=1

where ng) = xJ, and ug = J‘,‘1 We then plug the expansions (2.114-2.116) into the

equation (2.113), and match in sequence the (x?*logz)- and (2?*)-terms.
Collecting the (22 log x)-terms in Eq. (2.113), and applying the normal solvability

condition of Fredholm integral equations [152, 153], the correction Xé B s derived

y2
(21L) _ (xn) pll2 2117
Xh An P (2.117)
which is real and proportional to the squared magnitude of the electric dipole moment
P‘,‘l of the h-th EQS mode, defined in Eq. (2.23), where the integration is now
performed over the cross-section .

The (22 log x)-correction of the associated plasmonic mode is entirely longitudinal,

5Tt can be shown, through means of a proof by strong induction, that the odd-powers coefficients
vanish.
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and can be represented in terms of the EQS mode basis {J Fhen:

2|L = (2IL
w" =3 o g, (2.118)
k=1
k#h
where the expansion coefficients a( | ) are

e _ _ax PPy
N Y R
Xn = Xk

Vk # h. (2.119)

Mathching the (z?)-terms in Eq. (2.113), we obtain the real and imaginary parts

of the correction coefficient Xf):

@\ _ (N2 |1 TY —log2 1 I /
Re {Xh }_(Xh) l4|Ph| +877r | Inn(T) 82jnh( r')Ar? log Ardl’ dl
/ / r') log Ar dS’ dS] (2.120a)
I
mm {x?} = - (Xh) P2, (2.120b)

where the scalar field ]n p = = j| h n‘ is defined on the cross-section boundary 0%.

According to Eq. (2.120a), the real part of Xh is split into three contributions:
the one corresponding to the first term in parenthesis is proportional to the squared
magnitude of the electric dipole moment PLL, and hence to its radiated power; the
contribution corresponding to the second term originates from the radiative self-
interaction of the boundary charge density associated with the EQS current mode
through the scalar potential; the third contribution is instead proportional to the
magnetostatic energy of the EQS current mode jl,L, defined in Eq. (2.32) (the integral
is now extended over the cross-section X). As for the (z?log x)-correction, according
to Eq. (2.120b), the imaginary part of Xf) is entirely determined by the squared
magnitude of the dipole moment PQL.

We will demonstrate in Eq. (2.127) that Im {XELZ)} determines the radiation -
factor of the h-th bright EQS mode. Moreover, we will illustrate in Eq. (2.125) that

(2IL)

the coeflicients yx; ~ and Xf) are linked to the frequency-shift of the h-th plasmonic

resonant mode.

If the mode Jl,l1 is dark, i.e., P‘,‘1 = 0, the expansion coefficient ng‘L) and the

imaginary part of the expansion coefficient Xéz) vanish. In this case, the first-order

(2) .

perturbation is the (z?)-term, whose expansion coefficient y;’ is real, and is obtained
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by substituting P‘,‘l = 0in Egs. (2.120). Furthermore, the first imaginary contribution
comes from the imaginary part of the (z?)-term X;f), that, for dark modes, can be
expressed in terms of the two-dimensional electric quadrupole tensor aﬂi‘ , of the h-th

EQS mode, and its components Qgjp;;:

1?2
Im {X§z4)} = _(é]zl) i (QE\hh’j)Q - ;Tr (65,1)2 (2.121)
ij=1

where 65 , is defined in Eq. (A.7) in Appendix A. Thus the first imaginary correction
for dark modes is proportional to the power radiated by a 2D quadrupole.

On the basis of low-order correction calculations, we infer that a zero imaginary
part of the (z")-correction implies a zero imaginary part of the (2™ log x)-correction,

as well.

2.3.2 Resonance frequency-shift and () factor of plasmonic

modes

Assuming the object is filled with a Drude metal, whose susceptibility x(w) is in
Eq. (2.21), the EQS resonance frequency w,'l of the h-th mode, is defined as the
frequency at which the real part of the metal susceptibility Re {x (w)} matches the
EQS eigenvalue Xl, ie.

x',ll w;‘b 1

¢ © 2.122
o w, (2.122)

where :L“LIL = wyLEc/ co and x, = wyl./cy are the size parameters at the EQS resonance

frequency and at the metal plasma frequency, respectively.
In the full-wave regime, by looking at the denominator in the first summation of

Eq. (2.112), the resonance condition of the plasmonic resonance is

w2

2

x

Re {xn} = Re{x (wn)} = ——5 = ——, (2.123)
h h

where x;, and wy, is the corresponding resonance size parameter and resonance fre-

quency, respectively. For small particles x, < 1, by retaining only the real and imagi-

nary nonzero corrections of the lowest order in Eq. (2.115), the plasmonic eigenvalue

Xn (z) is approximated as

Xn (2) ~ X';'L—FQSQ (Re {Xf)} + X,(f‘L) log :E) +i (Im {XEZ”)} 2™ + Im {X,(l""LlL)} 2™ log x) ,
(2.124)
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where n;7, and n; are the orders of the first nonzero imaginary corrections Im {Xg”“'“}

and Im { Xg"")}. From the considerations made in the previous section, n;;, > n;.

By plugging the Eq. (2.124) into the Eq. (2.123), we find that the relative frequency
shift of the plasmonic resonance with respect to the EQS resonance Awh / wy, (wh —
w,‘l‘) / wi‘b, or the relative shift in the resonance size parameter Ay )z xp, = (z, — xh) /) xp

in the small cross-section limit =, < 1, and for Awy, /w < 1, can be approxnnated

as

A A 1
Lﬁh _ % ~ [Re{ )}( H) +X(2|L)( 2 logx”} (2.125)
wy, Ty 2x

Thus, the relative frequency shift of any 2D plasmonic mode is linked to the

(2L)

(2 log x)-correction coefficient ;" and to the real part of the (z?) correction

coefficient Xé ),

The radiation @) factor Q‘,‘l of the ~A-th EQS mode is obtained by considering the
inverse of the FWHM fractional bandwidth of the h-th addend of the first summation
in Eq. (2.112), assuming negligible nonradiative losses Im {x} ~ 0, and using the

expansion (2.124):
I

I Xh (1)7” 2.126
" Im {xﬁl’“)} Tp ( )

If the mode jl'l is bright, the @ factor is obtained by combining Eqs. (2.120b) and

(2.126):
H o 8 1 2
S &) i

By expressing in Eq. (2.127) the EQS eigenvalue X‘}‘z in terms of the electrostatic
energy W, {'H} of the mode j|| (using Eq. (2.22), adapted for TI objects), ” is also
found equal to 27 times the ratio of W, { } to the energy radiated in a period by
the 2D electric dipole Py, at the resonance frequency wy,.

On the other hand, for a dark mode with nonvanishing electric quadrupole, the
@ factor is obtained by using Eqgs. (2.121) and (2.126):

o - = 47 (2.128)
. Xh[ i (QE\hwf—%Tr( Eh)Z (xh)

which is also equal to 27 times the ratio of the electrostatic energy of the h-th EQS
mode to the energy radiated in a period by the electric quadrupole QElh at the
resonance frequency wy. If the electric quadrupole moment is also vanishing, the

outlined process can be iterated by considering higher order electric multipoles.
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In the opposite regime, dominated by material losses, the dissipation () factor led
is obtained as in the 3D case, namely as the inverse of the fractional bandwidth of the
h-th addend of the first summation in Eq. (2.110), and has the same expression as
in Eq. (2.64). In the intermediate regime, where both the loss kinds are significant,
the resulting resonance @) factor is obtained through Eq. (2.65).

2.3.3 TI Dielectric Resonances

To evaluate the dielectric resonances of 2D objects with small cross-section, it is

convenient to recast the eigenvalue problem (2.111) as

vi(r') -0 g?P (Ar,z) dl' + 2* /Vh(r’)gw (Ar,x) dS'

%

0,

v (r) + Ky, [—v
ox

Vrey. (2.129)

As for the plasmonic modes, the mode v; and the corresponding eigenvalue x; are

expanded at z = 0 in the neighborhood of MQS eigenvalue x;- and mode ji in the

form:
K= R\2F) 2 > R\FIE) 12k Jog (2.130)
k=0 k=1
— (2 o~ (2k[L
v = S v 1 ST vEPHE 2k o (2.131)
k=0 k=1

where 520) = ki, and V;LO) = jir. We then substitute Eqgs. (2.130), (2.131), and
(2.114) into the equation (2.129), match in sequence the (22*log x)- and (z?*)-terms,
and apply the normal solvability condition of Fredholm integral equations.

By matching the (z*logx)-terms in Eq. (2.129), we obtain:

2
1
K
R = i) 2};) MG, (2.132)

which is real and proportional to the squared magnitude of the magnetic dipole
moment M3 of the h-th MQS mode, defined in Eq. (2.33), where the integration
domain has to be replaced by the cross-section .

The (2% log z)-correction of the associated dielectric mode is entirely transverse, and
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can be represented in terms of the MQS current mode basis {ji- }ren:

Z‘L) 042‘L iv, 2.133
hk  Jk
k;éh

: : 2|L
where the expansion coefficients Ozé ,L ) are

1 1 1
2L K M:;--M
ag,,p:ﬁﬁ_k%ﬁ h% ko Vk+4h (2.134)

By matching the (z*)-terms in Eq. (2.129), we obtain the real and imaginary

parts of the correction coefficient mﬁf):

Re{ 22)} _ (/{#)2 [7— 1 +log2|M}ﬂ2

2m
817r/‘]h( ) - /jﬁ(r’)AﬂlogArdS’dS , (2.135a)
2
2
L
K
Im {1} = —(Z)|M,ﬂ2. (2.135D)

According to Eq. (2.135a), the real part of mf) is split into two contributions: the
one corresponding to the first term in parenthesis is proportional to the squared
magnitude of the magnetic dipole moment Mj-, and hence to its radiated power;
the contribution corresponding to the second term originates from the radiative
self-interaction of the MQS current mode through the vector potential. As for the
(22 log x)-correction, according to Eq. (2.135b), the imaginary part of /1512) is entirely
determined by the squared magnitude of the dipole moment Mj.

We will illustrate in Eq. (2.89) that Im {/ﬁf)} determines the radiation Q-factor
of the h-th MQS mode with nonvanishing magnetic dipole moment. Moreover, we
will demonstrate in Eq. (2.125) that I€(2| and Im{/ﬁ,(f)} are associated with the
frequency-shift of the resonant dielectric modes.

Nevertheless, if the mode j',‘l has zero magnetic dipole moment, i.e., My = 0, the
expansion coefficient nﬁf‘” and the imaginary part of the expansion coefficient 522)
vanish. In this case, the first-order perturbation is the (z?)-term, whose expansion
(2) g real, and is obtained by substituting M;- = 0 in Eqs. (2.135).
Furthermore, for modes with zero magnetic dipole moment, the first imaginary con-

tribution comes from the imaginary part of the (x?)-term /ﬁg ), that can be expressed

coefficient &,
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as

N 2
tm {r}} = - (ih()‘) : .22:1 (Quipis) "+ 1P ? (2.136)
1,J=

where Qjnji; are the components of the two-dimensional magnetic quadrupole tensor
((_Q}/Hh, introduced in Eq. (A.10), and Péz\h is the two-dimensional toroidal dipole,
defined in Eq. (A.9). In conclusion, the first imaginary correction for modes with
zero magnetic dipole moment is determined by two contributions, accounting for the
power radiated by the 2D magnetic quadrupole af/”h and by the 2D toroidal dipole
1

P

As for the plasmonic corrections, on the basis of low-order correction calculations,
we infer that a zero imaginary part of the (z")-correction implies a zero imaginary

part of the (2" log x)-correction, as well.

2.3.4 Resonance frequency-shift and () factor of dielectric

modes

Assuming the object is made of nondispersive dielectric material with positive suscep-
tibility y, with Im {x} < Re {x}, the size parameter z;- at the resonance of the h-th
MQS mode ji is defined as the value of o at which the real part of the susceptibility

x matches the eigenvalue ki /2%, namely:

1 1
1 Wy Ky,
p— 7/60 p— 5 2.].
h Co Re {X} ( 37)

and wi- is the corresponding MQS resonance frequency.

In the full-wave regime, the resonance condition for the dielectric mode v, is
defined by zeroing the real part of the denominator of the h-th addend of the second
summation of Eq. (2.112):

Re {ky} = Re {x} 27, (2.138)

being z, = wpl./cy the size parameter at the dielectric resonance.
For small particles xj, < 1, by keeping only the real and imaginary nonzero corrections

of the lowest order in Eq. (2.130), the dielectric eigenvalue ky, (x) is approximated as

ki (1) = Ky (Re {KS)} + 57 10g x) +i (Im {ﬁ;ﬁf‘”} " +Im {mg”iL'L)} 2™’ log a:)
(2.139)

. . . i|L
where n;7, and n; are the orders of the first nonzero imaginary corrections Im {ligln | )}

and Im {/12")} From the considerations made in the previous section, n;;, > n;. By
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plugging the Eq. (2.139) into the Eq. (2.138), we find that the relative frequency
shift of the dielectric resonance with respect to the MQS resonance Awy, /wi = (wy, —
wib) Jwi-, or the relative shift in the resonance size parameter Axy, /it = (x), —x3) /i,

in the small cross-section limit ;- < 1, and for Awy, /wi- < 1, can be approximated

as
Awp, Az, 1 O\ /02, 2IL) 182 L
— ~_——_|R + 1 . 2.140
T pa oy { e{/ih }(xh) ky(xy) ogach] ( )

Thus, as for the plasmonic counterpart, the relative frequency shift on any 2D

dielectric mode is linked to the (x?logx)-correction coefficient /if'L) and to the

. : 2
(z%)-correction coefficient !>

The radiation @) factor Qﬁ of the h-th MQS mode is obtained by considering
the inverse of the FWHM fractional bandwidth of the h-th addend of the second
summation in Eq. (2.112), assuming negligible nonradiative losses Im {x} ~ 0, and
using the expansion (2.139):

Qb — < ! >n (2.141)

b Im{ffg”)} ;h

If the mode ji has nonvanishing magnetic dipole moment, its @ factor is obtained
by combining Eqgs. (2.135b) and (2.141):

Q= <1)2. (2.142)

" M2\

By expressing in Eq. (2.142) the EQS eigenvalue ki in terms of the magnetostatic

energy W, {Jﬁ} of the mode j; (using Eq. (2.32), adapted for TI objects), Qy is
also found equal to 27 times the ratio of W, { Jﬁ} to the energy radiated in a period
by the 2D magnetic dipole M, at the resonance frequency wy,.

On the other hand, if the magnetic dipole vanishes, but at least one among
the magnetic quadrupole moment af/ﬂ , and the “toroidal" dipole moment Pﬁm p 18
nonzero, the @) factor is obtained by using Eqgs. (2.121) and (2.141):

16 1\*

0 - E —
13 < 2 Lop| R

Prolg > (QMlhlz‘j) + 5Py

ij=1

which is equal to 27 times the ratio of the magnetostatic energy of the h-th MQS

mode to the sum of the energies radiated in a period by the magnetic quadrupole
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GI\L/II ,, and by the toroidal dipole moment Pém 5. at the resonance frequency wy,.

If they are all vanishing, the outlined process can be iterated by considering higher
order magnetic multipoles.

In the opposite regime, dominated by material losses, the same considerations
made for the 3D case in Sec. 2.2.4 apply. Specifically, the dissipation () factor
obtained as the inverse of the factional bandwidth of the h-th addend of the second
summation in (2.110), assuming dominating nonradiative losses, and has the same
expression as in Eq. (2.91).

In an intermediate regime, the total @) factor, indicated with ) has the same

expression as in Eq. (2.92).

2.3.5 Cylinder

As an example, we consider the plasmonic and dielectric resonances of an infinite
cylinder with circular cross-section. The characteristic length /. of the object is
assumed equal to the cylinder radius R, and the size parameter z is z = g’—OR.

All the EQS eigenvalues have the same eigen-susceptibility [83], i.e
Xl=-2,  VvnelN (2.144)

Each eigenvalue is associated with 2 degenerate current modes jﬂn, where n € IN is
the multipolar order of the mode, and p distiguishes between even (e) and odd (o)
modes with respect to the azimuthal variable. The expression of the EQS modes is
given in Eq. (C.1) in Appendix C. The modes jl for n = 1,2,3 are shown in Fig.
2.5.

The MQS modes are divided into two sets. The first set is composed by the TE

modes, whose vector field lies in the cross-sectional plane. Their eigenvalues ;= are
Rl A (2.145)

where n € INg, [ € IN, and Z,,; is the [-th zero of the n-th order Bessel function of the

first kind J,,. Each eigenvalue is associated with a set of 2 degenerate current modes

J;&E, with even and odd parity p € {e, o}, whose expression is given in Eq. (C.2) in

1TE
enl

Appendix C. The modes j_..* for n = 0,1,2,3 are shown in Fig. 2.5.

The second set is made of TM vector fields directed along the cylinder axis z.

Their eigenvalues are k™ have the following expression

ol =211, (2.146)
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where n € INg, [ € IN. Each eigenvalue is associated with a set of 2 degenerate current

modes j 1, p € {e,0}, whose analytic expression is given in Eq. (C.3) in Appendix

C. The modes jZ™ for n = 0, 1,2, 3 are shown in Fig. 2.5.

EQS MQS

's N (

7%

2N
elﬁ }g:
SN

Figure 2.5 — Field lines of the quasistatic modes of an infinite cylinder with circular

cross-section. Electroquasistatic modes j|c|m with n = 1,2, 3. The magnetoquasistatic modes

are divided into two subsets: the TE MQS modes jé;,}E, and the TM modes jeﬁ%, with
n=20,1,2,3and [ = 1,2. The MQS TM modes are vector fields oriented along the cylinder
axis, and only their intensity over the cross-section is shown.

To the author’s knowledge, a recurrence relation for the radiation corrections of
the cylinder plasmonic and dielectric eigenvalues is not available in the literature.
However, they can be calculated by applying the iterative method described in the

previous sections. For instance, the (z%logz)- and z2-radiation corrections of the
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EQS dipolar eigen-susceptibility X! = —2 is obtained by employing the expression of
one of the uniform current modes, e.g., j!1 =y/y/7 (see Sec. C.1) and the magnitude
of its electric dipole moment |Pm = /7 in Egs. (2.117) and (2.120), leading to

VP =1, (2.147)
e :1+7—10g2—ig. (2.148)

From Eq. (2.127), its radiation @ is
1
[ (2.149)

Similarly, the (z?logx)- and z?-radiation corrections of the MQS dipolar ry; = Z3,

[ € IN, is obtained by plugging the expression of one of the associated current modes,
. ~ Ji(Zogr
e, i = g2 r)
V| Ji(Zor)|
C.1), and the magnitude of its magnetic dipole moment |Myl*| = 2\/7/Zy, in Egs.

(2.132) and (2.135), leading to

, with (r, ¢) the in-plane cylindrical coordinates (see Fig.

Ky = =2, (2.150)

ko) = 2(5 +log2) — i (2.151)

From Eq. (2.142), their radiation @ is

Z2 1
1TE 0,1
— : . 2'152
0l x(Z)l ( )

On this basis, we now briefly investigate the resonances of an infinite cylinder
with electrically small cross-section under excitation by an in-plane propagating and
polarized plane wave. As for the sphere case in Sec. 2.2.5, we carry this analysis
in two scenarios: in the first one, the cylinder is made of a Drude metal, while in
the second one, of a high-index dielectric (Re{x} > 1). In both cases, we assume
low material losses (Im{x} < 1) in order to compare the predicted radiation @

factor with the fractional bandwidth of the peaks. As physical observable, we choose
abs
I,2R’

absorbed power, and I; is the incident irradiance. Its expression is the same as in

absorption efficiency o5, defined as o, = where P, is the per-unit-length

Eq. (2.100), where the integration is now performed over the cylinder cross-section
Y. It is calculated using the formulas in Eq. (8.37) in [87]. The radiative shift of

the first peak of o,1,s and its () factor are investigated as the object size increases. In
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particular, the plasmonic and dielectric resonance frequencies are compared against
the frequency at which the curve has the peak, denoted as wys. Similarly, the )
factor of the plasmonic and dielectric modes are validated against the corresponding

heuristic @ factors, given by the inverse of the full-width at half maximum FWHM [158].

Drude metal 1 High-index dielectric
10
103 Tp = 0.02 100 X = 104 + 14
w s} 71
< 101 = 10
° ® 102
1071 10—3

x = 10% +0.014

1072
3
<)
1073 ‘
X =102 40001 |\
1073 i
é '
S
! 10—4 !
0.66 0.68 0.7 0.72 2.2 225 2.3 2.35 2.4 2.45

(a) w/wp (b) xy/Re{x}

Figure 2.6 — (a) Absorption cross-section o,ps of a Drude metal cylinder with circular
cross section of radius R = /. as a function of w/w, = x/x,, for £, = 0.02 (top panel),
zp = 0.2 (middle panel), z, = 0.3 (bottom panel). (b) First peak of the o,ps of a dielectric
cylinder of circular cross-section, with susceptibility x = 10* 4+ (top panel), x = 103 +0.1¢
(middle panel), x = 102+ 0.017 (bottom panel), as a function of zy/Re {x}. The resonance
position obtained by Eq. (2.125) (case (a)) and Eq. (2.140) (case (b)) are shown with
vertical dashed lines. Horizontal lines show the peak half-FWHM (a) and FWHM (b).

In Fig. 2.6a, we plot the 0., for a cylinder made of a low-loss Drude metal,
with the dispersion relation given in Eq. (2.21), in which v = 10™*w,. We evaluate
Tans for three different values of z, = 0.02, 0.2, 0.3, which for a gold cylinder (w, =
6.79 Prad/s [159]) correspond to R ~ 1nm, 9nm, 13nm. The resonance position of
the first excited plasmonic mode, which in the quasistatic limit tends to the dipolar

EQS mode j!n (if the impinging plane wave is X-polarized), is obtained using Eq.
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(2.125), and is shown with a vertical dashed line. In Tab. 2.3, the resonance frequency
wy is compared against the corresponding peak position w5, and the resonant mode
! against its heuristic counterpart FWHM ™. Since other resonances occur very closely
to the one under exam by increasing the size parameter, we calculate the FWHM as twice
the relative half-bandwidth, obtained as the distance between w,e and the smallest
frequency at which the curve reaches half the maximum. In Fig. 2.6a, we mark this
half-bandwidth with a red segment.
The dissipation Q¥ and the total @Q; factors, calculated using Eqs. (2.64) and
(2.65), respectively, are also shown.
For z, = 0.02 (top panel), the radius R is much smaller than the plasma wavelength
Ap, and hence the EQS approximation well describes the resonance phenomenon: Eq.
(2.122) exactly predicts the occurrence of the considered peak. In this case, the radi-
ation and material losses are comparable, as confirmed by the values of the @) factors
and the inverse of the FWHM in Tab. 2.3.
Increasing x, to x, = 0.2 (middle panel) and =, = 0.3 (bottom panel), the peak un-
dergoes a broadening and a shift from its quasistatic position. However, the resonance
position obtained through Eq. (2.125), which incorporates the radiation corrections,
accurately predicts the occurrence of the peak. This time, the resonance is dominated
by radiation losses, as confirmed by the good agreement between the mode Q! and
FWHM ™! in Tab. 2.3. Furthermore, another sharp peak arises from the power spectrum,
due to the coupling with the impinging radiation of the plasmonic mode that in the
quasistatic limit tends to the EQS quadrupolar mode j!2, with eigen-susceptibility
also equal to XQ = —2. Since this mode has zero dipole moment, according to
Eq. (2.117), the 2? log z-correction of the EQS eigen-susceptibility vanishes, and the
frequency-shift is dominated by the next order, which is the z2-correction. Thus, as
the size parameter increases, its resonance red shifts more slowly than the dipolar

one.

Lp wl/wp Wres/wp QHd Q! Ql FWHM !

0.02 0.707  0.707 7071 6366 3350 4752
0.2 0.699  0.699 6990 64 63 64
0.3 0.692  0.692 6923 29 28 29

Table 2.3 — Resonance frequency w; and Q factors QII¢, !, Q1 of the first plasmonic mode
of a Drude metal (v = 107%w,) cylinder with circular cross-section, for different values of
Zp, and their heuristic estimates wres and FWHM ™! at the peak of oap in Fig. 2.6a

In Fig. 2.6b, we investigate the first peak of the 0., of a cylinder made of
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2.3 Translational Invariant (TI) objects

nondispersive high-index dielectric with low losses, as a function of the param-
eter z\/Re{x}. We consider three different values of susceptibility x, namely
x = 10* + 4, 10% + 0.14, 10*> 4+ 0.015. In all cases, we have Re{x} = 10*Im {x},
and hence the dissipation Q, calculated using Eq. (2.91), is Q*+¢ = 10%. The reso-
nance position of the dielectric mode that tends to the MQS TE dipolar mode j i (if
the impinging plane wave is X-polarized) is obtained by Eq. (2.140), and highlighted
with a vertical dashed line. A red segment joining the two ordinates at half maxi-
mum is also shown. In Tab. 2.4, the resonance parameter zy; is compared against
the corresponding peak position .., and the resonant mode le against its heuristic
counterpart FWHM™!. The dissipation @*¢ and the total Qq;, calculated using Eq.
(2.92), are also shown.

For x = 10* + i (top panel), the size parameter z € [0.022,0.025] is very small, and
the MQS approximation works well: Eq. (2.137) exactly predicts the occurrence of
the 0., peak. Moreover, as for the examined plasmonic case, the radiation and ma-
terial losses, as well as their () factor, are comparable, as confirmed by the values of
the dissipation Q+¢, radiation Qél, and the inverse of the FWHM in Tab. 2.4.
Decreasing Re {x} to the cases y = 103+0.14 (middle panel) and x = 10>+0.01: (bot-
tom panel), the size parameter is increased to = € [0.067,0.078] and x € [0.220, 0.248],
respectively, and the 0,5 peak experiences a broadening and a red shift with respect
to its quasistatic position. As confirmed by the third and fourth columns of Tab. 2.4,
Eq. (2.140), which takes into account the radiation corrections, correctly estimates
the occurrence of the peak. In both cases, the resonance is dominated by radiation

losses, and there is very good agreement between the mode Qél and the FWHM !,

X zoyRe{x} Trsy/Re{x} Q% Qp Qu FwHM!

10 + 14 2.403 2.403 10* 3183 2415 2683
10% +0.14 2.398 2.398 10 318 308 320
10% + 0.014 3.094 3.097 10t 32 32 35

Table 2.4 — Resonance position zg;v/Re {x} and Q factors Q+¢, Qé‘l, Qo1 of the first di-
electric mode of a high-index dielectric cylinder (Re {x} = 10~4Im {}) with circular cross-
section, for different values of susceptibility y, and their heuristic estimates z,esy/Re {x}
and FWHM ™! at the peak of o, in Fig. 2.6b
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2.4 Two-dimensional objects (Surfaces)

2.4 Two-dimensional objects (Surfaces)

We now consider the long-wavelength limit of the scattering problem for a thin body,
namely an object whose thickness W is much smaller than its characteristic length
(. and the operating wavelength X\. The complete full-wave analysis can be found in
[102].

Figure 2.7 — An open surface X, with boundary 9% and normal fi. m is the outgoing
normal to 9%, tangent to X.

The object is illuminated by a time harmonic electric field Re {Ej,(r)e !}, In
this case, only the surface electromagnetic response of the material is relevant, and the
body may be treated as it is two-dimensional (e.g., [161]). A two-dimensional (2D)
material may be characterized in the frequency domain by either the susceptibility y

or, equivalently, the optical surface conductivity o,
o = —iweoxW. (2.153)

The surface of the 2D object and its boundary are denoted by ¥ and 0%, respectively,
n is the normal to ¥, and m is the outgoing normal to 9%, which is tangent to X, as
sketched in Fig. 2.7.

The electromagnetic scattering by the 2D body is modeled by the integro-
differential equation for the induced (free or polarization) surface current density
Js [102]. The constitutive relation of the 2D material is

J.(r) = oTE(r), Vres, (2.154)

<~
where T is the projector that extracts the tangential component of the electric field
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2.4 Two-dimensional objects (Surfaces)

E(r) to the oriented surface ¥,

A

TE(r) = —n x [A x E(r)], Vr e 3. (2.155)

The total electric field is expressed as E = Ej,. + Eg.., with Eg., being the electric
field scattered by the object.

A surface charge density p, arises on X, whose expression is ps = —Vy - J,/iw,
where Vg denotes the surface nabla operator on ¥. Eq. (2.154) expresses J; in
terms of the electric field E through the surface conductivity of the material. On the
other hand, the scattered field can be expressed in terms of J, by the electromagnetic
potentials in the Lorenz gauge, as for the 3D case in Eq. (2.1) [146, 102],

Eqa(r) =G lev /2 Vs - Wy (Ar,x)dS — ia:/EWg (Ar, x) dS’] , vr € R?,

(2.156)

where the spatial coordinates have been normalized by £, i.e., r — r/l., (o is the

vacuum impedance, and ¢ (Ar,z) is the dimensionless scalar Green’s function in

vacuum, given in Eq. (2.5). The first term on the right-hand side of Eq. (2.156) is

the contribution of the electric scalar potential to the electric field, while the second
term is the contribution of the magnetic vector potential.

By combining Eqs. (2.154) and (2.156), we obtain the integro-differential equation

governing the induced surface current density field

Js(r)

L 1) (r) = TEne(r), Vrey, (2.157)
where

LP{W} = ,1V5/ Vs Wy (Ar, x) dS/—iac/ Wy (Ar,z)dS', W eX, vreR?,
L X pX
(2.158)

which is solved with the boundary condition
Js-ml,y =0, (2.159)

which arises from the requirement that the average energy of the scattered electro-
magnetic field must be limited.
As for the 3D and TT cases, in order to represent the solution of Eq. (2.157) in

the quasistatic limit z — 0, we set up a complete basis joining two orthogonal sets.
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2.4 Two-dimensional objects (Surfaces)

The first set { Jl}ll} is given by the solution of the eigenvalue problem

2 = e, e (2.160)

Xh
where £ is the electrostatic integral operator that gives the electrostatic field as a

function of the surface charge density:
LP{W}(r) = Vs/ Vs Wgo(Ar)ds', WeX Vred (2.161)
b

where go (Ar) is the dimensionless static Green’s function in vacuum, given in Eq.
(2.8). The spectrum of £2® is countable infinite, and the eigenfunctions {jl,‘l}he]N are
nonsolenoidal (Vi - j|}|L # 0) and irrotational (Vg X juL = 0). Moreover, £ is self-
adjoint and definite negative, and hence the eigenvalues X‘}‘L are real and negative and
the eigenfunctions are orthogonal according to the scalar product in Eq. (2.107). We
then assume this set orthonormal, i.e., <‘]‘,‘L,‘]L|;>g = Op k. We label these eigenfunctions
as the EQS modes of the surface 3. The electric dipole moment Pj, of the EQS mode
j‘}L can be obtained from Eq. (2.23), where the integration is now performed on the
surface X, while the @ factor is given by Eq. (2.61).

The second set is composed by solenoidal (V- ji- = 0) and rotational (V X ji #
0) functions {ji }rew, orthogonal to the eigenfunctions {‘]l)b}, and solutions of the

eigenvalue problem
1
2{in} (@) = —ir(x), Vrey, (2.162)
Kh

where £2 is the magneostatic integral operator
L2 (W) (r) = / W o (Ar)dS, Wes, vrey. (2.163)
b

L has a countable infinite spectrum, and is self-adjoint and definite positive, there-
fore the eigenvalues {k7 }nen are real and positive, and the eigenfunctions {ji- }rew are
orthogonal according to the scalar product (2.107), and assumed normalized, namely
(i, Jt)s = 0. We label these eigenfunctions as the MQS modes of the surface .
The magnetic dipole moment Mj, of the MQS mode ji- is expressed as in Eq. (2.33),
where the integration is now performed on the surface 3, while the @) factor is given
by Eq. (2.88).

Eventually, the surface current density induced on the surface 3 can be expressed
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2.4 Two-dimensional objects (Surfaces)

as
. o) I I
Z H Jh7TE1nc>EJ + <Jh JTEIHC>EJh 5 (2].64)
h=1 — (oo o (0
where
O'}HL =1 xxh,
i ﬁ (2.165)
o =1
T

are the EQS and MQS eigen-conductivities, respectively. They are purely imaginary.

I < 0, the EQS eigen-conductivities 0” has negative imaginary part. Moreover,

Since x;,
they tend to 0 for x — 0, but the EQS elgenvalue X}, remains finite. Conversely, since
ki > 0, the MQS eigen-conductivities ah has positive imaginary part. Furthermore,
they diverge for x — 0, but the MQS eigenvalue x;- remains finite.

The expression of the surface current density J; highlights two resonance condi-

tions for o. The first one is

Im {o(wp)} = X\ wg . (2.166)

with the resonant excitation of the EQS mode j|}|L. Eq. (2.166) suggests that in qua-
sistatic limit, the EQS modes can be resonantly excited in conducting 2D materials,
whose conductivity has negative and small imaginary part.

The second resonance condition is

Co

I {o ()} = it =

(2.167)
with the resonant excitation of the MQS mode ji. Eq. (2.167) implies that the MQS
modes can be resonantly excited in 2D dielectric objects of conductivity with positive
and high imaginary part (unless active materials are used [102]).

As an example, in Fig. 2.8 we show the first three EQS and MQS modes of
a spherical surface (sometimes called spherical inductor), whose expression is given
in Eq. (B.8) and (B.9) in Appendix B. The EQS and MQS eigenvalues have the
following expression [102]:

2n+1
= _ =7~ 2.168
=(2n+1), Vn € IN, (2.169)

where n is the mode multipolar order, and the corresponding eigen-conductivities are
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max

min

Figure 2.8 — Plots of the EQS jﬂL and MQS j+ modes (n = 1, 2, 3) of a spherical surface
[102]. The direction of each arrow represents the direction of the mode at the corresponding
point on the spherical surface, while the length of the arrow and the color describe its
amplitude.

obtained by applying Eq. (2.165).

2.5 Conclusions

The electromagnetic scattering response of an object is exhaustively characterized by
the Maxwell’s equations. When the object is much smaller than the vacuum wave-
length, the complexity of the Maxwell’s equations could be broken down into two
more manageable units: the electro-quasistatic and magneto-quasistatic approxima-
tions, i.e., the ones behind the modelling of capacitors and inductors. The electro-
quasistatic approximation covers the resonances in small particles with negative di-
electric permittivity, e.g., the plasmon resonances in metals at optical frequencies.
The magneto-quasistatic one describes the resonace mechanism in small objects of
high and positive permittivity, such as in AlGaAs and Si nanoparticles [36].

In this chapter, we built the mathematical apparatus needed to describe these two
resonance mechanisms in the quasistatic regime, for homogeneous isotropic nonmag-

netic objects. We considered three different geometries: three-dimensional, transla-
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2.5 Conclusions

tional invariant, and two-dimensional (surfaces) objects. In each scenario, we linked
the electro-quasistatic and magneto-quasistatic resonances to two linear eigenvalue
problems involving compact and self-adjoint integral operators, in which the spectral
parameter is the electric susceptibility y. These eigenfunctions are the quasistatic cur-
rent modes of the object, and the eigenvalues are related to its eigen-susceptibilities.
The current modes and the eigen-susceptibilities only depend on the geometry of the
body, and they are material independent.

Unfortunately, both approximations are unable to predict the resonance frequency
shift and the radiation @) factor arising from the coupling with the radiation. For
this purpose, we derived closed-form expressions for the radiation corrections to the
quasistatic eigenvalues and modes. These corrections only depend on the quasistatic
current mode distribution. On this basis, we provided closed-form expressions of the
frequency shift and the radiation @ factor of both plasmonic modes (corrections of
the EQS modes) and dielectric modes (corrections of the MQS modes), where the
dependencies on the material and the size of the object are factorized.

For arbitrary shaped 3D objects and surfaces of dimension smaller than the op-
erating wavelength, the relative frequency shift of any mode is a quadratic function
of the size parameter x at the quasistatic resonance, whose prefactor depends on the
ratio between the second-order correction coefficient of the quasistatic eigenvalue and
the quasistatic eigenvalue.

The radiation () factor is an inverse power function of x whose exponent is the order
n; > 3 of the first nonvanishing imaginary correction, and the prefactor only depends
on the quasistatic eigenvalue and the multipolar components of the quasistatic modes.

For translational invariant structures with arbitrary shaped cross-section, the rel-

ative frequency shift 29 o any mode is in the form S _ (Az* + Bx*logx),
where A depends on t}iéhratio between the real part of tlrclueh second-order correction
coefficient of the quasistatic eigenvalue and the quasistatic eigenvalue, and B on the
ratio between the (22 log x)-correction coefficient and the quasistatic eigenvalue.

The radiation @) factor for TI structures has the same form as for the 3D structures,

but the order n; of the first nonvanishing imaginary correction is now n; > 2.
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Chapter 3

Lower Bounds to Quality Factor of
Small Radiators

The problem of finding the optimal current distribution supported by an electrically
small radiator yielding the minimum () factor is a classic problem in electromag-
netism. In this chapter, a representation of the optimal current in terms of electro-
quasistatic and magnetoquasistatic scattering resonance modes, investigated in the
previous chapter, is introduced. The provided representation leads to analytical and
closed form expressions of the electric and magnetic polarizability tensors of arbitrary
shaped objects, whose eigenvalues are known to be linked to the minimum Q. Hence,
the minimum Q and the corresponding optimal current are determined from the sole
knowledge of the eigenvalues and the dipole moments associated with the quasistatic
scattering modes. It was found that when the radiator exhibits two orthogonal re-
flection symmetries, its minimum () factor can be simply obtained from the @) factors
of its quasistatic modes, through a simple parallel formula. If an electric-type radia-
tor, which supports solenoidal and irrotational currents, admits a spatially uniform
quasistatic resonance mode, then this mode is guaranteed to have the minimum @
factor. Analogously, a magnetic-type resonator, which supports solenoidal currents
with vanishing normal component to the object, admitting a mode of the form t x c,
where T is the radial direction and c is a constant vector, has as minimum @ factor
the one of the mode. Many examples are worked out, exemplifying the application
of the introduced method to arbitrary shaped radiators, both three-dimensional and

translational invariant, of both electric and magnetic type.
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3.1 Minimum (@ factor of 3D radiators of the electric type

(a) r (b)

Figure 3.1 — /. is the radius of the minimum sphere circumscribing the 3D object (a), or
the minimum circle enclosing the TT object cross-section (b). The search of the minimum
current is constrained to the 3D radiator volume € (or surface X), and the TI radiator
cross-section X.

3.1 Minimum () factor of 3D radiators of the elec-
tric type

Let us consider a homogeneous, isotropic, non-magnetic, linear material occupying
a domain, either a volume €2 or a surface X, of characteristic linear dimension /..
From now on, we choose /. to be the radius of the minimum sphere enclosing the
three-dimensional object, as shown in Fig. 3.1a. The material has relative dielectric
permittivity eg, electric susceptibility x = ez — 1, and it is surrounded by vacuum.
The object is assumed electrically small, namely x = ;ﬁc < 1.

0

3D radiators of the electric type support longitudinal current distributions, which
belongs to the functional space Lf(Q) = {L*(Q)|V-j=0,V xj=0in Q\0Q}.
Their @) factor can be expressed as 27 times the ratio of the electrostatic energy

stored in the whole space to the energy radiated toward infinity in a period [118, 110,

108]:
55 a(r)§£ ) 454s
0=3 89 o0 |r — 1| 1
/ 12 ! x3’
§£ a(r)yg (') |r — v'[*dS'dS
[2)9] o0

where 0 = j - n, and the spatial coordinates have been normalized by /., i.e., r —

(3.1)

r/l.. The problem of finding the minimum quality factor consists in the search
of the optimal current density j which belongs to Lﬁ, yielding the minimum value
of the functional 23Q. The above expression for the radiation ) factor and the
considerations we make in this section also hold for surface current densities supported
on a two-dimensional domain X provided the quantity j-n is replaced by V- j, being

V, the surface nabla operator.

62



3.1 Minimum (@ factor of 3D radiators of the electric type

The minimization of the @ factor functional in Eq. (3.1) can be tackled by means
of the Lagrange’s multipliers method [108]: we fix the amplitude P of the electric
dipole moment P of the optimal current, and search for the stationary points of the

auxiliary Lagrangian

Lp(o,\) = 729 o(r) yém |:(_r2,| ds'dS — ( ygg ro(r)dS

where 7 is a Lagrange multiplier, and o is subjected to the charge neutrality condition

515 0dS = 0. . The variational problem (3.2) yields the critical equation [122]
G

— Pﬂ) : (3.2)

515 o(r) dS' = rr 515 o(r)r'ds’, Vr € 99. (3.3)
o o0

Qlr—1|

Then, upon multiplying Eq. (3.3) with o and integrating over df2, we find that @ in
Eq. (3.1) also satisfies [122]
7°Q = 67 min 7. (3.4)

Using the constraint

§£ ra(r)dS’ = P > 0, we recast Eq. 3.3 as
o0

o(r
56 ( )/ dS’' = tPé-r, Vr € 012, (3.5)
o0 [t — 1|
for some unknown unit vector é.
We now introduce the electric polarizability tensor: a linear correspondence be-
tween an homogeneous external displacement field g Eyé and the electric dipole mo-

ment P, defined as

P 515 ordS, (3.6)
o0

where o is the solution of the surface integral equation

r/

55 o) e coEgé-r  ¥re o, (3.7)
o0 47 |’I° — 'T'/|

and it is subjected to the charge neutrality condition. Thus, the electric polarizability

tensor 7, is a 3 x 3 matrix, defined as the map 7, - ésgFEy = P.!

Comparing Eq. (3.7) with Eq. (3.5), we identify the generic external displacement

IThe electric and magnetic polarizability tensors have the dimension of volume. However, we will
refer to a dimensionless polarizability tensor (v — ~y/£2) since the spatial coordinates normalization
(r—r/l).
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field amplitude g9 Ey with 7Pé, and the dipole moment defined in Eq. (3.6). Thus,

we can further recast Eq. (3.5) as
1
PR 3.8
TR (3.9

which is an eigenvalue problem in (7, &) for v.. Finally, by combining Eq. (3.4) with
Eq. (3.8), the minimum @ factor is [122]:

67
3
°Q) = , (3.9)
< )mm ’ye7max
where e max 18 the maximum among the eigenvalues of the (dimensionless) electric
polarizability tensor «. of the scaled object.
The surface integral operator in Eq. (3.7) is tightly related to the operator

w(r’) - n’

LAw} = —V&lg w(r) &
o 4m [r — 1|

static (plasmon) resonances. We aim at determining the polarizability tensor through

dS’, introduced in Sec. 2.1.1, describing the electro-

means of an EQS modes expansion.

The procedure consists in expanding the charge density o solution of problem
(3.7), in terms of the EQS current modes {jl'l}he]N, solutions of the EQS eigenvalue
problem £.{jl} = jl/x!, which constitute a complete basis for the search space
L{ (), namely:

o(r) = i anjl(r) - n(r)  onodQ. (3.10)

The charge density o(r) constructed in this way naturally satisfies the charge neu-
trality condition. By employing the above expansion in Eq. (3.7), multiplying both

members by j‘,l -0 and integrating over the surface boundary 02, we obtain

o0 H I./ -ﬁ/
S an jﬁ(r)~ﬁ(r)§é Jh()ds’dsz(goEoé)~/(j£-ﬁ)rdv. (3.11)

=" Jaa o 4T |r — 1’| Q

By exploiting the EQS current modes and eigensusceptibilities {X‘,‘l, jyl}he]N are so-
lution of the EQS eigenvalue problem, and using the orthonormality condition
(j')L, J',bg = Opk, we derive the expansion coefficients a; of the charge density dis-
tribution

an = —x) (e0Eoé) - Py, (3.12)
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3.1 Minimum (@ factor of 3D radiators of the electric type

and the corresponding dipole moment
— Z Xl €0E0€ Ph Ph = [ Z X Ph X Ph‘| . (€0E0é) s (313)

where Py, is the dipole moment of the EQS current mode jl}ll, given in Eq. (2.23),
and P, ® Py, is the dyad resulting from the tensor (dyadic) product [162] of P, with
itself.

Therefore, the 3 x 3 electric polarizability tensor ~, is 2

Z Xi Py @ P (3.14)

The above closed-form identity is one of the main results of the spectral theory
proposed in this work: it bridges the polarizability tensor with the EQS (plasmon)
modes.

In the general case, the maximum eigenvalue 7emax Of the 4, is associated with
the minimum quality factor. The corresponding (normalized) eigenvector returns
the direction of the dipole moment of the optimal current, which we call Pope. The

optimal current is readily obtained in terms of the EQS (plasmon) modes:

ope (1 f; (Bope - P1) il (1), (3.15)

As we will see in the next sections, only few EQS modes have to be considered to
have a good estimation of the minimum @ factor and the optimal current.
Symmetries in the shape of the radiator can markedly simplify the expression of
the polarizability tensor, and the calculation of the optimal current and the minimum
Q. Specifically, if the shape of the resonator has two orthogonal reflection symmetries,
~. can be diagonalized by choosing a co-aligned coordinate system (eq, e, €e3), (e.g.,
for an ellipsoid it is oriented along its principal axes). The dipole moments of the
EQS mode are also aligned along these directions. In this case, the three occurrences

of ~. are given by:

- >, X PL?, i=1,2,3 (3.16)

e; —ahgned

where the summation only runs over the EQS modes exhibiting dipole moment di-

rected along e;. In this case, the minimum () along the axis e; is obtained by the

2Since the EQS operator L. is negative definite, the eigensusceptibilities {x‘,ll}he]N are negative
valued, and the polarizability tensor is clearly semi-positive definite, as it should be [163].
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parallel formula
1 1

— = Z —_, (3.17)
(ng)min eifalighned x%Ql}ll
where Q','L and z;, are the Q factor and the resonant size parameter 3 of the bright

EQS mode j',‘l, respectively (see Sec. 2.2.2), i.e.

5l _ 67

p= . 3.18
ST N E (319

Then, the global minimum ¢ factor is taken among the @) for each axis.

In conclusion, if the shape of the resonator has two orthogonal reflection symme-
tries, the minimum () factor along a particular direction e; can be obtained as the
parallel of the quality factor of the bright EQS (plasmon) modes aligned along that
direction.

In addition, due to the orthonormality condition, when there exists a current
mode which is spatially uniform along a given direction, there exists one and only
one EQS mode with nonvanishing dipole moment along each symmetry axis (see Eq.
(2.24)), which is guaranteed to exhibit the minimum quality factor.

The algorithm that we propose to determine the minimum ) factor of an electric
type (alongside a magnetic type, see Sec. 3.2) radiator is summarized in Fig. 3.2.
First, we preliminary calculate the EQS current modes associated with the assigned
shape in which the search for the optimal current is performed. Then, if the object
has two orthogonal reflection symmetry, the minimum () along the principal axes is
immediately obtained from the @) factor of the EQS mode oriented along that axis.
If no such symmetries are present, then we analytically assembly the polarizability
tensor by using the dipole moment and the eigenvalues of the modes, and eventually
find its eigenvalues and eigenvectors. The minimum ) and optimal currents are then
immediately obtained.

In the next three subsections, some examples are worked out, exemplifying the
introduced method for the calculation of the minimum () and the optimal current
for radiators of the electric type. From a computational standpoint, the electrostatic

eigenvalue problem (2.6) is solved by the surface integral method outlined in Refs.

[70, 83).

3In Chapter 1 we used the symbol xl}ll or mf; to indicate the resonant size parameter of the EQS

jub or MQS jf; mode. Here we choose to use simply x;, to lighten the notation.
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\ Input |
|Object shape (3D) or Object cross-section shape (1)
ELECTRIC MAGNETIC
TYPE TYPE
[EQS Eigenvalues and Modes| [MQS Eigenvalues and Modes|
Y {t, it}
{Xh’-]h}hg\] ho Jh S heN
|[Electric Dipole moment and Q factor| |[Magnetic Dipole moment and Q factor|
., n=3 (3D AL n=3 (3D)
‘ {Prbren {Z,Q‘,‘I heN  n=2 ((TI)> ‘ ‘ {Mibex {Z]’Qh }}'EN n=2 (TI)

(n-1) orthogonal
reflection
symmetries?

Qmin and Optimal Current Qmin and Optimal Current
Electric Type Electric Type
{ei} = co-aligned coordinate system s
. Z 1 Ye = Z<_X‘}L)Ph ® Py
Ay = nin | =
(.1' Q)min i€[L,n] e;—aligned Ly (.ZSQ) .= G (3D) (.Z'QQ) L= L(TI)
oo min “Ye,max min Ye,max
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Figure 3.2 — Algorithm for the calculation of the minimum quality factor and optimal
current of an arbitrary shaped 3D or TT radiator of the electric and magnetic types, using
the quasistatic modes.

3.1.1 Shapes supporting uniform electrostatic mode

A homogeneous sphere supports three degenerate EQS bright modes, associated with
the eigenvalue x| = —3 (Frohlich condition [2]). The surface charge density of one
of these modes is shown on the left of Fig. 3.3a, and is associated with the spatially
uniform TM current mode j! = \/3/ (4m)z, denoted in Sec. 2.2.5 and Sec. B.1.1
with jﬂm. For the considerations made in the previous section, they are the only
three bright modes (one for each coordinate axis) exhibited by this shape. Thus,
these modes correspond to the optimal current, and their ) factor coincides with the
minimum allowed @) factor supported by longitudinal currents constrained within this
shape:

(*Q) =aiQl =15 (3.19)

min
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3.1 Minimum (@ factor of 3D radiators of the electric type

In conclusion, the plasmonic (EQS) dipole modes supported by a plasmonic sphere
exhibit the minimum () factor of radiatior of the electric type, in line with the results
of Thal [107].

Similarly, a spheroid supports three uniform modes directed along the principal
axes, and hence they are the only bright modes. We consider a prolate and an oblate
spheroids with aspect ratio 2 : 1. On the right of Fig. 3.3a we show the surface
charge density associated with the EQS current mode oriented along the major axes,
and having eigenvalues !l = —5.76 (prolate) and x| = —4.23 (oblate) [164]. Thus,
the modes’ @) factor coincides with the minimum allowed @) factor supported by
longitudinal currents constrained within this shape. Specifically, (z*°Q),_., = 3.16
and (2°Q), ., = 2.13 for the considered prolate and oblate spheroids, respectively, in

agreement with the closed-form expressions provided by Gustafsson at al. [106].

3.1.2 Shapes with two reflection symmetries

We now consider a rod with radius R, and height H = 4R, aligned along z. Following
the algorithm outlined in Fig. 3.2, we compute the EQS modes by solving Eq. (2.6),
and among them we select the bright ones. The surface mesh used for the mode
calculation has 1885 nodes, and 3766 triangles. Their @) factor can be immediately
calculated using their eigenvalues and electric dipole moment by Eq. (3.18). The
four bright modes with the lowest Q are shown in Fig. 3.3b to the right of the “ ="
sign. The minimum Q supported by a longitudinal current confined in this volume
is obtained by Eq. (3.17) from the parallel of the quality factors x%Q')L of the modes
exhibiting nonvanishing dipole moment along 2: it has value (2 Q)_, = 3.98. We
note that the @) factor of the first EQS mode is very close to the Q bound. This is
because this particular mode is almost spatially constant, thus the dipole moment
of the remaining modes is nearly vanishing. The relative error in the calculation of
(2% Q) ., by considering only the first three modes is below 0.2%.

We then consider a sphere dimer of radius R, aligned along the z-axis with edge-
edge gap § = R/10. On the left of the “ = ” sign in Fig. 3.3c we show the surface
charge density associated with the optimal current distribution, on the right the
three plasmon modes with lowest ) factors. The minimum ) factor is obtained
by combining the quality factor of the bright modes, by using the parallel formula.
Differently from the rod, where the fundamental plasmon mode exhibits a () factor
very close to the minimum Q, for a sphere dimer, the first mode exhibits a ) quite
larger than the minimum. This is because the dimer of two nearly touching spheres

support modes concentrated in the dimer gap, and hence strongly deviating from
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3.1 Minimum (@ factor of 3D radiators of the electric type
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Figure 3.3 — Minimum Q and corresponding optimal charge density supported by radiators
of the electric type of assigned shape: (a) a sphere, and prolate and oblate spheroids
with aspect ratio 2 : 1, which have only one uniform bright EQS mode which coincides
with the optimal charge density; geometries exhibiting two reflection symmetries, namely
a rod with radius R and height H = 4R (b) and a dimer of spheres with radius R and
edge-edge gap R/10 (c); a shape with no symmetries (d). In (b-d), to the right of the
“ =7 sign/arrow, plasmon modes with lowest @ factor, their individual @ factor (top) and
eigenvalues (bottom).
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3.2 Minimum () factor of 3D radiators of the magnetic type

uniform distributions.

3.1.3 Shapes with no symmetries

We now examine a tetris-like block with three orthogonal arms of different lengths
and no reflection symmetries. We first compute the EQS resonances of this object,
selecting the bright modes. The four bright modes with lowest ) factor are shown
in Fig. 3.3 to the right of the “ = ” sign. The direction of the dipole moment P},
of each mode is also shown in the insets. Aiming at determining the minimum @)
factor achievable by currents confined within the object, and considering that there
are no symmetries, we have to preliminary assembly the electric polarizability tensor
v using Eq. (3.14), using the dipole moments of the modes Pj,. The maximum
eigenvalue of -, is associated with the minimum @ factor by Eq. (3.9). The optimal
current is then obtained by using Eq. 3.15, and shown on the left of Fig. 3.3d. The
relative error in the estimation of (2*Q), . by taking into account only the three
modes shown in Fig. 3.3d is 26%. We have to consider at least 25 modes to have an

error below 10%.

3.2 Minimum () factor of 3D radiators of the mag-
netic type

We now consider three-dimensional radiators of the magnetic type, supporting
transverse volume currents j, which belong to the functional space L2 (Q) =
{LQ(Q) |V-jl =0, in Q\ 092 and j*-h =0 on 89}. Their @ factor can be ex-
pressed as 27 times the ratio of the magnetostatic energy stored in the whole space
to the energy radiated to infinity in a period [118, 110, 108]

/ /\r '|dVdV .
/ [ ePavay = 520

This expression holds also in the case of the surface current density defined on the

2D object ¥ provided that the volume integrals are replaced by surface integrals.
Following the same steps used for the radiators of the electric type, the minimiza-
tion of the @ factor functional in Eq. (3.20) leads to [108]

(+°Q) = om (3.21)

Ym,max

70



3.2 Minimum () factor of 3D radiators of the magnetic type

where Ym max 1S the maximum eigenvalue of the 3 x 3 (dimensionless) magnetic po-
larizability tensor -, of the scaled object.

The polarizability tensor 7, is a linear correspondence between an homogeneous
external magnetic field Hypé and the magnetic dipole moment of the volume current

density distribution, defined as

1
M:/rxjdv, (3.22)
2 Ja

having zero-average over ) (and therefore zero electric dipole moment) and solving

the integral equation problem [122]:

i(r’) P
———dV' = - (H Q. 2
/947r|r—r’| Vv 2( 0€) Xr, Vre (3.23)

Thus, the magnetic polarizability tensor 7, is a 3 x 3 matrix, defined as the map
Ym - €Hy = M.

The volume integral operator in Eq. (3.23) is exactly the same operator £,, oc-
curring in Eq. (2.12), which describes the magnetostatic (dielectric) resonance. One
of the main contributions of the present work is the analytical closed-form calculation
of the polarizability tensor by using the MQS modes set.

We expand the transverse current density solution of problem (3.23), in terms
of the MQS current modes {ji }rew, solutions of the MQS eigenvalue problem

L, {Jﬁ} = jit /k;- in weak form, which constitutes a complete basis for L2 (Q):

Jopt (T Z bhjr(r)  VreQ. (3.24)

The resulting current jop exhibits zero average (or zero electric dipole moment) over
Q2 by construction. By plugging the above expansion in Eq. (3.23), taking the scalar
product of both members with ji, and using the orthonormality condition (ji, j;)o =

On.k, We obtain the expansion coefficients b, of the current density distribution
by, = Kj- (Hoé) - My, (3.25)

and the corresponding magnetic dipole moment

= i ﬁ )Mh = [Z Kk My, @ Mh] : (Hoé) , (326)

h=1

where M, is the magnetic dipole moment of the MQS current mode ji, given in Eq.
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3.2 Minimum () factor of 3D radiators of the magnetic type

(2.33).
Thus, the 3 x 3 magnetic polarizability tensor ~,, is
Y =D Ky My, @ M. (3.27)
h=1

Eq. (3.27) bridges the magnetic polarizability tensor with the MQS (dielectric)
modes.

The maximum eigenvalue Y max of vy, is associated with the minimum () factor
of a radiator of the magnetic-type by Eq. (3.21). The corresponding (normalized)
eigenvector returns the direction of the dipole moment of the optimal current, which

we call m,p.. The optimal current is readily obtained in terms of the MQS modes:
jopt(r) = Z /Q]J{ (mopt : Mh)j#(r) (328)
h=1

As we will see in the next sections, in many scenarios, only a few MQS modes have
to be considered to have a good estimation of the minimum () factor and the optimal
current.

As in the electric type case, if the shape of the resonator has two orthogonal
reflection symmetries, «,, can be diagonalized by choosing a co-aligned coordinate
system (ej, ez, e3). In this case the dipole moments My, are also aligned along either

one of these directions. Thus, the three occurrences of «,, are given by:

o= >, MR, i=1,2,3 (3.29)

e;—aligned

where the summation only runs over the MQS modes exhibiting dipole moment di-
rected along e;. In this case, the minimum @) for the axis e; is obtained by the parallel

formula
1 1

) Y eror

e; —aligned

(3.30)

where Qi and z;, are the @ factor and the resonant size parameter of the MQS mode

ji- with nonvanishing magnetic dipole moment, respectively (see Sec. 2.2.4), i.e.

67
3L
@y = —/—0. 3.31
h<h H}J{|Mh|2 ( )
Eventually, the global minimum () is taken among the () for each axis.
In addition, due to the orthogonality of the MQS modes, if there exists a current

mode of the form r x ¢, with ¢ a constant vector, this same mode is guaranteed to
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3.2 Minimum () factor of 3D radiators of the magnetic type

be the only one with non vanishing magnetic dipole moment along direction c (see
Eq. (2.34)). Thus, it necessarily exhibits the minimum @ factor.

The algorithm that we propose to determine the minimum @) of a radiator of the
magnetic type is summarized in Fig. 3.2.

As for the electric type case, we now illustrate some examples for the calculation
of the minimum ) and the optimal current for 3D and 2D (surfaces) radiators of
the magnetic type. In the cases in which the analytical solution is not available, the
surface current modes have been evaluated by applying the Galerkin method and the
Rao-Wilton-Glisson (RWG) functions have been used as basis functions to represent

the surface current density (see Supplemental Material of [102]).

3.2.1 Shapes supporting a MQS mode of the form t x c

We now consider a radiator of the magnetic type having the form of a spherical shell.
The MQS modes associated with this shape are given in Eq. (B.9) in Appendix B.

Among them, three degenerate current modes have nonvanishing magnetic dipole

. 3
=gt xen (3.32)

where ¢, € {X,¥,%}, with eigenvalue k3 = 3, h = 1,2,3. In Sec. 2.4 and in Sec.

moment, namely

B.1.2, they are denoted with j5TE, j5TF, and jLE, respectively. Their magnetic dipole

moment is oriented along the three orthogonal axes, namely

2
M, = %ch. (3.33)

Thus, according to the discussion in the previous section, there is one and only one
mode with magnetic dipole moment along each coordinate axis. We show one of these
current modes in Fig. 3.4a. Applying Eq. (3.30) this MQS mode also exhibits the

minimum quality factor, namely

(2°Q) = (23Qx) =3 (3.34)

min

This is in agreement with the seminal work of Thal [107].

3.2.2 Shapes with two reflection symmetries

We now consider a small radiator of the magnetic type having the shape of a solid

sphere. The quasistatic modes and eigenvalues of this shape are investigated in Sec.
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3.2 Minimum () factor of 3D radiators of the magnetic type
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Figure 3.4 — Minimum @ and corresponding current distribution supported by radiators
of the magnetic type of assigned shape: (a) a sphere shell which supports only one mag-
netoquasistatic mode of the form # x ¢ which coincides with the optimal current density;
geometries exhibiting two reflection symmetries, namely a solid sphere (b) and a ellipsoid
(c); a shape with no symmetries, namely a block with three arms of different lengths (d).
In panel (b-d), to the right of the “ = ” sign, dielectric modes with lowest @ factor, their
individual @ factor (top) and eigenvalues (bottom)
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3.2 Minimum () factor of 3D radiators of the magnetic type

2.2.5. Unlike the sphere shell, this shape does not support a mode of the form
I X ¢. Among the transverse current modes, we limit our analysis to the ones having
nonvanishing magnetic dipole moment along z. These MQS current modes are

V3
2”9'1 (hrr) & x 2 (3.35)

jf(ﬁ v, ¢) =

where r = (1,7, ¢) is a spherical polar coordinate system centered in the sphere
center, h € IN, j; is the spherical Bessel function of the first kind and order 1. They

are associated with the eigenvalues
ki = (hm)?, h €N, (3.36)

and have magnetic dipole moment

M, = (-1)" 2" 4. (3.37)

In Sec. 2.2.5 and Sec. B.1.1, these MQS modes and eigenvalues are denoted with

{jéﬁEz}l N and {f@'flTE} e’ respectively.
Applying Eq. (3.31), we find their Q factor:

(hm)*

(zhow) = 5 (3.38)

The projection of the first four current modes on the equatorial section of the
sphere is shown to the right of the “ = 7 sign in Fig. 3.4b, with their @) factor.
The minimum @ factor (2°Q), ;. achievable by transverse currents confined to this
volume is obtained by applying Eq. (3.30). This formula consists in the parallel of
the quality factors of MQS modes exhibiting magnetic dipole moment along z:

1 > 1 2.1 1
(33Q),. - hZ::l (thﬁ) T2 }; 23 (3.39)
In this parallel, by only considering the first 4 modes we obtain an estimation of
(3Q),;, of 3.44 (error of 15.4%). We have to consider at least 13 modes to have an
error below 5%.
The optimal volume current j,, is obtained applying (3.28). Interestingly, it is

localized on the sphere’s boundary

Jopt(r 0, 0) = \/ga (r—1)t x 2, (3.40)
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3.2 Minimum () factor of 3D radiators of the magnetic type

where ¢ is the Dirac delta function. Thus, it corresponds to a surface current
localized on the sphere’s surface, which is the same optimal current found for a
spherical shell. In conclusion, the minimum quality factor and the corresponding
optimal current are in agreement with the results achieved by Thal [107] for a
spherical inductor (see previous section). Therefore, in contrast with a plasmonic
homogeneous sphere which supports a mode with minimum ) for electric type
radiator, the first (fundamental) mode of homogeneous high-permittivity sphere

does not exhibit the minimum @) for magnetic-type radiators.

We then consider a high-conductivity prolate spheroidal shell with aspect ratio
4 : 1, with major axis aligned along z. Also this shape does not support a mode
of the form ¢ x r. We preliminary compute the MQS resonances by solving the
eigenvalue problem (2.162). We only consider the set of MQS modes exhibiting non-
vanishing magnetic dipole moment along z. In Fig. 3.4c, we show the surface current,
eigenvalue, and () factor of the modes with the lowest () factor. The minimum qual-
ity factor (z°Q)
fields confined on this shape is obtained using the parallel formula in Eq. 3.30, and is

i Of magnetic-type radiators supported by surface current density
(2% Q),;., = 39. If the parallel is only limited to the three modes shown in Fig. 3.4c,

an error < 1% is achieved.

3.2.3 Shapes with no symmetries

We consider a shell with no reflection symmetries, defined as the surface of a tetris-
like block with three orthogonal arms of different lengths. We preliminary compute
its MQ)S resonances, selecting the modes with nonvanishing magnetic dipole moment.
We then calculate their magnetic dipole moment M, and @ factor by Eq. (3.31).
The surface mesh used for the calculation has 1885 nodes, and 3766 triangles. The
four modes with the lowest () factor are shown in Fig. 3.4d to the right of the “ =7
sign, with their @ factor (above), and eigenvalue (below). Aiming at determining the
minimum () factor achievable by surface currents confined on this surface, and con-
sidering that there are no symmetries, we have to preliminary assembly the magnetic
polarizability tensor =, using Eq. (3.27) from the dipole moments M, of the modes.
The maximum eigenvalue vy, masz 0f Vi, is associated with the minimum () factor by
Eq. (3.21). The optimal current is then obtained by using Eq. (3.28), and shown
on the left of the “ = 7 sign in Fig. 3.4d. By only considering the first 3 modes, we

obtain an estimation of (z*Q),_. of 13.2 with an error of 12%.
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3.3 Minimum () factor of TI radiators of the electric type

3.3 Minimum () factor of TI radiators of the elec-
tric type

In this section, we find the minimum quality factor of longitudinal current density
distributions supported by translational invariant radiators having electrically small
cross-section, i.e., xr = ZJ—OKC < 1, being /. the radius of the minimm circle enclosing
the object cross-section (see Fig. 3.1b).

The expression of the () factor is

o(r) P o) log|r —r'|dl'dl
Q= _8%92 56)2 1 (3.41)

20
T 75 a<r>7§ o) v — ' dldl *
[ ox

where the per unit length (p.u.l.) surface charge density o = j -, and f lies in the

cross-sectional plane. Once the shape of the cross-section X is assigned, the functional
22@Q) can be minimized, yielding the minimum @ factor. For electric type radiators,
the search space is constituted by the currents belonging to Lﬁ(Z).

The same line of reasoning used for 3D radiators leads to the expression of the

minimum () factor:

<“"2Q>mm: 8 : (3.42)

Ye,max
where Ve max 15 the maximum among the eigenvalues of the 2 x 2 electric polarizability
tensor .. We then expand the charge density p.u.l. in terms of the EQS current
modes solutions of the eigenvalue problem £ {J')L = j|}|L / Xl}lw being L' the 2D elec-
trostatic operator (see 2.3), which constitute a complete basis for the funcitonal space
Lﬁ(Z). As a result, we arrive at the analytical expressions for ., identical to Eq.
(3.14), and for the optimal current identical to Eq. (3.15).

If the shape of the object cross-section has a reflection symmetry, ~. can be
immediately put in the form of diagonal matrix by choosing a coordinate system
(e1,€3), in which one of the two basis vectors is oriented along the symmetry axis. In
this case, the dipole moment of the EQS modes is also aligned along these directions,

and the minimum () for the axis e; can be obtained through a parallel formula

1 1

S L 3.43
(xQQ)min e; —a%ghned x%LQlflL ( )

where Q','L and xj, are the Q factor and the resonant size parameter of the bright EQS
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3.3 Minimum () factor of TI radiators of the electric type

mode j|}|b, respectively (see Sec. 2.3.2), i.e.

2 8

2Q=—> 3.44
(—x) [Pl 40

Then, the global minimum @) factor is taken among the @) for each axis.

In addition, due to the orthogonality of EQS modes, if there exists a current
mode spatially uniform along a given direction, this same mode is guaranteed to
be the only one with nonvanishing dipole moment along that direction. Thus, it
necessarily exhibits the minimum quality factor.

The algorithm that we propose to determine the minimum @ of a TI radiator of
the electric type is summarized in Fig. 3.2.

In the next three subsections, some examples are worked out, exemplifying the
introduced method for the calculation of the minimum () and the optimal current for
TT radiators of the electric type. The EQS current modes and eigenvalue solution of
the problem (2.104) are found using the linear integral method outlined in Refs. [70,
83].

3.3.1 Shape supporting a uniform EQS mode

Let us consider a TT object of circular cross-section. It supports two degenerate EQS
bright modes, associated with the eigen-susceptibility x| = —2. The linear charge
density of one of this modes is shown in Fig. 3.5a, and is associated with the spatially
uniform TE current mode j! = y/7, denoted in Sec. 2.3.5 and Sec. C.1 with j|c|,1.
For the considerations made in the previous section, these current modes coincide
with the optimal currents supported by the TI radiator of the electric type, and their
@ factor is the minimum allowed ) supported by longitudinal currents constrained

within this shape:
T2 Qpin = —- (3.45)

To the author’s best knowledge, this lower bound for the @ factor of translational

invariant radiators of the electric type has not been reported before.

3.3.2 Shape with reflection symmetry

We now investigate a cylinder homo-dimer of radius R, with edge-edge gap 6. This
system has reflection symmetries, but does not support any uniform current mode.
The expression of the EQS modes is given in Eq. (C.6). In Sec. C.2 in Appendix C,

we derive the () factor of the bright ones with electric dipole moment directed along

78



3.3 Minimum () factor of TI radiators of the electric type
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Figure 3.5 — Minimum Q and corresponding optimal charge density distribution supported
by TI radiators of the electric. Optimal charge density supported by: (a) a cylinder of
circular cross-section: this shape has only one uniform bright mode which coincides with
the optimal charge density; (b) a geometry exhibiting two reflection symmetries, namely a
dimer of cylinders with radius R and edge-edge gap 6 = R/10, and EQS modes with the
lowest () factor.

the dimer axis, and we display here their expression:

2 ||_4+5/R 2h,
Xy, h—W(e #—]_), (346)

where p = arccosh (1 + %), being arccosh the inverse hyperbolic cosine.

In Fig. 3.5b, we show the linear charge density associated with the bright modes,
with their individual @ , for a cylinder dimer with §/R = 0.1. The minimum ) factor
(2% Q),,;, achievable by longitudinal currents supported by this structure is obtained
by plugging the expression of the bright mode @) factor in Eq. (3.46) in the parallel
formula in Eq. 3.43. In this parallel, by only considering the first 5 modes (shown in
Fig. 3.5b), the relative error in the estimation of (z?Q),. is below 12%.
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3.4 Minimum () factor of TI radiators of the magnetic type

3.4 Minimum () factor of TI radiators of the mag-
netic type

Here we find the minimum @ factor of TI radiators of magnetic type, which support

transverse current density distributions j belonging to L2 (X). The expression of the

@ factor is
/ / log |r — r'|dSdS’ ]
(3.47)

-
/ / )|l — 1 dSds’ "

In this configuration, the magnetic polarizability tensor ,, is a scalar, defined as the
map v,€Hy = M. Thus, the minimization of the @ factor functional in Eq. (3.47)

leads to:

(ﬁ@)min = j. (3.48)

We then expand the transverse current density j in terms of the MQS current
modes {ji }new, solutions of the MQS eigenvalue problem £t {Jﬁ} = ji /Ky, being
LT the 2D magnetostatic operator (see Sec. 2.3), which constitutes a complete basis
for L2 (X). As a result, we arrive at the closed form expressions of the magnetic po-
larizability tensor -,,, identical to Eq (3.27), and of the optimal current j,p¢ identical
to Eq. (3.28).

In this case, the dipole moments M, are always aligned along the structure axis

the minimum () is obtained by the parallel formula

20 Q)mm g 2 Qh (3.49)

where Qi and z;, are the @ factor and the resonant size parameter of the MQS mode

ji- with nonvanishing magnetic dipole moment, respectively (see Sec. 2.3.4), i.e

4
2l
22Qt = ML (3.50)

The algorithm that we propose to determine the minimum @ of a TI radiator of

the magnetic type is summarized in Fig. 3.2.

3.4.1 Shapes supporting a single MQS mode

We consider the shell of infinite cylinders with arbitrary cross-section. Since any

linear current density supported by these structures is constrained on a closed line,
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MAGNETIC TYPE

(ZEBQ)min = m%Qﬁ

E <$2Q>min = % <I2Q)nlin =30
@)
= A
=
= A
@)
2 A
z (a)
S
~

74.89 2L
= x  Thh
5
2 7
wn
d [k (=)
o
H
©)]
= 1
= . 30.47 74.89 — Kj,
Eﬂl min max (b)

Figure 3.6 — Minimum Q factor and corresponding optimal current density distribution
supported by TI radiators of the magnetic type of assigned shape: (c) a cylinder shell
supporting only one uniform bright magnetoquasistatic mode of the form & x ¢, being # the
radial direction and ¢ a constant vector, which coincides with the optimal current density;
(d) a geometry exhibiting two reflection symmetries, namely a solid cylinder.

there exists one and only one MQS current mode with nonvanishing magnetic dipole
moment. This mode is also uniform, and hence exhibits the minimum ¢ factor
supported by the structure, whose expression is given in Eq. (3.50). In Fig. 3.6a we
consider the shell of an infinite cylinder of circular cross-section. This shape supports
a MQS mode with eigenvalue x* = 2 and magnetic dipole moment oriented along

the cylinder axis. The resonant linear current density is

Z X T, (3.51)

where r = (r,¢) are the in-plane cylindrical polar coordinates, and z the cylinder

axis direction. This MQS mode exhibits the minimum quality factor, namely

4

(1:2@) = (mQQL) = (3.52)

min
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3.4 Minimum () factor of TI radiators of the magnetic type

On the right of Fig. 3.6a we consider the shell of an infinite cylinder with an
L-shaped cross-section and no reflection symmetries. This shape supports a uniform
MQS current mode with eigenvalue k*+ = 4.7, and 22Q* = (22Q)in = 3.

3.4.2 Shape with reflection symmetry

We now examine a solid infinite cylinder with circular cross-section. The quasistatic
modes and eigenvalues of this shape are investigated in Sec. 2.3.5. Despite the high
symmetry, this shape does not support modes of the form r x c. The cylinder supports

transverse current modes with nonvanishing magnetic dipole moment

J1 (Zopr)
L 1(Zon PN
rQ) = ——"7>"+2XT, re 0,1, h € IN, 3.53
Jh( ¢) ﬁljl (ZO,h)l [ ] ( )
shown in Fig. 3.6b to the right of the “ = ” sign. They are associated with the real
and positive eigenvalues k-

K = Zips (3.54)

where (T, z) are the radial unit vector in the cross-section and the cylinder axis unit
vector, respectively, J; is the Bessel function of the first kind with order 1, and Zg,
is the h-th zero of the Bessel function of the first kind with order 0. In Sec. 2.3.5
and Sec. C.1, these MQS modes and eigenvalues are denoted with {joo},c and
{/{&TE}ZGIN, respectively.

Their magnetic dipole moment M, has the expression

2/
M, = (—1)" /;/L_z, (3.55)
h

Z2
and, according to Eq. (2.152), their Q factor is given by 27 Qi = Ok

T
The optimal current is obtained applying Eq. (3.28), and is a current loop local-

ized on the cylinder cross-section’s boundary, i.e.
jot = VAO(r—1)2 X E,  Vr, (3.56)

where ¢ is the Dirac delta function. The optimal current jop; is shown in Fig. 3.6b.
The minimum @ factor (z%Q) ;. achievable by transverse currents confined to the
cylinder cross-section is obtained through Eq. (3.49), which consists in the parallel

of the quality factors of the infinite set of MQS modes exhibiting non-zero magnetic
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dipole moment along the cylinder axis z:

) > 1\ 4
(+°Q) = (}; x%Qﬁ) =, (3.57)
where we used the identity 372, Zg7 = 1/4 [165].
In this parallel, by considering only the first 4 modes we obtain an estimation of
(2%2Q),, Of 4.42/7 (relative error of 9.4%). Using the first 8 modes leads to an error
below 5%. The lower bound in Eq. (3.57), and its corresponding optimal current
coincide with those of the shell of an infinite cylinder with circular cross-section.

To the author’s best knowledge, the lower bound in Eq. (3.57) (or in Eq (3.52))
for the @) factor of translational invariant radiators of magnetic type has not been

reported before.

3.5 Conclusions

Optimization problems defined on small radiators often consist in the search of the
optimal current distribution which leads to the minimization of a chosen quantity. In
these problems, the choice of a convenient basis for the description of the tentative
optimal current density is a fundamental and unavoidable step. Upon this choice
depends not only the efficacy of the numerical computation of the optimal solution,
but also the attribution of meaningful physical insights to the results.

Since small electromagnetic radiators are considered, a convenient basis choice
may be constituted by the quasistatic scattering modes supported by that shape,
corresponding to source-free solution of the electrostatic and magnetoquasistatic lim-
its of the Maxwell’s equations. Specifically, electroquasistatic modes describe the
resonances of small objects with negative permittivity (e.g., as in metals at optical
frequencies). Magnetoquasistatic modes describe the resonances of small objects with
very high and positive real part of the permittivity.

We demonstrated that an expansion of the current density in terms of quasistatic
modes leads to analytical closed form expressions of the electric and magnetic po-
larizability tensors. Hence, the minimum @ and the corresponding optimal current
is determined from the knowledge of the eigenvalues and dipole moments associated
with the quasistatic scattering modes.

We found that when the radiator exhibits two orthogonal reflection symmetries,
its minimum quality factor can then be simply obtained from the () factors of the

quasistatic modes associated with the radiator’s shape, through a simple parallel
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formula.

Moreover, when an electric radiator supports a spatially uniform electroquasistatic
resonance mode, this mode is guaranteed to have the minimum quality factor. Dually,
when a magnetic radiator supports a magnetoquasistatic mode of the form t x ¢ where
c is a constant vector and T is the radial direction, this mode exhibits the minimum
quality factor.

Eventually, we applied the proposed method to arbitrary shaped three-
dimensional, two-dimensional, and translational invariant radiators, of both electric
and magnetic type.

The introduced framework bridges a classic antenna problem with nano-antennas
resonances, and may be especially appealing to researchers and engineers working in

nano-optics, where a description in terms of modes is widely used.
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Chapter 4
Material-independent modes

The approaches proposed so far well describe the resonances in the electromagnetic
scattering from electrically small objects. However, they fail when the objects size is
comparable to the incident wavelength.

In this chapter, we introduce a full-wave spectral theory for the description of the
scattering from an arbitrary sized three-dimensional object. This technique is the
natural extension of the quasistatic theory derived in Chap. 2. It is based on the rep-
resentation of the scattered field in terms of eigenvalues and eigenfunctions (modes)
of a full-retarded integral operator, which only depend on the object morphology, and
are independent of the material of the object. For this reason they are denoted as
material-independent modes. This representation has the merit of separating the role
of the geometry of the object from the role played by its the material composition.

We apply this theory to investigate the modes and resonances a sphere, where most
of the results are analytical or semi-analytical. The analysis of the sphere eigenvalues
and modes allows a systematic classification of resonances and interference effects.
In particular, the resonances and resonances modes are divided into plasmonic and
dielectric modes, based on their long-wavelength behaviour. From the investigation
of the loci spanned by the eigenvalues in the complex plane as a function of the
sphere’s size parameter, we classify the modes in terms of their bandwidth, separating
them into narrow and broad modes, regardless of the excitation conditions. In this
framework, we are able to explain the differences in the power spectrum scattered by
dielectric and metal nanoparticles.

This paradigm has also been applied to the investigation of modes and resonances
of other shapes with analytical solution, such as a coated sphere in [76], and a sphere
dimer in [140], and shapes where the numerical approach is needed, such as a finite

cylinder in [78], or two-dimensional triangles and rectangles in [102].
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4.1 Full-wave modes and resonances

4.1 Full-wave modes and resonances

Let us consider a linear, isotropic, homogeneous material occupying a volume (2,
which is bounded by a closed surface 02 with outward-pointing normal fi. The
medium is nonmagnetic, time-dispersive, with relative dielectric permittivity eg(w),
electric susceptibility x = ez — 1, and surrounded by vacuum. The object is excited

by a time-harmonic electromagnetic field incoming from infinity Re {Ej,.(r)e ™'},

+

+. be the scattered electric fields in

where w is the angular frequency. Let E_, and E
the interior of Q and in IR* \ Q.
We have J = —iwegxE, where E = E

vector fields E and J are div-free in 2 due to the homogeneity and isotropy of the

F. + Eine is the total electric field. Both the
material. The current density J is governed by the full-wave volume integral equation
146, 147, 148]:

JE:) - L {J} (I‘) = —IWwey Einc(r)7 Vr € Q’ (41)

where the operator £{-} is

iz|r—r’| iz|r—r'|

L ()=-V IJ) &5 ¢

dS’+m2/J r av’ 4.2
29 drlr —r/| 0 ) (4.2)

il — 1|
in which the spatial coordinates have been normalized by a characteristic linear length
. of the domain Q, i.e., r — r//l., and z = %EC is the object size parameter.
The spectrum of the operator £ is countable infinite. Moreover L is symmetric
[65]
(I, LINa=(L£Y,I"a (4.3)

where (A, B)q = / A -BdV, but not self-adjoint.

Q
A spectral basis for representing the unknown J is given by the solutions of the

auxiliary eigenvalue problem

For any value of the size parameter x, its eigenvalues are complex, with Im {~;,} < 0.
The eigenfunctions wj, and wy, corresponding to different 7, and 7, are not orthogonal

in the usual sense, i.e., (W), wi)q # 0: they are biorthogonal [64, 65]

(Wh, Wi)o =0 for v # . (4.5)

As anticipated in Chap. 2, in the quasistatic regime x — 0, the eigenvalue

problem in Eq. (4.4) splits in the electro-quasistatic (2.6) and magneto-quasistatic
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4.1 Full-wave modes and resonances

(2.13) eigenvalue problems. In particular,

o The eigenfunctions of £ that in the limit + — 0 tend to the EQS modes are
indicated with uy, and the corresponding eigenvalues are indicated with 1/yp,.

These eigenfunctions are called plasmonic modes.

o Dually, the set of eigenfunctions of £ that in the limit z — 0 tend to the MQS
modes are indicated with v, and the corresponding eigenvalues are indicated
with 22 /kj,. Although in the limit * — 0, the eigen-susceptibilities ry, /x>
diverge, the quantities kj; remain constant. These eigenfunctions are called
dielectric modes.

The union of the two sets {u} and {v;} is a basis for the unknown current density
field in Eq. (4.1). Its solution is expressed as

. - Xh <uh7 Einc>Q Kp <Vh7 Einc)ﬂ
J = —iwegx ) uy, + vy, 4.6
° =1 LXh — X <11h, uh)ﬂ Kp — Xx? <Vh, Vh>Q ( )

In the following, we denote these modes as material independent modes (MIMs), since
they do not depend on the permittivity or susceptibility of the object, but only on
its morphology.

We denote with W, the electric field produced by the generic MIM wy,. The fields
W), are extended in IR® by requiring that they satisfy the wave equation in IR? \ Q,

the boundary conditions on 012, i.e.

VAW, +2°W; =0  in IR*\ Q, (4.7a)
fix (W, —Wi)=0 ondQ, (4.7b)
ix (VxW, =VxWi)=0 onoQ (4.7¢)

and the Silver-Miiller conditions at infinity, namely

! !
Wh+_f><v><wh:o(>,
iz ' m
tho(), VXWh:0(>,
T T

which constraint the scattered field W}, to be an outgoing wave.
By integrating the quantity V - (W, x V x W}) over R? \ Q, exploiting the
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4.1 Full-wave modes and resonances

divergence theorem and the properties of the eigenfunctions, we obtain

1 HV X WhH2 E
Rl = g | Wil (4.92)
1 [W..|?
I = d 4.9b

where ||A||? = (A*;A)y and S, is a far zone surface enclosing the object. Eq.
(4.9a) suggests that Re {7} does not have a definite sign, while Eq. (4.9b) implies
that Im {75} is non-positive. Specifically, Im {~;} is proportional to the contribution
of the corresponding mode to the power radiated toward infinity, accounting for its
radiating losses. This is in line with the expression of the quasi-static modes @) factor
of an electrically small object, given in Eqgs. (2.61) and (2.88), in which the imaginary
part of the eigen-susceptibilities appears at the denominator.

In the limit of size parameter z tending to infinity, Eq. (4.7a) suggests that
W, — 0in IR?\ Q, therefore from Eqgs. (4.9), we have

lim v, = —1, Vh € IN. (4.10)

T—r 00
Accordingly, we have the following limits for the plasmonic and dielectric eigen-
susceptibilities:

lim x, = —1, lim K, = —o0, Vh € IN. (4.11)

T—00 T—00

Since all the quantities {ry, }rew related to the dielectric eigen-susceptibilities diverge
for x — oo, from now on we switch from the eigen-susceptibilities {7, }nren to the

eigen-permittivities {&, }rew, such that
&=+ 1, Vh € IN. (4.12)

We denote with ¢, the eigen-permittivity corresponding to the plasmonic eigen-
susceptibility x5, and with 7, /2% the eigen-permittivity corresponding to the di-

electric eigen-susceptibility xj /2% i.e.
en =xn+1, nhzlih—Fﬂ?Q, Vh € IN. (413)

By doing so, the quantity 7, tends to the MQS eigenvalue ;- in the limit of = tending
to 0, i.e.
lim n, = K, (4.14)

z—0
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4.1 Full-wave modes and resonances

while, for finite r; (they accumulate at infinity, see Sec. 2.1.2) it remains finite in the
limit of x tending to infinity. Specifically, by using Eqgs. (4.9) in the limit z — oo,

we find that

IV X W1
lim 7, = lim ———5— <400 Vhe . (4.15)
T—00 T—00 ||Vvh”?2

Within this slightly different framework, from Eq. (4.6), the scattered electric

field in IR® can be expressed as

<uh7 Einc>Q 1 <Vh7 Einc>Q
E.. = 5 — 1 E U, + Vil, (4.16
r —1 LEh —ER <uh, uh>Q " 77h,/$2 —€ER <Vh7Vh>Q " ( )

where Uy, and V), are the extension of the modes u, and vy, in IR?, respectively.

The expansions in Egs. (4.6) and (4.16) in terms of MIMs lead to a natural
disjunction of the contribution of the material from the one of the geometry: the
object permittivity appears only as rational functions in the expansion coefficients,
while the object morphology is buried in the material independent eigenvalues and
eigenfunctions. The terms (uy,, Eiyc)o and (v, Ei)q account for the coupling of the
external excitation with the modes u;, and v, respectively.

The simple functional dependence of Eg., on ez makes the MIM expansion par-
ticularly suitable for the design of a scatterer permittivity to achieve a prescribed
tailoring of the scattered field, such as backscattering cancellation, maximization of
the scattered field in a given point of space, or multipolar order suppression [65, 76,
141, 80].

4.1.1 Resonance condition. Broad and narrow resonances

Furthermore, the MIM expansion (4.16) effectively predicts the resonant behavior
of 3D objects, as their shape, size, and permittivity vary. Since Im {&,} < 0, the
quantity (£, —egr) does not vanish in passive materials (where Im{eg} > 0) as w or
x varies. Nevertheless, for fixed geometry and material of the object, the amplitude
of the generic mode wy, reaches its maximum in a neighbourhood of the frequency
wp, such that

&n(w) —er(w)

mn er(w) —1

w

= p{wn} (4.17)

This is the resonant condition for the mode wy: wy, is its resonant frequency, x;, = %EC
is its resonant size parameter, and p{wy,} is the corresponding residuum. They do not

depend on the incident field.! The width of the corresponding resonance is related to

!The coupling coefficient (wy,, Eiyc)q also depends on w or x, but it varies very slowly if compared
with 1/(&n — €r)-
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4.1 Full-wave modes and resonances

the value of the residuum: a larger residuum is associated with a broader resonance.
We denote a given mode wy, as narrow if its residuum p{wj} is much smaller than
1, and as broad otherwise. Thus, we set a threshold equal to 0.2, beyond which the

mode is considered broad, i.e.

p{w,} < 0.2 — narrow mode,

4.18
p{wy} > 0.2 — broad mode. (4.18)

It is particularly useful to analyze the modes resonance condition in a material
picture, where the object geometry and the operating frequency are fixed, and the
role of the spectral parameter is played by the permittivity. In this framework, the
size parameter x is fixed, and the mode w;, undergoes a boost in the neighbourhood

of the optimal permittivity e, such that

fh(ff) —€R

O = pwi o). (4.19)

min
E€R

The material picture allows us to characterize a mode resonance independently of the
object permittivity. Specifically, for any size parameter z, the residuum p{wy}(z)
from Eq. (4.19) is the lower bound of the residua p{w},} at the resonant size parameter
x, found by applying Eq. (4.17). In other words, if a mode wy, is resonantly excited
in an object of permittivity g, at the resonant size parameter x;, and with residuum

p{wn}, we will always have

p{wni(xn) < p{wa}. (4.20)
By solving Eq. (4.19), we find the optimal permittivity e, (x)

€ (2) —1J?

em, (@) = 1+ R (4.21)
which is real valued, and the residua lower bound p{wy}(z)
_ _Im{&(2)}
piwni(z) = — Gl 1] (4.22)

such that 0 < p{w,}(z) <1, Vz.
An immediate outcome of this method is that, at a specific size parameter x, according
to the definition of narrow modes in Eq. (4.18), if p{wy}(z) > 0.2 then the mode wy,

can only generate a broad resonance, independently of the object material.
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4.2 Material-independent modes of a sphere

The real part of the eigen-permittivities &, can be either negative or positive. If
negative, the condition (4.21) can be satisfied (or approached) by metals in the visible
spectral range (Re {er} < 0), causing a plasmon resonance, hence the label “plasmon
modes”. If positive, the condition (4.21) is verified by dielectrics (Re{egr} > 0),
causing a dielectric resonance, hence the label “dielectric modes”. Furthermore, the
eigen-permittivities &, only depend on the size parameter x, therefore they can be
exhaustively described by the loci they span in the complex plane as a function of
x. The resulting diagrams, as well as the residua lower bounds, are universal, being
applicable to every possible homogeneous object of given geometry, and constitute

an invaluable tool to investigate its resonances.

4.2 Material-independent modes of a sphere

From now on, we assume that the region 2 is a sphere of radius R, which is chosen
as the characteristic length /. = R of the object. Accordingly, the size parameter x

isxr=%R.
co

z A

R

Q- [Q*

Mt e

X

Figure 4.1 — Spherical polar coordinate system r = (7,1, ¢) centered on a sphere of radius
R.

The MIMs of a sphere can be expressed analytically in terms of the vector spherical
wave functions (VSWF) [65], using a spherical polar coordinate system r = (7,7, ¢)

(Fig. 4.1). We indicate the plasmonic modes with ulr . which generate a magnetic

pmn?

field with vanishing radial component, so they are called transverse magnetic (TM)
modes, tending to the TM EQS current modes j!l  for # — 0. The dielectric modes

pmn

are given by the union of two sets {v;7 ,,vi> ,}: the current modes v,y ., of the
first set tend to the TM MQS modes j,, ", for 2 — 0; the current modes vy, of the

second set, and their corresponding electric field, have no radial component, so they

are called transverse electric (TE) modes, and tend to the TE A*-modes j,,'%, for
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4.2 Material-independent modes of a sphere

x — 0, which generate a magnetic vector potential with vanishing normal component
to the object’s boundary (see Sec. 2.1.2). Following Mie [166, 87], we also indicate the
TM modes with electric type modes,? and the TE modes with magnetic type modes.
The subscript p distinguishes between even (e) and odd (o) modes with respect to
the azimuthal variable. The indices n € IN and 0 < m < n characterize the angular
dependence of the modes: m is the number of oscillations along the azimuth and n is
the multipolar order. The mode number [ € IN is related to the number of maxima of
the mode amplitude along the radial direction inside the sphere. Due to the spherical
symmetry, the plasmonic eigen-permittivities depend only on the n index, while the
dielectric eigen-permittivities depend on the indices {n, [}.

The expression of the sphere plasmonic and dielectric MIMs is

u,,,(r) = Nﬁm (\/52” xr) , (4.23)
Vi) = N, (Vi) (124

Vi) = MO, (ViiFr) . vee o (425

where {]'},,cnv are the plasmonic eigen-permittivities, {n}}/z* 0k /2 }, pene are the
dielectric TM and TE eigen-permittivities, Nﬁ,)m and M]g}%n are the VSWFs regular
at the center of the sphere, whose expression is given in Eq. (B.17) in Appendix B.
The MIMs are extended in IR by requiring that they satisfy the wave equation in
IR*\ Q and the boundary conditions on 99 (4.7), and the Silver-Miiller conditions at
infinity (4.8). We denote the extension of the modes ulr, . vit ,, vIE  in IR® with
uM o v™M o VIE  respectively, and their expression is:

pmns Y pmnls Y pmnl>
U (1) = { :%ng(xr) iil?a?’ \Q (4.26)
Vi (1) = { Z%:Ign(xr) i i;ﬁ \Q (4.27)
Vi (1) = { Z%?K/E;én(m) il?a?’\s‘z ’ (4.28)

where the superscript (3), appended to the VSWFs, denotes that the radial depen-

2Here, the label “electric type” has a different meaning than the one used in Chap. 3, in which
it is used for electrically small radiators that support longitudinal current modes, which in this
framework would only contain the TM plasmonic modes u™ = for  — 0, and not the TM dielectric

pmn
modes vf%nl, supported by radiators of the magnetic type for x — 0.
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4.2 Material-independent modes of a sphere

dence is given by the Hankel function of the first kind A{(-), and

[y
o _ VI \ i) Tt ]n i) (4.29)

< i

The modes with n = 1 are dipolar modes, those with n = 2 are quadrupolar
modes, and so on. We indicate the plasmonic modes w;),, and the TE dielectric
also as fundamental electric and magnetic type modes, respectively.
; and the TE dielectric modes

as higher-order electric and magnetic type modes, respectively.

modes v, ‘l

Consistently, we denote the TM dielectric modes v

TE ‘
pmnl I>1

The biorthogonality condition in Eq. (4.5) particularizes in

pmn

A%

<u‘7'1;:[nnvvgyy’m’n’l’>9 = 07 v(p7 m, n, p/a m,7 nlv V) ) (4 30)
<VZmnl7Vg/lm’n/l/>Q = 07 V(VJ p, m, n, l) 7£ (1/7 pla m/7 Tl/, l/) ) ‘

where v, ' € {TM, TE}. Moreover, due to the spherical symmetry, we also have that

a subset of the modes is orthogonal in the usual sense, namely

<(u;ﬁm) Vo) = 0, Y (p, m,n,p,m' n),
<(ugpfnn) 7V;(r)1;4m’n’l’>9 =0, Y (p, m, n) # (p', m', n'), (4.31)
<<V;mnl) 7V;’/m’n’l’>Q - 07 \VI(V? b, m, n) 7& (V/’ p,7 mlu n/) .

All the electric modes (TM) are orthogonal to the magnetic modes (TE), while, for
instance, two dielectric modes sharing the values of the indices v, p, m, n are not,
even if they have different values of [. On the contrary, any two modes differing in at
least one of the indices v, p, m, n are orthogonal.

The sphere MIMs for x — 0 are plotted in Fig. 2.2. Since they are weakly
sensitive to changes of the size parameter z,®> and since we will make extensive use
of them in the following, we introduce a stylized version of them in Fig. 4.2. The
TM mode ul}f; shown in the top-left corner of Fig. 2.2 exhibits an electric dipole

character. The TM mode vII'}; has an electric “toroidal" dipole character [167],

3In [140], we plot the MIMs of a sphere of radius R = \/4, and size parameter x = 7/2, and
they appear almost identical to their quasi-static version.
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I—\»':/

ETe e

—J
=

T™
Ucp Velnl

Figure 4.2 — Stylized version of the TM and TE modes of a sphere.
localized in an inner sphere region than the mode ul};, and it is characterized by
two oscillations along the (vertical) radial direction. Increasing the index [, while
keeping fixed the order n = 1, we observe one more oscillation of the mode along the
radial direction for [ = 2. Furthermore, as [ increases, the region where the field is
localized is increasingly squeezed in proximity of the sphere center. For these reasons,
the stylized representation of ul}; is a single arrow, representing the electric dipole,
enclosed by one circle, while the stylized version of vII}, is a single arrow enclosed
by | + 1 circles, and squeezed as [ increases. The mode ull, shows a quadrupolar
character with two sources and two sinks of the field lines, whereas the mode ul},
is of octupolar type with three sources and three sinks, and so on. In all cases, the
higher-order modes vy, vily, vi}, exhibit a number of oscillations growing with [,
and a region of maximum intensity increasingly squeezed in proximity of the sphere
™ and v  visually highlight both the

center. The stylized representations of u.y, elni

number of sources-sinks, and the number of oscillations along the radial direction.
The mode v17;; has a magnetic dipole character: it exhibits one vortex, associated to
a magnetic dipole moment directed orthogonally to the vortex plane. By increasing [,

we note that one (I = 2) or two (I = 3) additional contra-rotating vortices arise. For
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4.3 Resonance properties of a sphere

this reason, the stylized representation of the mode v’%, is a current loop, enclosed
by [ concentric circles. By increasing n to 2, the mode vI,, shows two identical
vortices with antiparallel magnetic dipole moments. Also in this case, by increasing
[, additional vortices appear. The number of oscillations of the mode along the radial
(vertical) direction is {. The field lines of the magnetic octupole (n = 3, 1 = 1) and
the magnetic hexadecapole (n = 4,1 = 1) form three and four identical vortices,
respectively. As we increase [, the number of oscillations of the mode along the radial
(vertical) direction increases. The stylized representations of the TE modes highlight
the number of vortices of the mode, and the number of oscillations along the radial

direction.

™

M nI¥ are obtained by zeroing the

The eigen-permittivities e™ and the quantities 7
denominator of the Mie scattering coefficients [87] (see Eq. (B.11)), or are equivalently

found as the roots of two power series [65], given in Eq. (B.12) of Appendix B.

4.3 Resonance properties of a sphere

We now investigate the behavior of the sphere plasmonic and dielectric eigen-
permittivities by varying the size parameter x, deriving general properties of the

electromagnetic scattering from the object.

4.3.1 Loci of the plasmonic modes

In Fig. 4.3 we show the loci spanned by the eigen-permittivities e™, for n = 1, 2, 3, 4,

n

associated to the plasmonic electric dipole, quadrupole, octupole, and hexadecapole

modes, respectively. As shown in Sec. 2.2.5, the loci start at the electrostatic values

n =3
0
-1
=
‘:@—2
£ -3

-3 -2 -1 0 -3 -2 =1 0 1-3-2-10 1 -3-2-10 1
Re{eM Re{e Re{eM Re{e"

Figure 4.3 — Loci spanned in the complex plane by the plasmonic eigen-permittivities
eM of a homogeneous sphere by varying z € [0,00). We show the loci associated to the
fundamental electric dipole (n = 1), quadrupole (n = 2), octupole (n = 3), hexadecapole

(n=4).
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4.3 Resonance properties of a sphere

1
lime™— 20 (4.32)
z—0 n

In particular, the eigen-permittivity ™ associated to the plasmonic dipole mode,
approach —2 for z — 0. According to the resonance condition for quasistatic modes
in Eq. (2.58), or full-wave modes in Egs. (4.19) and (4.21), the resonant permittivity
is also e = —2, in agreement with the Frohlich condition [2]. Therefore for finite
values of z, the condition (4.19) or (4.17) applied to the fundamental dipole represents
the natural extension of the Frohlich condition to the full retarded case. By increasing
x, both the real and the imaginary part of e" and all the other plasmonic eigenvalues

e™ move toward more negative values. The decrease in the real part implies, for

n
low losses Drude metals, a red shift of the corresponding resonant frequency [1], as
shown in Sec. 2.2.2 with Eq. (2.60). When x & 0.72, the quantity Re {e["} reaches
a minimum, and then starts increasing. For larger x, 1" lies in the fourth quadrant
of the complex plane. Then, Re{e"} increases until  ~ 2 when it reaches the
maximum value of 0.48, and eventually £]" asymptotically approaches the origin of
the complex plane.

The eigen-permittivities e, e, eI have a similar dynamic, with two main dif-
ferences: as mn increases, they trace a progressively wider trajectory, i.e., they reach
increasingly negative imaginary part and large magnitude of the real part (see Fig.
B.1, in which we show the loci of €™ for n up to n = 25); as n increases, the loci
are swept with decreasing speed by the parameter x. This can be easily visualized in
Fig. 4.3 by following the position of an eigen-permittivity for a fixed x as the order
n varies: the eigen-permittivity at x = m, for instance, distinctly moves toward the
beginning of the locus as n grows.

On the left of Fig. 4.4 we plot the lower bounds p{u;,,} for the residua associated

with the resonances of the plasmonic modes under exam as a function of z, calculated

by particularizing Eq. (4.22) to the plasmonic eigen-permittivities, namely

™ o Im{gzM(l')}
(z) = @) — 1| (4.33)

ﬁ{ upmn

For the considerations made in Sec. 4.1, the residua lower bounds of a mode separate
the size parameter axis into two intervals, viz. the size parameters at which the
mode is intrinsically broad, and the size parameters at which the mode can generate
a narrow resonance. The extremes x/, ! of the broad-resonances interval of a mode
are found by solving the equation p{u}’ .} = 0.2. In the table on the right of Fig. 4.4,

we list these extremes for the considered plasmonic modes. It tells us, for instance,

that a narrow resonance of the dipole mode for 0.63 < x < 5, or equivalently for a
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4.3 Resonance properties of a sphere

play) = play) =02

nox,(e) @ (s)

n

1 0.63 5.00
2 140 6.96
3 222 888
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3.06 10.69
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Figure 4.4 — Residua lower bounds of the plasmonic modes u;an forn=1,2,3,4, as a

function of the size parameter x, calculated by using Eq. (4.33). On the right, the values
2, 2" at which the residua lower bounds reach the value 0.2.

sphere with radius R such that 0.1\ < R < 0.8), is inherently forbidden.

As a consequence of the decreasing speed of parametrization in the eigen-
permittivity loci with the multipolar order n, the corresponding residua curves, and
therefore the broad-resonances interval, shift toward larger . Moreover, due to the
widening of the loci, the interval length grows with n: for instance, the interval for the
quadrupole mode starts at #, = 1.4, and has length 5.56, while for the octupole mode,
it starts at #, = 2.22, and has lenght 7.63. Furthermore, all loci spanned by the eigen-
permittivities under exam are confined in a limited region of the complex plane, in
particular —3 < Re {e["} < 0.48, —2.94 < Re {e3"} < 0.71, —3.16 < Re {ei"} < 1.02,
—3.43 < Re{e"} < 1.4, respectively. Consequently, as we will see in Sec. 4.6 these
modes are broad in spheres with moderately positive permittivity, e.g., silicon (Si,
er ~ 16 [168]), since their residua p{u™}, defined in Eq. (4.17), exceed 1. On the
contrary, for size parameters x at which the modes are not inherently broad, they
may be narrow for metal spheres in the visible spectral range, whose permittivity lies

in the second quadrant of the complex plane.

4.3.2 Loci of the dielectric modes

In Fig. 4.5 we show the loci spanned by the quantities nh; and 7’F, which give the
dielectric TM and TE eigen-permittivities if normalized by z2. We display the loci
associated to the higher order electric dipole modes (n = 1), for [ = 1, 2, and to the
fundamental (I = 1) and higher order (I = 2) magnetic dipole (n = 1) and quadrupole
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4.3 Resonance properties of a sphere
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Figure 4.5 — Loci spanned in the complex plane by the Sphere’s nM (a) and 1'% (b)

quantities, which, normalized by the squared size parameter x2, give the dielectric TM and

TE eigen-permittivities, respectively, by varying = € [0.00). We plot ™ of the higher order

electric dipole modes (n = 1), for I = 1, 2, and n5 of the fundamental (I = 1) and higher

order (I = 2) magnetic dipole (n = 1) and quadrupole (n = 2) modes.

(n = 2) modes. The loci start at the values
hm nnl - J_TM (an> hm nnl - J_TE (Zn 1l>27 (434)

where z,; is the [-th zero of the spherical Bessel function j,, and end at the values

Jim 1 = g, (4.35)
hm 77nz = ﬁi_j’ﬁ:l = K/TJL_ZTM7 (4.36)

where g,; is the [-th zero of the derivative of the Riccati-Bessel function ,(y) =

Y in(y), i.e., ¥ (gn) = 0. Interestingly, for a fixed mode index [, the end of a locus
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4.3 Resonance properties of a sphere

for n'* at a multipolar order n, coincides with both the beginnings of the locus for
i1, at the next multipolar order n+1 and the locus for 7} at the same multipolar
order n.

As discussed in Sec. 2.1.2, in the long-wavelength limit (z < 1), the eigen-
permittivities associated to these modes diverge, and therefore they cannot be prac-
tically excited in electrically small metal particles, but only in spheres with positive
and high permittivity.

As for the plasmonic eigen-permittivities, by increasing x, both the real and imag-

inary parts of 75y and 75 move toward more negative values. Moreover, from Eq.
(2.87), the decrease in the real part lead to a red shift in the corresponding resonant
frequency in high permittivity materials.
After reaching the minimum, both their real and imaginary parts start increasing
until they asymptotically reach their maximum, which for the former is given in Eq.
(4.35) while for the latter is 0. Thus, every locus covers a bounded region of the
fourth quadrant of the complex plane. Furthermore, the normalized dielectric TM
n™ and TE n™F eigen-permittivities share two properties with the plasmonic eigen-
permittivities, viz. by increasing the multipolar order n and keeping fixed [ (and
vice versa), their loci have a progressively wider dynamics, and they are swept with
growing speed by the parameter x.

At the top of Fig. 4.6, we plot the lower bounds p{v;,,,} and p{vy: .}, for
the residua associated with the resonances of the considered dielectric modes, as a
function of x, calculated by applying Eq. (4.22), namely

__ Im{np (@)}

PV} (2) = —prty =y (437

where v € TM, TE.
As for the plasmonic residua lower bounds, we calculate the extremes z/,, =, of the
size parameter intervals in which the modes are inherently broad, and we list them in
the table at the bottom of Fig. 4.6. We notice, for instance, that a narrow resonance
of the fundamental magnetic dipole mode v ;; for 1.14 < x < 6.95, or equivalently
for a sphere with radius R such that 0.18\ < R < 1.12), is inherently forbidden.
Due to the decreasing speed of parametrization in the dielectric loci with either
the multipolar order n or the index [, the corresponding residua curves, and hence the
intervals in which the modes are intrinsically broad, shift toward larger x. Moreover,
the widening of the loci with the indices n and [ produces an increase in the intervals’
length: for instance, the interval for the second order (I = 1) electric dipole mode

(Vpmi1) starts at o7, = 1.25, and has length 7.83, while for the third (I = 2) order
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nox,(e) @ (s) Ty (o) ap () nooay(e) x(s) Ty (o) iy (4)
1 1.25 9.08 3.88 12.83 1 1.14 6.95 2.97 10.91
2 201 10.79 4.74 14.51 2 211 8.58 4.09 12.53
3 2.90 12.44 5.45 16.11 3 3.09 10.08 5.21 14.07
4 3.85 14.04 5.95 17.70 4 4.06 11.50 6.33 15.54

Figure 4.6 — Residua lower bounds of the dielectric TM modes V o for i =1 (a) and
l—2(b),andTEmodesvmnl,forl—1()andl—2(d),allforn—1 2,3,4, as a
function of the size parameter x, calculated by using Eq. (4.33). Below, the values 33’ , x”
at which the residua lower bounds reach the value 0.2.

electric dipole mode (v,,5), it starts at x}, = 3.88, and has length 8.95.

As we will see in Sec. 4.5, these modes are broad in spheres with permittivity of
negative real part, e.g., silver (Ag) or gold (Au) [169], since their residua, defined in
Eq. (4.17), are greater than 1. Conversely, for size parameters = at which the modes
are not intrinsically broad, they may be narrowly excited in spheres with permittivity

of positive real part, e.g., Si.
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4.4 Scattering efficiency

4.4 Scattering efficiency

Let us now consider the scattering of an x-polarized plane wave propagating along z,
i.e., By = Eoe™%, by a sphere. By applying Eq. (4.16), we find the expression of
the scattered electric field inside the sphere, in terms of its MIMs [65, 48]:

E?ca( €R — 1 Z {ATM Zlfn Z [BTleenl BTE '{Snl(r)} } ’ Vr € Q)
B (4.38)
where E, = —v220tD Vz(QnH), and the scattering coefficients AT, BM™ BT are given in Egs.

n(n+1)
(B.18-B.20) of Appendix B. Due to the symmetry of E;,., only even electric modes

and odd magnetic modes with m = 1 are excited.
The field outside the sphere is readily obtained by extending the MIMs in IR®, using
Eqgs. (4.26-4.28):

Brult) = (e 1) 3 8 [(amzb“) N, (ar) + (Zb;i?) Mgimm],

=1
vr € R*\ Q. (4.39)

where the external scattering coefficients ™ = ™A™ pM mpm™ prE IEBTE

™
nl»

= O = O,

with 7™

n

The scattering cross-section for an arbitrary shaped object occupying a domain 2

ol o given in Eqgs. (4.29).

of characteristic length /., and size parameter x = %/., can be defined as [87, 170}

62
Csca = 7 -1 V xE ds, 4.40
o= gy B {(V B X L) (1.0
where S, is an auxiliary surface enclosing (2. We also define the scattering efficiency
Osca s [87, 170]
C’SC&
sca — T~ 4.41

T = (1.41)
where G is the particle cross-sectional area projected onto a plane perpendicular to
the incident beam (e.g., G = wR? for a sphere of radius R). By combining Egs.
(4.39), (4.40), and (4.41), assuming the auxiliary surface S, to be a spherical surface
concentric with €2, and exploiting the orthogonality of the VSWFs, we finally get for

a sphere:
2

. |5R - 1| = ™, p
Osca = $2 Z an + Z nl
n=1 =1

The expression of the scattering efficiency oy, in Eq. (4.42) shows that two electric

= 2] . (4.42)
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4.4 Scattering efficiency

(magnetic) modes sharing the multipolar order n, may interfere: for instance, a plas-

of index n may interfere with any TM dielectric mode v} . VI € IN.

: ™
monic mode u elnls

eln

On the contrary, any two modes differing in the multipolar order n, or any electric
and magnetic modes, cannot interfere.

r=2r
)

(VAR

- lmax =3
lmax =6

--- Mie

1 -3 -2-1 0

(b)

Figure 4.7 — Scattering efficiencies o4, of a dielectric sphere with size parameter x = 7
(a) and =z = 27 (b) excited by a linearly polarized plane wave, as a function of ep €
[—4,6], calculated by applying Eq. (4.42) (solid lines), and by using the standard Mie
theory (dashed line) [87]. In the calculations, we have truncated the external summation
to Nmax = 11, and the internal summation to /.« shown in the panels’ legend.

We define the partial scattering efficiency of a mode as the oy, that we would
have if that only mode was excited, which is calculated using Eq. (4.42) by only
considering the corresponding term in the summation: for instance, the partial ogc,
of the fundamental magnetic dipole mode vT,, is given by osa = |(eg — 1)bTE[* /22,
It is important to note that the total o4, is not the sum of the partial scattering
efficiencies because the involved modes may interfere. Nevertheless, as we will see
in the following, the partial scattering efficiencies enable us to identify the modes
responsible for each peak of the total o4ca.

In Fig. 4.7 we compare the scattering efficiency oy of a sphere with x = =«
(panel a) and z = 27 (panel b), calculated by using Eq. (4.42), with the standard
Mie theory [87]. We truncate the outer sum running over the multipolar orders n to
Nmax = 11, and vary the index [, at which the inner sums are truncated. In the
case © = 7, we truncate the inner sums to ly,.x = 1 (red line), having agreement with
the Mie theory only for small values of g, and to ly.x = 3 (green line), for which
the two results overlap almost perfectly. If we increase the size parameter to z = 27,
more modes are needed to reach convergence. Specifically, the MIMs expansion and

the Mie theory give almost indistinguishable results for /.« = 6.
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4.5 Resonances and interferences in Ag spheres

4.5 Resonances and interferences in Ag spheres

Here we investigate the scattering efficiency oy, of a silver sphere as a function of z,

under linearly polarized plane wave excitation.

i
%.6 0.7 0.8 0.9 1 1.1 1.2 1.3

Figure 4.8 — Scattering efficiency ogca of an Ag sphere of radius R = 67.5 nm, as a function
of x. The partial scattering efficiencies (in color) of the two dominant modes ul};, ull,,
the position of their resonant size parameters (dashed lines), and their stylized version (on
the right), are also shown.

™ Wn _
n Tn €n (‘rn) [Prad/s] E‘:R(xn) P p(mn) #peak Tpeak

1 0.86 -2.71-2.28i 3.84 -7.39 +0.251 0.63 0.52 (1) 0.93
2 111 -2.20-0.19 4.94 -2.26 + 0.231 0.13  0.06 (2) 1.11

Table 4.1 — Resonant size parameter z,, eigen-permittivity e™(z,), Ag permittivity
er(xy), residuum p and residua lower bound p of the plasmonic sphere modes which domi-
nate the scattering efficiency oy, of Fig. 4.8. The position of the peaks of the total oy, is
also shown.

In Fig. 4.8, we plot 04, for a sphere of radius R = 67.5nm, with permittivity
er modeled by using experimental data [171]. We also show in color the partial
scattering efficiencies of the two dominant plasmonic modes, viz. the fundamental
electric dipole ul}, (red line) and quadrupole uj}, (blue line) modes. Moreover, we
list in Table 4.1 their resonant size parameters, calculated by using Eq. (4.17), the
corresponding plasmonic eigen-permittivities, and the resonant frequencies, obtained
from the size parameter definition x = %R. It is worth noting that these values do not

depend on the excitation. The search interval for the resonance condition is the range
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4.5 Resonances and interferences in Ag spheres

Wni
[Prad/s] "
v 021 439.90-0.02i 095  3.27
v 021 726.16-0.00i 095  4.75
vIE 141 4.39-1.14 6.27  1.63
vIE, 021 441.32-0.00i 095  3.28

2
mode  z,y Nt/ o

Table 4.2 — Resonant size parameter, eigen-permittivity, and residuum p of the dielectric
v v, viE L, vIE | sphere modes, for an Ag sphere.

x € [0.21,1.41], imposed by the available experimental data of the Ag permittivity
in the frequency interval [0.95,6.26] Prad/s. The table also highlights the residua
p{ull,}, p{ully} associated to the modes’ resonance, and the residua lower bound
calculated at the resonant size parameters, using Eq. (4.33). The residuum assciated
with the fundamental electric dipole mode exceeds 0.2: according to the definition of
narrow and broad modes, given in Eq. (4.18), this mode is broad. Moreover, since
the value of the residua lower bound at the resonant size parameter x; exceeds 0.2
itself, the mode ul}; is inherently broad, independently from the material filling the
sphere. On the contrary, the fundamental electric quadrupole mode ul}, is narrow.
In Table 4.1, we also show the values of the size parameters in correspondence of
the two o4, peaks. The position of the first peak is slightely shifted with respect to
the resonant size parameter of the first dominant mode ul};: this is due to both the
coupling of the mode with the impinging plane wave, and the fact that the mode is
broad. On the other hand, the position of the second peak coincides with the resonant
size parameter of the second dominant mode ul},, because of its narrow resonance.

In Tables 4.2, we list the resonant size parameters, the associated eigen-
permittivities, the resonant frequencies, and residua of some representative dielectric
modes, viz. the fundamental v'5;; and second order v %, magnetic dipole modes,
and the higher order electric dipole modes vI,;, vIi,,. Their residua is one order
of magnitude larger than the ones of the fundamental electric modes, and therefore
they are all broad.

In conclusion, the power spectrum of the Ag nanospheres can be exhaustively
described by considering only the fundamental electric dipole and quadrupole modes.

For the considerations made in Sec. 4.4, there are no asymmetries in the oy, curve.
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4.6 Resonances and interferences in Si spheres

Here we study the scattering efficiency o, of a silicon sphere as a function of x. We
employ permittivity ez = 16, non-dispersive in time. By doing so, the o4, does not
depend on R and A separately, but only on x.

Volii

JSC&

12 13 14 15 16

Figure 4.9 — Scattering efficiency oga of a Si sphere, as a function of x. The partial
scattering efficiencies (in color) of the seven dominant modes, and their stylized version (on
the right), are also shown.

Mode e §(Tres) [P;L;as/s] P p(Tres) FFpeak Tpeak
vE . 0.75 16.05-1.07i 2.26 0.07  0.07 (1) 0.76
ull 219  0.48 -0.97i 6.56 1.04 0.88 (2) 1.02
v, 1.06 16.09 -2.16i 3.18 0.14 0.14 (2) 1.02
vty 1.10 15.98 -0.21i 3.29 0.01  0.01 (3) 1.10
v,  1.38 16.05-0.31i 4.13 0.02 0.02 (4) 1.38
vl 142 15.98 -0.04i 4.26 0.00  0.00 (5) 1.42
Ve, 1.54 16.01 -0.96i 4.62 0.06 0.06 (6) 1.57

Table 4.3 — Resonant size parameter x5, €igen-permittivity &, resonant frequency (when
R =100nm), residuum p and residua lower bound p of the plasmonic sphere modes which
dominate the scattering efficiency g, of Fig. 4.9. If the mode is plasmonic, we have
¢ =M while if it is dielectric zi = n1} /2% or £ = 5 /2. The position of the peaks of the
total oges is also shown.

In Fig. 4.9 we plot the total 0., (black line), and the partial scattering efficiences
(colored lines) of the dominant modes responsible for the oy, peaks. In Table 4.3, we

list the resonant size parameters, the eigen-permittivities, the resonant frequencies
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4.6 Resonances and interferences in Si spheres

(assuming R = 100 nm), the residua of the dominant modes, and the size parameters
in correspondence of the oy, peaks. All o, peaks but one can be attributed to the
prevalent contribution of a single resonant mode. In particular, the first peak from
the left occurs very closely to the resonant size parameter x. of the fundamental
magnetic dipole mode v1t,;, where its contribution is maximum. This fact is con-
firmed by Fig. 4.9, where the partial scattering efficiency of v, is also peaked in
correspondence of x,. and it is dominant compared to the remaining partial efficien-
cies. Moreover, the value of the residuum associated with this resonance suggests
that this mode is narrow.

Interestingly, no mode resonates in correspondence of the second peak. This peak
occurs at x = 1.02 from the interplay between two off-resonance modes, namely
the fundamental electric dipole ul}, and the second order electric dipole v}, as
demonstrated by the partial scattering efficiency of the two modes combined (solid
blue line), calculated as oy = |(eg — 1) (aI™ + bTY)|>/2?, being al", b]} the modes
external scattering coefficients. We also plot their individual scattering efficiency;,
highlighting the broad and narrow characters of the fundamental and second-order
dipole modes, respectively. It is worth noting that the fundamental electric dipole
mode significantly contributes to the scattering efficiency along all the considered
spectrum: this is due to its strong coupling with the exciting plane wave, and its
strong radiation into the far field [79, 48].

In addition, the destructive interference of the fundamental and second order
dipole modes according to Eq. 4.42 produces the scattering dip enclosed by the
second and the third peaks at x = 1.07, and the corresponding Fano lineshape of
Osca- In correspondence of this dip, the values of the scattering coefficients are a]" =
1.103 — 1.343i and b7} = 0.151 4 2.578;.

The third peak is due to the resonance of the narrow fundamental magnetic
quadrupole v'5,  at its resonant size parameter x,s = 1.1. Despite the close prox-
imity of the resonance of v'%,, to the preceding scattering dip, this mode cannot be
held responsible for it, because of its orthogonality with the electric modes ul}; and
v . Right after the third peak there is a dip, called anapole in the recent literature,
which is also due the destructive interference of the fundamental and second order
dipole modes.

The last three peaks are caused by the resonance of the narrow second order
electric quadrupole vI},,, fundamental magnetic octupole vii,;;, and second order
magnetic dipole vt ,, respectively.

It is possible to qualitatively compare the oy, of a Si nanoparticle, shown in Fig.

4.9, with the dark-field scattering spectrum measured by Kuznetsov et al. [37] for a
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R = 91 nm Si nanoparticle laying on a Si substrate. The experimental and theoretical

peaks are found into one to one correspondence.

4.7 Conclusions

We introduced a representation of the scattered electromagnetic field from a linear,
nonmagnetic, homogeneous, and isotropic object, in terms of a set of eigenfunctions
of an auxiliary eigenvalue problem, which are independent of the object dielectric
permittivity. We denoted them as material-independent modes.

These modes are divided into two sub-subsets, depending on their long-wavelength
behaviour. They are denoted as plasmonic and dielectric modes, if in the qua-
sistatic limit tend to the electro-quasistatic or magneto-quasistatic modes, respec-
tively. Within this framework, we derived rigorous resonance conditions of the full-
wave modes, independent from the excitation conditions. Through the resonance
conditions, we defined the resonance residuum, i.e., a synthetic parameter that allows
the classification of modes into broad and narrow ones, according to the resonance
width. At a given resonance frequency, and hence a resonance size parameter, the
lower bound for the modes residua is obtained from the sole knowledge of the cor-
responding eigenvalues, and thus is independent from both the material permittivity
and the impinging field. This fact enables the identification of size parameter (or
frequency) intervals in which the modes are inherently broad, and therefore their
narrow resonance is forbidden in any material condition.

We carried out this analysis for a sphere, investigating its resonances through the
material-independent mode expansion. We showed that, consistently with the qua-
sistatic analysis in Chap. 2, the sphere plasmonic modes are the only ones resonantly
excitable in a metal sphere with negative permittivity. Among them, only a subset is
composed by narrow modes. Conversely, only the dielectric modes can be resonantly
excited in a moderately high-index dielectric sphere, while the plasmonic modes are
all broad. Therefore, since the excitable modes of metal and dielectric spheres con-
stitute two disjoint sets, dielectric and metal nanoparticles of comparable size exhibit
very different resonant behaviours.

On this basis, we were able to predict the resonance peaks in the scattering ef-
ficiency of a sphere made of either silver or silicon. In a silver sphere excited by a
plane wave in the visible spectral range only the plasmonic dipolar and quadrupolar
modes are resonantly excited. Among them, only the quadrupolar mode is narrow.
Since they have different multipolar orders, their interference is inherently forbidden,

and the scattering power spectrum has no asymmetry. On the contrary, in the case
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4.7 Conclusions

of a silicon sphere, excited by a plane wave in the visible / near-IR, the scattering
power spectrum has multiple sharp peaks, most of them due to the resonant excita-
tion of narrow dielectric modes. Interestingly, in this case, the interference between
modes having the same multipolar order occurs. Specifically, the broad electric dipole
plasmonic mode, which efficiently couples to the plane wave excitation, destructively
interferes with the narrow higher order electric dipole (dielectric) mode, producing a

Fano lineshape in the scattering power spectrum.
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Chapter 5

Full-wave electromagnetic modes
and hybridization in nanoparticle

dimers

We investigate the resonances and modes of a sphere dimer by using the full-wave
material-independent modes illustrated in the previous chapter. We describe the
dimer modes in terms of the hybridization of the modes of the two constituent spheres:
each dimer-mode is expressed in terms of a weighted linear combination of a set of
isolated-sphere modes. The mathematical problem thus becomes a system of linear
algebraic equations for the expansion coefficients. This scheme has been proposed by
Bergman and Stroud [64] in 1980. However, they applied this method only in the
long-wavelength limit when all radii, as well as the interparticle separations, are small
compared to the wavelength outside the scatterers. The approach we propose applies
to both plasmonic and dielectric dimers regardless of their size. This fact enables
us to address, for the first time, the mode analysis and the hybridization in silicon
dimers in the full-Maxwell regime, and to refine the understanding of plasmon-mode

hybridization in a full-wave scenario.

5.1 Material-independent modes of a sphere dimer

We introduce the MIMs of a sphere dimer surrounded by vacuum. The spheres have
radii R; and Ry, a gap size A, and a center-center separation D. They occupy the
regions ); and €25, while the surrounding space is denoted as 23. We use two polar
spherical reference frames centered in each sphere, and sharing the z-axis, which is

also chosen as the dimer axis, as shown in Fig. 5.1. The two spheres are made of the
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5.1 Material-independent modes of a sphere dimer

same linear material, which is also nonmagnetic, isotropic, homogeneous in time and

space, and time-dispersive. We define the dimensionless quantities

A
V4

Us P
T2 |
Qg !
. Q2 ™ :
RQ 02 :
|
|
ploay |
|

6 o

\ R1,/O1 ~ - : y
4 ~ |
< b1 = @2 "~

Figure 5.1 — Spherical polar coordinate systems centered on the spheres composing a
dimer. The spheres have radii R; and Rs, edge-edge separation A, and center-center
interparticle distance D.

T = 7R17
Co
w
T2 = ;R2,
0 (5.1)
d= "D,
Co
§=2A,
Co
and a general size parameter x
w
x=—A,, 5.2
- (52)

being /. a characteristic length of the sphere dimer, w the operating radianfrequency.
As for the general case, introduced in Sec. 4.1, the dimer modes {wy, }rew can be
subdivided into two subsets: the plasmonic subset {uy}nren With eigen-permittivity
{en}new and the dielectric subset {vy, }rew with eigen-permittivity {n,/z%}nen.
Now we determine the modes of the dimer by using as basis functions the modes
of the isolated spheres, introduced in Sec. 4.2. We denote the plasmonic modes of
™; and its dielectric modes as {v'"Y } with j € {1,2}. Then,

pmn? pmnl

the j-th sphere as u
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5.1 Material-independent modes of a sphere dimer

for the generic dimer mode we have (see Sec. D.1 in Appendix D):

oo

00
TM TM|j TE TE|j
meq(r) = Z C;ﬁ,]qn ;[)ﬁzjn + Z { pn‘m]qnl pn|1jnl( ) + dprrlz]qnl pm]nl(r)}} Vr € Qj7

max(1,m)

(5.3)

™ g™ G are the projections of

with j _1 2 Wpmg = {upmmvpmq} and Cpmqn? pmqnl> “pmqnl>

the dimer mode on the j-th single-sphere mode
C;ﬂén =Pj {u;ﬂjm meq}
™ ™
dpﬁleq n = Pj {Vpnlljnb meq} (5.4)

TE|j o TE|j
dﬁmq nl — P] {menl? Wpmg

where,
<A7 B>91U92
P, {A,B} = —F— "2 5.5
J { } <A, A‘>QIUQQ ( )
with (A, B)a,u0, = A -BdV. As shown in Sec. D.1 of Appendix D, the math-

Q1UQ9
ematical problem of determining such modes becomes a system of linear algebraic

equations for the expansion coefficients ;ﬂ]qn, dg'fé i d;f,li w1140, 64], whose explicit
expression is given in Eq. D.16.

The dimer modes depend on three indices: p € {e,0} (in Eq. (5.3) the symbol
p indicates the complement of p), m € Ny, and ¢ € IN. Due to the azimuthal
symmetry, the dimer eigen-permittivities depend only on the indices {m,¢}. In the
limit  — 0 the plasmonic eigen-permittivities ¢,,, and the dielectric quantities 7,
are sorted in ascending order of magnitude, for any given m (e.g., glgli% Em1 > lgr(l] Em2,
or glclg(l) N1 < 3}:15)1(1) Nm2). The same order is kept for finite values of =, by following the
eigen-permittivities on the complex plane as x varies.

An intrinsic property of the structure is the splitting of the spectrum, indepen-
dently from the dimension of the spheres: as the particles approach from a large
distance (d > max{z, x2}), any single-sphere eigenvalue degenerates into two differ-
ent eigenvalues. For instance, we will see in Sec. 5.2.1 that, for an homo-dimer, the
fundamental electric dipole eigenvalue e turns into the ones related to the bonding
and antibonding dipole modes [89].
™) «,TMJ TE|j

pmn? menl? pmnl

of the j-th sphere in the expansion (5.3) of the dimer mode w,,,, we introduce the

In order to weight the contribution of the single-sphere modes u
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following synthetic parameters:

pMj T™j . TM|j
hpmqn - relglau}glz Re {Cpmq nupmn (I‘) )
- M7 TM|j }
hpmqnl - rerglajéz Re {dpmqnlvpmn (I‘) ) (56)
TE|j TE|j TE|j
h = max |[Re {d, Voo (1) ¢l
pmgnl reQ U pmaqnl pmn( )

FrMj pTM TE|j : .
The parameter h;ﬂzw, hprr‘fqnl, or hm‘fqnl represents the maximum magnitude of the

real part of the dimer mode within the j-th sphere (which corresponds to the am-

™) TMJ TE[j .
o Vpmnts OF Vi, i the

plitude at t = 0) that we would have if only the mode u

expansion (5.3) were considered, respectively. In the following sections, for any given

TM|4 TE|j
h ¥ h |7

smqni 0O the overall

: : 7 M5
dimer mode Wymg We normalize the parameters hpmqn, pmgnl
T™|j TE|j
h J h g

maximum, i.e., max {hTMU } These normalized parameters will be
.

pmgn’ '“pmgnly "“pmgnl
denoted as L
- . JALl)
HO¢|TM|j o pmgn
pmgnl 7 T™|j T™|j TE|j )
Hlni}X {hpmqn7 hpmqnl’ hﬁmqnl
- hTMU
o|T™[j pmqnl
Hymgmi = poj M TEG ) (5.7)
mnax pmgny pmagnly ''pmgnl
el
alTE[j pmgnl
pmgnl — 7 TM|j TM|j TE|j )
InnE}X {hpmqn, hpmqnl’ h;ﬁmqnl

with a € {||, L} according to whether the dimer mode is plasmonic (Wymg — Upmg)
or dielectric (Wpmg — Vpmg), respectively. We call them hybridization weights.

From now on, for the sake of simplicity, we will only deal with homo-dimers, i.e.,
with the case Ry = Ry = R. In this configuration, due to the structure symmetry,
we have that Fo™ = oMl — foelM2 et e/l pro™2 o) q pole

pmgnl — “tpmgnl — “tpmgnls pmgnl — *tpmgnl — Ttpmgnl pmgnl —

TE|1 TE|2 . .
H;;an |nl = Hgn‘lq ‘nl' Furthermore, we choose as characteristic length /., the spheres’

radius R, i.e., {. = R, and hence the structure size parameter x will be x = %R.

5.2 Modes hybridization

The sphere dimer MIMs in Eq. (5.3) are expressed in terms of a weighted linear
combination of the single-sphere modes, namely in terms of the hybridization of the
modes of the dimer’s building blocks. By varying the arrangement of the constituent
spheres, i.e., their distance, the single-sphere modes do not change: the only varying
quantities are the expansion coefficients in Eq. (5.4), or equivalently the hybridization

weights in Eq. (5.7). Thus, in order to monitor the behavior of the dimer modes
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5.2 Modes hybridization

by varying the constituent spheres’ arrangement, we have to follow the expansion
coefficients or the hybridization weights. On the other hand, if we fix the dimer
geometry, i.e., the spheres radius R and the separation A, and vary the operation
frequency w, or, in other words, we keep fixed the ratio A/R and vary the size
parameter x, both the expansion coefficients and the single-sphere modes vary and
need to be recalculated.

As shown in Sec. 4.3 for a single sphere, the loci spanned by the structure’s
eigen-permittivities in the complex plane as a function of a parameter, constitute
an invaluable tool to investigate the structure’s resonances. In the specific case of a
sphere homo-dimer, we have two scenarios: the first one consists in fixing the sphere
radius and the operating frequency, and varying the interparticle separation; the
second one consists in fixing the structure geometry, and varying the size parameter
x (or the frequency).

In the following two sections, we consider the first scenario. Specifically, we inves-

tigate the hybridization of three representative sphere modes, viz. the fundamental

VTM

pmlls and

electric dipole mode uj; ;, the second (I = 1) order electric dipole mode

VTE

»m11, for two choices of size parameter z:

the fundamental magnetic dipole mode
x = w/100, and hence R < A, and x = 27, and hence R = A. We investigate the
dimer eigen-permittivity behavior moving the spheres from the configuration in which
they are very far from each other (§ > ) to the one in which they are relatively close
(0 < x). In the first configuration, the spheres interaction vanishes, and therefore
the dimer eigen-permittivities simply degenerate into the single-sphere ones. In this
way, we are able to identify the single-sphere eigen-permittivities and follow their

transformation as the interparticle separation decreases.

5.2.1 Quasistatic hybridization

Here, we examine the case of a dimer of spheres of dimension much smaller than
the wavelength A, namely for z = 7/100, that can be described by the quasistatic
framework introduced in Chap. 2. In Fig. 5.2, we monitor the dimer eigenvalues by
varying the dimensionless gap size 0 from 7 to 7/200. In particular, we start from the
limit case 0 — oo, in which the dimer eigenvalues approach the quasi-static single-
sphere eigenvalues ", nf}Y, and 7t for the azimuthal quantum numbers m = 0, 1.
We then consider the shift of three selected dimer eigenvalues as the gap distance
decreases with respect to the corresponding isolated sphere one. As § decreases, two
branches depart from all considered single-sphere eigenvalues, for both the azimuthal

numbers m = 0, 1: one branch exhibits a negative shift, which we denote as the lower
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Figure 5.2 — Dimer eigenvalues as a function of the dimensionless edge-edge separa-
tion §. Branches departing from the single-sphere plasmonic fundamental electric dipole
eigen-permittivity e[ (a), dielectric second-order electric dipole quantity nl} (b), dielectric
fundamental magnetic dipole quantity ni+ (c). The quantity 51} (n7}), normalized by the
squared size parameter x2, give the second-order electric (fundamental magnetic) dipole
eigen-permittivity. On the right, the stylized version of the corresponding modes is also
shown.
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5.2 Modes hybridization

branch, and the other shifts in the opposite way, and we denote it as the upper branch.
From the definition of the electrostatic energy of the EQS modes in Eq. (2.22), and
of the magnetostatic energy of the MQS modes in Eq. (2.32), associated with the
dimer eigenvalues, the lower branch corresponds to lower energy configurations, while
the upper branch corresponds to higher energy configurations. Furthermore, it can
be shown that the nature of the dimer modes corresponding to the branches does not
change as § decreases: the single-sphere modes remain almost unaltered in the dimer
structure. Thus, on the right of Fig. 5.2, we represent the dimer modes using the
stylized version of the single-sphere modes, depicted in Fig. 4.2.

In panel (a) we display the two branches departing from the fundamental electric
dipole eigenvalue £™, which in the electro-quasistatic regime z — 0 is e™ = y| +1 =
—2. For m = 0, the dimer modes associated with the lower branch correspond to
the interaction of two co-aligned electric dipoles, while the modes associated with
the upper branch correspond to the counter-directed dipoles. Following Prodan and
Nordlander [88, 89], we denote the former configuration (lower energy) as bonding, and
the latter (higher energy) as antibonding. For m = 1, the coupling of the fundamental
dipole modes has opposite sign with respect to the case m = 0: the antibonding dimer
modes are the combination of two co-oriented fundamental dipole modes, while the
bonding dimer modes correspond to the negative parity of the dipole modes. This is
in agreement with Nordlander et al. [89].

In panel (b) we show the branches departing from a dielectric eigenvalue, namely,
the second-order electric dipole quantity nj} (also known as toroidal dipole), which
if normalized by z? gives the corresponding eigen-permittivity. In the magnetoqua-
sistatic regime « — 0, it has the expression i} = &}~ = 27, = 20.19, where z,, is
the [-th zero of the spherical bessel function j,,. Both the lower branches for m = 0, 1
shift downward much faster than the upper branches shift upward: the latters remain
very close to the isolated sphere nf}. The assignment of the bonding and antibond-
ing configuration follows the same rules of the fundamental electric dipole modes
hybridization: for m = 0, the bonding configuration is constituted by co-oriented
dipoles, while the antibonding one is constituted by the negative parity of the dipole
modes; the opposite happens for m = 1.

In panel (c) we examine the case of the fundamental magnetic dipole quantity
ni;, which has the expression n; = ki - = 25, = 9.87. For m = 0, the bonding
mode is due to the combination of two in-phase fundamental magnetic dipole modes
vI1, whose magnetic dipole is directed along the dimer axis, and therefore they are
represented with current loops lying in the spheres’ equatorial plane. Instead, the

antibonding mode is the interaction of two fundamental magnetic dipole modes with
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negative parity. As in the aforementioned scenarios, for m = 1 the parity of the
dipole moments of the bonding and antibonding modes is reversed with respect to

the case m = 0.

5.2.2 Full-wave hybridization

We now investigate the case of a dimer of spheres of radius R equal to the wavelength,
i.e., for x = 27, for which a full-wave description is needed. When é — oo the dimer
eigenvalues approach the isolated sphere eigenvalues. In Fig. 5.3, we plot the loci
spanned in the complex plane by the dimer eigenvalues originating from the single-
sphere eigenvalues " = 0.17 — 0.084, 07} = 29.55 — 12.78i, and 1]} = 17.54 — 6.804,
for the azimuthal quantum numbers m = 0, 1, by varying the dimensionless gap size
d from 187 to 7/100.

As in the quasistatic case, because of the splitting property of the spectrum,
two branches depart from all single-sphere eigenvalues as § decreases. In this case,
both branches’ trajectories start as spiral curves, moving farther away as they revolve
around the single-sphere eigenvalues. Similarly to the quasistatic scenario in Fig. 5.2,
the dimer modes corresponding to the beginning of each branch are simply symmetric
and antisymmetric combinations of the single-sphere modes. In Fig. 5.3, we plot the
branches of the symmetric dimer modes with black curves, while the branches of the
antisymmetric modes with red ones. Moreover, to better follow the dimer eigenvalues
as 0 varies, we add to the branches depicted in Fig. 5.3 dot marks in correspondence
of selected values of gap size 6 = km, for k =1,...,18.

In Fig. 5.3(a-b) we plot the dimer plasmonic eigen-permittivity branches depart-
ing from the single-sphere eigen-permittivity et for m = 0, 1, respectively. In both
cases, all branches’ dynamics occur very closely to eI, and far from other single-
sphere eigen-permittivities: as we will see for the branches emanating from nf} and
nis for m = 1, the proximity of the single-sphere eigenvalues in the complex plane
to the dimer loci not only influences their trajectory, but also it has a key role in
the hybridization process. In the case under exam, the absence of nearby single-
sphere eigen-permittivities results in a negligible hybridization: the nature of the
dimer modes corresponding to the two branches is preserved as 0 decreases, and the
single-sphere modes remain almost unaltered in the dimer configuration, as confirmed
by Fig. 5.4, in which we display the considered dimer mode for m = 0 (panel a) and
m = 1 (panel b) at § = 187 (beginning of the branch), and § = 7/100 (end of the
branch). Thus, in both cases m = 0,1, the dimer modes corresponding to the two

whole branches can be simply represented as symmetric and antisimmetric combina-
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Figure 5.3 — Loci spanned in the complex plane by the eigenvalues of a sphere dimer with
x =21 (R = \), by varying the dimensionless gap size 0 € /100, 187]. The loci originate
from the single-sphere fundamental electric dipole eigen-permittivity 1™, for m = 0 (a) and
m = 1 (b), second order electric dipole quantity ni}, for m = 0 (c) and m = 1 (d), and
fundamental magnetic dipole quantity nft, for m = 0 (e) and m = 1 (f). The dot marks
are placed in correspondence of § = km, for Kk = 1,...,18. The branch corresponding to
the symmetric (antisymmetric) mode configuration is plotted with a black (red) line. The
single-sphere eigenvalues, origin of the loci, are plotted with green marks, while the others
with blue marks.
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Figure 5.4 — Real part of the projection on the y = 0 plane of the dimer mode corre-
sponding to the symmetric branch (black line) emanating from the single-sphere fundamen-
tal electric dipole eigen-permittivity eI for m = 0 (a) and m = 1 (b), at § = 187 and
§ = m/100.

™

om1, as in the quasistatic case sketched

tions of fundamental electric dipole modes u
on the right of Fig. 5.2a.

For m = 0 (panel a), the minimum magnitude of the imaginary part is reached
by the antisymmetric branch at the value 0.168 —0.0797, for the minimum considered
distance, i.e., 6 = 7/100. At the same ¢, the symmetric branch reaches the value
0.166 — 0.0827, with an higher magnitude of the imaginary part. From Eq. (4.9b), we
recall that the imaginary part of a structure eigen-permittivity accounts for the radi-
ating losses of the corresponding mode. This means that for the considered distance
9 = m/100, and hence very close spheres, the symmetric configuration has higher ra-
diation losses than the antisymmetric one: this is due to the constructive interference
of the fundamental dipole modes of the two spheres, which have a center-to-center
distance D approximately equal to 2\. Following the spiral trajectories, at § = «
(first dot on the branch trajectories), the assignment of the configuration of greater
radiation losses is reversed: the dimer eigen-permittivity belonging to the antisym-
metric branch has an imaginary part magnitude greater than the one belonging to
the symmetric branch. From 6 = 7/100 to this case 0 = 7, the center-to-center dis-
tance has increased by A\/2: now the symmetric fundamental dipole modes interfere
destructively, while the antisymmetric dipole modes interfere constructively. Then,
every time the edge-edge distance ¢ is increased by 7, the dimer eigen-permittivities
will all make half a turn on the spirals until eventually they reach the single-sphere
eigenvalue. It is important to point out that due to the modes spatial profile, dif-
ferent from the one of simple point dipoles placed at the spheres center, the minima

and maxima for the imaginary part are not reached at ¢ equal to multiples of m, but
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are delayed by 0.327, i.e., the maxima and minima for the imaginary part occur at
approximately 6 ~ (0.32 + k)7, k € INy.

The loci originating from ™ for m = 1 (panel b) follow a dynamics very similar to
the case m = 0. This time, the antisymmetric configuration reaches the maximum for
the imaginary part magnitude for § = 0.827 at the value 0.167 — 0.096¢. Instead, the
symmetric dimer mode reaches the minimum for § = 0.667 at the value 0.169—0.0744.
Increasing the dimensionless gap size ¢ by multiples of 7, the imaginary part of
the dimer eigen-permittivities oscillates between its maximum and minimum until
the branches degenerate into the single-sphere eigen-permittivities. From the same
considerations made for m = 0, the minima and maxima for the imaginary part do
not coincide with ¢ equal to multiples of 7.

In Fig. 5.3(c-d) we plot the dimer dielectric branches departing from the single-
sphere quantity 77} (second order electric dipole or toroidal dipole), for m = 0, 1,

™
1

respectively. The branches for m = 0 (panel ¢) are again spirals emanating from 7},

but they occupy a region in the complex plane wider than the aforementioned dimer
plasmonic eigen-permittivities. Moreover, their trajectories are not influenced by any
other single-sphere eigenvalue, and no other mode (different from the considered sec-
ond order electric dipole) comes into play in the hybridization process. Thus, as for
the plasmonic eigen-permittivities, the nature of the dimer modes corresponding to
the two branches is preserved as 0 decreases, and the single sphere modes remain
unchanged in the dimer configuration. Hence, the dimer modes corresponding to the
entire branches can be simply represented as symmetric and antisymmetric combina-
tions of second-order electric dipole modes v}g,;, as on the right of Fig. 5.2b.

The symmetric branch reaches the maximum for the imaginary part magnitude
at 29.494 — 13.186i, for 6 = 0.51xw. At the same distance, the antisymmetric branch
achieves its minimum for the imaginary part magnitude, and therefore the corre-
sponding mode has the minimum radiation losses. As for the examined plasmonic
dielectric eigen-permittivities, every m added to the dimensionless gap size o will
let the dimer eigenvalues make half a turn on the spirals until they asymptotically
approach the spirals center n{}.

The case m = 1 (panel b) is characterized by a very different dynamics. For
§ Z 8m both the branches remain close to 7}, while for smaller distances they move
toward greater values for the real part, following paths unravelling among several sin-
gle sphere eigenvalues. We now discuss the properties of the antisymmetric branch,
with the aid of Fig. 5.5, where we show the corresponding dimer mode at four rep-
resentative distances 0 = 187, 67, 27, w. To the right of the dimer mode, we display

the single-sphere modes involved in the hybridization, on top of their hybridization
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0.22

(d)

Figure 5.5 — Decomposition of the dimer mode corresponding to the antisymmetric branch
(red line, Fig. 5.3d) emanating from the single-sphere second order electric dipole quantity
niY, in terms of hybridizing single-sphere modes, for the dimensionless gap sizes § = 187
(a), 0 = 67 (b), 6 = 27 (c), and § = w/100 (d). The real part of the projection on the
y = 0 plane of the dimer mode is shown. Below each stylized version of the single-sphere
mode we also show its hybridization weight, defined in Eq. (5.7).

weights, defined in Eq. (5.7).

At § = 18m, the dimer eigenvalue is very close to 77}, and it corresponds to a dimer
mode resulting from the simple antisymmetric combination of the spheres’ second-
order electric dipole modes vI!';;. In this case, no other modes are involved in the

hybridization, as confirmed by Fig. 5.5a. After following a spiral trajectory around
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Ny}, the dimer locus passes very close to the single-sphere dielectric quantity n3: at
0 = 67. As shown in Fig. 5.5b, the corresponding dimer mode is significantly differ-
ent from the one at § = 187, and now the hybridization mechanism is relevant. In
particular, the single-sphere mode v'5;, corresponding to the encountered eigenvalue
N3 is dominant among all other single-sphere modes in the hybridization mechanism,
as testified by their hybridization weights. A significant contribution comes also from
the fundamental electric dotriacontapole ul}s, second-order electric quadrupole v2i,,,
second-order electric dotriacontapole v1y;. Interestingly, the eigenvalues correspond-
ing to these single-sphere modes are not close to the considered dimer eigenvalue.
Furthermore, the second-order electric dipole mode v, from whose eigenvalue this
locus has originated, has a very low hybridization weight, and therefore its effect in
the dimer mode expansion is almost negligible.

Decreasing 0, the antisymmetric branch passes close to 73} at 0 ~ 5, and then
to ni5 at 0 ~ 3w. At 0 = 27, the dimer eigenvalue remains in proximity of 7j5, and
the corresponding dimer mode is shown in Fig. 5.5c. Also in this case, the dom-
inant single-sphere mode in the dimer mode expansion is the mode corresponding
to the closest single-sphere eigenvalue, i.e., the second order magnetic dipole mode
v % ,. The other modes involved in the hybridization are the fundamental and sec-
ond order electric dotriacontapole ulys, vz, second-order electric quadrupole v}y,
fundamental magnetic octupole v, and second order electric octupole vy, .

Further decreasing 0 to § = 7, the branch is in proximity of nj;. At this dimen-
sionless gap size, we show the corresponding dimer mode in Fig. 5.5d, for which
the dominant single-sphere mode is the fundamental magnetic hexadecapole vI%,;,
corresponding to the closest single-sphere eigenvalue. Unlike the other investigated
scenarios, at this distance the dimer mode arises from the hybridization of many (>15)
single-sphere modes, whose eigenvalues are relatively distant from the dimer branch.
In particular, the most relevant modes are the fundamental and second order electric
dotriacontapole ulfs, vi,, second order electric octupole v,, and quadrupole v},
second order magnetic dipole viF,,, and the third order electric dipole vIi,,.

For smaller ¢, the branch passes near 735, 75y for 6 &~ 0.67m, 0.567, respectively,
and eventually, for 6 = 7/100 it achieves the maximum for the imaginary part at the
value 58.53 — 10.78q.

The symmetric branch unwinds closely to the antisymmetric one, until § ~ 27.
On the other hand, its parametrization does not follow the one of the symmetric
branch, but is delayed by exactly m: a point reached by the symmetric branch at
0 is approached by the antisymmetric branch at § + 7. At 0 = 2m, the symmetric

branch assumes the value 23.90 — 7.207 and then follows a loop that closes at § = 3
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there exist two distinct values of §, namely 6 = 2x, 37, which correspond to the same
dimer eigen-permittivity. In other words, there exist two dimers of spheres of the
same dimension, but at different distances, which share the same eigen-permittivity
originating from the single-sphere ni}. As we will see in the next section, loops
can also occur in the eigen-permittivity loci of a sphere dimer with fixed geometry
by varying the size parameter x. Furthermore, this noose-like shape has been also
observed in the plasmonic and dielectric eigen-permittivities of other structures, e.g.,
the coated sphere [76].

At 0 < 27, the symmetric branch moves toward greater values for the imaginary
part, until it assumes the value 55.58 — 12.727 at § = 7/100.

In Fig. 5.3(e-f) we follow the two branches of dimer dielectric eigenvalues ema-
nating from the single-sphere eigenvalue 7}, associated to the fundamental magnetic
dipole mode, for m = 0, 1, respectively. Both the branches for m = 0 (panel c)
are spirals departing from 7nJ}, and their trajectories are not influenced by any other
single-sphere eigenvalue, and no other mode is involved in the hybridization pro-
cess. Thus, the dimer modes corresponding to the entire branches can be simply
represented as symmetric and antisymmetric combinations of fundamental magnetic
dipole modes vi;, as on the right of Fig. 5.2c. The antisymmetric branch achieves
the maximum imaginary part magnitude at the value 17.5233 —6.9458: for 6 = 0.367.
At the same distance, the symmetric branch reaches the minimum imaginary part
magnitude at the value 17.53 — 6.66:. As the other examined eigen-permittivities, by
raising 0 of multiples of 7, the dimer eigenvalues will make half a turn on the spirals
until they asymptotically approach ni.

In the case m = 1 (panel d), the branches are still spirals, but for subwavelengths
gaps 0 < 7 the two branches follow different trajectories. The antisymmetric branch
remains close to the isolated sphere eigenvalue 77}, and far from other singles-sphere
eigenvalues, and no other mode is involved in the hybridization process in this case.
Conversely, the symmetric branch moves toward lower imaginary parts, and eventu-
ally achieves the value 20.07 — 14.66: at 7/100, very close to the (normalized with z?)
eigen-permittivity €5". Thus, for very close spheres, the single-sphere fundamental
electric octupole mode wupj; dominates the hybridization for the dimer mode origi-

nating from the fundamental magnetic dipole eigenvalue 7i.

5.3 Resonance properties

We now investigate the plasmonic and dielectric eigen-permittivities behavior of a

sphere dimer of fixed relative gap size, by varying the size parameter x. In particular,
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we consider a dimer of spheres with radius R and gap size A = R/4. As anticipated
in Sec. 4.1 for the general case, all dimer plasmonic eigen-permittivities &,,, tend
to a negative finite value for x — 0, while they tend to 0 for x — oo. Instead, the
dielectric quantities 7,,, tend to different finite real and positive values for z — 0
and z — oco. As discussed in Sec.2.1.2, in the long-wavelength limit (r < 1), the
eigen-permittivities associated to 7,,, diverge, and therefore the associated modes
cannot be practically excited in electrically small metal dimers, but only in dimers
with positive and high permittivity.

Contrarily to the scenario examined in the previous sections, in which the size
parameter x is fixed and the interparticle separation varies, in this case, the modes
associated with the eigen-permittivity loci result from the hybridization of single-
sphere modes that change with the parameter x.

In Fig. 5.6(a-b), we display the loci spanned by the first two plasmonic eigen-
permittivities &,,1, m2, for m = 0 (panel a) and m = 1 (panel b). For z < 1,
the eigen-permittivity €9, approaches the real value —3.17 predicted by the electro-
quasistatic approximation. The corresponding dimer mode is shown on the left of
Fig. 5.7a. By increasing x, both the real and imaginary part of £9; move toward more
negative values. The decrease in the real part implies, for low loss Drude metals, a
red shift of the corresponding resonant frequency [1], as shown in Sec. 2.2.2 with Eq.
(2.60). When = =~ 0.55, the quantity Re {e¢1} reaches a minimum value of —4.66, and
then starts increasing. For £ 7/3, o1 lies in the fourth quadrant of the complex
plane. Then, Re {ep} increases until z ~ 1.5 when it reaches the maximum value of
0.49, and finally £y asymptotically reaches the origin of the complex plane.

The eigen-permittivity ego starts at the real value —1.82 (consistent with the
electro-quasistatic prediction), and then features a similar dynamics to £o;: it reaches
a minimum value for the real part (—4.24) at x = 1.48, then a maximum (1.18) at
x = 2.13, and eventually it asymptotically approaches the origin of the complex
plane. The corresponding dimer mode in the limit z — 0 is shown on the right of
Fig. 5.7a. The main difference with the case ¢ = 1 is that the locus of €y is swept
with higher speed than the locus for £¢o, as the parameter x varies. This can be easily
visualized in Fig. 5.6(a) by following the position of an eigen-permittivity for a fixed
x as the order ¢ varies: the eigen-permittivity at « = 7 /5, for instance, distinctly
moves toward the beginning of the locus as ¢ increases.

For m = 1, the eigen-permittivities €;; and €15 approach the values —2.48 and
—1.76, respectively, for x < 1. Their corresponding dimer mode is plotted in Fig.
5.7b. By increasing x, they develop a dynamics of the same nature of the m = 0

counterpart. Moreover, as for the m = 0 case, the loci are swept with decreasing
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Figure 5.6 — Loci spanned in the complex plane by the plasmonic eigen-permittivities
Eml, Em2 of a dimer of spheres with radius R and gap A = R/4, by varying x € [0, 00),

for m =0 (a) and m =1 (b). The corresponding modes in the limit x — 0 are shown in

Fig. 5.7. Residua lower bounds of the corresponding modes (c), and the values x7,,,, 7,

at which the residua lower bounds reach the value 0.2 (d).

speed of parametrization with the order q. Interestingly, unlike the case of the single
sphere, investigated in Sec. 4.3.1, the locus corresponding to the higher order €5 is
wider than the one for the lower order 1.

In Fig. 5.6¢, we plot the lower bounds p{u,m,} for the residua associated with
the resonances of the plasmonic modes under exam as a function of . We recall that
the mode residuum p, introduced in Sec. 4.1.1 in Eq. (4.17), is associated to the
width of the corresponding resonance: if p > 0.2 the mode is broad, otherwise it is
narrow. The lower bound p for the plasmonic modes has the same expression as for
the sphere in Eq. (4.33), and it is independent of the dimer material. In the table

/
mq?

in Fig. 5.6d, we list the values 1., z;,, at which p = 0.2 for each considered mode.

These values are the extremes of an interval of size parameters in which the modes
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5.3 Resonance properties

min

Figure 5.7 — Projection on the y = 0 plane of the dimer modes u¢ng, ¢ = 1,2, for m =0
(a) and m = 1 (a) in the limit z — 0, whose eigenvalue loci in the complex plane as a
function of x are plotted in Fig. 5.6(a-b).

cannot be narrowly excited. For instance, in a sphere dimer with gap A = R/4, a
narrow resonance of the mode u,g; for 0.47 < x < 5.05, or equivalently for a dimer
of spheres with radius R such that 0.07A < R < 0.80), is inherently forbidden.

For any m, as a consequence of the decreasing speed of parametrization in the
eigen-permittivity loci with the order ¢, the corresponding residua curves, and hence
the broad-resonances interval, shift toward larger x.

All loci spanned by the eigen-permittivities under exam are confined in a limited
region of the complex plane. From the same considerations made for the single sphere
in Sec. 4.3.1, the considered modes are broad in sphere dimers with moderately
positive permittivity, e.g., silicon, while they can be narrowly excited in metal dimers
(e.g., silver or aluminium) in the visible spectral range.

In Fig. 5.8, we show the loci spanned in the complex plane by the first two
dielectric quantities 7,1, Nm2, for m = 0 (panel a) and m = 1 (panel b). In the long
wavelength limit x < 1, the quantities 791, 192 approach the real values 9.35, 10.4,
respectively, consistently with a magneto-quasistatic description. The corresponding
dimer modes are shown in Fig. 5.9a. By increasing z, they feature a very similar
dynamics. In fact, at first, both the real and imaginary parts of 791, 792 move toward
more negative values: from Eq. (2.87), this results in a red shift in the corresponding
resonant frequency in high index materials. Then, their real part increases until both
the eigenvalues asymptotically reach the real axis at the value 20.21. The speed of
parametrization in the considered loci, this time, is comparable.

We now discuss the case m = 1. The dimer modes corresponding to n;; and

112 are shown in Fig. 5.9b. The quantity n;; starts at the value 9.61, reaches the
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Figure 5.8 — Loci spanned in the complex plane by the dielectric quantities 7,,1, 7ma2 of
a dimer of spheres with radius R and gap A = R/4, by varying x € [0,00), for m = 0 (a)
and (b). 7, if normalized with the squared size parameter x? give the dimer dielectric

eigen-permittivities. Residua lower bounds of the corresponding modes (c), and the values

T30 Tmg at which the residua lower bounds reach the value 0.2 (d).

minimum for the real part at x = 1.85 for Re{n;;} = 7.89, and the minimum for
the imaginary part at « = 4.36 for Im {n;;} = —9.33. Eventually, both the real and
imaginary parts increase till 7;; reaches the real axis at n;; = 14.54.

The quantity 7,2 approaches the value 10.13 in the long wavelength limit = < 1.
After the usual decrease in the real and imaginary part, the locus follows a loop:
there exist two distinct values of z, namely 0.67 and 1.62, which correspond to the
same 712 = 9.94 — 2.36¢. In other words, there exist two sphere dimers with gap
A = R/4, but with different radius (or operating frequency), which share the same
value of n15. Then, the locus reaches a minimum for the imaginary part at * = 5.07
for Im {n12} = —7.15, and eventually, in the limit 2 — oo, it tends to the real value
ne = 20.18.
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5.4 Full wave hybridization in Ag and Si dimers

max

min

Figure 5.9 — (a) Projection on the spheres’ equatorial plane of the dimer modes vo0gq, for
g = 1,2, in the limit x — 0. (b) Projection on the y = 0 plane of the dimer modes velg,
for ¢ = 1,2, in the limit x — 0. They correspond to the eigenvalues of the loci plotted in
Figs. 5.8a and 5.8b, respectively, in the quasistatic limit x — 0.

In Fig. 5.8c, we plot the lower bounds p{vpm,} for the residua associated with
the resonances of the considered dielectric modes, as a function of z, calculated by
applying Eq. (4.37). In the table in Fig. 5.8d, we list the extremes z,,, z,, of
the size parameter intervals in which the modes are inherently broad. We notice,
for instance, that a narrow resonance of the mode v, for 1.35 < 2 < 6.96, or
equivalently 0.21\ < R < 1.12), is intrinsically forbidden. Since the dielectric loci
under exam are similar, and the speed of parametrization is comparable, the residua
lower bound curves are almost superimposed. Interestingly, the loop in the locus of
Mo results in a small sub-interval [1.08,1.31] of size parameters (not shown in the
table in Fig. 5.8d), in which the narrow resonance of the mode v,2 is allowed.

Contrarily to the plasmonic modes, the examined dielectric modes can be narrowly
excited in sphere dimers of permittivity with positive real part, while they can only

lead to broad resonances in materials with permittivity of negative real part, such as
Ag or Au.

5.4 Full wave hybridization in Ag and Si dimers

We consider an homo-dimer with Ry = Ry = R (z = x7 = x3), and two different
edge-edge separations of A = R/4 and A = R, corresponding to a center-center
separation of D = 9/4R and A = 3R, respectively. We vary the size parameter x in
the interval [0.6, 1.7]. The total number of considered dimer modes is N = 1600, with

g=1,...,320,m =0,...,4, p=e. Nevertheless, in each of the considered scenarios,
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5.4 Full wave hybridization in Ag and Si dimers

the scattering is dominated by different subsets of dimer modes whose number is
much smaller than N. The single-sphere modes used to represent the dimer modes

™ M TE ; _ _ —
are g, Vemnis Voray Withn=1,....8, 1 =1,...,10,and m =1, ... 4.

5.4.1 Transversely polarized Ag dimer

First, we study a silver homo-dimer with R = 67.5nm, and edge-edge separation A =
R/4 =16.875nm. We model the silver permittivity ez 44 by using experimental data
[169, 171], while we employ a constant non-dispersive in time permittivity ep g; = 16
for the silicon [168]. We consider the modes that are excited by an incident field Ei,.
that is polarized along the dimer axis z, while it is propagating along the transverse

direction X (see Fig. 5.1), i.e., Ey. = Epe' o %.
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Figure 5.10 — Scattering efficiency oya of an Ag homo-dimer as a function of the size
parameter z, obtained via material-independent-mode expansion (black line) and by direct-
calculation (red dots). The radius of each sphere is R = 67.5nm, the edge-edge distance
A = R/4 = 16.9nm. The dimer is excited by a plane wave propagating along the dimer’s
axis and polarized along the transverse direction. Partial scattering efficiency (in color) of
two dominant dimer modes whose y = 0 plane projections are shown on the right.

In Fig. 5.10, we plot the scattering efficiency oy, obtained by using the material-
independent-mode expansion (4.16) (black line), and by a direct calculation (red dots)
as a function of the size parameter x. For the direct calculation, we use the code
“Generalized Multiparticle Mie solution (GMM)” by Yu-lin Xu [172]. Specifically, we
use in the GMM two VSWF sets centered in the two spheres, each of them described
by Eq. (4) of Ref. [172] with 1 < n < 8. The two results are in very good agreement.
As expected, the scattering efficiency is significantly different from the one obtained

in the quasi-electrostatic limit approximation [71] which is shown in Fig. D.1b in
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5.4 Full wave hybridization in Ag and Si dimers

Appendix D. We also show in color the partial scattering efficiencies of the dimer
modes .11, U.14 dominating the scattering response. Their projections (real part)
on the y = 0 plane are represented on the right. The partial scattering efficiency is
the scattering efficiency that we would have if only one dimer mode is excited at a
time. It is important to note that the total scattering efficiency is not the sum of the
partial scattering efficiencies because the modes with same index m may interfere.
Nevertheless, the partial scattering efficiencies enable us to identify the dimer modes

responsible for each peak of the total scattering efficiency.

mode e € € 7 #peak x
emq [Prad/s] mq R,Ag Pemq Pemyq p peak

ur 0.85 3.76 -5.35-2.801 -9.88 + 0.31i 0.505 0.403 (1) 0.89
Ueq4 117 5.22 -2.18-0.221 -2.33 + 0.26i 0.15  0.07 (2) 1.18

Table 5.1 — Resonant size parameter x, corresponding value of the resonant frequency,
eigen-permittivity, Ag permittivity, residuum and residua lower bounds of the dimer modes
which dominate the scattering efficiency of Fig. 5.10. The positions of the peaks of the
total scattering efficiency are also shown.

We list in Tab. 5.1 the values of the resonant size parameter x of the two domi-
nant modes, together with the corresponding resonant frequency, eigen-permittivity,
Ag permittivity, residuum, and residua lower bound. The resonant frequencies are
obtained through the relation w = $.

It is apparent that the two resonant frequencies are in very close proximity to the
two 0gca peaks, namely x = 0.892 and x = 1.183. The modes residua and their lower
bounds tell us that the mode u.;; is inherently broad, while u.;4 is narrow: this is
consistent with the fact that the first partial scattering efficiency has a broader peak
than the second one. As in the Ag single sphere (Fig. 4.8), and in the longitudinally
polarized Ag dimer (see Fig. D.4 in Appendix D), the relevant dimer modes are all
plasmonic.

In Fig. D.2 in Appendix D, we also plot within the two spheres the scattered
electric field calculated at the two o4, peaks. The effects of the field propagation
along the dimer axis are now important.

The dimer mode u.;i, responsible for the first o, peak, originates from the
hybridization of the single-sphere modes shown in Fig. 5.11. In particular, the
fundamental electric dipole ul}; and quadrupole ull, interact destructively in the
close proximity of the gap. On the contrary, in the regions on the left and on the
right of the dimer gap, the fundamental quadrupole ul},, octupole ul}j;, hexadecapole

ul, interact constructively, determining a maximum in intensity.
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5.4 Full wave hybridization in Ag and Si dimers

0.81 0.40 0.34 0.23

Figure 5.11 — Decomposition of the dimer mode u.11 at £ = 0.892 in terms of hybridizing
single-sphere modes (real part of the projection on the y = 0 plane). Each single-sphere
modes is multiplied by the expansion coefficients of Eq. (5.4). Below each single-sphere
mode we also show its hybridization weight H iz (H T ), defined in Eq. (5.7).

elinl Helini

The mode u.;; has a zero total dipole moment and it cannot be excited by a
plane wave in the quasielectrostatic approximation. Nonetheless, in the presented
full-Maxwell scenario its coupling to the plane-wave is different from zero. This is
because the center-center distance between the two spheres is approximately one-third
of the wavelength: thus the incident wavelength undergoes a phase inversion during
its propagation within the dimer. The quasielectrostatic approximation also fails to
predict the scattering efficiency (Fig. D.1b in Appendix D): the quasielectrostatic
Osca features one peak which is due to the mode u.;2 characterized by field lines all

oriented in the same direction.

0.38 0.21

Figure 5.12 — Decomposition of the dimer mode u.14 at x = 1.183, in terms of hybridizing
single-sphere modes (real part of the projection on the y = 0 plane). Each single-sphere
modes is multiplied by the expansion coefficients of Eq. (5.4). Below each single-sphere

mode we also show its hybridization weight H llﬁMnl, defined in Eq. (5.7).
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5.4 Full wave hybridization in Ag and Si dimers

The dimer mode u.;4, which is behind the second oy peak, arises from the
interaction among the single-sphere modes shown in Fig. 5.12. The fundamental
electric quadrupole ul, and octupole ull; interact destructively in the proximity of

the gap and constructively within the region of each sphere opposite to the gap. A

T
e

minor contribution to the hybridization process also comes from ul}, and ul},.

As the edge-edge distance between the two spheres increases to R the scatter-
ing efficiency changes (Fig. D.6 in Appendix D). The first oy, peak is even more
dominated by the fundamental electric dipole (Fig. D.7 in Appendix D). The mode
responsible for the second peak remains the fundamental electric quadrupole (Fig.

D.8 in Appendix D).

5.4.2 Longitudinally polarized Si dimer

Now, we study the scattering from a homo-dimer of the same geometry but made of
silicon, with permittivity e = 16. We investigate the modes excited by a plane wave
E;.. polarized along the dimer axis z, while it is propagating along the transverse
direction X, i.e., Ey,. = Eoei%xi.

In Fig. 5.13, we plot the scattering efficiency obtained by the material-
independent-mode expansion (4.16) (black line) and by the direct GMM calculation
[172] (red dots) as a function of the size parameter x. It is worth to note that oy
does not depend on R and A separately, but only on x, because we have assumed that
Si is nondispersive in time. We also show in color the partial scattering efficiencies
of the eight dominant dimer modes, whose real projections on the y = 0 plane are
represented on the right.

In Fig. 5.14, we show the o4, calculated by using only these 8 dimer modes, and
the agreement with the GMM remains satisfactory.

We list in Tab. 5.2 the resonant size parameter of the eight dominant modes and
the corresponding resonant frequency (assuming R = 100nm), eigen-permittivity,
residuum, and residua lower bound. Looking at the residuum of the considered
modes, we note that the plasmonic mode u.g; is the only (inherently) broad mode,
according to the definition in Eq. (4.18). Instead, all other dominant dielectric modes
are narrow: for these modes, there always exists a value of x in correspondence of
which Re {nm,/2?} = ersi, as it is also apparent from the fourth column of Tab. 5.2.
As a consequence, the partial scattering efficiency of the mode u.y; is very broad
compared to the ones of dielectric modes. Nevertheless, as for the scattering from
a single sphere analysed in Sec. 4.6, the mode u.q; has to be considered because it

strongly couples to the plane wave and it also has a stronger radiative strength [79].
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Figure 5.13 — Scattering efficiency ogc, of a Si-spheres homo-dimer as a function of the size
parameter z, obtained via material-independent-mode expansion (black line) and by direct-
calculation (red dots). The radius of each sphere is R, the edge-edge distance A = R/4.
The dimer is excited by a plane wave polarized along the dimer’s axis 2 and propagating
along the transverse direction %. Partial scattering efficiency (in color) of eight dominant
dimer modes whose zz-plane projections (real part) are shown on the right.

Furthermore, only the dielectric modes and the fundamental electric dipole mode of

the dimer are needed to correctly reproduce og,: the plasmonic modes cannot be

resonantly excited in homogeneous dielectric objects and, except for the fundamental
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Figure 5.14 — Scattering efficiency g, of a Si-spheres homo-dimer as a function of the
size parameter x, obtained via the material-independent-mode expansion considering all
the dimer modes (black line), only the eight dimer modes shown on the right of Fig. 5.13
(green line), and by the GMM direct-calculation (red dots). The radius of each sphere is
R, the edge-edge distance A = R/4. The dimer is excited by a plane wave polarized along
the dimer axis and propagating orthogonally to it.

electric dipole, their coupling with a plane wave is weak [65, 48]. In Fig. D.3 in
Appendix D, we display the scattered electric field in correspondence of the seven
Osca peaks. It is apparent that at any oy peak, the near-field distributions only
roughly resemble the modes that dominate the scattering response.

As shown in Fig. 5.15, the dimer mode v, 5, which is responsible for the first peak
of Oy, arises from the hybridization of the fundamental magnetic dipole vIt;; and
the fundamental and second-order electric dipoles, i.e., ul};, vii;;. The modes ul},
and vT; constructively interact with v'5,; within the region of each sphere located in
between the gap and the center. The net effect is to move the vortex core away from
the gap. We also introduce in Fig. 5.16 the frequency hybridization diagram for the
dimer mode v, 2, where we show in the middle the dimer mode, on the left and on the
right the TE and TM single-sphere modes that take part in the hybridization. The
vertical position at which both the single-sphere and dimer modes are centred in the
diagram is proportional to their resonant frequency obtained assuming R = 100 nm
(Tab. 5.2 and, for instance, Tabs. 4.1-4.3). We also show their hybridization weights.

Going back to the analysis of Fig. 5.13, the shoulder to the right of the first peak
is due to the plasmonic mode u.9;. Then we found a dip of o4.,, which is due to the
destructive interference between the dimer modes v.93 and u.g1.

The next peak, labeled with (3), is mainly due to the mode vgsq, with minor
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mode  Zpe [Pf;eg A Emg p P # peak  Tpeak
Veria  0.760 2.29 16.11-2.23i  0.149 0.146 (1) 0.771
U1 1.696 5.08 -0.70 - 3.961 1.038 0.919 (2) 0.901
Veos  1.126 3.37 15.67-2.50i 0.168 0.168 (3) 1.099
Vea1  1.099 3.29 15.99-0.321 0.021 0.021 (3) 1.099
Veig  1.366 4.09 16.00-0.26i 0.017 0.017 (4) 1.336
Ves1 1421 4.26 15.98-0.051  0.004 0.003 (5) 1.423
Ver1z2 1.571 4.71 15.96-1.02i 0.068 0.068 (6) 1.584
Vei1a  1.692 5.07 15.99-0.071 0.005 0.005 (7) 1.688

Table 5.2 — Values of x minimizing the residua, corresponding value of the resonant
frequency (when R = 100nm), eigen-permittivity &, and residuum and residua lower
bound of the dimer modes which dominate the scattering efficiency of Fig. 5.13. For a
plasmonic mode, we have &,,q = €mq, while for a dielectric mode &,q = nmq/xQ. The
positions of the peaks of the total scattering efficiency are also shown.

™

0.33 0.20

Figure 5.15 — Decomposition of the dimer mode v12 at x = 0.771 in terms of hybridizing
single-sphere modes (real part of the projection on the y = 0 plane). Each single-sphere

modes is multiplied by the expansion coefficients of Eq. (5.4). Below each single-sphere

mode we also show its hybridization weight H, j‘lllT W H ejilf Y H j‘lllT 1), defined in Eq. (5.7).

contributions from the modes v.3 and u.y;. The dimer modes v.y; and v 3 arise
from the dominant contributions of the fundamental magnetic quadrupole vty and
of the second-order electric dipole vII};, respectively. Then we found another low
scattering region, which is once again due to the destructive interference between the
dimer modes v.g3 and u.g.

The dimer mode behind the oy, peak labelled with (4) is ve;s. As shown in
Fig. 5.17, it arises from the hybridization among the second-order magnetic dipole

v T, the second-order electric quadrupole v}y, the third order electric dipole v},
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Figure 5.16 — Frequency levels describing the hybridization of the TE and TM modes of a
100 nm single-sphere into the dimer mode v.12. The vertical axis represents the frequency
(expressed in Prad/s). Next to each single-sphere mode we report its hybridization weight

FrL|T™M 1|™ L|TE .
Hel|1 115 Hel|111, Holl1 11, defined in Eq. (5.7).
and the fundamental magnetic quadrupole v'i,,. In particular, vli,, and v}y con-
structively interact along the horizontal diameter of both spheres and destructively

along the vertical diameter of both spheres. The “horseshoe” shape of this dimer

Figure 5.17 — Decomposition of the dimer mode v.1 g at x = 1.366 in terms of hybridizing
single-sphere modes (real part of the projection on the y = 0 plane). Each single-sphere
modes is multiplied by the expansion coefficients of Eq. (5.4). Below each single-sphere

mode we also show its hybridization weight Hj‘lggl( Hj‘lgil), defined in Eq. (5.7).

mode is determined by the action of the fundamental magnetic quadrupole vif,,
that constructively interferes with the second-order magnetic quadrupole v, in
the hemispheres of the two spheres closer to the gap, and destructively interferes in
the remaining hemispheres. The contribution of the third order electric dipole vi},,
pushes the vortex core within each sphere toward the gap, because it destructively
interacts with v, in the semicircle closer to the gap, and constructively interacts

in the opposite half. In Fig. 5.18 we also show the frequency hybridization diagram
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Figure 5.18 — Frequency levels describing the hybridization of the TE and TM modes of a
100 nm single-sphere into the dimer mode v.;g. The vertical axis represents the frequency
(expressed in Prad/s). Next to each single-sphere mode we report its hybridization weight

Hejigzl ( Hjigil)’ defined in Eq. (5.7).
for the dimer mode v,;5.

In Fig. 5.19 we show the hybridization diagrams of the remaining modes of Fig.
5.13. Specifically, the dimer mode u.q; (second peak) arises from the hybridization
among the fundamental electric dipole uly;, quadrupole uy,, octupole uly,, hexade-
capole uly,, and the second-order electric dipole v1,;. The dimer mode veo3 (third
peak) is dominated by the second-order electric dipole vI;;. The dimer mode vy,
(third peak) is dominated by the fundamental magnetic quadrupole v5,,. The dimer
mode V31 (fifth peak) is dominated by the fundamental magnetic octupole viss,. No
other mode besides the magnetic octupole is involved in the hybridization process, in
these three cases. The mode vej 1o (sixth peak) arises from the hybridization of the
second-order magnetic dipole v5,, second-order electric quadrupole vliy,, second
v, and third order v}, electric dipoles, second-order magnetic quadrupole vI%,,,
and fundamental magnetic octupole vii;;. Finally, the mode v 14 (seventh peak) re-
sults from the hybridization of second-order magnetic dipole vE,, . third order electric
dipole v1,,, and second-order electric quadrupole vii,;.

As for the Ag dimer, when we increase the edge-edge distance, the dimer modes
change. Nevertheless, the single-sphere modes used as basis set remain the same,
while the hybridization weights vary. For instance, when the edge-edge distance
increases from R/4 to R the contribution of the fundamental magnetic dipole to
the dimer mode that causes the first o, peak increases compared to the remaining
modes (Fig. D.10 in SI). This mode is the only one to survive when the distance
goes to infinity (Fig. 4.9). Similarly, the dimer mode v,; 7 associated to the peak (4)
(Fig. D.11 in Appendix D), arises mainly from the second-order electric quadrupole

vy, while the second-order magnetic dipole v, that was dominant for edge-edge
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Figure 5.19 — Decomposition of the dimer modes Ueg1, Veos, Ve21, Ves1, Vel12, Vel 14,
at x = 0.901,1.099,1.099,1.423,1.584, 1.688, respectively, in terms of hybridizing single-
sphere modes (real part of the projection on the y = 0 plane). Each single-sphere modes
is multiplied by the expansion coefficients of Eq. (5.4). Above each single-sphere mode we
also show its hybridization weight, defined in Eq. (5.7).

distance of R/4 (Fig. 5.17) now plays a minor role. The mode v1,, is the only to

survive when the distance goes to infinity (Fig. 4.9).
For the sake of completeness, in Fig. D.5 of Appendix D we show the scattering

efficiency and the dominant modes for a transversely polarized Si homo-dimer.

5.5 Conclusions

We have investigated the resonances and the resonance modes in the electromagnetic
scattering from a dimer of spheres by using the full-retarded material-independent
modes. The electromagnetic scattering response of the dimer is described by a set of
dimer modes. Each dimer mode is seen as the result of the hybridization of the modes
of two constituent spheres, whose importance is quantified by hybridization weights.
As we vary the gap size, although the dimer modes change, they are still represented
in terms of the same set of single-sphere modes, but with different hybridization

weights. This study represents the first full-Maxwell theory of hybridization in Si
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dimers, and it also constitutes an extension of the plasmon-mode hybridization theory
to the full-retarded scenario. In the full-wave regime every dimer mode arises from
the complex superposition of different single-sphere modes. Through the loci spanned
by the dimer eigen-permittivities in the complex plane by varying the gap size, we
provide a method to identify and justify the dominant single-sphere modes in the
hybridization mechanism.

As for the full-wave modes of a sphere, investigated in the previous chapter, the
modes are classified according to their behaviour in the long-wavelength limit, into
plasmonic and dielectric modes. The dielectric modes cannot be resonantly excited
in metal dimers, because their eigenpermittivities always have positive real part. In
general, the plasmonic and dielectric modes of the dimer arise from the hybridization
of both the plasmonic and dielectric modes of the isolated-sphere.

We parametrically investigate the eigenvalues associated to both plasmonic and di-
electric modes as a function of the gap-size. In particular, starting from the very large
gap size, we determine the shift of eigenvalue as the gap-size reduces. In the full-wave
regime, we found that retardation effects play an important role, in particular the
constructive (destructive) interference between the current densities induced within
the two spheres determine a increase (decrease) of the amplitudes of the imaginary
part of the eigenpermittivities. Thus the eigenvalues will describe spiral trajectories
on the complex plane as a function of the gap-size.

By using this theoretical framework, we investigate the resonant scattering from
metal and dielectric dimers with dimensions of the order of the incident wavelength
under different plane-wave illuminations and different gap sizes. The scattering effi-
ciency can be accurately described by a very limited number of dimer modes. Then,
we quantitatively decompose these dimer modes into the modes of the constituent
spheres, providing the corresponding hybridization weights. The plasmonic dimer
modes are sufficient to describe the far-field scattering from metal dimers. On the
contrary, the far field scattering from dielectric dimers involves resonant dielectric
dimer modes and off-resonance plasmonic dimer modes. In dielectric dimers, in-
terference effects between dielectric and plasmonic dimer modes may determine a
suppression of the scattering cross section.

To offer an intuitive understanding we extend the hybridization diagrams intro-
duced by Prodan et al. to the full-Maxwell analysis, showing the hybridization of the
electric and magnetic modes of an isolated Si sphere into the dimer modes and the

corresponding frequency levels.
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Appendix A

Multipoles

A.1 Three-dimensional objects

The electric dipole moment Pj of the three-dimensional electro-quasistatic current

mode j|}|L of an object occupying a domain €2 with boundary 02 is defined as

P, = /jhdv :§1§ r(jn-h)ds, (A.1)
Q 0N

where r — r/l. and  are the coordinates and domain, respectively, scaled by the
characteristic linear lenght [. of the region (2.

The electric quadrupole tensor 65 , 1s defined as

Qo= [ (eil+ i) av =

b (3n - #) rrds. (A.2)

With respect to the standard definitions of surface charge density and electric multi-
poles [149], the prefactor 1/(—iw) is omitted.
The magnetic dipole moment M, of the h-th magneto-quasistatic current mode

ji is defined as
1
Mh:/rxjﬁdv, (A.3)
2 Ja

the toroidal dipole Pﬁm , 1s defined as

1

Pl =g [ 1 it xx)av. (A4)
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A.2 Translational invariant objects

and the magnetic quadrupole tensor afﬂ p as

1

Gl =5 [ 0% 30r 10 x 1))V (A5

A.2 Translational invariant objects

The electric dipole moment P|;|L of the two-dimensional electro-quasistatic current

mode j‘}‘b of a translational invariant object with cross-section ¥ and linear boundary

0% is defined as
Pl = /jhdS = 55 r(j, ) dl, (A.6)
b by

where r — r/l. and ¥ are the coordinates and domain, respectively, scaled by the
characteristic linear lenght [, of the region 3.

The electric quadrupole tensor 65 , 1s defined as

b = /E (rj)+ihr) dS = §éz (in - @) rrd. (A7)

The magnetic dipole moment M3 of the h-th magneto-quasistatic current mode

ji is defined as
1
M = / r X ji dS, (A.8)
2 s

the toroidal dipole pig, is defines as

1
Py = G /Z r X jy x rdS, (A.9)

and the magnetic quadrupole tensor afﬂ p as

Gl = 5 10 3ir+ x(r < ). (A.10)
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Appendix B

Sphere

B.1 Quasistatic regime

B.1.1 Solid sphere

We consider a sphere of radius R and a characteristic dimension ¢, equal to the radius
¢. = R. We utilize a polar spherical reference frame (see Fig. 4.1), and we normalize
the coordinates r = (r, 9, ¢) by the chosen characteristic length /., i.e. r — r/R, and
hence r € [0, 1].

The electro-quasistatic modes jﬂmn have the following expression
1 dP" 9) a
i (rn0,0) = COSTO ) pm (cos ) 74 | 50| dhatleos?) g
omn V%mn sin mo sin mae dv
—sinmg P (cosV) »| .4
+ m————=a¢|r" ", (B.1
<+C05m¢) sin ¢ (B.1)

where the subscripts p = e and p = o denote even and odd, P’" are the associated
Legendre functions of the first kind of degree n and order m as defined and normalized

in [173]. The prefactor «,, guarantees that || jumn]|2 = 1, and has the expression
o

(m+n)!
(2n+1) (n —m)V’

O = 270 (0, + 1) (B.2)

in which ¢,, is the Kronecker delta.

The magneto-quasistatic modes are divided in two subsets. The first one is com-
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B.1 Quasistatic regime

posed by the A*t-modes j,.7,, which have the form

) 1 —sinme \ P (cos?) 4
e (1,0, ¢) = ——— )
Jomnl <T ¢) //anl m + COS m¢ Sin 19

cosme \ dP" (cosV) ;| .
B ( sin mao ) dﬁd)] Jn (Zn—1am), (B.3)

where z,; is the [-th zero of the n-th order spherical bessel function j,, and the
prefactor B,,,;, which guarantees that ||je™ || = 1, is

'](e)mnl

Bt =10+ 1) Ty T2 ). (B.4)

The second one is made of the TM modes j™

pmnl

. |
M (r 0, ¢) = COSTD ) (1) P (cos ) 2ni )
oM A/ f)/mnl S1n mQS

2T
cosme \ dPM(cos?) 1 d . . -
. N n \~n ,'9

* ( sinme ) dd Zu T dr [rgn Gair)]

—sinm¢ \ P (cosd) 1 d | | R
+m ( + cosmao ) sin 9 an"% [77n (Zr)] ¢>}, (B.5)

where the prefactor 7,,,;, which guarantees that || jEMmil\F =1, is

ot = 1 (1 6) TN (), B.6

The EQS and MQS eigenvalues have the following expression:

| 2n+1
n n 9
K" = (zner)? (B.7)

Fo = (Zn,l)Q, Vn €N, [ € IN.
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B.1 Quasistatic regime

B.1.2 Spherical shell

The EQS modes Jlelmn of a closed spherical surface have the following expression

A 9 g = 1 cosm¢ \ dP" (cos) 9
—sinme P’ (cos?) -
+ m————=¢|, (B8
(+cosmqb) sin v ¢ (B:8)
The prefactor @, = @mn(1 + 9,n), With ,,, given in Eq. (B.2), guarantees that
2 1
HngnHQE = 1. The plasmonic eigenvalues are XﬂL = —n(Zil), Vn € IN.

The MQS modes jémn have the form

T (1.0, 6) = —=— |m

Jemn

—sinmg \ P™ (cos®) d
- + cos me¢ sin

B ( cos me ) dP" (cosV) -+ (B.9)

sin mao dv ¢

the prefactor B, which guarantees that HjeLman%] = 1, has the following expression
o

- nn+1)(m+n)!
Bnn = 2 (Om + 1) (2(n+1))((n—m))!.

(B.10)

The dielectric eigenvalues are k- = (2n + 1), Vn € IN.
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B.2 Full-wave regime

B.2 Full-wave regime

B.2.1 Material-independent modes

The plasmonic e™ and the dielectric n, n' are found by solving the following equa-

tions
() £.(0)
\/‘; ' (Je™z) N & (z)’
— (/1) _ z&u() B.11
Mo G o
1 () 6 (x)

NN Ok

which are obtained by zeroing the denominator of the standard Mie theory coefficients
a, (for e™ and M) and b, (for nlF) for the scattering from a plane wave, given in
Eqgs. (4.56) and (4.57), respectively, in [87].

We recast the equations above in the following power series expansions:

& h

P, (52’4) => pun(z) (52” - 1) =0,
=0
e h

QM (ni) =3 (@) (mf — %) =0, (B.12)
h=0
e h

QT () = > () (s — ) =0,
h=0

where the coefficients ppp, ¢or, and ¢ are defined for any given n, z, and h > 1 as

follows: W
Pno = q;% = qﬁﬁ = N1 (x) Jn (7) — hg) (x) Jnt1 (x) )
TE __ (_1)h_1 1

In = 7 R 1 (h — 1] 2" [hﬁf) (@) Jnen (I)} +

(—h1!> (as)h (A8 @) s (@) = B (@) s ()]

2 (B.13)
/
™ __ TE (_1)}#1 1 {xhg) (I>] ] ( )
nh = Ynh rht+1 (h _ 1)' (2)h_1 T In+h—-1{T),

/

_ .2h TE (_1)}%1 )\t {xhs) (x)}
P = 2% o, (h— 1) (2> I

Jntn—1 (),

Jn are the spherical Bessel functions of the first kind, h,, are the Hankel functions of
the first kind.
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B.2 Full-wave regime

In Fig. B.1, we plot the loci spanned in the complex plane by the plasmonic

eigen-permittivities e™ forn =1,...,25.
I I I I I I I I
0 |
—9l |
4] |
~—
S —6 | .
——
5
_8 |
—10 | |
121 |
| | _n=25 | | | |
-8 —6 —4 -2 0 2 4 6
Re{e, }
Figure B.1 — Loci spanned in the complex plane by the plasmonic eigen-permittivities ¢
of a homogeneous sphere by varying z € [0,00), for n =1, 2, ..., 25.
The expression of the full-wave material-independent modes wyy ., vir . V&, is

u;fnn(r) = N](;,)m (\/5}1” xr) , (B.14)
Vi) = N, (Vi) (B.15

VI (r) = M), (,/77;1; r)  Vre (B.16)

where NS) and M) ~are the VSWFs regular at the center of the sphere. The

mn pmn
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B.2 Full-wave regime

general explicit expressions of the vector spherical wave functions (VSWF) are [87]:

Ne,., (Er)=n(n+1) ( Z?;:z ) P’ (cos 1) Z"éir)f
cosmg | dP;" (cosd) 1 d -

* ( sin ma ) dv Erdr Irzn (€7)] ¥

o ( —sinmg ) P (cosd) 1 d

cosme sno erar &N (B.17)

Zn (fr)ﬁ

sin ¢

M (gr):m<—sinm¢)Pg”(cosz9)

cos meo

cosm¢ \ dP (cos?) A
_(51nm¢) 49 Zn(fr)(ﬁa

where the subscripts e and o denote even and odd, and P (-) are the associated Leg-
endre function of the first kind of degree n and order m. Moreover, the superscripts
(1) and @ are appended to the functions Mgmn and Ngmn to denote the function z,,
namely Bessel functions of the first kind j,, and Hankel functions of the first kind h,,,

respectively.

B.2.2 Scattering coefficients

The expansion coefficients A™, B B™ for the scattered electric field in Eq. (4.38)

nl

have the following expression

—92; AmM™
A™ — n B.18
—2i B™
™ nl
Bl =, G- ) (219
—2i BTE
TE __ nl
Bt =, G — e (20
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B.2 Full-wave regime

where
A e (B.21)
" (e = Da b (@)ja(EM) {2(2)e2 + [gn(z) + 2%e, —n(n+ 1)}
BTIZI _ zt (77;51}4)3/2 ’
T = 2R (@) () {2 (@) ) + lan (@) + 22 — n(n + 1)zt
(B.22)
BT = . i , (B.23)
L — )R (@) (\/0) {05+ ga(@) [2ga(x) — 20+ 1)] )
with "
. hn1+1<x>
9(7) =Sy (B.24)

() =n+1—zg,(x).
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Appendix C

Quasistatic modes of some

translational invariant structures

C.1 Circular cylinder

We consider an infinite cylinder with circular cross-section of radius R and a char-
acteristic dimension /. equal to the radius ¢, = R. We shall use a cylindrical polar
reference frame (Fig. C.1), and we normalize the in-plane coordinates r = (r,¢)
by the chosen characteristic length /., i.e. r — r/R, and hence r € [0,1]. The

y

Figure C.1 — Cylindrical polar coordinate system. The z-axis is oriented along the cylinder
axis.

electro-quasistatic normalized modes j]‘ln have the following expression

. B cosng \ . sin ng - [
gro= () er (2 ) Em e

where the subscripts p = e and p = o denote even and odd, and n € IN is the mode
multipolar order. The EQS eigen-susceptibilities x| are all equal to —2 [83].

The magneto-quasistatic modes are divided into two subsets. The first one is
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C.2 Cylinder dimer

composed by modes whose vector field lies in the cross-sectional plane, and hence
they are called TE modes. We denote them with j1T. and they are in the form

pnl
I 0) = K cosno ) p 2ttt

sinng Y

sin ng Jo(Znar)\ = 1
' ( cosns ) (tan = 220) ¢] Tz )

where n = INg, [ € IN, J, is the n-th order Bessel function of the first kind, and Z,;
is the [-th zero of J,,. They have unit norm over the cylinder cross-section. The MQS

rlleE are HLTE ZQ

TE eigenvalues x
The second set is made of normahzed modes directed along the cylinder axis z.

We denote them with JHM and they have the following expression

2 cosng \ Jn(Zn_1.7).
+ L TM
e = /- — "7, C.3
.] nl ( gb) T ( Sinngb ) Jn(Zn—l,l) ( )
where n = INg, [ € IN. The MQS TM eigenvalues x5™ are x 5™ = 72

The quasistatic eigenvalues can be obtained by zeroing the denommator of the
an (for X!l and xF+) and b, (for kIM+) coefficients for the scattering from a plane
wave, given in Egs. (8.32) and (8.30), respectively, in [87], in the limit z — 0. As
for the sphere, the full-wave plasmonic and dielectric eigenvalues can be found by

following these solutions as x varies.

C.2 Cylinder dimer

We now consider only the electroquasistatic modes of a cylinder homo-dimer with gap
size 0 and radius R, and total linear dimension D, as sketched in Fig. C.2. We choose
the radius of the smallest circle enclosing the dimer cross-section as characteristic

length ¢, of the object, i.e. £. = D/2. Accordingly, the object size parameter z is

D
z = 2~ We shall use a bipolar coordinate system (u,v), which are related to the
Co
rectangular coordinates (x,y) by the formulas [174]:

. R sinhw _ R sinv (C.4)

sinh p(coshu — cosv)’ Y= sinh p(coshu — cosv)’
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C.2 Cylinder dimer

where —oco < u < o0, 0 <v < 2w, and

)
p = arccosh (1 + 23) : (C.5)

being arccosh the inverse hyperbolic cosine. The circular boundaries of the cylin-
der dimer coincide with the lines at v = p and v = —pu. We then normalize the
coordinates by the characteristic length /., namely r — r/(0.5D).

Figure C.2 — Cross-section of two infinite identical circular cylinders.

The structure normalized electroquasistatic modes 'ﬂf have the following expres-
sion [83]:
i1 (u, ) = i (coshu — cosv)
8T
sin nv COS NV
COS N —sinnwv
sin nv COS Nv
2[\7( ) sinh nu — 1 ) ) coshnu] , —u<ulpu
— coS NV —sinnv

—sinnv COS Nv

e (62”“ — 1) [—\7 ( ) sinnv + 0 ( ) ) oS nv] , u< —pu

coS nv sin nv

(C.6)

where n € IN. The corresponding EQS eigen-permittivities are mirror symmetric, i.e.

elltell =1, and have the following expression:

elt = — cothnp, (C.7)

el= = —tanh npu. (C.8)

n

The eigen-susceptibilities can be obtained as x/* = l* — 1. Both the modes and the
eigenvalues depend only on the ratio between the gap size § and the radius R. The

modes jﬂL+ and jﬂf are bright and dark, respectively, as they exhibit non-zero and
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C.2 Cylinder dimer

Figure C.3 — Bright (quﬁ) and dark (a','f) eigen-permittivities of a cylinder homo-dimer
with radius R and gap-size d, as a function of 6/R. On the right, field lines of the first EQS
bright jw and dark j','f current modes for §/R = 1/2.

zero electric dipole moment, defined in Eq. (A.6).

In Fig. C.3, we plot the eigen-permittivities el* (black) and €|~ (red) as a func-
tion of the relative gap size §/R, parametrized by the mode index n, and an example
of bright and dark modes for §/R = 0.5. For any relative gap size, as n — oo,
all the eigen-permittivities tend to —1, which is the accumulation point of trans-
lational invariant plasmonic objects, regardless of their shape [71]. In the limit of
well separated cylinders, i.e. §/R — oo, all the eigen-susceptibilities approach —1,
and the scattering problem reduces to that of two non-interacting cylinders, whose
eigen-susceptibilities are all located at —1. As ¢ decreases, the bright and dark eigen-
susceptibilities shift toward more negative and positive values, respectively. Lower
order eigen-susceptibilities shift more than high order eigen-susceptibilities.

The electric dipole moment P,, of the bright modes jlI* has the following expres-

sion:
5/R

P =
" 87T(5/R+4

ke g, (C.9)

where X is the unit vector directed along the structure axis (see Fig. C.2). Their

radiation @) factor Qﬂl is obtained by applying Eq. (2.127) of the main text:

(C.10)

8 1  4+46/R
2 ||: — 2n,u_1
= L TRE " dmayr Y
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Appendix D

Sphere dimer

D.1 Methods

In this methods section, we show the derivation of the modes of a sphere dimer, by
representing each dimer mode in terms of a weighted combination, i.e. hybridization
of single-sphere modes. We also provide the explicit expressions for the corresponding
hybridization coefficients given in Eq. 5.4.

At the very basis of any extension of the Mie theory to sphere dimers lies the
vector spherical wave function (VSWF) addition theorem. This theorem enables
the representation of the radiating VSWFs centred on one origin as an expansion of
regular VSWEs centered on a different origin. The addition theorem was first derived
in Refs. [175, 176], and it was later combined with the Mie theory in Refs. [177, 178].
Subsequently, it was significantly improved by many authors including Borghese et
al. [179], Fuller et al. [180], and Mackowski [181, 182]. Very detailed introductions
can be found in Refs. [183, 184].

Let us consider the problem of scattering by a dimer of spheres in free space. The
geometry of the problem is sketched in Fig. 5.1. The spheres have radius R; and R,
respectively, and they occupy the regions €2 and €25, while the surrounding space is
denoted with €23. The sphere €2 is centred on the origin of a Cartesian coordinate
system Oqr; , while the sphere {25 is centred on the origin of a second Cartesian
coordinate system Osry. The coordinate system Osrp is obtained by translating the
coordinate system O;r; through a distance D along the 2z axis. The dimer is aligned
along the direction of the z-axis in both coordinate systems. The size parameters
x1, x9 of the spheres are defined in Eq. (5.1). The two spheres have the same material
composition, which is assumed to be linear, nonmagnetic, isotropic, homogeneous in

time and space, nondispersive in space, and time-dispersive with relative permittivity
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D.1 Methods

er (w). The object is excited by a time harmonic electromagnetic field incoming from
infinity Re {Ei,.e ™“'}. The expression of the scattered field Eq, in the whole space
R? is -

Ewo=(r—1 L (Wo Binc)ayn, W, (D.1)

o180 —ER (Wq, Wo) 00,

where §,, w, are the ¢-th dimer material-independent mode and eigen-permittivity,
solution of the homogeneous problem in Eq. (4.4), and W, its extension to R?,
satisfying Eqs. (4.7)-(4.8). Here, (A, B)q,uq, = A -BdV.

Q1UQ2
Exploiting the symmetry of the problem, we can expand the vector field W in
terms of the material-independent modes (extended in IR?) of the two isolated spheres
U;Prllnn’ V;anb V;Ennl’

azimuthal dependence, n € IN is the mode multipolar order, 0 < m < n is the

given in Eq. (4.26-4.28), where p € {e, 0} denote even and odd

azimhutal quantum number, and [ € IN is the mode order (see Sec. 4.2). Thus, the

dimer modes will depend on the indices p, m, and have the following expansion:

2
=y Wi, (D.2)

=1

where WZ(){% in the reference system O,r; assumes the following form:

W;E;Jn)@ (rj) = { Z”m‘%, UZ’% )+ [ m]nl VIT):i'zjnl (rj) + b;ﬂjnz V;ilzjnz(rj)} } , (D.3)
nl =1

8

where Z = Z Z, (%) is the binary operator defined as € = 0 and 0 = e. By
n=max(1,m) I=1

using Eqgs. (4.26-4.28) into D.3 we obtain:

5 [amiND, (Ve e ) + o N, (Vi)

nl
| ot MY, (Vi) xy e 9,
W), (r;) = (D.4)

> [(apra® + Ut ” ) NG (277)

nl
+b;ﬂjnl rTL]labM( ) (‘rjrj>:| r; € QjU Q3-

pmn

where M}gn{n, N ) and Mpmn, Nzg?;%n are the regular and radiating VSWFs. given in
Eq. (B.17). We have defined the following binary operator (-): 1 = 2 and 2 = 1.
Furthermore, we have implicitly normalized the coordinates in the j-th sphere by its

radius (r; — r;/R;).
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D.1 Methods

The field incident on the j-th sphere is only the field produced by the remaining
j-th sphere. Therefore, by applying Eq. (D.1) to the j-th sphere, we obtain:

™|; __ 5 B 1 ™
aprr‘tjn - TM|j 7).7 { anLjnv W(j }
en " —&
mj &1 ™ =
bpm]nl TMU/.T Pj {me]nl? Wy(;]n)@} ) (D5)
w; -1 TE|j z
bﬁmnl TE\] /I’ Pj {Vﬁmnb W;E)]n)"b} )

where the operator P; {-} is defined in Eq. (5.5) of the main text.

In order to apply D.5, and take full advantage of the orthogonality among VSWFs,
we have to represent the field W 9) in the reference system O;r;. We now use the
VSWF translation-theorem, which enables us to represent the radiating VSWF cen-
tred at one origin, i.e. r;, as an expansion of regular VSWF centered about another

origin r;. It can be written as:

ME, (2r5) | _ 3 i () M, (1))
NG, () ) Qi (DNLD), (1)

pmn =max(1,m) pmy (
(4) (1)
+ Npmnu (d) Npmll (:E]rj) <D6)
NMpmnu d) pml/ (xjrj)
where the translation-addition coefficients are given by [172, 185]:
() (7) mn Uow g =
QMMmun (d) = QNNmyn( ) A <d j — ]) —I— FiA—mV (d7] — j) ?
’”"F (D.7)
Q&WMF=&WM)iQPmMrﬂ)Fmﬁﬁwdéﬂ,
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D.1 Methods

B o (n—m)!
Lo = (_1) (n —l—m)"
Emy min (n,v) . )
( 1)”+VE Co ZO P Cp A —mnvmg hg(ol)(d> J = 17
mn . mn q=
A v (d’ J = .]) Emy min (n,v) .
i Co Z i Cp A—mnvmg h;(; )(d) j=2,
Em,/ min (n,v) . ) '
(—1)"+VE700 E:O 1p+1 Cp bmnqu héll(d) J= L
mn — N mn q=
Bmu (d7] — ]) - E min (n,v) <D8)
my :p+1 1) ]
5 OQ Z 1 Op bmnumq hp—i—l(d) J = 2’
mn q=0

p=n+v—2q,

B inJ (2n+1)(n —m)!

n(n+1)(m+n)!’

1 m | Qv +1)(2n+1)(v —m)!(m +n)!
Co==(-1) ,
v(iv+ Dn(n+ 1)(m + v)l(n —m)!
Co=w+ v+ (n+1)n—plp+1),

Amnumgq are the Gaunt coefficients and by,,n,mq are combinations of the Gaunt coeffi-
cients, whose expression can be found in Refs. [172, 185].

By substituting Eq. D.4 into Eq. D.5 and by using the Eq. D.6-D.8, and truncating
the summation indices n and [ to the values N, and L., we obtain three coupled

sets of homogeneous equations for any given pair of m € INy and p =€, 0

| |
W{am +P; {upl NO) (25e5) } Z Z { L0
" max (T m) s=1

. 1 )
+ (o™ + ot QL] = e (D-9)

]. ‘ TM‘ . ( ) NID&X Lmax TE| ‘
- TM 7 ) J 1 . J TE 7
‘J { pmn + 7)] {menl7 Npmn ('rj r])} Z Z { pmus 1/5 QMNpml,n
i /.’E V= s=1
max(1,m)

(a4 g™ ™) QR L] = ;b;’g'gm (D.10)
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D.1 Methods

1 TE|j TE|j 1 N Lamax BIE
w55 Vet + P {Vimins M (75) | Z Z |:p7r‘L]l/s o QM
i /xj -1 max(l m)
1 .
+ (a7 + U0 ) Qin } = =
n=max (1,m),..., Npax
with I=1,..., Lyax (D.11)

j=1,2

where xy = £ —1 is the eigen-susceptibility of the two sphere. For any given m and
p indices, we have a system of Qa0 = [6Lmax (Nmax — max (1,m) 4+ 1)] equations. It

can be written in the matrix form:

m m 1 m
T (m:p)y (m.p) :Wy( P) (D.12)

TM|j bTMU bTEU

T
pmns Upmnl pmnl] is the vector containing the expansion coefficients.

where y,,, = |a
We numerically evaluate the finite number of eigenvectors of the matrix T(?),

For any pair of indices p, m, we have the eigenvalues Xg“m) forq=1,...,Qmaz-
Starting from the eigenvalues Xflp’m), it is possible to obtain the dimer eigen-

permittivities &y, through the relation: &,,,, = Xgp ™) 1. The ¢-th eigenvector of the

TM|j bTMU bTMU ]

discrete problem is denoted as y,mq, and its coefficients are [a,,? ., Opmo s Opmignil-

The electric-field modes can be obtained from the coefficient eigenvector y,m,, by
using Eqgs. D.2-D.4

Wik, prmq, D.13)

Wi, 1) = 3 {2ty U 0) 4 3 (100 VI ) + 6 V()] ]
nl =1 (D.14)
In Eq. D.13 the mode W,,,, within each sphere is represented in terms of the
superposition of two contributions Wpinq and W wmg centered in different reference
systems. In other words, the dimer mode within each sphere is represented in terms
of the isolated sphere modes of the sphere 1 and of the sphere 2. Nevertheless, it
is possible to overcome this problem by representing the dimer electric field mode

W g within the j-th sphere exclusively in terms of the isolated sphere modes U
A\

pmn)?

Vo by using the translation-addition theorem for the VSWFs. Thus, we

pmnl>
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obtain the following representation of W,

> [ N ) + d;mm N, (i )

Womg(r;) = , (D.15)
™)j _TM|j ™|j _TM|j (3) .
Z [( pmq nTn + bpmq nlnl Npmn (l’]r])
7j=1 nl
TE[; - CTE B
+bpmqnl nl Mpmn (xjrj) ) VI‘]’ S Q3’
: T™|j ™| TE|j .
where the coefficients {c? ., dppants Qomgni} aT€:
| | i N N R
T™|j oMM T™|j . J TE|j
Cpmqn - pmqn +7D { pmn?N ('rjrj)} Z Z [pmqus 1/5 QMNpmyn
D=
max(1, m)
T™|j TM|] T™|7 T™|j (4)
+ (apmq vy bpmq vsOus NNmwn )
TMl . TM‘ . ‘ NlllaX max TEl— ‘
J _ J . T™|y . J TE 7
dpmqnl - bpmqnl + P] { pmn7 N (‘T]rj)} Z Z [ pmqus Ops QMNpml/n
v= =1
max(1,m) (D16)
T™|; TM|j ] TH|j (4)
+ (apmq vy bpmq vsOus Q Nenvn
TE|j TE|j TE|j (1) N L Tl \
i __ 3TElj A J . i STE
dﬁmq nl — bﬁmq nl + PJ {Vﬁmnv Mﬁmn (xj rj)} Z Z { pmqus Oys QMMml,n
v= -1
max(1,m) s

T™|j T™|j TM|j TMl]
+ (a’pmq vTy + bpmq vsOus QNMpmun :

D.2 Scattering from an Ag dimer in the quasielec-

trostatic approximation

In this section, we investigate the scattering response of the Ag homo-dimer studied
in Sec. 5.4.1, assuming this time the quasielectrostatic approximation. We use the
formulation proposed in Chap. 2. The radius of each sphere is R and the edge-edge
distance is A = R/4. It is worth to remember that in the quasielectrostatic regime
only the bright modes, i.e. modes that have a nonvanishing total dipole moment,
contribute to the scattering efficiency.

Let us consider the scenario in which the dimer is excited by an electric field
polarized along the dimer axis (z-axis). In Fig. D.la we show the Corresponding
scattering efficiency. The two o4, peaks are caused by the modes j.; and J

These modes exhibit nonvanishing total dipole moments along the z-axis. Thelr
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Figure D.1 — Scattering efficiency g, of an Ag-spheres homo-dimer as a function of the
spheres size parameter x = wR/cy, obtained under the Q-ES approximation. The radius of
each sphere is R, the edge-edge distance is R/4. The dimer is excited by an electric field
polarized parallel to the dimer’s axis (a), and orthogonally to the dimer axis (b). Partial
scattering cross section (in color) of the two dominant dimer-modes whose projections on
the y = 0 plane are shown on the right.
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eigen-permittivities are 5!01 = —3.16 and 5!02 = —1.82. The corresponding resonant

frequencies are w = 5.01 Prad/s and w = 5.36 Prad/s, respectively, while the resonant
size parameters are x = 1.13 and x = 1.21, respectively which are highlighted in Fig.
D.1a with vertical dashed lines.

In Fig. D.1b we show the scattering efficiency of the Ag dimer when it is excited
by an electric field polarized transversely with respect to the dimer axis. The peak
of 04, is due to the mode jﬂl 5. The mode j ﬂl 4 gives a very small contribution. Their
eigen-permittivities are 5!12 = —1.83, 6214 = —1.40. The corresponding resonant
frequencies are 5.35 Prad/s and 5.46 Prad/s and the corresponding resonant size
parameters are x = 1.20 and x = 1.23, which are highlighted in Fig. D.1b with

vertical dashed lines.

D.3 Additional results on the homo-dimer with
gap size A = R/4

D.3.1 Scattered electric field

We investigate the spatial distribution of the scattered electric field within the dimer
in correspondence of the peaks of the scattering efficiency for the scenarios investi-
gated in Sec. 5.4.

First, we consider the Ag homo-dimer with R = 67.5nm and edge-edge distance
A = R/4. In Fig. D.2 we show the projection of the real part of the scattered electric
field on the plane y = 0, for an Ag dimer, in correspondence of the oy, peaks of Fig.
5.10 at = 0.892 (left) and at x = 1.183 (right). The homo-dimer is excited by
a plane wave propagating parallel to the dimer axis and polarized orthogonally to
it. It is apparent that the near field distribution at x = 0.892 consistently differs
from the modes u.;; which dominates the far-field response. On the contrary, at
x = 1.183 (right) the near-field distribution closely resembles the mode u.; 4, which
is responsible for the second peak of os,. Now, we investigate the scattering from
a homo-dimer of the same geometry but made of a dielectric material, i.e. Silicon,
with permittivity eg = 16. In Fig. D.3 we show the projection of the real part of
the scattered electric field on the plane y = 0 in correspondence of the oy, peaks of
Fig. 5.13, The homo-dimer is excited by a plane wave propagating orthogonally to
the dimer axis and polarized along it. It is apparent from Fig. D.3 the effect of the
propagation along the horizontal horizontal direction. Nevertheless, the electric field
distributions in correspondence of the peaks only roughly resemble the modes shown
in Fig. 5.13.
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Figure D.2 — Real part of the projection on the y = 0 plane of the scattered electric field
normalized by the incident magnitude FEy, at the first and second peak of the scattering
spectrum of an Ag homo-dimer (shown in Fig. 5.10) when it is excited by a plane wave
polarized orthogonally to the dimer axis.

0.1 9.5 0.0 6.5 0.0 4.5 0.0 3.6

Figure D.3 — Real part of the projection on the y = 0 plane of the scattered electric field
normalized by the incident magnitude Ey at the peaks of the scattering spectrum of a Si
homo-dimer (from left to right x = 0.771, z = 0.901 = 1.099, = = 1.366, = = 1.423,
x = 1.584, = 1.688). The homo-dimer is excited by a plane wave polarized along to the
dimer axis, and propagating orthogonally to it.

D.3.2 Scattering efficiencies

We consider the modes that are excited in an Ag homo-dimer by an incident field
that is polarized along the dimer’s axis z, while it is propagating along the transverse
direction X. In Fig. D.4, we plot the scattering efficiency o4, obtained by using
the material-independent-mode (MIM) expansion of Eq. 4.16 (black line), and by
the direct GMM calculation (red dots) as a function of the size parameter x. The
two results are in very good agreement. We also show in color the partial scattering
efficiencies of three dominant dimer modes, whose real projections on the y = 0 plane
are represented on the right. The analysis of the partial scattering efficiences reveals
that the dimer mode u.g; dominates the total scattering efficiency at its first peak,
while the second peak is dominated by two different modes, viz. u.3 and u.;3. Now,
we investigate the scattering from a homo-dimer of the same geometry but made of

a dielectric material, i.e. Silicon, with permittivity ez = 16.
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Figure D.4 — Scattering efficiency oyca of an Ag homo-dimer as a function of the spheres
size parameter x, obtained via material-independent-mode expansion (black line) and by
direct-calculation (red dots). The radius of each sphere is R = 67.5nm, the edge-edge
distance A = R/4 = 16.875nm. The dimer is excited by a plane wave polarized along the
dimer axis z and propagating along the transverse direction x. Partial scattering efficiencies
(in color) of the three dominant dimer-modes whose y = O-plane projections are shown on
the right.

In Fig. D.5, we consider the scattering from a silicon homo-dimer. The incident
plane wave is propagating along the dimer axis z, and polarized orthogonally to it. We
plot the scattering efficiency obtained by the material-independent-mode expansion
4.16 (black line) and by direct GMM calculation [172] (red dots) as a function of the
size parameter z. We also show in color the partial scattering efficiency of the eight
dominant dimer modes, whose real projections on the y = 0 plane are represented on
the right. The first and third peaks are dominated by the narrow dielectric modes
ve11 and veps, respectively. The peaks from four to seven are dominated by the
narrow dielectric modes Vi, Ve17, Verg, Ve111, respectively. The second peak is due
to the interference of the broad plasmonic mode u,.;; and the narrow dielectric mode
Ve13, as confirmed by Tab. 4 in [140].

D.4 Scattering from an homo-dimer with gap size
A=R

In this section, we increase the gap size of the dimer from R/4 to R. Although, as we
vary the distance between two spheres, the dimer modes change, we still denote, by
an abuse of notation, the modes in this new configuration as u,,,, and vpmg. The
sorting of the dimer modes is induced by the corresponding eigen-permittivities. In

the limit x — 0, the eigen-permittivities are real and they are sorted in an ascending

161



D.4 Scattering from an homo-dimer with gap size A = R

2)1 — v

Jsca
—
(@28

0 1

Figure D.5 — Scattering efficiency oy of a Si-spheres homo-dimer as a function of the
spheres size parameter z, obtained via the material-independent-mode expansion (black
line) and by direct-calculation (red dots). The radius of each sphere is R, the edge-edge
distance is A = R/4. The dimer is excited by a plane wave propagating along the dimer’s
axis z and polarized along the transverse direction x. Partial scattering efficiency (in color)
of eight dominant dimer-modes whose real part projections on the y = 0 plane are shown
on the right.

order. The same ordering is kept for finite values of x, by following each eigen-

permittivity on the complex plane as x increases.
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D.4.1 Transversely polarized Ag homo-dimer

We study a silver homo-dimer with R = 67.5nm, and edge-edge separation 67.5nm.
We study a silver homo-dimer with R = 67.5nm, and edge-edge separation A =
67.5nm. We consider the modes that are excited by an incident field polarized along

the X-direction, and propagating along the direction z. In Fig. D.6, we plot the cor-
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Figure D.6 — Scattering efficiency ogc, of an Ag-spheres homo-dimer as a function of the
spheres size parameter = wR/cy, obtained via the material-independent-mode expansion
(black line) and by direct-calculation [172] (red dots). The radius of each sphere is R =
67.5nm, the edge-edge distance is A = R = 67.5nm. The dimer is excited by a plane wave
propagating along the dimer’s axis and polarized orthogonally to it. Partial scattering cross
section (in color) of two dominant dimer modes whose real part projections on the y = 0
plane are shown on the right.

responding scattering efficiency obtained from both the mode expansion 4.16 (black
line) and by direct GMM calculation (red dots). We also show in color the partial
scattering efficiency of the dimer modes u.;;, u.14 dominating the scattering re-
sponse. Their projections on the y = 0 plane (real part) are shown on the right. The
dimer mode u.; 1, responsible for the first oy, peak originates from the hybridization
of the single-sphere modes shown in Fig. D.7. In particular, the fundamental electric
dipole u™, and quadrupole u’}, and magnetic dipole v’ interfere destructively in
the close proximity of the gap, where the mode reaches a minimum.

The dimer mode u,q 4 arises from the interaction of the single-sphere modes shown
in Fig. D.8. The fundamental electric quadrupole ul},; and octupole uly; interfere
destructively in the proximity of the gap. The fundamental electric quadrupole and
the electric dipole also interfere destructively in this region. The modes u’l, and ull,

interfere constructively in the region of each sphere opposite to the gap.
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0.38 0.36
Figure D.7 — Decomposition of the dimer mode u.11 at x = 0.874, in terms of hybridiz-
ing single-sphere modes (real part of the projection on the y = 0 plane). Each isolated
sphere mode is multiplied by the corresponding expansion coefficient of Eq. (5.4). Below

each single-sphere mode its hybridization weight H llllliMnl, H !EMM, or H !EEM is shown. The
nanoparticles distance is not to scale.

0.79 0.25 0.20

Figure D.8 — Decomposition of the dimer mode u.14 at x = 1.165, in terms of hybridiz-
ing single-sphere modes (real part of the projection on the y = 0 plane). Each isolated
sphere mode is multiplied by the corresponding expansion coefficient of Eq. (5.4). Below

each single-sphere mode its hybridization weight H l'lliMnl, H JﬁMnl’ or H Jﬁi ;18 shown. The
nanoparticles distance is not to scale.

D.4.2 Longitudinally polarized Si homo-dimer

Now, we investigate the scattering from a homo-dimer of the same geometry but made
of silicon, with permittivity eg = 16. The incident plane wave is polarized along the
dimer axis z, while it is propagating along the transverse direction X. In Fig. D.9, we
plot the scattering efficiency obtained by the material-independent-mode expansion
4.16 (black line) and by direct GMM calculation [172] (red dots) as a function of the
size parameter x. We also show in color the partial scattering efficiency of the seven
dominant dimer modes, whose real projections on the y = 0 plane are represented on
the right.

As shown in Fig. D.10, the dimer-mode v.;9, which is responsible for the first
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Figure D.9 — Scattering efficiency oy of a Si-spheres homo-dimer as a function of the
size parameter x, obtained via material-independent-mode expansion (black line) and by
direct-calculation (red dots). The radius of each sphere is R, the edge-edge distance A = R.
The dimer is excited by a plane wave propagating orthogonally to the dimer and polarized
along the dimer axis. Partial scattering efficiency (in color) of seven dominant dimer modes
whose y = 0-plane projections are shown on the right.

peak of 0y, arise from the hybridization of the fundamental magnetic dipole vI% .
and the fundamental and second order electric dipoles, i.e. ufy, vI,;. The modes
ull, and v}, constructively interact with vl;; within the two hemispheres located

closer to the gap and destructively in the remaining half-spheres. The net effect is to

165



D.4 Scattering from an homo-dimer with gap size A = R

TE ™ ™
Voiil Velll U]

1.0 0.21 0.08

Figure D.10 — Decomposition of the dimer mode v,19 at x = 0.779 in terms of hybridizing
single-sphere modes (real part of the projection on the y = 0 plane). Each isolated sphere
modes is multiplied by the expansion coefficients of Eq. (5.4). Below each single-sphere
mode we also show its hybridization weight ﬁj‘lggl, Heng:lv Hj‘lgil The nanoparticles
distance is not to scale.

move the vortex core away from the gap in each sphere.

0.33

Figure D.11 — Decomposition of the dimer mode v, 7 at x = 1.372 in terms of hybridizing
single-sphere modes (real part of the projection on the y = 0 plane). Each isolated sphere

modes is multiplied by the expansion coefficients of Eq. (5.4). Below each single-sphere

mode we also show its hybridization weight Hj‘ll;r::l (Hjll;ril) The nanoparticles distance is

not to scale.

The second oy, peak arise from the interference between the dimer-modes u.g1
and vgp3. The third peak is mainly due to the mode v.o;. In Fig. D.11 we show the
dimer mode behind the fourth oy, peak, namely v.;7. It arises from the hybridization
among the second order electric quadrupole v, , which dominates the hybridization,
and the second order magnetic dipole v1i,,, the third order electric dipole v1},, and
the fundamental magnetic quadrupole vIt,,. We recall that for a gap size of R/4, the
corresponding dimer-mode obtained shown in Fig. 5.17 of the main manuscript, the

hybridization was dominated by the second order magnetic dipole.
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