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Abstract

Resonators of surface plasmons are discussed in this review. Any material supporting the
excitation of surface plasmons, either by light, or by electron beams can be used for designing a
resonator. Despite the number of materials supporting surface plasmons being restricted to a
small number, noble metals, some two-dimensional materials as graphene, transition metal
oxides, and several highly doped semiconductors have been used in plasmonic applications.
Isolated and coupled metal nanoparticles, arrays of particles on substrates, nanoparticle
suspensions, alternated metal and dielectric thin films, dielectric cavities in surfaces of noble
metals and sheets and stripes of two-dimensional materials are typical examples of systems used
for excitation of plasmonic resonances. These resonances have been used in a fast increasing
number of applications: transformation of light beam properties, selective optical induced
heating, sensing of chemical or biological compounds, enhancement of non-linear optical
excitation in nanomaterials, optical coherence applications in quantum optics. The operating
spectral range, variety of sizes, shapes and geometrical configurations that can be tailored and
the exceptional optical properties of surface plasmons promote their use in a wide variety of
applications at the nanoscale, where other types of resonators cannot be used, or are too
inefficient.

We review a large variety of plasmonic resonators and their most relevant properties. We first
discuss the fundamental properties of the plasmonic resonances, using simple physical models.
Then we present a retrospective of applications evidencing the most relevant aspects of
interaction of surface plasmons with matter and radiation. Finally we focus the most recent
applications covering metamaterials, plasmonic materials with topological properties and
resonators supporting plasmon-electron interaction.

Keywords: surface plasmons, Fano resonance, Purcell effect, optical nanoantenna, strong
coupling, hyperbolic metamaterial, topological insulator

(Some figures may appear in colour only in the online journal)

Original Content from this work may be used under the further distribution of this work must maintain attribution to the author(s) and
BV terms of the Creative Commons Attribution 4.0 licence. Any the title of the work, journal citation and DOL.

1361-6463/20/443002+41$33.00 1 © 2020 The Author(s). Published by IOP Publishing Ltd  Printed in the UK


https://doi.org/10.1088/1361-6463/ab96e9
https://orcid.org/0000-0001-9050-7857
mailto:manuel.goncalves@uni-ulm.de
http://crossmark.crossref.org/dialog/?doi=10.1088/1361-6463/ab96e9&domain=pdf&date_stamp=2020-08-06
https://creativecommons.org/licenses/by/4.0/

J. Phys. D: Appl. Phys. 53 (2020) 443002

Manuel R Gongalves et al

1. Introduction

Electronic charge-density oscillations coupled with retarded
electromagnetic field modes in metal surfaces are called sur-
face plasmon-polaritons. They constitute a fundamental type
of electromagnetic oscillation at the nanoscale with major
impact in several fields of modern physics. These oscillations
can be excited in all materials presenting negative real part
of the dielectric function in a broad band of the electromag-
netic spectrum, when interfacing with a dielectric medium.
Surface plasmons can be excited in structures with a geometry
of 1D, 2D, and 3D space dimensions. These structures are gen-
erally called plasmonic resonators. The dimensionality, size
and morphology determine the kind of resonances that can be
produced for a certain material, or combination of materials.

Key features of the surface plasmons are their excitation
by electromagnetic waves, either propagating or evanescent,
electron beams, and by electric polarisation in nanoscale junc-
tions. However, propagating waves and electron beams require
a phase matching condition to be verified. By other side, the
extreme surface confinement of the surface plasmons is asso-
ciated with an exponential decay with the distance of the near-
fields [1].

Surface plasmons are distinct from other quasi-particle
oscillations as bulk plasmons, phonons, magnons and
excitons, as they are excited at the surface of metals. The
wide range of resonators that can be conceived always relies
on the strong confinement of the electromagnetic field, on the
energy of the optical resonance and on the resulting scatter-
ing angular spectrum. The confinement of plasmons has other
relevant implications, namely in the geometrical properties of
several light quantities as spin, linear and angular momentum
of near-fields, quite different than those of propagating fields.

Resonances on individual or coupled particles can be ana-
lysed using the equations of motion of classical mechanical
or electrical resonators. Although this seems to be an over-
simplification it provides a good qualitative and in some cases
quantitative description of the interaction. However, a rigor-
ous description of the far- and near-fields and derived quant-
ities requires solving the Maxwell’s equations. Almost all
physical quantities related to plasmonic resonators can be
described in the framework of classical or semi-classical phys-
ics. Only for very small particles, thin junctions and some
matter-radiation interaction cases full quantum mechanical
treatment is required.

Current investigations of plasmonic resonators do not focus
only on the interaction between electromagnetic radiation, or
electrons and plasmons, but make use of the already well
known resonators to explore other physical effects as topolo-
gical properties of materials, quantum states of light, metama-
terials and transport phenomena.

In this review, after this introduction and a short historical
note, we firstly give an overview of the fundamental prop-
erties of simple and coupled plasmonic resonators, describ-
ing their resonance properties using classical oscillators mod-
els. In some cases we compare the properties with the res-
ults obtained from rigorous calculations of the Maxwell’s
equations. We continue with a survey of already well known

applications of plasmonic resonators in several levels of
matter-radiation interaction, both classical and quantum. Sim-
ultaneouly we briefly discuss recent advances related to these
applications. We finish with a bunch of the most recent
research progresses relying on plasmonic resonators, includ-
ing topological materials, metamaterials, and the revival of
electron-plasmon interaction.

2. Historical note on plasmonic resonators

The discovery of surface waves called surface plasmon polari-
tons (SPP), is due to Ritchie [2]. SPPs are responsible for the
angular dependent losses of fast electron beams crossing thin
metal sheets. These surface excitations of the conduction elec-
trons have lower energy than the bulk plasmons of the metal.
Later, it was found that light could also excite surface plas-
mons, provided the phase matching condition between the
wave vector of the incoming light and wave vector of the
surface plasmon would be achieved [3, 4]. It became then
possible to relate the surface plasmons with the Mie reson-
ances of metal colloids, well known since the beginning of the
20th century [5], but already experimentally investigated by
Faraday [6]. These resonant modes arise by spatial confine-
ment of the surface plasmons at the surface of a noble metal
sphere, unlike the propagating modes in infinitely extended
metal-dielectric interface.

Despite the fact that plasmons have been treated as an
example of excitons of solid state physics, the progress
of research on all phenomena related to surface plasmons,
globally called plasmonics, evolved autonomously, often
approaching classical optics and electrical engineering rather
than other branches of solid state physics. This was mainly
due to the fact that the number of materials suitable for plas-
monic applications remained very small and new materials
are difficult to engineer. Surface plasmons require materials
with free electrons and low optical losses at the optical band-
width, which restricts us to a few available in nature including
gold, silver, and aluminium [7-10]. An easy way to check if
a material has potential to be used in plasmonics is by ana-
lysing its dielectric function. Good plasmonic materials in the
visible and near-IR must have a negative real part of the dielec-
tric function and simultaneously a small imaginary part. More
recently, other materials synthesised by different techniques
extended the number of materials presenting plasmonic prop-
erties. This includes 2D materials as graphene, molybdenum
disulphide, the so called MXenes [11], compound 3D materi-
als as metal nitrides, highly doped semiconductors and trans-
parent conducting oxides [12, 13]. Limitation are the spectral
region where these materials present adequate values of the
dielectric function, which is mostly in mid-IR to far-IR and
optical losses. However, in 2D materials as graphene surface
plasmons are tunable.

As surface plasmons are electromagnetic surface waves,
we can consider several ways to propagate and confine
them. The most elementary geometrical structure, beyond the
trivial metal-dielectric interface, supporting surface plasmon
modes is the thin metal film surrounded by two dielectric
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semi-infinite media. This is usually called DMD (dielectric-
metal-dielectric), also called IMI (insulator-metal-insulator)
structure. Its counterpart forming a planar gap between semi-
infinite metal regions is the MDM, or MIM. The properties
of the plasmonic modes supported by these structures were
extensively investigated elsewhere [14—18]. Planar structures
supporting plasmon guided modes were among the first noble
metal structures investigated. However, it became evident that
surface corrugations, grooves and other geometrical shapes on
a planar film would modify the propagation and confinement
of surface plasmons, leading to localised resonances and modi-
fying the dispersion relation [17, 19-21]. The first observation
of an effect arising by plasmon confinement in metal gratings
was reported by Wood in 1902, the so called Wood’s anom-
aly [22]. Despite successive approaches, the first theoretical
models provided only phenomenological explanations [23—
25]. The nature of the surface waves leading to the Wood’s
anomaly remained not well understood. The discovery of the
surface plasmons furnished the physical basis for a consistent
explanation of the spectral anomaly observed.

In 1998, Ebbesen and collaborators found an intriguing
large value of the zero-order optical transmission of white
light through an array of sub-wavelength holes drilled on a sil-
ver film of 0.2 pm thickness [26]. The transmission was only
remarkable for some spectral bands and not in the full visible
spectrum. The transmission was considered extraordinary by
comparing its maxima with the prediction of the Bethe the-
ory of diffraction for a single sub-wavelength aperture on a
perfectly absorbing screen [27]. The transmission value was
also highly dependent on the angle of incidence. A satisfact-
ory explanation was given in terms of the coupling of light
with the plasmonic modes excited at the surface of the hole
array. By other side, it was already known that 2D gratings on
silver could present bandgaps [28]. This coupling between sur-
face modes was already analysed by Fano in 1938, to explain
the Wood’s anomalies in 1D gratings [24]. Interestingly, Fano
obtained a similar mathematical expression to describe the
asymmetrical lineshapes arising in the ionisation spectra of
noble gases, in the context of atom physics [29-31]. Since then
these quite universal resonances are called Fano resonances.

Curved surfaces, or corrugations in metallic films where
surface plasmons propagate, lead to reflections and eventu-
ally to localised plasmon modes. The curvature of the sur-
face leading to reflections can be understood as a geometrical
potential [32, 33]. In metal films structured with deep grooves
plasmons can easily couple to external light, unlike thin flats
films. Deep grooves strongly confine plasmons and simultan-
eously produce narrow absorption resonances. Because of that,
grooves of different shapes have been fabricated to produce
structural colours [34-36].

Other way to increase the number of surface plasmon
modes propagating along the metal-dielectric interfaces is by
stacking alternating layers metal and dielectric media. The
mode dispersion arising in such stacks was already investig-
ated by Economou in 1969 [14]. In the last two decades, these
stacks regained attention due to the discovery of the hyperbolic
metamaterials [37-39]. The plasmonic modes become guided
in volume of the stack. Some of the guided modes can have

very large wavenumbers, which is required in sub-wavelength
imaging. The stack itself does not form a cavity in the strict
sense, but as some modes may have very large wavenumbers
allows for radiative decay engineering [40—43].

Although the work of Mie established a milestone in
the history of electromagnetics of metal colloidal particles,
Mie resonances remained long time disconnected from other
effects due to the excitation of surface plasmons. The intens-
ive calculations required to solve the Maxwell’s equations
of arbitrary geometry and complex dielectric function only
become possible with the advent of computational electromag-
netics, after the 1960s. By the other side, a large amount of the-
oretical calculations based on approximations of the classical
electromagnetic theory, over the full past century, permitted
to achieve an increasingly detailed knowledge of the proper-
ties of small metal particles of various shapes, arrangements,
and environments [44—48]. In the last decades new techniques
of nanoscale fabrication [49-52], experimental and theoretical
investigation of the optical properties of nanoparticles [47, 53,
54], and new microscopy and spectroscopy techniques [55—
60] boosted a fast development of plasmonics extending the
applications range.

The interaction of plasmonic nanostructures with matter in
their immediate neighbourhood has been a subject of increas-
ing attention, both in the classical and the quantum world.
The incomparable near-field enhancement and confinement
provides the basis for a large number of applications. Fun-
damentally, the plasmonic structure acts as a resonator with
optical response in the near- and far-field. For a specific nano-
particle, the optical response of the resonator is mainly determ-
ined by the wavelength and polarisation state of the illuminat-
ing light. The near-field distribution of particles arranged in
close proximity is also strongly modified, due to near-field
coupling. The propagating far-fields present radiation patterns
that depend on the polarisation direction and plasmonic mode
excited. Particles of the size of the wavelength and larger have
radiation patterns not only dependent on the polarisation dir-
ection of the incoming field but also on the number of multi-
poles excited. Single nanoparticles, or arrays of coupled nan-
oparticles can operate as optical antennas. On the other hand,
when the excitation is done by an electron beam in vacuum,
the polarisation state is not defined, but the point at which the
electrons hit the metal determines the near-field pattern and
the angular spectrum of radiation emitted. In most of applic-
ations light is used for the excitation of surface plasmons and
many modern applications rely on hierarchical arrangements
of optical nanoantennas.

Before we discuss applications of plasmonic resonators and
the underlying morphology and materials, it is convenient to
describe the fundamental characteristics of the plasmonic res-
onances using classical oscillators, as they furnish the basic
elements to understand the physical mechanisms of the reson-
ances.

3. General properties of plasmonic resonances

In this section the origin of plasmonic resonances is reviewed.
Firstly, we address briefly the dielectric function of plasmonic
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materials. Then, we present a phenomenological treatment
of plasmonic resonances in isolated and coupled systems of
particles, as they form the basis for many effects based on plas-
monic excitation. We give examples for the most relevant res-
onant effects.

3.1 Dielectric function of plasmonic materials

Plasmons are low energy excitations in an electron gas. In
metallic solids where electrons are free and can be easily
driven by external electric fields, oscillations of charge dens-
ity arise due to the application of the external field and the
restoring force of the positively charged material remaining.
In a periodic potential the model describing the dynamics of
electrons determines the effective mass m*, which depends
on the band structure of the materials and is different than
the mass of a free electron. The bulk plasma frequency is
determined by the mean density of electrons #,, related to the
Fermi energy of the material, and its effective mass. It reads
w, = (4mwe’n, /m*)'/? in cgs units, or w, = [e?n, /(eom*)]'/? in
ST units. This quantity is obtained from the equation of motion
of an infinitesimal volume of electrons under an external elec-
tric field. Plasma frequencies range from 15 eV for aluminium
down to THz frequencies for graphene.

The dielectric function of bulk plasmonic materials as noble
metals according to the Drude—Sommerfeld electron model is
given by

wZ

P
—_ 1
w? + iwy M

e(w)=¢€1+iez =€00 —
€0 > 1 accounts for the contribution of the positive ionic cores
to the dielectric function. For a perfect electron gas it takes
the value of 1. The refractive index is also a complex quantity
and related to the dielectric function by 7 = n+ ik = /€. The
Drude—Sommerfeld model cannot describe the band structure
of the metal and therefore, in calculations is often substituted
by the experimental values of the dielectric function or refract-
ive index [7]. More accurate models of the dielectric function
include non-local response, which is dependent on the particle
size, and other parameters [61-63].

Graphene is a 2D material with a more complicated optical
response [64—70]. The optical conductivity of graphene is
described by o = o1 + op. The first term is a interband contri-
bution expressed by o1 = ¢’ +ic’’. The second is the Drude
contribution, which dominates for heavily doped graphene
and frequencies much below the Fermi level Ex. Graphene is
one of the most investigated materials today and new proper-
ties and applications in many fields beyond plasmonics have
appeared.

In contrast to Drude metals graphene presents an
extraordinary advantage: the optical response can be tuned by
a chemical potential, or by applying an external voltage. The
electrical tunability is not an exclusive property of graphene,
in contrast with other bulk plasmonic materials, characterised
by the Drude-Sommerfeld model. The dielectric properties
of other 2D materials as the monolayered transition metal
dichalcogenides (MoS2, WS2, WSe2) can also be tuned [71].

Graphene plasmons present as well very large wavenumbers
and exhibit the strongest field confinement of any surface
plasmons [68, 72]. The only limitation is the frequency band
where the tunability and field confinement are so large: the
mid-IR to THz frequency range [73]. At visible wavelengths
the optical absorption reaches 2.3%.

The search for better plasmonic materials in several dir-
ections as, lower loss, application at high temperature, wide
bandwidth, tunability, low chemical reactivity, transparency,
non-linear response and near-zero refractive index has been
subject of intensive research and has been already addressed
in many research articles and reviews [12, 13, 74-79].

3.2. The driven damped oscillator and the plasmonic particle

The optical response of an isolated plasmonic particle where
a plasmon is excited can be characterised by the phenomen-
ological model of a driven damped oscillator. The spectrum
of the harmonic oscillator with low damping (2w > ) is
approximated by the Lorentzian lineshape [80]. We summar-
ise the properties of such oscillator in order to analyse after-
wards several examples of coupling between oscillators. The
equation of motion of the harmonic damped oscillator of
charge ¢ and mass m, driven by an external harmonic force

f(®) =foexp(iwt), is given by

m + myx + mwix = fyexp(iwt). )
We can normalise by the mass and obtain
¥+ yi 4 wix = agexp(iwt), 3)

where ag = fy/m is the acceleration. A more general excita-
tion in the Equation of motion includes the Abraham-Lorentz
force term, Fap = (2¢*/3c®)dx/dt® in cgs units, or Fap =
(¢?/6meoc®)dx/dr in ST units [81]. When the oscillator is
driven the general solution in the steady-state is

x(1) = Aexpli(wt) + 4], )
with
A= Ao and
\/wz,yz + (wg —w?)?
¢ = arctan <2%J2> + nr. (&)
wO — W

The frequency-dependent amplitude A determines the
shape of the resonance. ~ turns out to be the half-width of
the resonance at the half maximum (HWHM). The quality
factor relating the amount of energy stored in the oscillator
comparing to the excitation power is given by Q = w/~. When
the external excitation is interrupted the oscillations decays
with constant . The way the oscillations decays depends on
the ratio r = /(2wy), which can be overdamped (r > 1), critic-
ally damped (r = 1), or underdamped (r < 1). Using this sim-
plified model we can describe the time constant of damping
7= 1/v. Estimations of the decay time from measurements
of the extinction spectra of plasmonic nanoparticles indicate
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Figure 1. Extinction cross-section of silver (a) and gold (b) spheroids in homogeneous medium of refractive index n = 1.45. The symmetry
axis of the spheroids is tilted comparing the incident electric field vector of the plane wave by 45° . For comparison, the extinction
cross-section of a gold spheroid parallel to the electric field is also presented. Due to the symmetry conditions the plane wave cannot excite
the quadrupole mode of a spheroid when its longest symmetry axis is parallel to the electric field. The dielectric functions used in the
calculation were based on experimental values of the optical constants [7].

Ag spheroids: multipole resonance vs. aspect ratio
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Figure 2. Extinction cross-sections and respective full-width at half-maximum (FWHM) of silver spheroids as function of their aspect ratio.
The shortest semi-axis are a = b = 30 nm and the longest ¢ =200 nm. In all cases the refractive index of the surrounding medium is
n=1.45. The central wavelength of the multipolar resonances depends linearly on the aspect ratio of the spheroid. In order to excite, dipole,
quadrupole and octopole resonances the symmetry axis of the spheroids is tilted to the incident electric field vector by 45 °

values of few to 10 fs [82]. However, the particle size and
high pumping power in experiments leads to much longer
relaxation times involving hot electron and lattice relaxations,
in the order of ps [83].

The classical oscillator model is particularly useful to
apply in spheroidal particles illuminated by plane wave fields
in homogeneous environment. Metal nanoparticles as Mie
spheres present multipolar excitations. Each multipole can be
calculated individually, but the superposition of the modes
leads to overlapping of the resonances in the optical extinction
spectrum. Spheroidal particles and rods, by contrast, have well
separated multipole resonances and thus, the extinction spec-
trum can be described as a sum of resonances with Lorentzian
lineshape. The extinction spectra of elongated particles is
dependent on the polarisation direction of the plane wave and
the incoming field direction. Thus, some multipoles may be

not excited for certain polarisation and illumination direction.
In the left column of figure 1 is illustrated the multipolar
extinction spectrum of a silver spheroid and its fitted spectrum
with Lorentzian curves. In the right column are presented the
extinction spectra of a gold spheroid for two distinct illumin-
ation directions.

Elongated particles as rods present narrower resonances
than spherical particles of comparable volume and surface
size. This is due to the different radiation damping rates [84—
89] exhibited by the particles. In figure 2 the first multipoles of
silver spheroids and their respective FWHM are shown, indic-
ated by the error bars, as function of the particle aspect ratio.
The shortest semi-axis is 30 nm and the longest 200 nm.

The spectral position of the longitudinal resonances scales
up linearly with the aspect ratio of the particles. This has
been found for elongated particles much smaller than the



J. Phys. D: Appl. Phys. 53 (2020) 443002

Manuel R Gongalves et al

1640 nm

940 nm

700 nm

Z
x-Y

%1074

35
30
25
20
15

10

x1071
35

30
25
20
15

10

%107

%101
15

10

-10

-15

x107%¢

20

15

10

x 10‘1(
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the first three resonances: dipole, quadrupole and octopole. The radiation patterns were calculated using the far-field electric strength Eg,,
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wavelength, but also for particles of the size of the wavelength.
The scaling factors also depend on the particle shape, material,
refractive index of environment and multipole order [71, 90—
93]. This property is particularly useful for tailoring particles,
or arrays of particles to be applied as optical antennas. Like in
electrostatic charge distributions surface plasmons multipoles
excited in single particles are associated with distributions of
surface charge. These corresponding angular spectra of these
plasmon modes are as well distinct. For instance, a dipolar
resonance in a spheroid has an angular spectrum of scattering
of toroidal shape. In figure 3 the radiation patterns associated
with the first multipoles of a silver spheroid at an angle of 45°
to the incoming field direction are presented. The asymmetry
of the radiation pattern is do to the particle inclination. How-
ever, for a plane wave illumination where the electric field is
parallel to the particle long symmetry axis, no quadrupole is
excited.

The highly localised surface charge density leads to strong
near-field which is fundamental element in radiative decay
engineering, non-linear optics, quantum optics and optomech-
anics and other levels of matter-radiation interaction. Several
applications rely on enhanced near-fields, including optical
nanoantennas, surface enhanced Raman scattering, plasmonic
tweezers and photothermal heating and enhanced radiative
decay of emitters.

3.3. Coupled oscillators

The interaction models and the discussion of the optical prop-
erties of single plasmonic particles of the previous section
can extended to coupled particles. The most simple way
to describe two interacting plasmonic particles is by using
coupled equations of motion equations of two coupled oscil-
lators. This elementary model is very powerful to explain a
wide range of interactions, as we will see in the next sections.
This model is mostly used to describe the far-field spectral fea-
tures resulting from near-field interaction. The near-field pat-
terns and corresponding surface charge distributions need a
full electromagnetic calculation.

The equations of motion of two classical oscillators of free
eigenfrequency wy = \/k; /m, and w, = +/k, /m with damping
constants y; and 7y, respectively, read

%1 4 Y1x1 + wixg + Q% (x) — x2) = agexp(iwt) (6a)

X + i +wixg + O (0 —x1) = 0. (6D)

Only one oscillator is driven by an external harmonic force
and the coupling strength is given by the Q5 = /kj»/m. The
steady-state solutions, assuming the ansatz x; = ¢;exp(iwt)
read [94-96]

2 2
Wy — W+ Inpw

cl = a Ta
! (W} —w? 4+ inw)(w — w? +inw) — 0, o (a)

2
QIZ

2 2

ag. (7b
=t )R P f i) o, TP

C) = —

The complex amplitudes expressed by

¢y = |ci|exp(igy) and ¢y =|ca|exp(igz)  (8)

are related the phase difference ¢ — ¢, =6 — 7, with 6§ =
arctan [(7w) /(w3 — w?)].

This model can be used to describe coupling effects res-
ulting in Fano resonances, classical analogue of strong coup-
ling and the classical analogue of the electromagnetic induced
transparency. All these effects have been investigated in many
plasmonic resonators and form the building blocks of many
applications. Notable is the fact that all these phenomena have
been discovered in the context of quantum physics and have
found many analogues in the classical world.

3.4. Fano resonance in plasmonic resonators

Fano found in 1961 a formula to describe quantitatively
the asymmetric lineshape found in the ionisation spectra of
helium [31]. It reads

(g+¢)?

=1

€))
where ¢ is the Fano asymmetric parameter and ¢ = (E —
E4)/(I'/2) expresses the reduced energy at the ¢ discrete
state of width I'. o represents the total cross-section due
to the interference between the scattering amplitude in the
continuum states with scattering amplitude in discrete states.
The energy levels of the both continuum and discrete states
have to be close to each other in order to produce interfer-
ence. For glim co the lineshape approaches the Breit—Wigner
or Lorentzian symmetric resonance lineshape. For g =0 the
lineshape has dip at € = 0. Resonances presenting lineshapes
of this kind arising from destructive interference between
coupled resonant systems are called Fano resonances. These
resonances occur in nature in all kind of physical systems
either quantum, or classical. Plasmonic coupled resonators are
no exception. Systems that can be described as classical oscil-
lators benefit from the mathematical simplifications without
loosing the physical insight.

The Fano resonance in coupled classical oscillators was
analysed by Joe et al [94]. This model has been very often
applied to analyse the optical response in coupled plasmonic
systems. Fano resonances have been extensively investig-
ated for plasmonic systems in the last decades [95, 97-111].
Gallinet and Martin found a generalisation of the Fano formula
for vectorial fields and lossy materials from first principles and
more adequate to treat plasmonic systems [95].

(q+rK)>+b
olk)=a T (10)
Considering a non-radiative mode of frequency w,; and
intrinsic damping 4, the reduced frequency « is defined by
k= (w? — w3 — Awy)/I'. The constants a = (1 —T;)~2 and
b= k’I'?q*a depend on the with I; of each resonance. For
a non-radiative mode without losses I'; =0 and the classical

Fano formula is obtained.
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Figure 4. Amplitude of the coupled oscillators for two values of the coupling constant. A Fano lineshape arises in the amplitude spectrum
of the first oscillator (a), whereas the amplitude of the second non-driven oscillator (b) becomes very large near its natural resonance. The
numerical values used are: w; = 1.0, v; = 0.1, w2 = 1.2 and v, = 0.001.

Cross-sections of a H-structure of Au rods

1.6

— Oext

Osca

=
>

)

— Oabs

2

m
©c o = »
o ® o N

o
>

Cross-section (x10713

©
[N

©
o

400 600 800 1000

1200 1400 1600 1800

Wavelength / (nm)

Figure 5. Cross-sections of coupled rods mounted in a H-like structure. The lengths are 300 nm for the longer rods and 120 nm for the
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refractive index of the medium surrounding the rods is n =1.45.

In order to underline how a Fano resonance arises we use
the oscillation amplitudes for the coupled oscillators found in
the previous section. We assume one of the oscillators hav-
ing a narrow resonance (low damping) and the other with a
wide (high damping) and a low coupling constant k;, such
that Q2, < (w} —w3). The spectral position of the reson-
ances should be proximate, but do not need to overlap. If we
drive the first oscillator with an harmonic force, its amplitude
presents at the resonance of the second oscillator an asymmet-
ric lineshape 4. Simultaneously, the amplitude of second oscil-
lator has a symmetric peak at the same resonance. This means
that the excitation energy of the first oscillator is transferred to
the second oscillator, resulting in a destructive interference in
the motion of the driven oscillator. The corresponding phase
also suffers a sudden shift of ~7.

The same kind of interference occurs between bright (radi-
ant) and dark (non-radiant) modes in coupled modes of plas-
monic nanostructures. The Fano resonances are assessed from
the extinction spectra. One of the first experimental systems
evidencing a Fano resonance in the dark-field spectrum was

the dolmen structure formed the three gold rods [99]. When
the polarisation of the excitation field is parallel to the top rod
and the rod lengths match in a way that the longitudinal dipole
resonance of the top rod overlaps with the quadrupole reson-
ance of the side rods a Fano resonance arises. Under these con-
ditions the quadrupole resonance cannot be directly excited by
the external field (dark mode), but it arises by near-field coup-
ling. Thus, the dipolar resonance suffers a destructive interfer-
ence from the quadrupole mode and presents a Fano dip.
Other example of plasmonic structure presenting Fano res-
onance are gold rods in H-like arrangement. The polarisation
of the plane wave field in parallel to the middle rod and the
lateral longer rods are not directly excited. However, due to
the near-field coupling the quadrupole mode of each longer
rod is excited absorbing energy from the dipole mode. The
total cross-sections of the H-like structure are presented in
figure 5. The corresponding radiation patterns and surface
charge distribution for three different wavelengths are shown
in figure 6. At the Fano dip the far-field radiation pattern is
not the typical of a dipole excitation. Due to the near-field
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interaction with the longer rods, it presents four lobes and sim-
ultaneously decreases the intensity. At the extinction spectrum
peaks surrounding the Fano dip the corresponding radiation
patterns resemble those of a dipole.

Figure 7 presents the calculated reflectance, near-field max-
imum and near-field distribution of two dolmen structures
made by rectangular rods of different sizes. The position of the
Fano dip and the near-field maximum are not only sensitive to
the inter-particle gap, but also on the particles dimensions. In
contract with the H-like structure, the quadrupole is excited
in both longer rods and not in each longer rod in a symmetric
way. Thus, the near-field distributions of the Z-component of
the electric field are antisymmetric (see figure 7(e)).

3.5. Strong coupling in plasmonic systems

When an emitter is in an excited state it decays spontaneously
due to two pathways: a radiative and a non-radiative. Inside a
cavity the radiative pathway can be strongly enhanced, due to
the large increase of optical modes, and the decay rate becomes
much faster than in free space. This is what happens when the
lifetime of the optical mode is much shorter then the lifetime
of the excited state of the emitter. This is the regime of weak
coupling, arising between the emitters and cavity modes giv-
ing rise to the Purcell effect [112] for the spontaneous emis-
sion. However, if the optical mode lifetime in the cavity is
longer than the lifetime of the excited state an interaction
regime starts to arise between the optical mode and the emit-
ter, resulting in an oscillatory decaying emission. This phe-
nomenon is called Rabi oscillation. It was found by Rabi in
the context of nuclear spin resonance [113]. The interaction
regime is called strong-coupling, to distinguish it from the
more common exponential decay of emission characteristic
of the weak coupling. The Rabi oscillation in the time-
dependent emitted light is associated with a spectral splitting

in the emitter resonance. The spectral splitting is an attribute
of the strong coupling.

The strong coupling regime of radiation-matter interaction
can be described at three levels [114]: (a) quantum optical,
describing the interaction of a two-level quantum system
interacting with a quantised electromagnetic field; (b) semi-
classical, where the field electromagnetic field is treated clas-
sically; (c) classical Lorentzian oscillator and classical electro-
magnetic field. The classical case has been already introduced
by Novotny [115] and more recently discussed by Térma and
Barnes [114]. The fully quantised case has been subject of
thorough studies in cavity quantum electrodynamics [116—
118].

In order to appreciate the importance of the strong coupling
in plasmonic systems we analyse strong coupling using clas-
sical oscillators, as in the case of the Fano resonance. Follow-
ing the method of Novotny [115], we first write the equations
of the undriven coupled oscillators of equal mass

X1 +yxr + (ki /m)x + (ki /mi) (v —x2) =0 (1la)
X2+ + (ka/ma)xa + (kia/m2)(xa —x1) =0. (11b)
To simplify the solution we set y; =0,
X1+ [(ky + ki) /my]x; — (kia/my)xa =0 (12a)
¥+ [(ka + ki) /ma]xa — (kia/ma)x; =0.  (12b)

Without coupling (k;; = 0) the eigenmodes have frequen-
cies wg,1 = y/ki/m and wy 2 = \/k/m. Using the ansatz x;
A;exp(—iwt), we find the eigenfrequencies arising for non-
zero coupling [115]


https://creativecommons.org/licenses/by/4.0/

J. Phys. D: Appl. Phys. 53 (2020) 443002 Manuel R Gongalves et al

Anti-crossing of frequency modes in coupled oscillators

— w4(k12=0.2) ==
1.4 —— w-_(k12=0.2) —=="

1.2

w/wo

0.8

0.6

0.4

-1.00 -0.75 -0.50 -0.25 0.00 0.25 0.50 0.75 1.00
Ak/ko

Figure 8. Strong coupling in classical oscillators. In the absence of coupling the eigenfrequencies cross. When the resonators are coupled,
an anti-crossing arises, and the separation between the eigenfrequencies I" is proportional to k2. The numerical values used are
ki =ko = 1.0, mi =my = 1.0, kr = ko + Ak, k1o = 0.2ko.

Reflectance [HEE.
00 02

E
1 2 3 4

k ,
B
R=N
=

d 2
K}
g
5 1500 =

500 1000 100 2000 2500 3000
Resonator length d [nm]

Figure 9. Reflectance presenting strong coupling between photonic cavity modes and plasmonic resonance modes of a intra-cavity rod
particle. The dashed white and black lines correspond to the unperturbed plasmon and optical cavity modes, respectively. The black arrows
indicate the anti-crossing. [120] John Wiley & Sons. © 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

eigenfrequencies cross for ki, = 0. However, for non-zero ki,
wy = % [w% + Wi+ \/(w% — w2+ 4F2w1w2] (13@) an anti-crossing arises in the values of w and w_. The way
we change the value of k, was purely arbitrary. It was chosen
with the only purpose to make the eigenfrequencies dependent
on a parameter that leads to crossing, in the absence of coup-
wo =3 [w% +wi— /(W] —w3)+ 4F2w1w2} (13b)  ling. Figure 8 illustrates the anti-crossing of modes in coupled
oscillators as function of the parameter Ak.

with w; = /(ky + ki2) /mi, wy = /(ka + ki2)/my and T = Fo.llowing the appr.oach of Novotny.[l 15], we first write the
\/W \/W //@iw;. We can make k, dependent on equations of the undriven coupled oscillators

a parameter k and k; = k¢ having a fixed value. We have
then k, = ko + Ak. Thus, when k; = kj, both eigenfrequen-
cies have the same value. We can now vary Ak between —k
and ko and obtain the respective w, and w_. Assuming that
both masses are identical m; = m, = m, it easy to see that the X 4+ ko + (ka/mo)xs + (kia/ma) (2 —x1) =0. (14b)

1 +yix + (ki /mp)xy + (kio/m)(x1 —x2) =0 (14a)

1
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To simplify the solution we set y; =0,

.3&] + [(kl +k12)/m1}X] — (k]2/l’l’l]))€2 = 0 (1561)

¥+ (ko + ki2) /mo)xy — (kia/map)x; =0. (15b)

Without coupling (k;, = 0) the eigenmodes have frequen-
cies wo,1 = v/k1/m and wy 2 = +/ka/m. Using the ansatz x;
A;exp(—iwyt), we find the eigenfrequencies arising for non-
zero coupling [115]

wy =1 {w% + w3 + /(W —w3)? +4F2w1wz} (16a)

= [wd+ud - VT - T AT (16b)

with w; = 4/ (k] —|—k12)/m1, Wy = 4/ (kz +k12)/m2 and I' =
Vkia/mir/kiz/my [ \/wrw,. We make k, dependent on a para-
meter k and set k; = kg to a fixed value. The dependence of k;
on the parameter £ is arbitrary, but must allow a matching point
between k; and k,. Thus, we set k, = kg + Ak. When k, = kg,
both eigenfrequencies have the same value. We can now vary
Ak between —kg and k¢ and obtain the respective w and w_.
Assuming that both masses are identical m; = my = m, it easy
to see that the eigenfrequencies cross for k, = 0. However, for
non-zero kj, an anti-crossing arises between w, and w_ as
function of Ak. Figure 8 illustrates the anti-crossing of modes
in coupled oscillators as function of the parameter Ak.

We point out that the anti-crossing observed in the disper-
sion relation characteristic of strong coupling also arises for
other coupled oscillators, for instance in photonic resonators,
cavity quantum electrodynamics with single emitters and in
many solid state systems. The first requirement is that their dis-
persion relations can cross at some point in the (k, w) space, if
considered uncoupled. The second is the requirement that the
coupling must be stronger than the decay rates of the resonat-
ors, or the decay rate of the excited state of an emitter coupled
with the resonator. Thus, the term ‘strong coupling’ applied
in the present context should be distinguished from other con-
texts of physical theories.

A very useful and intuitive way to analyse the strong coup-
ling regime in plasmonics was developed by Novotny and
Torma and Barnes [114, 115]. The spectrum of a nanoscale
emitter of frequency w, and damping rate ~, is represented
by a Lorentzian curve [80]. The Lorentzian expression can
be found from the motion equation of the undriven damped
oscillator model of a point dipole. As the emitter size is much
smaller than the wavelength of light, we can assume that its
dispersion is independent of the k-vector. It is represented by
a horizontal line in the dispersion relation map (w, k). A sur-
face plasmon-polariton (SPP) by the other side is dispersive.
The dispersion relation reads

w_

w

€Em€d
kspp= — 4/ ——— 17
spp =4/ p— (17)

where ¢, is the dielectric function of the metal and ¢, is the
dielectric function of the dielectric. We can assume for the sake
of simplicity that the metal is a Drude metal. The dispersion
curve of the SPP is always localised at the right of the light
line. When the central frequency wg of the emitter overlaps
the SPP dispersion both lines would cross. Under certain con-
ditions, however, there no crossing in the dispersion curves
of the emitter-SPP system rather an anti-crossing. The condi-
tion is the following: the coupling constant between the emit-
ter and the SPP must be larger than the sum of the decays
rates of both [114, 115]. More recently, other conditions for
the strong coupling and the anti-crossing were discussed by
Rodriguez [119]. When the coupling constant is smaller than
the damping, only weak coupling occurs and leads to the Pur-
cel effect. Strong coupling has been predicted and observed
experimentally in many different optical systems. The clas-
sical strong coupling between an optical cavity and a plas-
monic particle is illustrated in figure 9.

The strong coupling between a plasmonic resonator and a
single emitter is difficult to achieve experimentally. In general
only weak coupling is achieved. However, quantum emitters
in small gap cavities can lead to strong coupling at room tem-
peratures. Despite the low Q-factor of these cavities, the mode
volumes are much smaller than for photonic resonators and
thus, strong coupling based on a single molecule was meas-
ured (see figures 10 and 11).

3.6. Plasmonic analogy of the electromagnetic induced
transparency

Electromagnetic induced transparency (EIT) is a term coined
by Harris and coworkers to describe how an opaque medium
may transmit radiation at its resonance [122—125]. It occurs in
vapour cells of three level atoms. The description of the mech-
anism leading to EIT is based on transition between quantum
states of three different energy levels. One of the schemes is
based on a laser source tuned between the upper level |3 >
and the lowest level |1 > (probe field of frequency w),) and
a second laser is tuned around the middle level |2 > and the
state |3 > (coupling laser field of frequency w,). The dipole-
transition between the states |1 > and |2 > is forbidden. The
coupling laser interacts with the upper state and is responsible
for bringing large amount of atoms to the a steady state |2 >.
This results in a sudden drop of intensity in the absorption
spectrum at its resonance peak. This phenomenon has been
extensively investigated for many quantum systems [125]. A
related effect is the strong reduction of the speed of light
propagating in cold atoms supporting EIT [126].

A classical analogy of the EIT based on two coupled oscil-
lators was developed by Alzar et al [96]. It is similar to the
Fano resonance, but the resonances of both oscillators overlap.
In order to observe a narrow dip in the absorption spectrum of
the driven oscillator the non driven oscillator must have a much
smaller damping constant. The central dip in the absorption
spectrum of the driven oscillator mimics the EIT observed in
atomic vapours. Moreover, this simple model of EIT has been
also applied in the analysis of coupled plasmonic resonators
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leading to induced transparency by near-field coupling
[127-129].

Figure 12 presents the power absorbed in the first oscil-
lator (driven) and the corresponding dispersion, obtained by
the real part of the oscillator amplitude c;, as function of
the detuning frequency. Although the resonances arising in
plasmonic resonators by coupling radiative dipole modes with
dark quadrupole modes is usually classified as a Fano reson-
ance, it can be seen as a plasmonic variant of the electromag-
netic induced transparency. This is particularly true when the
bright and dark modes overlap and the transmission increases
at the Fano dip, because the destructive interaction strongly
reduces the extinction. Figure 13 presents the transmittance

and reflectance of arrays of stacked plasmonic rods fabricated
by electron beam lithography, where the upper rod is progress-
ively dislocated from he centre in each array. When the central
rod is located above the ends of the lower parallel rods a max-
imum in the transmittance is reached. When it is in the middle
position the transmittance drops to a minimum.

3.7 Parametric resonances

A parametric oscillator can be defined as an oscillator with
a harmonic time-dependent oscillation frequency. Harmonic
oscillators have constant frequency of oscillation wy. In the
parametric case the oscillation frequency is externally driven.
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One of the most simple examples of parametric oscillators is
the pumping of a swing [130-132]. A person sitting, or stand-
ing in a swing can pump the motion by changing the position
of the centre of mass of the body. If this is done periodically,
the oscillation amplitude can increase. Rayleigh was the first
to present a general theory of the parametric oscillator [133].
An example of parametric oscillator based on a mechanical
oscillators and two coupled RLC electric circuits is presen-
ted in [134]. The mechanical oscillator is coupled to the first
electrical circuit by a capacitor which capacity changes peri-
odically in time, and thus driving the first RLC circuit.

The equation of motion of a driven parametric oscillator
reads

X+ yx + f(1)x = apexp(iwt), (18)
where we substitute the constant w(z) by f(t)=f(t+T), a peri-
odic function of time. The resulting equation for the period
in time 7' = is called Hill equation [135]. The specific case
where f(f) = w}[1 + ncos(2wt)] corresponds to the Mathieu
equation, with applications in dynamic problems as inverted
pendulum, quadrupole mass spectrometers, quadrupole ion
trap, and also in quantum physics. The amplitude 7 should be
small, i.e. 7 < 1 to achieve stability. Although the Equation
is linear, the time-dependent coefficient hinders to find easily
stable solutions [136].

The theory of the optical parametric amplifier (OPA)
was developed just few years after the invention of the
laser [137—-139] accompanied by the first experimental demon-
stration [139]. Though, it took a long time until the first com-
mercial OPAs were available. The main drawback was the
quality necessary for the non-linear medium (beta barium bor-
ate, or BBO) required to operate the OPAs. Nowadays there are
many applications in laser physics based on OPAs. The inter-
action of a strong laser field (pump laser of frequency w,) with
the non-linear medium leads to the generation of two coherent
laser fields by a process called wave mixing. The idler of fre-
quency w; < wy/2 and the signal of frequency w; > w,/2, such
that w, = w; + w;, dictated by the conservation of energy. As
well, the phase matching requires that the wavevectors verify
k, = k; + k. The interaction of the laser with the BBO results
in a non-linear amplification process with tunable output fre-
quencies.

Only few publications appeared so far dedicated to para-
metric oscillations in plasmonic systems [141-143]. However,
the coupling between plasmonic systems and other kind of
oscillators seems very promising to this end. For instance,
the coupling between a plasmonic excitation on parallel thin
gold stripes and the underlying silicon nitride film supporting
acoustic vibrations can lead to a parametric resonance [144].

4. Survey of applications of plasmonic resonators

In this section we present several applications of plasmonic
resonators and discuss their main characteristics. One of the
earliest applications was in the detection of molecules by sur-
face enhanced Raman scattering [145]. This effect has been
subject of intensive research and there are numerous reviews

available [56, 146—152]. Therefore, it is not treated in this art-
icle. Although not exhaustive, this section gives an overview of
the major applications relying on plasmonic resonators inter-
acting with electromagnetic radiation and electron beams, and
covers several types of effects on the matter in the neighbour-
hood of the resonator.

4.1. Purcell effect

Purcell published a short abstract in the Proceedings of the
American Physical Society, in 1946, showing how the spon-
taneous emission of nuclear magnetic moment transitions
could be changed inside a resonant cavity [112]. The formula
reads

30 A3

— 1
472V, (19)

Fp
where Q is the quality factor of the cavity and V the volume
of the resonator. An intrinsically related effect is the inhibition
of the spontaneous emission [153]. Because no restrictions are
made in the kind of spontaneous emission this result can be
generalised for any spontaneous emission system inside a res-
onator. In optical systems a correction has to be done by intro-
ducing the refractive index of the cavity n, A — A\/n. The mode
volume V,, deserves special attention. In non-dissipative res-
onators of very large Q-factor the normal modes are strongly
confined inside the cavity and thus, the mode volume can be
evaluated by

[elEdPr

" max(e|E?)’ (20)
where E is the electric field strength and ¢ the dielectric func-
tion. However, for dissipative and dispersive media and plas-
monic materials the integrand would be negative, leading to an
incorrect result for the mode volume. Maier and Koenderink
proposed a redefinition of the electric energy stored in the cav-
ity, using a former theory of the energy density in a dispersive
and absorptive material by Ruppin, in order to evaluate the
mode volume [154—-156]. The relative electrical energy dens-
ity reads then

W, = [R(e) +2wS(e) /T] |, 1)
where w is the angular frequency and I', the damping constant
of the oscillator. R(¢) and I(¢) denote the real and imaginary
part of the permittivity. Kristensen and Hughes proposed other
method to evaluate the mode volume by calculation the density
of quasi-normal modes [157, 158].

Plasmonic resonators have small Q factors (range of 1 to
tens), due to the intrinsic losses of the metal. Despite that,
due to the much larger confinement of the modes than in
photonic cavities, the mode volumes can be very small and
Purcell factors of 100 s, or even larger then 1000 can be
achieved [159-163]. Thus, the Purcell factor remains a meas-
ure of the efficiency of a resonator in terms of decay rate,
which is fundamental in radiative decay engineering. Plas-
monic resonators offer an relevant advantage over photonic
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Figure 14. (Left) Purcell effect on a nitrogen vacancy (NV) in a nanodiamond between a silver cube and a flat silver surface. (Left)
Schematics of the NV emitter near the antenna. The inset shows a top view SEM micrograph of the cubic antenna of 100 nm and a random
dispersion of nanodiamonds on the surface. (Right) Schematic illustrations of the illumination setup for a single nanodiamond on a cover
slip (NV-G) (a) and attached to the nanoantenna (NV-NPA) (b). Characterisation of NV-G (blue) and NV-NPA (red) by autocorrelation
based on coincidence measurement (c), fluorescence decay (d) and saturation of fluorescence (e). (f) NV-G and NV-NPA emission and
nanoparticle scattering spectra. Reprinted with permission from [164]. Copyright (2018) American Chemical Society.

cavities: their modes confinement is much larger than the
diffraction limit of light and, therefore, can be integrated in
devices using much smaller space.

In figure 14 experimental results recently achieved based
on the Purcell effect of a nanosized emitter are presented. A
nitrogen-vacancy (NV) in a nanodiamond is located under a
cubic silver antenna, on top of silver surface coated by a poly-
electrolyte. The presence of strong near-field due to the plas-
monic nanoantenna on the NV leads to a much emission rate
and a reduction of its fluorescence lifetime.

4.2. Extraordinary optical transmission

The enhanced optical transmission through sub-wavelength
holes drilled in a thin metal film was reported by Ebbesen and
collaborators in 1998 [26]. The term extraordinary was used
to stress the enhanced transmission at some wavelengths in
the visible and NIR, comparing to the theoretical prediction
obtained from the theory of Bethe-Bouwkamp [27, 165] (see
figure 15). The Bethe theory of diffraction together with the
improvements of Bouwkamp were taken as reference for a cir-
cular aperture in a perfectly electric conductor screen. There-
fore, it was expected a reduced transmission in a real material
with nonzero absorption and not larger. More recently, Yi and
collaborators compared theoretically and experimentally the
different regimes of diffraction arising for a single aperture in
a real metallic screen of thickness several times larger than the
skin depth of metal [166]. They have shown that the Bethe—
Bouwkamp theory cannot account for surface plasmons and
thus, cannot explain the enhanced transmission. Already in
2001, the importance of the contribution of plasmon tunnel-
ling for the optical transmission was pointed out [167].

Generalising the coupling condition with light for one-
dimensional gratings [17, 19, 21], plasmons in periodic two-
dimensional gratings or arrays of holes observe the following
phase matching condition

kspp = ko sinf = nG, + £mG,, 22)

Transmission intensity (%)

800

1,000 1,200 1,400

Wavelength (nm)

1,600 1,800

Figure 15. Transmitted spectra acquired for angles between 0 and
24 degrees, in steps of 2 degrees, of a square array of circular
apertures in a silver film. Film thickness: t =200 nm, lattice
constant: ay = 900 nm, hole diameter: d = 150 nm. The individual
spectra were shifted vertically by 1% for clarity. The surface
plasmons dispersion relation for the square lattice can be found
from kg, = k| £ nG, = mG,, where ky = (2/X)sin@ is the
in-plane k-vector of the incident light and Gy = Gy = 27 /ag are the
reciprocal lattice constants. Reprinted by permission from Springer
Nature Customer Service Centre GmbH: Nature [26] (1998).

with n, m being integers. We assume for sake of simplicity that
k is the free space k-vector and the reciprocal lattice constants
are |G,| =27 /A, and |G,| =27 /A,, respectively. Contrarily
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Figure 16. (Left) Optical beaming obtained from a circular aperture surrounded by a Bull’s eye structure, formed by concentric circular
grooves in a silver film. (A) FIB micrograph of the structure. (B) Spectra collected for various angles. (C) Red light optical image. (D)
Schematics of the structure and illumination and angular dependent intensity for a single wavelength. (Right) Optical beaming from a linear
slit surrounded by parallel grooves. (E) FIB micrograph of the structure. (F) Spectra collected for different angles. (G) Optical image of
beamed line of light. (H) Schematics and angular dependence of the transmitted intensity for two wavelengths. From [171]. Reprinted with

permission from AAAS.

to flat surfaces, plane waves with any degree of polarisation
can excite surface plasmons for values of the 6 matching the
phase.

The connection between the optical transmission in arrays
of apertures and the Fano resonance was discussed by Genet
et al [168]. The fact that plasmon can tunnel light in periodic
metal-dielectric structures lead to the development of metama-
terials supporting both electric and magnetic resonant modes
(fishnet structure) [169, 170], light beaming [171], optical ima-
ging [39]. Some holes surrounded by nanostructured surfaces
present optical beaming, This is a kind of light focusing in the
perpendicular direction to the plane of the aperture. Examples
of optical beaming are presented in figure 16.

Several reviews on the optical transmission by arrays of
apertures have given a perspective of the importance of the
topic in plasmonics [172, 173]. The optical resonances in free-
standing arrays of wires are also related those supported on
arrays of holes in compact films. The comparative analysis was
given by Collin [174].

4.3. Optical antennas

The anisotropic scattering of light by plasmonic nanoparticles
has been intensively investigated over the last few decades.
The dielectric function of the material of the particle, its size,
shape, relative orientation comparing to the illumination field
and the surrounding medium determine the angular spectrum
of the scattered light. A simple dipole antenna based on sub-
wavelength metal rod in homogeneous dielectric medium scat-
ters light with toroidal angular dependence. This is the under-
lying mechanism of the optical antenna. If the supporting

medium changes, or more particles of other size are placed
close to the radiating dipole, the radiation pattern can be made
more directional. One example of such antenna is the optical
analogy of the classical Yagi-Uda antenna for radio waves. On
the other hand, also the near-field is affected by the orientation
of the electric field of the incoming light.

However, the sizes of the optical antenna cannot be tailored
by scaling down the dimensions of the radio frequency anten-
nas. Whereas metals for radio frequency antennas are almost
perfect conducting, in the optical regime the surface plasmons
matter and scaling laws are different. Novotny found a scaling
law for small optical antenna and pointed out its differences
comparing to the classical radio frequency antenna [91].

Aeff = 11 + M2, (23)
where n; and n, are constants dependent on the geometrical
shape and material. The linear dependence of the optical res-
onances on the particle aspect ratio was verified for particles
of spheroidal and rod shapes [93]. If a spheroidal particle has
a diameter d and length L the multipolar resonance of order n
reads [92, 93]

A, ~ Ao +A% (24)

with e =L/d and the constants Ay and A being independent
of the resonance number. We could confirm the scaling for
silver spheroids embedded in a medium of refractive index
n=145 (see figure 2). The importance of the geometrical
factor, the environment and the shape on the optical resonances
has been intensively investigated and modelled using different
calculation methods [47, 48, 71, 90, 175-178].
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Some of first optical antennas were based on the radio fre-
quency classical examples the dipole antenna and the Yagi-
Uda antenna [179-186]. Yet, other shapes also proved to be
efficient [187-190]. The main function of an optical antenna
is to redirect the radiation pattern of an emitter located in
its immediate neighbourhood. Hence, due to the near-field
enhancement generated by the optical response of plasmonic
material, the spontaneous emission decay rate is also modi-
fied by the Purcell effect. Thus, some optical antennas serve
as cavities for radiative decay engineering as well [156, 164,
187, 188]. In order to quantify the Purcell effect of an antenna
on an emitter it turns out very important to evaluate accurately
its quality factor, but also the mode volume. Due to the open
nature of plasmonic cavity the mode volume is difficult to cal-
culate [156, 162, 191, 192]. Indeed, the quality factor of the
plasmonic resonators is not very large and the main contri-
bution to the Purcell enhancement comes from the tiny mode
volume of the plasmons modes. More advanced designs of
nanoantennas to enhance the Purcell factor, or to couple light
to mechanical resonators include optical antenna-cavity coup-
ling [190, 193, 194].

From the experimental point of view, the quality of plas-
monic material used in a nanoantenna is of critical importance.
The best optical antennas, but also the longest surface plas-
mon propagation length and the near-field confinement, are
achieved with crystalline silver and gold particles [52, 195—
199]. Nanoantennas and other nanostructures fabricated by
lithography techniques usually have higher losses due to sur-
face roughness, polycrystallinity [49, 51, 200] and additional
absorption losses of the adhesion Cr, or Ti layers, required to
hold the noble metal particles on the surface of dielectric sub-
strates and commonly used in e-beam lithography [201].

Dark-field microscopy and spectroscopy can provide some
information about the scattering properties of plasmonic
particles [57, 84]. However, due to the illumination conditions
the directivity cannot be measured. Since 2004, a new exper-
imental imaging method has been used to characterise the
angular distribution of the scattered light of an optical antenna:
the back focal plane imaging [184, 186, 202-208]. The method
consists in the introduction of additional lenses, in order to
use the optical Fourier transform of the light at the back focal
plane. The collected image in a CCD camera is that of the
angular distribution of light scattered by the antenna. The col-
lected light cannot have a larger in-plane k-vector than that
allowed by the imaging objective. Several experimental setup
for measuring the angular spectrum were proposed. Kurvits
et al compared the different optical arrangements and their
performance [208]. A related technique for the measurement
of the orientation of fluorescent molecules using wide-field
epifluorescence was demonstrated some years earlier [209].

The Fourier imaging using the back focal plane can be
combined with spectroscopy in order to obtain a wavelength
dependent angular spectrum of the scattered or emitted light.
Thus, radiative modes associated with electric multipoles, or
magnetic modes can be characterised by measuring the energy
and momentum of light [186, 210]. Moreover, radiation pat-
terns can also be measured using cathodeluminescence [182,
211-213]. In figure 17 radiation patterns generated by optical
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Figure 17. Unidirection emission of a quantum dot (QD) coupled
with plasmonic nanostructures. (A) Confocal luminescence of a QD
on top of a 60 nm gold square (top left image), A/2 nanoantenna
(middle) and Yagi-Uda antenna (right). (B) Respective angular
distribution of the radiation intensity of the corresponding
individual structures of (A). (C) Angular distribution of intensity in
the polar angle of the Yagi-Uda antenna. From [179]. Reprinted
with permission from AAAS.

antennas of various shapes are presented. In figure 18 the radi-
ation pattern of a gold ridge antenna, measured using cathode-
luminescence, is presented.

Plasmonic antennas have been used not only in the manip-
ulation of the angular spectrum of radiation, but also in
fluorescence enhancement by Purcell effect and as trans-
ducers of electromagnetic radiation to mechanical vibration
in optomechanical systems. This is illustrated in figure 19.
The plasmonic dipolar antenna mounted on top of two sil-
icon nitride nanobeams is responsible for the optical coup-
ling with incoming radiation. It increases the scattering for
adequate polarisation and due to its small gap induces optical
forces and photothermal heat to the underlying beams. The res-
ult is a mechanical oscillation of the nanobeams. Optomech-
anics is fast evolving research field connecting the macro-
scopic classical world with the quantum mechanical [214—
217]. Plasmonic nanoantennas can be used to improve the
coupling of light beams with the acoustic vibrations of micro-
and nanomechanical systems [144, 218-220].

4.4. Magnetic response and chirality in plasmonics

According to Landau and Lifshitz, the magnetic susceptibil-
ity of matter at optical wavelengths is negligible [221]. This
contradicts experimental results of split-ring resonators and
other micro- and nanostructures used in engineered metama-
terials. The argument of Landau and Lifshitz does not apply for
metamaterials where the characteristic length is of the order of
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Figure 18. (Left) Scanning electron micrograph of a 700 nm long, 130 nm high, and 120 nm wide ridge antenna and schematic
representation of the cathodeluminescence excitation. (Right) Experimental collected CL spectra as function of the electron beam excitation
position for (a) 100 nm, (b) 300 nm and (c) 800 nm Au ridge antenna length. (d) Profiles of the intensity indicated by the dashed lines in
(a)—(c). 2D excitation map of a 300 nm long antenna at (¢) A = 650 nm and (f) A =950 nm integrated over a bandwidth of 10 nm. 2D
excitation maps of a 800 nm long antenna at (g) A =600 nm and (h) A =700 nm. Reprinted with permission from [212]. Copyright (2012)

American Chemical Society.
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Figure 19. (Left) (a) Schematics of the experimental geometry. (b) SEM micrograph of the gold dipole antenna (225 nmx 50 nmx 40 nm)
mounted in two nanobeam of silicon nitride (10.5 um X 120 nm x 100 nm) with a gap of 30 nm. The nanoantennas were fabricated by
electron beam, lithography as single rods and then tailored using focused ion beam. (c) SEM micrograph of the top view of tailored antenna.
(d) Extinction spectra of a dipole antenna with two elements of 225 nm length as a function of the gap. The resonance of the antenna is
centred approximately at the wavelength of the incident laser beam 1550 nm. Due to near-field coupling the antenna transmits a force and
heat to the underlying silicon nitride nanobeams. (Right) (e) Schematics of the experimental setup. The vacuum system reaches 10> mbar.
(f) Two polarisers in a crossed mount were used to reduce background signal of the transmitted light. The second polariser transmits the half

of the scattered light by the antenna. (g) Spectrum of the thermal vibration of the plasmom antenna coupled with the mechanical system.
Reprinted with permission from [190]. Copyright (2015) American Chemical Society.

the wavelength and are characterised by a plasmonic dielectric
function [222]. Indeed, there have been found many examples
of materials where the magnetic resonance is associated with
a relevant magnetic moment. This includes the split-ring res-
onators [223-227] and arrays of near-field coupled spherical
particles, or lithography designed nanostructures [228-230].
The discovery of negative effective magnetic permeability
at optical wavelengths in split-ring resonators, extending the
well known properties at radio frequencies, led to the devel-
opment of metamaterials with negative refraction index. The

negative refraction index and its effect in optics was an idea
worked out by Veselago already in 1968 [231]. For that, both
the electric permittivity and magnetic permeability should be
negative. Pure plasmonic materials have a real part of the
dielectric function that is negative at optical frequencies, but
its magnetic permeability is close to unity. Thus, an effective
negative permeability must be engineered. The demonstration
of the first basic building unit showing both negative electric
permittivity and magnetic permeability at microwave frequen-
cies, was presented by Smith and collaborators in 2000 [232].
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In the following year, the negative refraction was experiment-
ally verified, using an engineered material based on arrays of
resonant elements [233].

The extension of the negative refraction to optical
wavelengths followed in more recent years [169, 170, 234—
236]. The calculation of the effective permittivity e.¢ and per-
meability p.er of a metamaterial is usually based on the effect-
ive refractive index n and impedance Z. And these are obtained
from measurement, or calculation of the S-parameters Si;
(reflectance) and S,; (transmittance). Chen and collaborators
developed a more general and robust method to obtain €¢ and
Uesf [237]. The condition to achieve negative refraction is not
so strict as before stated [238, 239]. The refractive index n is
more generally defined by

n=n+im=/(e1p — exp2) +i(e1a +e2p1)  (25)
where € =¢; +ie; and i = py +ipp. The real part of the
refractive index ny is negative if (e + ex41) < 0.

One concept related to the negative refraction is the per-
fect lens [240]. According to Pendry, a perfect image of an
object could be achieved if a slab of a material of refractive
index n=—1 would approach that object in near-field. This
perfect lensing effect has been investigated by many research-
ers. It was demonstrated experimentally for a silver film in
2005 [241, 242]. However, the perfect lensing by a slab has
been subject of some controversy [243].

The magnetic response of plasmonic materials has been
engineered for other purposes as circular dichroism [244-246]
and chiral response [223, 247-257]. Thorough theoretical ana-
lysis of the optical helicity, optical spin and other electromag-
netic phenomena was published by Cameron et al [258] and
by Nieto-Vesperinas [259].

The excitation of a magnetic resonance in slot antennas and
its effect on the optical reflectance is depicted in figures 20
and 21. Plasmonic nanostructures made of small colloidal gold
spheres connected by DNA strands (DNA origami) is presen-
ted in figure 22. The geometrical configuration of the gold
particles forming an helix leads to circular dichroism.

Although the real part of the dielectric function of silicon
and other dielectric materials of large refractive index is not
plasmonic at optical wavelengths, spheres, cylinders and other
particle shapes present very bright Mie resonances. Charac-
teristic are magnetic and electric resonant modes presenting
strong scattering [46, 261-264]. This is in contrast with the
plasmonic Mie modes, which are predominantly electric. This
fact has been used for the generation of light based on multi-
polar excitation [265, 266].

Many of the electric and magnetic resonances and their cor-
responding fields generated in sub-wavelength nanostructures
have been incorporated in the fabrication of metasurfaces. An
excellent review on plasmonic and photonic metasurfaces is
given by Chen et al [267].

4.5. Toroidal electromagnetic modes in plasmonic materials

Textbooks on electrodynamics rarely treat other electromag-
netic modes than electric and magnetic However, there is

20

another class of multipoles, the toroidal multipoles [268, 269],
discovered by Zel’dovich in the context of the parity viola-
tion in the electroweak interaction [270]. The interest of such
electromagnetic modes of toroidal topology by the plasmon-
ics community started around 2007 [271]. Since then, sev-
eral structures supporting toroidal modes have been investig-
ated [272-276]. One of the properties of such structures is the
generation of the anapole (the term was coined by Zel’dovich
for the static case). The anapole is the resulting electromag-
netic modes where no radiation is emitted in a narrow band-
width [275, 276]. It corresponds to the destructive interfer-
ence by the superposition of a electric dipole and a toroidal
dipole, both sharing the same radiation pattern [277-279]. The
first experimental demonstration of a metamaterial presenting
a dynamical anapole in the microwave regime, was in 2013,
by Fedotov et al [280]. Anapoles have been investigated in in
solid state physics, plasmonic and in dielectric particles [264,
272,275, 281].

The toroidal dipole is characterised by a toroidal magnetic
field or equivalently, poloidal current density flowing at the
surface of a torus. The toroidal dipole moment points out per-
pendicular to the plane containing the torus and it is defined
by [277]

iw 2 3
T= E/{Zr P(r) — [r-P(r)]r} &'r, (26)
where P(r) is the induced polarisation. The induced polarisa-
tion current is given by j = —iwP. By other side the electric
dipole and magnetic dipole moments are defined by

/[r x P(r)] dr

27
respectively. When only an electric dipole and toroidal dipole
are excited the far-field of the scattered radiation, expressed in
Cartesian coordinates reads [264]

2

Es.u x —— [n X Poy x n+ ikn X Ty X 1.
4d7eg

(28)

Thus, for some wavelength when the magnitudes of both com-
ponents equal in magnitude and are out of phase the far-
field vanishes. Using the Mie theory the effect of the mode
destructive interference was theoretically analysed. Anapoles
were experimentally demonstrated for small particles of large
refractive index (silicon) [264].

Figure 23 presents the excitation of an anapole in an array
of circular cavities in a gold film. The COMSOL Multiphysics
calculations show the spectral resonances of the cavities under
plane wave p-polarisation at the vertical and an angle of 30"
At A=715 nm and incidence of 30" a narrow dip in the 0-
order reflectance arises. This resonance is different from other
resonances as for A = 650 nm at vertical incident illumination.
The reason for this resonance is not a light confinement in the
cavity, but the excitation of a toroidal dipole combined with
a electric dipole. The typical topology of the electric (radial)
and magnetic (toroidal) fields are shown in figures 23(c) and
(d) respectively. Similar results were found for circular cavities
of smaller size in silver [273].
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Figure 20. (Left) (a) Schematics of the structure fabricated in the gold film. Sizes of the geometrical parameters: /; =400 nm, w; = 80 nm,
l» =340 nm, wy =90 nm, g =45 nm. Thickness of the gold film is 30 nm, on a glass substrate. The periods of the lattice in both the x- and
y-direction are 800 nm. (b) Oblique view of the samples with a lateral displacement of s =20 nm. (Right) (c) Experimental (black solid
lines) and (d) calculated (red dashed lines) reflectance spectra as function of the lateral displacement s. The SEM images of the
corresponding structure are shown at left. Reprinted with permission from [260]. Copyright (2010) American Chemical Society.
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Figure 21. Distribution of the calculated magnetic field at the
resonance (indicated by the red triangle for s = 60 nm in figure 20.
The quadrupole antenna shows antisymmetric magnetic field
distribution in the two slots. The magnetic field near the dipole
antenna (middle slot) is very weak. Reprinted with permission
from [260]. Copyright (2010) American Chemical Society.

4.6. Optical forces and thermal plasmonics

Plasmonic structures produce near-field gradients at the
particle boundaries and between particles, which lead to mech-
anical effects on their neighbourhood. The mechanical effects
due to the field gradients can be analysed using the Maxwell
stress tensor. This tensor is the stress tensor of the electro-
magnetic field and is related to the Poynting vector and the
momentum flux density [282]. The mechanical force exerted
by the electromagnetic field on an object with finite bound-
ary is given by the time-averaged surface integral of Maxwell
stress tensor [80, 283].

(Fneen) 7 = yg (T (r,0)) -n(r)ds. (29)

where (... )7 denotes time averaging and n is a unit vector per-
pendicular to a closed surface S. Light can also carry angular
momentum. In that case a torque is exerted on the particle [80,
284].

(N)p = — 7§ (T (r,1) x n) - n(r)ds. (30)

The momentum contribution of the electromagnetic field
disappears in the equation due to the time averaging. Thus, if
the fields E and B are known in all points of space where a
particle is located the time averaged mechanical force exer-
ted on the particle by the fields. For a particle much smaller
then the wavelength the Rayleigh approximation applies and
the mechanical force on the particle exerted by a monochro-
matic field of angular frequency w can be divided into a scat-
tering component and the gradient force of the field [80, 285,
286]

22
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(Funeeh)7 = %V<|E|2>—I—wa”(ExB>, 31)

where o = o’ +ia'’ is the polarisability of the particle. The
first measurement of the mechanical force exerted by light,
namely its radiation pressure, were done by Lebedev [287] and
Nichols and Hull [288]. Ashkin showed how small suspension
particles could be accelerated or trapped using focused laser
light beams [289]. This is the fundamental mechanism of the
later developed optical tweezers [286].

However, trapping of particles using plasmonics is not
based on a strongly focused light beam, like in optical tweez-
ers, but relies on the strong gradient fields near the plasmonic
surfaces. Novotny estimated the trapping force on a small
particle by a sharp tip under polarised light illumination [290].
Nieto-Vesperinas also studied theoretically optical forces and
torques involving dielectric and plasmonic particles near sur-
faces [259, 291, 292]. More recently, the motion of dielectric
particles trapped by an evanescent wave in dielectric materials
was studied experimentally [293]. Volpe ef al demonstrated
experimentally how surface plasmons can trap polystyrene
beads in water [294]. These results lead to experiments using
nanostructured surfaces, instead of flat thin films [295-297].
The alignment and rotation of nanoparticles and nanowires on
a surface was also achieved using polarised laser beams [293,
298]. The optical trapping and binding of plasmonic particles
in a fluid is possible as for dielectric particles in optical tweez-
ers, but the dielectric function of material is negative and the
material has non-zero absorption, which leads to heat genera-
tion [290, 299, 300].

The heat generation by plasmonic particles in liquid envir-
onment under intense light fields was investigated by sev-
eral groups [301-304]. The fact that plasmonic particles can
be heated by laser light lead to their application in sensing,
diagnostic and therapy of cancer cells [301, 305-307]. An
example of photothermal heating by excitation of a plasmonic
resonance in spherical gold particle in water is presented in
figure 24. Small particles of gold are more adequate for photo-
thermal heating than silver particles, due to their larger optical
absorption at wavelengths shorter than 550 nm, and in some
applications due to the biocompatibility of gold. The equa-
tion governing the heat diffusion generated by a source in a
medium without phase transformation reads [308, 309]

=V [k(r)VT(r,1)] +gq(r,1), (32)

where T(r,1) is the time-dependent spatial distribution of tem-
perature, p(r), ¢(r) and k(r) are the density, specific heat
and thermal conductivity, respectively. The local heat source
generated by light absorption is denoted by g(r,7). Thus,
for time-harmonic plane wave external light field E(r,?)
R [E(r) exp(—iwt)| we obtain the photothernal heat by

1
q= aabsineoclElz. (33)
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Figure 22. Chiral response of plasmonic DNA origami of gold nanoparticles arranged in helix. (a), (c) Experimental circular dichroism
spectra (red for left-handed and blue for right-handed) of DNA origami helices with nine gold particles of 10 nm (a) and 16 nm (c). (b), (d)
The calculated spectra of the circular dichroism for the particles sizes: 10 nm in (b) and 16 nm in (d). Reprinted by permission from

Springer Nature Customer Service Centre GmbH: Nature [252] (2012).

More generally we can also evaluate the heat power using the
induced current and the electric field inside the particle [304]
1 * w x 2

g= 3R (1) -E()] = S9le(@)]cBL.  (34)

In the steady-state the maximum temperature increase in water
surrounding a sphere of radius R is given by [303]

P

T=—— 35
4rk,,R’ (35)

where P is the absorbed power by the sphere and k,, is the
thermal conductivity of water. For non-spherical particles
a geometry dependent effective radius substitutes R in the
expression [303].

Under strong laser pulses, not only fast temperature rising,
but also acoustic vibrations can be induced in plasmonic
particles [310, 311]. Depending on the normal modes of the
particles, the spectral range of resonances lies between GHz
and THz [312].

4.7 Quantum nature and quantum effects of plasmons

When in some extreme cases the classical theory fails quantum
treatment of plasmons is recommended. However, the major-
ity of phenomena related to the light interaction to plasmonic
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particles can be understood using classical electrodynamics.
The optical properties of very small noble metal particles, or
particle pairs of very small gaps, cannot be described reliably
by the interaction of light with a local dielectric function and
a semi-classical or pure quantum description of the interac-
tion is required [61, 313-315]. In other cases a modification
of the dielectric function from local to non-local is necessary
for accounting the interaction effects [62, 63, 316-318].

The interaction of plasmonic particles with single emit-
ters requires often a quantum treatment, either for light scat-
tering [219, 315, 319, 320], involving absorption and emis-
sion [114, 162, 163, 321, 322], or tunnelling [323]. The
quantum nature of surface plasmons has also investigated
experimentally [320, 324-326] and theoretically [161, 327,
328].

4.8. Nonlinear plasmonics

At low field intensities all effects involving plasmonic excit-
ations are linear. This is due to the small value of the second
order electrical susceptibility £®. The generalised polarisation
reads [329]

P(r,1) = eo[¢VE(r,1) + ¢PDE(r,1)E(r, 1)

+EOE(r, )E(r,)E(r,0) + ... (36)
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Figure 23. Excitation of a toroidal dipole in an array of circular cavities with V-shape profile in gold. (a) Geometrical representation of the
unit cell containing a single ring cavity for simulation using COMSOL Multiphysics. The lattice constant in both directions is 700 nm. The
mean cavity diameter is 500 nm. The depth of the groove 350 nm and the width at the surface 140 nm. The excitation plane wave is either
incident from top to bottom (normal), or at 30° to the normal. (b) Reflectance spectra for vertical and 30° incidence and p-polarisation. The
vertical black dashed line indicates the position of the anapole. (c) Normalised electric field (A =715 nm) and field direction at the plane
z=—250 nm below the metal surface. (d) Normalised magnetic field (A =715 nm) and its direction at the same plane. The radial
distribution of electric field and the toroidal distribution of the magnetic field in the cavity for 6 = 30° and A =715 nm are associated with
an anapole and provoking a pronounced reduction of reflectance.
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Figure 24. Photothermal heating of a plasmonic 100 nm gold sphere in water. (a) Direction of the illumination and field polarisation. (b)
Electric field enhancement map. (d) Distribution of the thermal power in the plasmonic particle. (d) Distribution of increase of temperature
at thermal equilibrium, for A =530 nm. (d) Absorption power as function of the wavelength. The incident power intensity is 1 £W/ 2pm.
Reprinted with permission from [303]. Copyright (2010) American Chemical Society.

or expressing each component of the polarisation However, non-linear effects in plasmonic materials have
been predicted and measured for both metal surfaces and

. 5 ; metal nanostructures of several geometrical configurations. A

Pi=¢ Zf,;(; )Ej + Zfi(jk)EjEk + Zfi(jkl)EjEkEm +... ] . short list includes, bare metal surfaces and films [330, 331],
Jsk Jikil sharp tips [332], tapered plasmonic waveguides [333], optical

(37) " rods and nanoantennas [334-336], in graphene plasmons [327,

€9 is the non-linear susceptibility tensor or order i. For 337, 338], in gratings [339, 340] and in other geometrical
example the wave mixing (WM), including the sum and dif- arrangements of plasmonic particles [78, 341-343], includ-
ference of frequencies and the optical parametric oscillation ing metamaterials and metasurfaces [344-347]. The main
processes, depend on the second harmonic generation are asso-  limitations of non-linear optical generation using plasmonic
ciated with £@, the Kerr effect and third harmonic generation  nanostructures are the small bulk non-linear susceptibilities of
depend on £@. the metals, which are compensated by the strong near-field at

J
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Figure 25. (Left) Dispersion relation for a IMIMI structure made of two 50 nm silver films separated by a 150 nm thick aluminium oxide
layer. The structure in embedded in aluminium oxide. The map presents the power density dissipated by an isotropic point dipole located 10
nm distant from the first silver layer. The bright yellow regions correspond to the guided modes. An hybridisation occurs between the
symmetric and antisymmetric plasmon modes of the silver film and the TM mode of the Fabry—Perot cavity formed by the two silver layers,
leading to four plasmon modes. The k-vector was normalised by the k-vector of the first medium, k. The vertical line # = 1 corresponds to
the light line for the first medium. Propagating waves have u < 1.0, whereas guided waves are in the region u>1.0. The cavity mode at the
left not crossing the light line is the TE mode. The calculation relies on the theory of Ford and Weber [43] and Barnes [376]. (Right) H, field
profiles of the Fabry—Perot and guided plasmonic modes in the structure for A =700 nm. The blue curve corresponds to a Fabry—Perot
excited for a plane wave of small in-plane k-vector. The other three modes are guided plasmon modes labelled with increasing normalised
k-vector u; . The field profiles were done using the program Moosh [377], based on scattering-matrix calculations.

the plasmonic resonance, and the low damage threshold due to
the unavoidable optical absorption of the metal.

5. Advanced applications of plasmonic resonators

In the previous sections we reviewed the application of plas-
monic resonators distinguishing their interaction with radi-
ation and matter by the physical mechanism. In the last
5 years new applications have been presented using plas-
monic resonances as building blocks for more sophisticated
matter-radiation interactions, only achieved in hierarchically
engineered materials. This includes, metamaterials, topolo-
gical materials, interaction of electrons and plasmons and fast
nanoscale switching using plasmonic systems.

5.1 Plasmonic metamaterials

A metamaterial is an engineered material presenting properties
not available in bulk materials of nature. This definition is not
entirely correct and been revised, because many materials have
been found in nature, either layered minerals, or resulting from
the organic-inorganic growth processes leading to very com-
plex optical, thermal and mechanical properties [348]. In this
category belong biominerals and periodic and quasi-periodic
organic structures of many living beings, as coloured feathers
of birds, fish skin, chromatic, refringent and diffractive prop-
erties in the outer surface of many insect species. Plasmonic
metamaterials are indeed a subset of metamaterials, not found
in nature, due to the incorporation of noble metal elementary
structures, or 2D materials.

The advent of plasmonic metamaterials began with the
pioneering works of Pendry [240] and Smith [232], in 2000.
Their achievement was the demonstration of the negative
refraction, already theoretically postulated by Veselago [231],
in 1968. Negative refraction requires in first approach a com-
posite material presenting simultaneous negative dielectric
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permittivity and magnetic permeability. Plasmonic materials
have negative real part of the permittivity, so the magnetic neg-
ative permeability, not found in bulk had to be engineered. At
the same time optical effects as invisibility cloaking and trans-
formation optics started to be investigated very actively [38,
349-351], as well as ¢ near-zero materials [79, 352, 353].

In the visible spectrum the experimental realisation of
negative refraction is difficult to achieve, mainly due to the
optical losses and tiny size of the nanostructures, but other
effects attracted both the plasmonic and the electrical engin-
eering community. Among them the hyperbolic metamateri-
als [354]. Bulk materials with isotropic electric permittivity
have an optical propagation with the same wavelength in all
space directions. Anisotropic materials as quartz and calcite
have ellipsoidal dispersion because their isofrequency surfaces
have ellipsoidal shape. The dispersion relation of an uniaxial
medium, where the optical axis is parallel to the z-axis and two
components of the permittivity tensor are equal, €, = €€,

where kg =w/c and k; = /K2 + kg, reads [355]

(KL +k —erkg) (K /e +1 /e —kg) =0.  (38)
The first term in the equation above corresponds to spherical
surface for a fixed frequency (isofrequency surface) and the
second to a ellipsoidal surface in the k-space. However, when
one of the components of the permittivity tensor, either €,
or €, has a negative value the surfaces of isofrequency of
the dispersion equation become hyperbolic. On of the con-
sequences of the hyperbolic dispersion is that plane waves
of very large k-vector, corresponding to evanescent waves
can propagate in the uniaxial medium, whereas they cannot
propagate in isotropic media. For €; > 0 and ¢, < O the iso-
frequency solutions are double hyperboloid surfaces mirrored
against the XY-plane and the hyperbolic material is called
dielectric, or type 1. In the contrary case (€, < 0 and ,,>0)
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Figure 26. (Top) (A) Schematic of dipole launching of phonon polaritons on a 20 nm thick hBN flake. &, height. (B) Simulated magnitude
of the near-field distribution above the hBN flake, |E|. (C) Simulated real part of the near-field distribution above the hBN flake, R(E;). (D)
Absolute value of the Fourier transform (FT) of (C). k, and k, are normalized to the photon wave vector ko. (E) Schematic of dipole
launching of phonon polaritons on a 20 nm thick hBN HMS (ribbon width w = 70 nm; gap width g =30 nm). (F) Simulated magnitude of
the near-field distribution above the hBN HMS, |E|. (G) Simulated real part of the near-field distribution above the hBN HMS, R(E;). (H)
Absolute value of the FT of (G). The features revealed by the FT of the dipole-launched polaritons can be well fitted by a hyperbolic curve
(white dashed lines). (I)~(L) Simulated magnitude of the near-field distributions for HMSs with different gap sizes and operation
frequencies. The grating period w 4 g is fixed to 100 nm in all simulations. The white arrows in (B) and (F) display the simulated power
flow. (Bottom) (A) Schematic of the near-field polariton interferometry experiment. IR, infrared. (B) Topography image of the hBN HMS
(nominal grating parameters are w ~ 75 nm and g ~ 25 nm; see also figure S4 of the supplementary materials of [375]). (C) Near-field
images (amplitude signal s) recorded at four different frequencies. a.u., arbitrary units. (D) s-NSOM amplitude profiles along the solid
(vertical) and dashed (horizontal) white lines in (C). (E) Illustration of the polariton interferometry contrast mechanism. The tip launches
phonon polaritons on the HMS (indicated by simulated near fields). The polaritons with wave vector parallel to the grating reflect at the
lower horizontal boundary (indicated by the black arrow) and interfere with the local field underneath the tip. Tip-launched polaritons
propagating in other directions cannot be probed by the tip. The orange dashed lines mark the boundaries of the HMS. (F), (G)
Experimental (squares) and numerically calculated (solid lines) wave vectors of phonon polaritons on the unpatterned flake and the HMS,
respectively. The line colors indicate the frequency w according to (D). From [375]. Reprinted with permission from AAAS.

the isofrequency surfaces form hyperboloids along the k.- been proposed to achieve effective hyperbolic properties. The
axis and the hyperbolic medium is called metallic, or type II. most common are the multilayer MIM based materials and
Several artificial materials based on plasmonic elements have the arrays of plasmonic rods embedded in a dielectric. In the
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(F), (G) Spectral function: higher-energy bands experience polariton-like splitting at the light line (magenta). Drude losses v = 10 meV.

Reproduced from [405]. CC BY 4.0.

limit of very high density many very narrow layers, or small
rod separation and diameter comparing to the wavelength,
homogenisation can be achieved leading to effective hyper-
bolic properties. The most common homogenisation schemes
of the uniaxial dielectric function is by an effective medium
theory, e.g. using the Maxwell-Garnett and Bruggeman for-
mulas for bi-isotropic media [356, 357], or by the Rytov
method [358].

Due to the propagation properties of hyperbolic materials
plasmons can be excited and propagate in volume and permit
a series of novel effects as, long range dipole-dipole interac-
tions as in Forster resonance energy transfer (FRET) [359],
super-Planckian thermal radiation emission in near-field [360,
361], strong coupling [362], broadband Purcell effect [363]
and its application in enhanced spontaneous emission and light
extraction [364].

Figure 25 presents the dispersion and the field profiles
of several guided plasmonic modes along a stack of sil-
ver films of 50 nm thickness separated by a 150 nm alu-
minium oxide layer. The outer regions (substrate and cover)
are also alumina. The number of plasmonic modes is identical
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to the number of dielectric-metal interfaces. By replication
of the number of bi-layers aluminium oxide-silver the num-
ber of plasmon modes increases and the dispersion curves
move toward higher k-wavenumber. Thus, a very large num-
ber of bi-layers of narrow thickness leads to plasmons with
very large k-vavenumber, a characteristic of the hyperbolic
metamaterial.

Another class of materials were plasmonic nanostructures
have been widely used to manipulate the propagation prop-
erties of light beams are metasurfaces. Metasurfaces are two-
dimensional arrangements or arrays of meta-atoms, as dielec-
tric nanoparticles or plasmonic nanoantennas, which collect-
ively can achieve a modification of the light properties, as in
flat lensing [365, 366], generation, conversion and detection
of the angular momentum topological charge [367-370], holo-
graphy [371, 372] and polarimetry [373].

Metasurfaces can be designed to support hyperbolic
propagation [374, 375]. In figure 26 an example of metasur-
face based on nanostructured hexagonal boron nitride (hBN)
showing hyperbolic propagation at middle-IR wavelengths is
presented.
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Figure 28. Chirality comparison: Poynting vector S (arrows) and normalized spin angular momentum (colour) T.. (A) Nontrivial edge
mode on C3,, type I edge. (B) Trivial edge mode on C3,, type III edge: energy flow is more linear, as seen in the small spin angular

momentum amplitude. Reproduced from [405]. CC BY 4.0.

5.2. Plasmonic materials with topological properties

Topological insulators are a novel and very special class of
electronic materials presenting insulator behaviour in bulk and
conduction at the boundaries [378]. The conduction at the
boundary is however robust, as its properties remain unper-
turbed by defects and disorder. The bulk material has a band
structure presenting a gap like between the highest occupied
band and the lowest empty band. The surfaces (or edges in
2D) of the material have gapless states which are protected by
time-reversal symmetry. An example of 2D topological insu-
lator is the quantum spin Hall insulator and also related to the
integer quantum Hall effect [379].

The success obtained with topological insulators in elec-
tronic materials led to a pursuit towards photonic materials
presenting similar topological properties, despite the nature of
photons being bosonic instead of fermionic [380-382]. Both
dielectric and plasmonic materials have been found to pos-
sess topological properties due to the optics of evanescent
waves. Bliokh er al have shown that spin and momentum
of light in evanescent waves may have geometrical and
topological properties completely different than in propagat-
ing waves [383]. Moreover, for certain plasmonic nanostruc-
tures in surfaces spin—orbit coupling and its unusual light
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propagation is achieved [384]. Indeed, the spin—orbit coupling
is an essential element of the topological materials. Thus, the
search for new topological photonic materials relies on optical
properties as chirality and Dirac states of light, and photonic
structures mimicking the band structure of topological insulat-
ors have been investigated [385, 386].

Plasmonics enters the realm of topological materials by
several ways. It was found by Markel [387] and Zou et al [388]
that arrays of nanospheres can produce remarkably sharp
resonances, despite their individual extinction spectra being
broad. This study was extended to different lattices of
gold disks and coupled particles by Auguié¢, Humphrey and
Barnes and others [389-392]. The near-field coupling between
particles and the diffraction in the array leads to lattice
plasmon modes distinct from those observed in individual
particles. The lattice plasmon modes are responsible for new
near-field distributions. Symmetries and a band structure that
resembles that of graphene were found for the hexagonal
lattice of silver nanoparticles at the I' point [385, 393]. Sev-
eral lattices and particle shape have been investigated in las-
ing, strong coupling, Fano resonances and sensing applica-
tions [394-398]. More recently, the use of particle arrays in
the investigation of topological effects of light has been pur-
sued [399, 400].
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Figure 29. (Top) (a) Schematic illustration of a vertical MoTe,-graphene heterostructure detector coupled to a silicon waveguide buried in
SiO; claddings. Graphene and MoTe; are connected to gold (Au) bottom and top contacts, respectively. (b) False-colour SEM image of a
fabricated device, showing the silicon waveguide and grating coupler (GC) (both in blue), the waveguide oxide lateral claddings (brown),
the metallic structures (gold), and the encapsulation hBN layer (in semi-transparent white). Scale bar, 100 um. (c) Enlarged-view SEM
image of the fabricated detector. (d) Optical micrograph picture of a fabricated waveguide detector before encapsulation with hBN. It shows
the graphene flake, the MoTe; flake, the optical waveguide and metallic structures, including the contact electrode on top of the MoTe,,
used for carrier extraction. Scale bar, 20 um. () AFM image of the fabricated detector, showing the MoTe; flake and the metallic contact
bar on top of the MoTe; flake and the planar waveguide. (Inset) A cross-sectional line scan indicating a MoTe, thickness of 45 nm.
(Bottom) (a) Schematic illustration of the band diagrams of the vertical MoTe,-graphene heterostructure under negative bias (upper
diagram) and positive bias (lower diagram), respectively. (b) Dependence of the current density on bias voltage on a logarithmic scale for
several devices with different MoTe, channel thicknesses (red line, 45 nm; blue line, 35 nm; green line, 11 nm). The current density is
obtained by normalizing the current to the length of each device. (c) I — V curves without (black curve) and with (red curve) 1,300 nm light
coupled to a detector featuring a 45-nm-thick MoTe; flake. Reprinted by permission from Springer Nature Customer Service Centre GmbH:
Nature Nanotechnology [424] (2012).

By other side, graphene is a Dirac material which presents light propagation direction [403]. It was found that arrays
not only topological properties for electrons but can also of metallic nanoparticles arranged in hexagonal lattice can
be tailored for photonic applications presenting topological be used for engineering edge states [404]. This lattice is the
properties [401, 402]. Other 2D materials as transition metal same of graphene and thus, some eatures found for edge
dichalcogenide monolayers were also used for investigation states of graphene can be expored in arrays of plasmonic
of the spin—orbit coupling of light and its effect on the particles.
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Figure 30. (a) Frequency response measurement setup. Mach-Zehnder modulator (MZM); device under test (DUT); electrical spectrum
analyser (ESA). (b) Normalized radio-frequency (RF) signal response as a function of the modulation frequency of the input signal for three
devices. A single pole low-pass filter is used to fit the data points and to extract the 3 dB roll-off frequency f3 4g for each device. The
thicknesses of the MoTe, flakes and the applied bias voltages are indicated in the figures. (c) Frequency response of the 35 nm thick MoTe,
device for different bias voltages. (d) Dependence of the roll-off frequency f3 4g on the applied bias voltage and for different MoTe, flake
thicknesses (blue scatters, 45 nm; red thombuses, 35 nm; green dots, 11 nm). The linear trend indicates that the bandwidth is transit time
limited. (e) Simultaneously measured responsivity and the corresponding EQE as a function of the applied bias voltage for input light at
1300 nm with power intensity of 468 ©W. Reprinted by permission from Springer Nature Customer Service Centre GmbH: Nature

Nanotechnology [424] (2020).

Topological metasurfaces allow a precise control of light
propagation at certain edges. The design of edge states in
arrays of nanoparticles in a surface are an example of potential
topological metasurface for manipulation of the spin of light
along the metasurface [405]. Figure 27 presents examples of
metasurfaces based on arrays of metal nanoparticles and show
how their edge states in the band structure be be modified by a
symmetry breaking produced by the rotation of the array in the
unit cell. This change in the edge state leads to a special light
propagation at the boundary between two regions with differ-
ent Brillouin zones, shown in figure 28. It should be stressed
that different edge types lead to the different propagation prop-
erties. The edge between two lattices shown in figure 28(A)
allows momentum flow (Poynting vector) and normalised spin
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angular momentum (7,) in a complex way near the edge,
whereas in (B), where the lower lattice is the mirror symmetry
of the upper lattice, the flow is more linear.

5.3. New materials for electron-plasmon interaction

The discovery of surface plasmons is intimately related to elec-
tron beams [2], as it is the electron energy loss of electrons
beams that produce the collective surface excitations called
surface plasmons. However, it was found few years earlier in
1953, that non-relativistic electrons moving parallel to the sur-
face and perpendicular to the grooves of a metal grating lead to
emission of electromagnetic radiation at optical wavelengths,
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by a mechanism similar to Cherenkov radiation, the so called
Smith—Purcell effect [406]. This phenomenon was later very
intensively investigated in the field of electron accelerators and
free electron lasers. More recently, due to its connection with
surface plasmons in metal gratings and other periodic nano-
structures, it was again investigated by the plasmonics com-
munity [407—411]. On the other hand, the interaction between
electrons and plasmons underlies physical mechanisms used
in several microscopy and spectroscopy techniques as electron
energy loss spectroscospy (EELS), photoemission electron
microscopy (PEEM) and cathodeluminescence (CL) [60, 412,
413]. EELS and cathodeluminescence are based on the direct
interaction of electron beams with the plasmonic material. In
the first a mapping of the beam energy loss is reconstructed
in the plasmonic structure. In cathodeluminescence, the light
emitted from the interaction of an electron beam with a nano-
structure is used to obtain the angular spectrum and the energy
spectrum of the plasmonic resonance. In PEEM, a pulsed laser
beam generates electron emission mediated by the plasmonic
excitation.

A second connection between surface plasmons and elec-
trons arises in the fast emission of photo-electrons and non-
linear light pulses, by excitation of surface plasmons in a grat-
ing nanofabricated in a sharp metal tip [414, 415]. In order to
produce a strong near-field at the tip appex, the nanostructured
grating is excited by femtosecond laser pulses, which leads to
highly confined light and coherent pulsed emission of photons
or electrons. Sharp tips under illumination of low power fs
laser pulses produce high harmonic light emission, mediated
by non-linear processes of the confined plasmons [416]. In par-
allel to light emission, illuminated but non-nanostructured tips
can also be used as fs electron sources by photoinduced field
emission [417]. These effects have triggered new research,
combining highly non-linear photonics, ultra dynamics using
fast pulsed electron sources, coherent spectroscopy and micro-
scopy [418—420].

The third connection between electrons and plasmons
arises in light emission by inelastic electron tunneling in junc-
tions [421]. Light emission by inelastic electron tunneling has
been reanalysed from the perspective of plasmonics [422], but
its applications go beyond a pure side effect of tunneling. Tun-
neling is a very fast phenomenon and the control of tunnel cur-
rents by excitation of surface plasmons has a very high impact
in fast switching and modulation devices [220, 423] and high
speed photodetection [424]. In figure 29 a high speed photo-
detector based on graphene and two-dimensional transition-
metal dichalcogenides (TMDCs) is presented, as is an MoTe,
sandwiched between gold contacts. Efficient photoresponse
at frequencies up to 30 GHz were demonstrated experiment-
ally (figure 30). Devices based either on plasmonic elements
as gold, or 2D materials as graphene and two-dimensional
transition-metal dichalcogenides, due to their electronic prop-
erties, allow for fast transducion mediated by tunneling [323,
425-427].

These examples demonstrate the importance of plasmonic
systems in the new physics and new technological applic-
ations. Although many other applications could be listed,
in sensing, energy harvesting and in nanolithography, these
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examples provide a perspective of the exceptional potential of
plasmonic resonators.

6. Conclusions

In this review we discuss general properties of plasmonic res-
onators and their use in multiple applications. Two orders
of interaction can be distinguished: interaction of plasmonic
nanostructures with propagating electromagnetic radiation
and electron beams, and near-field interaction of surface plas-
mons with other properties of matter. In the first level are
included the Mie scatterer, the optical nanoantenna, Fano res-
onances, plasmonic analogue of the EIT, enhanced optical
transmission and light beaming and the plasmonic metas-
urfaces, resonators exhibiting toroidal and anapole modes,
and non-linear processes on plasmonic particles. Among the
effects of the near-fields generated by plasmonic resonances
on matter in the immediate neighbourhood are the surface
enhanced Raman scattering, the Purcell effect affecting the
spontaneous emission, the strong coupling with multiple, or
single emitters, the optical forces and the photothermal heat-
ing.

Based on the elementary plasmonic resonator properties
and interactions novel applications have been investigated on
a higher hierarchical level, where the effects rely either on
collective resonances, or in the plasmon-electron interaction.
These include the metamaterials and metasurfaces, the topolo-
gical plasmonic materials and the very fast switching devices
based on inelastic electron tunneling coupled with plasmonic
elements.

We covered the major application areas where plasmonic
resonators have been employed. The number of research fields
using plasmonic nanostructures has constantly increased and
new effects relying on enhanced near-fields at small volumes
cannot dispense the unsurpassed light confinement achieved
by these resonators. This is valid either for classical sensing
applications, or for the most recent quantum optical applica-
tions, as the coupling between plasmonic and optomechanical
resonators.

We cite the most relevant literature of the field in the last
10 years. The reader can use this review article to compare the
advantages and limitations of each type of resonator and their
adequacy for a custom-made application, or for engineering
new kinds of resonators.
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