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Chapter 8

Designing Hot Spots in Plasmonic
Assemblies through the Shape and
Arrangement of Constituents

1.1 Introduction
The tremendous advancement in the field of plasmonics over the past two
decades has been largely led by the refinements of the methods to create
and assemble shape-specific nanoparticles. This new ability to create
plasmonic structures with unprecedented geometric complexity has
simultaneously facilitated deepening our understanding of the
fundamental properties of localized nanoparticle plasmons. Several
models and computational tools have been developed and refined to enable
detailed analysis and visualization of plasmonic response in complex
nanostructures.
Concentrating visible light with plasmonic nanoparticles leads to
extreme confinement of the electric field on the nanoscale, transforming
these nanostructures into powerful optical nanoantennae. The electric field
enhancement spatially localized in the vicinity of the nanostructure with
respect to the incident electric field is referred to as plasmonic hotspots.
These hotspots are the main origin of the most plasmon-related effects,
including surface enhanced Raman spectroscopy (SERS), surface
enhanced fluorescence [1], plasmonic catalysis [2], and many others [3].
Multiresonant plasmonic systems with several hotspot modalities are also
being exploited for various multifunctional devices [4]. Such wavelengthdependent multimodal optical nanostructures are expected to find
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significant applications in fields ranging from sensing and biotechnology,
to optical information technology and renewable solar energy.
This chapter is devoted to reviewing the basic concepts of
plasmonic modes and their interaction in complex multicomponent
structures that lead to specific patterns in hotspot distribution at different
incident light frequencies. The first section introduces conceptual,
analytical, and numerical models used to describe nanoscale plasmonic
response, and discusses their successes and limitations. The specifics of
quantum plasmonic behavior in structures with infinitesimally small
interparticle gaps are also considered. The second section of the chapter
highlights a number of illustrative state-of-the-art examples, walking the
reader through the plasmonic response in individual particles of increasing
complexity, plasmonic coupling in nanoparticle dimers, plasmonic
molecules and polymers, periodic two- and three-dimensional metal
nanoparticle arrays, and, finally, chiral plasmonic structures. The hotspot
behavior in these examples is described with the aid of models and
computational tools surveyed in the first section.
As the frequency and the spatial distribution of plasmonic hot
spots are strongly influenced by the geometry and material of the metal
and the surrounding medium, it is crucial to be able to predict these
electromagnetic field effects both qualitatively and quantitatively. The
review of the tools used for these predictions, along with the general trends
observed in a series of state-of-the-art examples presented in this chapter
is intended to help the reader develop intuitive understanding of plasmonic
hotspot behavior on nanoscale and to facilitate the ability to control it in
new structures by design.
1.2 Near-Field Effects in Plasmonic Nanostructures
This section starts with providing a necessary background information on
the origins of plasmons, describes how they interact with light, and why
this interaction causes high enhancement of local electric field in the
vicinity of metal nanoparticles and their assemblies. Following this brief
introduction to the physics of the phenomena, a plasmonic coupling effect
is conceptually explained, including a discussion of the hybridization
model and its applicability. Afterwards, the chapter dives into the
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intricacies, pros and cons of classical and state-of-the-art numerical
approaches to model plasmonic structures and describe their field
behavior. While electromagnetism methods are primarily considered, their
extensions that reveal the influence of quantum mechanical effects on
near-field properties are also discussed.
1.2.1 Origins of field enhancement in metal nanostructures
The optical response of a metal in the visible and infrared spectral range
is dominated by the interaction of light with the free electron plasma. A
resultant plasmon is a quantum quasi-particle representing the elementary
excitations of the charge density oscillations in a plasma [5]. Analogously,
in electromagnetism, electromagnetic waves (or their quanta, photons)
refer to excitations of the free electromagnetic field oscillations. In another
words, a plasmon is to the plasma charge density what photons are to the
electromagnetic field. What makes plasmons quasi-particles is their lossy
nature: if not maintained by an external energy source, these charge
density oscillations always decay through various loss mechanisms by
interacting with the environment. Another type of elementary excitations
is that of an electromagnetic wave propagating in an optically responsive
medium (i.e., with dielectric function ε ≠1) where photons can strongly
couple to an electric dipole, resulting in hybrid quanta. In the case of a
metal medium, an electromagnetic wave excites a plasmon, and the energy
of such a wave is then shared between the electromagnetic field
oscillations and charge density oscillations in the metal. The
corresponding quantum particle is no longer a photon, but a photon
coupled to the excited plasmon; these mixed modes are called plasmonspolaritons. They can give rise to various resonance effects which are useful
for a range of applications [6]. In plasmonics, plasmons and plasmonpolaritons are often used interchangeably, although the physical meaning
of the latter is generally implied. Localized surface plasmon-polaritons
(LSP) are associated with plasmon confinement at nanoscale metaldielectric interfaces.
For SERS and many other plasmonic effects, the most important
characteristic of a plasmonic response is the electric field in the vicinity of
the metal nanoparticle, often referred to as local field or near-field.
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Experimentally, the most common tool to characterize plasmonic
nanoparticles is to measure their extinction, or absorption and scattering,
which are far-field properties. The near-field dependence exhibits strong
resonances and their positions generally match those observed in the farfield properties. All plasmon-related effects can be regarded as
electromagnetic effects, and all information about LSP and their
resonances is fully contained in the dielectric function and the geometry
of a specific problem [5]. By tailoring the geometries (e.g., size and shape),
materials at nanoscale metal-dielectric interface, and optical interactions
with other plasmonic modes, it is possible to control both far-field and
near-field characteristics of LSP.
To conceptually understand the origin of the electric field
enhancement in nanoparticles under light illumination of resonant LSP
frequency, it is helpful to view the system from the perspective of the
induced charge behavior. Specifically, the propagating incident
electromagnetic field induces polarization in the nanoparticle, which
results in a dipole moment, or a surface charge at the boundaries (Figure
1.1). These surface charges are sources of the electromagnetic field and
therefore create a scattered electromagnetic field outside the object. The
solution of the electromagnetism problem outside the object is then the
sum of the incident and scattered fields. As a result, the intensity of the
field outside the metal is much larger than that inside the metal. This is the
most important effect and can be pictured as an expulsion of the field from
the metal resulting in the concentration of energy at the surface just outside
in the bordering dielectric medium. Compared with propagating surface
plasmon-polaritons on extended metal surfaces, LSP can induce
significantly higher charge accumulations because of the nanoscale
geometric confinement, which results in larger amplitude of oscillating
electric currents and larger near-field enhancement factors [4]. Metal
particle surfaces typically exhibit large variations in magnitude of field
enhancement factors over the surface, which depend on the geometry of
the particles and the polarization of incident light. Generally, both the
enhancement magnitude and its spatial localization on the surface need to
be considered for the majority of applications.
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Fig. 1.1. (a, b) LSPR excitation by incident light of resonant frequency showing induced
dipole which oscillates in phase with the electric field of the incoming light (a) and the
electric field intensity distribution at the particle surface (b) [7]

In addition to LSP, another noteworthy source of near-field
enhancement is specific to periodic metal-dielectric nanostructures and
assemblies. Specifically, Bloch surface waves are surface electromagnetic
waves that are excited at the interface between a truncated periodic
dielectric multilayer and a surrounding medium [8]. The resultant
electromagnetic modes are delocalized over the whole lattice system under
the Bloch boundary condition. Analogously to surface plasmon-polaritons
propagating along the interface between the metal and the dielectric, Bloch
surface waves can also induce localization and enhancement of optical
energy in the near-field and are sensitive to the changing of the local
dielectric environment. They can be considered a dielectric analogue of
surface plasmon-polaritons but with less loss. Importantly, Bloch modes
can couple to surface electromagnetic waves in the dielectric medium and
surface charge density waves in the metal nanostructures. The optical
properties of periodic metal-dielectric nanostructures, which can support
not only LSP modes but also delocalized Bloch modes, can therefore be
very different from their individual building blocks, which only support
LSP. [4]
In assemblies of metal nanoparticles (periodic or not), owing to
the transfer and confinement of electromagnetic energy, different LSP
modes can interact with each other by the near-field coupling. The
nanoparticle composition, symmetry, size, shape, and interparticle spacing
in these assemblies determine the spatial distribution of charge
polarization and therefore, the complexity of the plasmonic response.
Near-field coupling in assemblies of metal nanoparticles results in
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significant enhancement of electromagnetic field in the nanoscale gaps
between the particles, which are usually referred to as hotspots. The
enhanced electromagnetic field strongly influences optical properties of
molecules and non-metal nanoparticles placed in the hotspots [6]. For
example, SERS enhancement factors for molecules placed in the
interparticle gap of a gold nanoparticle dimer are shown on Figure 1.2. A
detailed explanation of the plasmonic coupling phenomenon is provided
in the following section.

Fig. 1.2. (a) Calculated enhancement factor distribution in the region of the gap between
two gold colloids [9] (b) SERS enhancement factors for a gold nanoparticle dimer with
different interparticle distance shown as a function of excitation wavelength [10].

1.2.2 Plasmonic coupling and plasmon hybridization model
When two plasmonic building blocks are brought close to each other, their
elementary modes can exert electromagnetic forces and exchange
electromagnetic energy through intense near-field interactions. For this
plasmonic coupling to occur, the elementary modes have to overlap in
terms of their resonant energies and in terms of their spatial mode profiles,
and also be nonorthogonal [4]. A pair of coupled elementary modes then
gives rise to two new hybridized modes at modified resonant wavelengths
that have mutually mixed far-field and near-field optical characteristics.
The resonant phenomena realized for different coupling regimes is
illustrated below using a model of two weakly coupled mechanical

306

Author’s copy; published version DOI: 10.1142/9789811235238_0008

oscillators, followed by a discussion of a more intuitive microscopic
picture of plasmonic coupling based on the plasmon hybridization model.
Interacting plasmonic modes can be regarded as driven oscillators
with damping coefficients γ1 and γ2, and then the energy exchange between
the two plasmonic modes is represented by a coupling strength g between
the oscillators [11,12,13]. A phase diagram of different photonic
resonances plotted in the γ1 and γ2 plane is shown in Figure 1.3. Depending
on the relative values of the damping coefficients of each mode with
respect to the coupling strength, the interaction between the two plasmonic
modes can be in the weak coupling regime (|g|≪|γ1|, or |g|≪|γ2|) or in the
strong coupling regime (|g|≪|γ1|, or |g|≪|γ2|).

Fig. 1.3. (a) Schematic view of two coupled damped oscillators with oscillating frequencies
ω1 and ω2 and a driving force f1 applied to one of them. (b) Phase diagram of different
photonic resonances (Fano, EIT, Kerker) in the damping constants (γ1, γ2) plane. [11]

An important phenomenon in the weak coupling regime is a Fano
resonance (Figure 1.3). In general, a Fano resonance occurs when a
discrete localized state couples with a continuum of states, and it is
manifested in the absorption spectrum with the absorption cross section,
σ(E), described by the Fano equation [Nature Photonics 2017,11, 543]:
σ(𝐸) = 𝐷2

(𝑞+ 𝛺)2
1+𝛺 2

,

(1.1)

where E is the energy, q = cotδ is the Fano parameter, δ is the phase shift
of the continuum, Ω = 2(E-E0)/ Γ, where Γ and E0 are the resonance width
and energy, respectively, and D2 = 2sinδ [14]. Equation (1.1) is generally
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applicable to different optical spectra, including absorption, scattering and
transmission. The scattering efficiency, described by Fano equation, has
two critical points: when the scattering efficiency vanishes and when it
takes the maximum close to unity, thereby enabling the possibility of
scattering to be switched from total reflection to total transmission [nature
phot]. Electromagnetically induced transparency (EIT) can be considered
a sub-case of a Fano resonance in which the two interacting modes have
the same resonance frequency (ω1=ω2) [11, 15, 16, 17, 18]. While in
nanophotonics a Fano resonance was initially applied for plasmonic
structures [11], the equation (1.1) is used for describing resonant
phenomena in a broad range of systems, including photonic crystals [19,
20], semiconductor nanostructures [21, 22], and many others. Fano
resonance typically shows an asymmetric spectral line-shape with a sharp
change between a dip and a peak [4]. Another weak coupling resonant
phenomenon is Kerker effect (Figure 1.3) – a directional scattering due to
the interference of independent responses of the electric and magnetic
dipole modes with the external field in the limit of vanishing direct
coupling [15, 23, 24]. In this case, both oscillators are driven, and the
damping rate ratio can be arbitrary [4].
In the strong coupling regime (Figure 1.3) the two coupled
oscillators exchange their energy much faster than it leaks away, which
results in the formation of two new eigenmodes with resonance
frequencies shifted with respect to the original modes [4]. The extent of
energy splitting between the new modes strongly depends on the spatial
overlap between interacting elementary modes in plasmonic structures
[25]. Plasmon hybridization model, which is an electromagnetic analog of
molecular orbital theory, describes this plasmonic response with intuitive
simplicity [26].
Analogously to the formation of molecular orbitals from
constituent atomic orbitals by mixing of their wavefunctions, the physical
mechanism of the plasmon coupling between adjacent metal nanoparticles
can be regarded as the hybridization (mixing) of elementary plasmonic
modes. These collective hybridized plasmon resonances include correlated
multipolar polarization of each constituent nanoparticle. The mathematical
treatment of this phenomenon is entirely analogous to describing how
atomic orbitals interact and hybridize in molecules [26]. In other words,
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this approach enables to view composite plasmonic structures as
“plasmonic molecules” (small assemblies) [27] and “plasmonic polymers”
(nanoparticle chains) [28]. The plasmon hybridization method makes no
assumptions about dielectric permittivity of a nanostructure: all of the
optical properties are calculated directly from the electronic properties of
the system, such as the electron density distribution and the nanostructure
geometry. Using this method, the plasmon response of a complex
nanostructure or assembly can be understood from the interaction of
plasmons arising from the simpler subunits constituting the structure.
Figure 1.4 illustrates hybridization approach applied to describing
plasmonic behavior of nanoparticle dimers and multilayer nanostructures.
The first example compares hybridization profiles of silver nanoparticle
dimers with identical and different particle sizes, or a homodimer and a
heterodimer [29]. Figure 1.4a,b shows corresponding experimental
spectra of the dimers at incident light polarizations along and
perpendicular to the interparticle axes, corresponding to σ, σ* and π, π*
hybridized plasmon modes, respectively. The interaction between
plasmonic nanoparticles results in the formation of two hybridized modes:
low-energy bonding plasmon (with the electric field enhanced at the
interparticle junction and redshifted LSP resonance frequency) and highenergy antibonding plasmon (with the electric field localized on the nonjunction ends of the nanoparticles and blueshifted LSP resonance
frequency). In the case of homodimer, the antiphase mode is spectrally
dark due to the cancellation of the equal but oppositely oriented dipoles on
the two nanoparticles (Figure 1.4a). Bright plasmon modes couple to the
incident light directly and are spectrally broadened, due to the radiative
damping by the interband transitions in the metal. When size asymmetry
is introduced in the coupling regime, the experimentally measured
scattering spectra (Figure 1.4b) from two extreme orthogonal polarizations
of the asymmetric dimer each contain two modes, consistent with the
hybridization of two nondegenerate modes shown in the energy diagram.
The out-of-phase combinations (σ* and π), otherwise dark in the
symmetric dimer, are dipole active in the asymmetric dimer due to
incomplete cancellation of the dipoles of the small and large silver
particles. These out-of-phase modes are weaker in intensity compared to
the in-phase (σ and π*) modes.
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Besides describing plasmonic response in nanoparticle
assemblies, the hybridization method can be similarly applied to model a
plasmonic response of a complex metallic nanostructure by expressing it
as a linear combination of plasmons associated with its elementary parts,
as illustrated in the second hybridization example (Figure 1.4c,d). A
plasmonic response in a dielectric core/metal shell geometry can be
understood as a hybridization of two simpler plasmons, of a solid metal
sphere and of a cavity (Figure 1.4c) [26]. This distribution results in a
strong induced dipole for this lowest energy mode, making this bonding
mode the bright mode of the two hybridized plasmons. The higher-energy
mode corresponding to an antisymmetric charge distribution has a much
smaller dipole moment and is therefore a dark mode [30]. The thickness
of the shell layer corresponds to the interparticle distance of the
constructed plasmonic dimer, following the same scaling law (i.e.,
stronger coupling with shorter distances between the subunits). The
sphere-cavity hybridization picture that describes the energies and charge
distributions for this geometry can be generally applied to multilayer
metal-dielectric core-shell nanoparticles. The plasmon resonances of a
four-layer dielectric/metal/dielectric/metal nanoparticle result from the
hybridization of the bright and dark plasmon modes supported by the inner
and outer metal shells, as shown in Figure 1.4d. This mode mixing
produces a complex multipeak optical spectrum where the thickness of the
intermetallic dielectric layer influences the extent of coupling, and where
finite size effects can induce a redshift of the collective plasmon modes
[30]. The presence of multiple overlapping modes in this concentric
geometry produces coherent coupling effects: due to the symmetry
breaking introduced by displacing the core, the dipolar modes of the inner
core can interact with higher multipolar modes of the outer shell, resulting
in a Fano interference that is isotropic with respect to the polarization of
the incident light [31].
The plasmon hybridization model not only advanced our
understanding of the basic physics of plasmonic nanostructures, but also
provided guidelines for designing nanostructures with desired plasmonic
responses. Thus, it is possible to create multiresonant plasmonic systems
based on closely assembled plasmonic building blocks with structural
complexity, in which the associated elementarymodes can strongly
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interact to form multiple wavelength-specific hybridized modes with
spatial overlap [4].

Fig. 1.4. (a, b) Plasmon coupling of symmetric (a) and size-asymmetric (b) silver
nanoparticle dimers (scale bars in TEM images are 50 nm). Top: plasmon hybridization
energy diagram. Bottom: experimental scattering spectra of the silver NP dimers at
different polarizer angle. [29] (c, d) Plasmon hybridization energy diagrams of a metal
nanoshell resulting from the interaction between the sphere and cavity plasmons (c) and a
concentric nanoshell resulting from the interaction between the inner- and outer-nanoshell
plasmons (d) [26].

The method enables the quantitative description of plasmon
resonances in metal nanostructures formed by spheres, ellipsoids, and
nanorods, whereas for nanostructures formed by nanoparticles with other
shapes the application of the hybridization approach is more challenging
[32]. In addition, modification of the model is required to correctly account
for plasmon coupling in dimers formed by nanoparticles with different
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compositions, e.g., gold and silver nanoparticle dimers [29]. For metal
nanoparticles and their assemblies with dimensions on the order of a few
tens of nanometers, the plasmon hybridization theory provides a general
principle for the design of complex metal nanostructures and the
qualitative and quantitative prediction of their resonance properties. Since
the plasmon hybridization model was developed in the electrostatic limit
(that is, the magnetic field component of Maxwell’s equations was
neglected), it omits the electromagnetic retardation effects that become
significant on the length scale above a few tens of nanometers [32]. For
nanostructures and assemblies with dimensions larger than a few tens of
nanometers, more rigorous electromagnetic approaches are necessary.
1.2.3 Computational methods for analyzing plasmon coupling
Classical electromagnetism theory provides a general framework to model
the plasmonic response of metal nanoparticles and their assemblies with a
high degree of accuracy, as long as quantum effects do not have to be
considered. Starting with analytical models for simple geometries over a
century ago [33], the electromagnetic description of nanoparticle
plasmons has progressed to produce full numerical solutions of Maxwell’s
equations applicable to arbitrary geometries, reaching complex systems of
thousands of nanoparticles [34].
Mie theory, the classical analytical approach, was developed to
describe scattering of electromagnetic radiation by spherical particles in a
non-absorbing medium [33]. In this method, the electromagnetic field
solutions are expressed analytically as series of coordinate basis vectors
(vector spherical harmonics) that are used to analytically express most
electromagnetic properties (extinction, scattering and absorption crosssection, electric field, etc.) [5]. The analytical expressions remain
complicated and can in practice be evaluated numerically by truncating
the series and processed using mathematical software, such as Matlab.
Extensions of the Mie theory (generalized Mie theory) provide quasianalytical solutions for multilayer spheres, non-spherical particles such as
ellipsoids and cylinders, and assembles of multiple spherical particles
[35]. For instance, a generalized multiparticle Mie theory was applied to
analyze near-field coupling effects in chains of multilayer metal-dielectric
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nanoshells [36]. Generally, since this method provides a full analytical
electromagnetic solution for a certain set of objects, it is a great reference
point for evaluating the validity of approximations in other computational
methods.
In the case of arbitrarily-shaped nanoparticles or randomly aligned
assemblies, due to the complexity of the electromagnetic field term and
retardation effects, Maxwell’s equations have to be solved by using
numerical methods, which rely on intensive computing tools. These
methods can be classified into semi-analytical methods and partial
differential equation solvers. Semi-analytical methods were developed as
Maxwell’s equation solvers only, and therefore are specialized and use
additional analytical tools to reduce the computing requirements. Partial
differential equation solvers are more generic and can be applied to many
physics and engineering problems that require solving partial differential
equations with boundary conditions. The latter are more user-friendly but
less optimized for the specificity of the electromagnetism problems,
compared to semi-analytical methods. In complex geometries, numerical
solutions of Maxwell’s equations generally render full details of the
response, although the required computational effort is rather demanding,
especially for multiparticle systems or structures spanning many light
wavelengths.
Semi-analytical methods include the multiple multipole method,
discrete dipole approximation method (DDA) and its derivatives [37].
Physical interpretations of DDA are relatively straightforward due to its
conceptual simplicity [5]. The first step of the DDA (as in most numerical
methods) is to discretize, or mesh, the studied object into a large number
of small cells. Each cell is regarded as a polarizable dipole, and a
corresponding electric dipole is induced when the cell is subjected to an
electric field. These induced dipoles in each cell represent a discretized
version of the induced electric polarization in the medium. Each dipole
generates an electromagnetic field that contributes to the total field and
therefore to the induced dipole at every other cell position. Subsequently,
the dipole moment at each cell depends on that at other cells and on any
additional external field. As a result, the method involves solving a
coupled system of linear equations. Once the dipole moments are found,
the electric field and other optical properties can be derived. The
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advantage of the method is that it only requires meshing of the object under
study and not its environment, which is especially useful for sparse
structures consisting of multiple particles. While DDA method and its
derivatives result in accurate predictions of the far-field properties (i.e.,
extinction, absorption and scattering), the prediction for the local field is
incorrect at short distances from the object, due to numerical artifacts
originating from the field at these cells being distorted by the surrounding
cells and their geometric parameters. Thus, DDA is a great tool for
analyzing the far-field properties of complex structures, but it is inaccurate
for quantifying local fields.
Alternative approaches to solving Maxwell’s equations
numerically rely on standard techniques that have been developed to solve
general partial differential equations. As these techniques are applicable to
a wide range of engineering and physics problems, they have benefited
from a tremendous development by a broader research community
resulting in many highly optimized algorithms implemented in opensource and commercial software with full graphical user interface. The two
common methods are finite-difference time-domain method (FDTD) and
finite-element methods (FEM), which conceptually are two different ways
to solve Maxwell’s equations [38]. In FDTD, the differential equations
being solved are time-dependent Maxwell’s equations under a set exciting
field; in FEM one generally solves the complex frequency-dependent
fields for a given frequency [5]. FDTD is mathematically simpler
compared to FEM, although existing specialized software (e.g., COMSOL
Multiphysics) can be used without a detailed knowledge of the underlying
mathematics and only requires relatively simple parametrization. To
properly model plasmonic response and especially local fields using these
methods, elaborate meshing techniques are necessary; in this regard FEMbased COMSOL stands out as a convenient tool for building and meshing
complex geometries. In contrast to DDA, both FDTD and FEM rely on
meshing of the whole volume under study, including not only the object,
but its environment as well, which increases the computational demands.
Since this volume cannot be infinite, it requires to be truncated by a
bounding box with boundary conditions defined to exclude the influence
of this bounding box on the system. While quantifying local fields close
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to the object is fairly straightforward with FDTD and FEM, extracting farfield properties is more complicated due to this bounding box truncation.
The numerical methods discussed above can be grouped together
as volume approaches, as they require solving a linear set of equations in
a three-dimensional space, and the computing demand therefore scales
with at least the square of the volume [34]. A more recently developed
boundary-element methods (BEM) consist in solving integral equations on
the surfaces rather than the volumes, which is computationally more
efficient, although geometric parametrization is often more complicated
[38]. Furthermore, BEM methods do not require absorbing boundary
conditions or specific parametrization of the surrounding empty space.
These surface approaches are advantageous for problems with a large
surface to volume ratio and large multiparticle systems where volume
approaches become impractical as they cannot cope with structures
spanning several wavelengths in size. In addition to BEM, plasmonic
problems formulated in surface integral equations (SIE) can also be
discretized into matrix equations by the method of moments (MoM) [34].
Figure 1.5 illustrates a simulation of a dense assembly of nanorods with
random local arrangements of plasmon couplings. These calculations
enable detailed characterization of the hotspot evolution at different
incident wavelengths and in different planes within a complex
multiparticle structure. Although boundary parametrization represents a
challenge compared to volume meshing, BEM/SIE-MoM methods might
be the only viable approach to the predictive simulation of large and
complex nanoparticle assembles.
Parallel to the development of powerful electromagnetic
simulation methods, there has been a growing excitement about quantum
plasmonics that explores the quantum properties of surface plasmons to
build plasmonic devices operating at the quantum level [39]. This
relatively new field of research combines modern plasmonics with
quantum photonics. The focus of quantum plasmonics is primarily to
understand single emitter coupling to single plasmons, quantum effects in
plasmonic nanostructures and exotic properties such as squeezing, strong
coupling and entanglement [39, 40]. From the perspective of common
plasmonic nanostructures, it is important to recognize where classical
electromagnetic models fail to describe plasmonic coupling due to the
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structure transition into the quantum realm. Quantum effects become
important when plasmonic coupling occurs across sub-nanometer gaps,
owing to non-local screening and spill-out of electrons from the
nanoparticles, as well as interparticle electron tunneling. Electromagnetic
models describe the response of the structures assuming the interface
between the different materials to be abrupt, whereas ab initio quantum
mechanical methods account for the gradual change of the dielectric
properties at the surface and the spill-out of electrons outside a
nanoparticle.

Fig. 1.5. Plasmonic performance of highly complex disordered structures using a
combination of SIE MoM and an expansion of the electromagnetic fields using M3 solver.
Left: top and side views of an in-water colloidal system of 1447 gold nanorods (80×21 nm)
compacted in a 1×1×0.2 μm3 box. Right: Electric near-field intensity enhancements
showing the hotspots at a particular depth within the structure and excitation wavelength
[34].

The influence of quantum mechanical effects on plasmonic
resonances in nanogap structures is illustrated in Figure 1.6a. Large
nanogap distances correspond to the classical regime, for which the local
Maxwell’s equations correctly describe the redshift of the gap plasmon
modes. As the gap distance transition into the ångström range, the system
enters the quantum regime, requiring a more detailed treatment [41]. The
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plasmon resonance in this regime can be addressed using either ab initio
methods, or integrated quantum-electrodynamics descriptions.
Since full quantum simulations are not presently feasible for
realistically sized systems, time-dependent density functional theory is the
most convenient ab initio approach [42] Specifically, it employs a jellium
model and a constant box potential to describe essential features of the
dynamics of the conduction electron cloud in plasmonic nanoparticles. If
the parameters of the box potential are chosen so that the nanoparticle has
the correct work function, the resulting electron density profile is similar
to the electron density of a real metal [30]. This approach was used to show
electron spill-out in nanoshells that can introduce new modes and a
broadening of the plasmon resonances [43], and changes in plasmon line
shapes due to the interplay between plasmons and single-electron
excitations [44]. This approach was also used to investigate quantum
plasmonic behavior in nanorods [45] and dimers [46].
Hybrid models that integrate quantum-mechanical effects within
a classical electrodynamic framework have been developed to address
quantum effects in realistic plasmonic systems. Quantum-corrected model
(QCM) describes the junction between adjacent nanoparticles by means of
a local dielectric response that includes electron tunneling and can be
integrated within a classical electrodynamical description of large and
complex structures [47]. Another example of a semiclassical approach that
takes quantum effects into account is nonlocal hydrodynamic model,
which assumes that delocalization of surface charge as the dominant
process [48].
Using a metal sphere dimer with a diminishing gap size as a
model, Figure 1.6b shows that the classical electromagnetic solution
exhibits unphysical behavior as the gap approaches zero [47]. In contrast,
the results of QCM agree with full quantum mechanical model
calculations, and demonstrate quenching of near-field enhancement before
the two metal spheres come in contact [41].
The theories and methods discussed above have particular ranges of
applicability that depend on the shape and composition of plasmonic
nanostructures and the nature and the size of their constituent building
blocks. The choice of the method depends on many factors, including the
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system under study, the targeted application, and available computational
resources.

Fig. 1.6. (a) The impact of quantum mechanical effects on plasmonic resonances. The
zones illustrate the energies of the plasmonic modes predicted by the classical
electromagnetics (red dashed line) and quantum calculations (red solid lines). The nonlocal
screening leads to deviations between the two descriptions [47]. (b) Comparison of the
color plots of the local field enhancement |E/E0| at the center of the junction in a metallic
dimer consisting of two 4 nm Na spheres in vacuum obtained with a full quantum model
calculation (left), QCM (center), and classical electromagnetic model (right) [41].

1.3 Hot spots in Nanoparticles and their Assemblies
This section provides a survey of illustrative examples to provide a general
sense of plasmonic response in different structures which were assessed
using models and computational methods described above. The discussion
starts with providing a necessary background on the near-field and related
far-field behavior of individual building blocks, ranging from simple
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spherical and cubic structures to complex multilayer shells and perforated
nanocages. Plasmonic coupling in nanoparticle dimers is covered in detail
next, followed by a discussion of near-field response in larger nanoparticle
assemblies, including small well-defined clusters (plasmonic molecules),
linear assemblies (plasmonic polymers), as well as periodic twodimensional (2D) and three-dimensional (3) assemblies. Finally, LSP
response of chiral plasmonic assemblies is discussed at the end of the
section.
1.3.1 Individual nanoparticles of simple and complex shapes
Individual spherical noble metal nanoparticles are the simplest plasmonic
objects, that are sometimes termed “plasmonic atoms” as they can be
assembled into multi-particle “plasmonic molecules” with complex
multimodal responses (see Section 1.3.3). Due to its geometric symmetry,
the LSP response in a spherical plasmonic metal object on the order of a
few nanometers to a few tens of nanometers generally results in a single
peak extinction spectrum in a visible range. The exact position of the LSP
resonance depends on the dielectric function of the constituent metal and
of the environment. Because of the symmetry of the electromagnetic field
of the light, the most efficient excitation is associated with the lowest
normal plasmonic mode, dipolar (l = 1) plasmonic mode (Figure 1.7a).
The spectral position of the LSP resonance experiences a gradual redshift
with increasing values of the effective permittivity of the nanoparticle or
its environment. This effect, which is a manifestation of the metal surfacecharge screening by the bound charges of the dielectric environment, has
been extensively studied and is broadly used in various sensing
applications [49].
The increase in nanoparticle size leads to two spectral changes:
(1) broadening of the plasmon line shape due to radiation damping, and
(2) a redshift of the resonance peak due to the dynamic depolarization
effect [50]. The extinction bands of multipolar (l > 1, i.e., excitations of
higher order harmonics) modes in sufficiently small nanoparticles are less
pronounced compared to the dipolar mode, and overlap with it
considerably to form a broad spectrum. Typically, however, they are
noticeably excited via retardation effects in larger nanoparticles, where the
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finite nanoparticle size approaches the wavelength of the light, in contrast
to the retardation-free electrostatic limit valid for small nanoparticles [51].

Higher multipolar excitations appear as additional peaks or shoulders in
optical spectra [49] (Figure 1.7b).
Fig. 1.7. (a) Distribution of the surface charges for the dipolar (left), quadrupolar (center)
and an arbitrary higher order LSP mode (right) [52,53] (b) Multipolar excitations in
plasmonic nanoparticles beyond the electrostatic limit. Extinction spectra of silver
nanoparticles of increasing sizes (indicated in nm in the SEM insets). Thick solid lines
correspond to extinction, dotted line - to scattering, and thin solid line - to absorption
spectra. [54].

In contrast to spheres, spectrally well-separated extinction bands
corresponding to LSPs of multipolar order can be observed in elongated
nanoparticles such as spheroids and rods. [55] For example, high-order
LSP resonance modes were observed in individual silver nanorice
particles [56] (Figure 1.8a). The nature of the modes can be identified by
analyzing the near-field distribution around the particle excited at
corresponding resonant frequencies, as shown in Figure 1.8c.
Interestingly, the spectral position sensitivity to the change in the
environment is significantly more pronounced for the major dipolar mode
in this structure, compared to a nanosphere: l =1 mode can shift by 1114
nm per refractive index unit. Extinction bands corresponding to multipolar
LSPs (up to l = 6) were also experimentally observed in relatively large
silver nanobars (Figure 1.8d) [55]. In principle, any spectral position of a
given multipolar plasmon excitation and any spectral spacing between two
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multipolar plasmons of different order can be achieved by choosing the
appropriate particle geometry.
Fig. 1.8. (a) Schematics of nanorice geometry (l = 500 nm, w = 60 nm), (b) Simulated
(BEM) extinction cross-section at 45 degrees angle of incident light. (c) Local electric field
distribution in the plane xz induced by oblique incidence excitation at different incident
angles theta at the resonance wavelengths lambda [56] (d) Left: SEM images of three gold
nanobars with a length of long axis of 790 nm (top), 940 nm (center) and 1090 nm (bottom),
thickness and height of 85 nm and 25 nm, respectively. Right: the corresponding extinction
spectra [55].

Plasmon mode coupling and hybridization (Section 1.2.2) can be
achieved only in interacting nanoparticles or complex morphologies, but
also in individual nanoparticles with simple non-spherical geometries.
Specifically, any symmetry-breaking can introduce coupling and
hybridization of the plasmon modes of a metallic nanostructure. For
example, a nanocube sustains an infinite number of bright plasmon modes,
with six dominant ones accounting for 93% of the total oscillator strength
of the cube (Figure 1.9a) [57]. This result is quite different from a metallic
sphere, where only three bright dipolar modes exist. In addition, a nearby
dielectric mediates an interaction between bright dipolar and dark
multipolar modes, resulting in bonding and antibonding hybridized modes.
The dominant mode of a nanocube (denoted by (i) in Figure 1.9a)
has its induced charges concentrated on the corners of the cube, with
charges of the same sign residing on either side of the cube. This charge
distribution is thus characterized by a large electric dipole moment and
couples strongly to light [58]. Consequently, the near-field distribution
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around a nanocube excited at the resonant dipolar mode frequency (e.g.,
Figure 1.9b) shows a characteristic pattern of near-field concentration at
the cube corners [59]. Similarly, stronger near-field enhancement can be
observed at the corners of a triangular nanoprism (Figure1.9c) and other
angular objects [60]. This general trend of local field enhancement being
larger at nanoparticle tips, corners, or edges, as opposed to flat surfaces is
referred to as lightening rod effect). Importantly, to accurately describe
near-field distribution in computer simulations, all sharp corners (edges)
of an angular particle have to be slightly smoothened by spherical surfaces
to avoid unphysical structural discontinuities. In addition, while the DDA
method (as used in examples in Figure 1.9b,c) can be used to assess the
field distribution qualitatively (i.e., identify the location of hot spots), for

quantitative field enhancement assessment more rigorous numeric
methods should be employed (see Section 1.2.3).
Fig. 1.9. (a) Left: absorption spectra calculated using FEM for a 3 nm silver cube in
vacuum, excited by plane wave (top) and dark-mode excitation (bottom). Right:
normalized surface charge distributions of the cube plasmon modes labeled on the left plots
[57]. (b) Calculated (DDA) E-field enhancement in a gold nanocube of 42 nm side length
[59]. (c) E-field enhancement contours (DDA) in silver triangular prism (l = 60 nm, h = 12
nm) [60].

In individual nanoparticles, multiple LSP modes and hot spots of
strong electric field enhancement can be enabled not only by anisotropic
nanoparticle shapes and structures with corners, but also by nanosized
voids, high-curvature features, and higher order geometric complexity
(such as structures with multiple extrusions and cavities). For example,
Figure 10a describes the plasmonic behavior of a gold nanoshell with a
cavity of low dielectric permittivity (such as vacuum or silica) using
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plasmonic hybridization approach (see Section 1.2.2) [61]. In this case, the
cavity plasmon is at a higher energy than the corresponding sphere
plasmon, and the low energy hybridized plasmon is a bright plasmon,
being more “sphere-like”, and a high energy hybridized plasmon is a dark
plasmon, being more “cavity-like”. The extinction spectrum is dominated
entirely by the low energy bonding nanoshell plasmon (i.e., with a
redshifted LSP resonance peak, compared to that of the sphere). For
increasing shell thickness, the interaction between the cavity and sphere

modes decreases, resulting in a blue shift of the bonding mode and a red
shift of the antibonding mode.
Fig. 1.10. (a) Hybridization in nanoshell (inner d = 64 nm, outer d = 100 nm) with a low
permittivity core (e.g., silica) with dark and bright modes shown with upward and
downward arrows, respectively. [61]. (b) Left: gold nanostar hybridization model (inset:
SEM image of a nanostar, scale bar 100 nm). Right: color contour plots of the electric field
enhancements (FDTD) for excitation of 804 nm (top) and 594 nm (bottom) [62]. (c)
Calculated (FDTD) average electric field intensities for a core-cage structure (model shown
on the left) as a function of wavelength (plots on the left) and normalized electric field
intensity for the corresponding structures at the highest resonant frequency (right) [63]. (d)
Left: simulated (DDA) 3D local electric field distributions around a gold nanoframe with
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one breakage (2 nm gap on the top and 12 nm gap on the bottom). Right: corresponding
local electric field factors and vector distributions in the yz plane [64].

While the hybridization description is very helpful in
understanding the plasmonic response in structures formed by spheres,
ellipsoids and nanorods, describing nanostructures of other shapes using
the hybridization model is generally more challenging and its
interpretation is more complicated. For example, the hybridization of the
core and the tips LSPs in a gold nanostar (Figure 1.10b) was used to
demonstrate the increase in the cross section for excitation of the bonding
nanostar plasmons with respect to the individual plasmons, which
explained the increase in the effective dipole moment of the tips plasmon
and associated field enhancement in this structure [62]. However, this
explanation required complementary numerical electromagnetic
simulations, which in this combined approach can provide microscopic
insights into the nature of the LSP resonance of a complex nanostructure.
Purely numerical approaches have been used to describe complex
field behavior in cavity-containing nanostructures of higher complexity,
such as nanoframes and core-cages, which shined light on the near-field
distribution in these morphologies [63,65]. Generally, cavities, sharp
extrusions and small gaps, which are common features in such complex
morphologies, exhibit areas of high field under resonant conditions
(Figure 1.10c). Notably, synthetic artefacts, e.g., broken fragments in a
nanoframe (Figure 1.10d), can generate additional strong LSP modes that
need to be accounted for in the plasmonic design [64].
1.3.2 Nanoparticle dimers
When two nanoparticles are brought sufficiently close to each other to
form a dimer, the Coulomb interaction between the surface charges of the
two particles becomes strong enough to alter their distribution. This
interaction results in the formation of the low-energy bonding and highenergy antibonding LSP modes (Figure 1.4a), as described by the plasmon
hybridization model (Section 1.2.2). Figure 1.11a shows experimental
spectra of a gold nanoparticle dimer at incident light polarizations along
(90o) and perpendicular (0o) to the interparticle axes, corresponding to the
bright hybridized plasmon modes [66]. In the case of a strongly
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pronounced low-energy bonding LSP, the electric field is greatly enhanced
at the interparticle junction and redshifted with respect to the LSP
resonance frequency of an individual gold nanoparticle. In contrast, the
high-energy antibonding LSP does not result in a hot spot between the
particles, with electric field localized on the non-junction ends of the dimer
and only slightly blueshifted LSP resonance frequency. Notably, this
description only considers the coupling of dipolar LSP present in the dimer
gold nanoparticles, which is rationalized by a very low contribution of
higher order modes in spherical gold nanoparticles. In case of other
building blocks, where the contribution of multipolar LSP is more
significant, these multipolar LSPs also need to be accounted for in the full
system description. For example, the presence of quadrupolar bonding
LSP was experimentally observed in a dimer comprised of small spherical
silver nanoparticles with a nanometer interparticle gap (Figure 1.11b) [67].
Certainly, it becomes even more important when studying nanoparticle
coupling in structures comprised of building blocks with more complex
geometry (Section 1.3.1).

Fig. 1.11. (a) Simulated (FDTD) scattering spectra and electric field distribution profiles
of an individual 52 nm gold nanoparticle and that of a corresponding homodimer (2 nm
gap) at two different polarization angles. White arrow in the field profiles correspond to
the polarization direction [66]. (b) Illustrations of particle polarization and total field
amplitude maps (BEM) of a 10 nm silver spheres dimer with 1 nm interparticle gap; lower
graph: electron energy-loss spectrum and TEM image of the corresponding dimer (scale
bars 5 nm) [67].

For interparticle distances of the order of nanoparticle size, the
LSP, excited with the light polarized along the dimer axis, redshifts
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exponentially with a decrease in the interparticle distance, as shown in
Figure 1.12a [54]. At closer distances, the red shift is faster because of the
hybridization with nanosphere LSP of larger angular momentum.
The polarization-dependent anisotropic plasmonic response in
nanoparticle dimers discussed above reflects the minimum and maximum
energy extremes in the optical spectrum. If a polarization angle with
respect to the interparticle axis (θ) is between these extremes, i.e., 0o < θ <
90o, the resultant coupling LSP mode corresponds to the energy falling
between these two extremes. Thus, the highest and lowest bright modes in
the plasmonic hybridization representation for a given dimeric structure
(Figure hybridization a,b) can be regarded as the lowest and highest energy
states in the continuum of states corresponding to the continuum of
polarization angles. Figure 1.12b demonstrates the variability in scattering
spectra of a plasmonic homodimer as a function of the polarization angle
(note that in this dark field microscopy experiment-based example, the
polarization angle is measured against an arbitrary axis within the dimer).
When the polarization of incident light with respect to the dimer
interparticle axis is arbitrary, longitudinal and transversal coupling LSP
modes can be considered contributing proportionally based on the
probability of different light-dimer interaction angles. The resultant
ensemble response is what can be observed in the extinction spectra of
colloidal solutions of such dimeric plasmonic structures.
While a dimer comprised of nanospheres is the simplest model for
investigating LSP coupling, synthetic colloidal particles exploited in
experimental plasmonic studies and various applications are generally
geometrically non-ideal. Specifically, the relative orientation of corners,
edges, and faces of faceted sphere-like nanoparticles in the interparticle
junction of their dimers creates non-uniform gap morphologies. Such nonideal dimers produce polydisperse longitudinal bonding dipolar LSP
positions which are blueshifted compared to that of an ideal spherical
nanoparticle dimer (Figure 1.12c) [68]. More precisely, the direction of
this spectral shift is dependent on the type of surface features or defects
and their alignment within the interparticle gap. This sensitivity of
plasmonic properties to geometrical imperfections of synthetic nanoscale
objects should be considered in the computational design of plasmonic hot
spots for applications requiring optical precision.
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Fig. 1.12. (a) Scattering spectra collected with two orthogonal light polarization (as
indicated by arrows) from dimers of silver nanoparticle disks (d = 95 nm, h = 25 nm) with
different interparticle gaps (A = 10 nm, B = 15 nm, C = 25 nm, D = 50 nm, E = 250 nm)
and individual nanoparticle (F) [54]. (b) Polarization-dependent scattering spectra of 15
nm gold nanoparticle dimers (spacing 5-10 nm) [69]. (c) Averaged dark field scattering
spectra of dimers comprised of “ideal” spherical (top) and “nonideal” faceted 50 nm gold
nanoparticles [68]. (d) Left: a comparison of the maximum field enhancements (left) and
field distributions (right) calculated using a classical electromagnetism approach (red) and
quantum mechanical time dependent local density approximation (blue) for r = 24 Bohr
and gaps of 24 (A), 8 (B), 4 (C), and 3 (D) Bohr. Right: near field distribution in
corresponding dimers calculated using the classical (top) and quantum (bottom) methods
[46].

While a trend of increasing electric field enhancement with
decreasing interparticle distance stands for gaps above 1 nm, the
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interparticle proximity in the ångström range leads to non-linear
plasmonic effects (see Section 1.2.3). Figure 1.12d illustrates a general
trend in electric field overestimation when classical electromagnetism
approaches are applied to plasmonic dimers with diminishing interparticle
gaps [46]. Therefore, the influence of quantum mechanical effects must be
accounted for in the field distribution calculations when designing
structures with an aim to maximize the electric field enhancement in the
interparticle gaps. Specifically, it applies to assemblies comprised of
nanoparticles with surface roughness and morphological imperfections,
where sub-nanometer contacts may unfavorably alter intended field
distribution in the hot spots.

Fig. 1.13. (a) Field contours and polarization vector plots (DDA) for the 42 nm cube dimer
of different configurations with 2 nm interparticle gap separation [70]. (b) Nanotoroid
dimer (inner r = 21 nm, outer r = 42 nm) with 0 and 11 nm gaps and corresponding near
fields (SIE MoM) at polarizations indicated with arrows [71]. (c) Surface electric current
distribution and electric near-field enhancement (SIE MoM) of hybridized LSPs of gold
nanostar dimer (core d = 18 nm, 12 15 nm-long branches) [34].

In plasmonic dimers comprised of geometrically complex building blocks
the number of configurations leading to exceptionally efficient hot spots
increases due the involved morphology and plentitude of possible dimer
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arrangements (Figure 1.13). When fixing specific spatial configurations of
complex dimers is possible during the structure fabrication or selfassembly process, it is important to be able to geometrically visualize and
quantitatively assess the hot spot distribution and corresponding LSP
resonant frequencies in these structures. Numerical approaches are
invaluable tools in this respect (see Section 1.2.3).
1.3.3 Plasmonic molecules
Multiparticle plasmonic structures with well-defined arrangements of
constituents are often referred to as plasmonic molecules, with a plasmonic
dimer being the simplest diatomic example [27]. The idea roots from the
conceptual similarity between the electron angular momentum states in a
single-electron atom and the normal modes of the LSP excitations in
plasmonic nanoparticles (see the hybridization theory in Section 1.2.2).
This analogy it is most direct in the case of ordered assemblies of spherical
nanoparticles, as it relies on the spherically symmetric geometry in both
cases. Non-spherical nanoparticles can often be regarded as point dipoles
in the first approximation (i.e., disregarding multipolar LSP), thereby also
loosely falling under the paradigm of the plasmonic atom [72,73].
Important factors governing LSP mode coupling in plasmonic
molecules are the number of constituting plasmonic atoms and their spatial
arrangement. These parameters impose strict limitations on the number
and spectral degeneracy of hybridized LSP resonances in the resultant
plasmonic molecules. Figure 1.14 shows far-field scattering spectra and
near-field distribution in a few selected symmetrical two-dimensional
(2D) plasmonic molecules obtained using generalized multiparticle Mie
theory [74]. These examples show significant differences in the
performance in these 2D structures. First, the symmetrical trimer and
heptamer provide stronger near-field enhancement than the tetramer and
pentamer. Furthermore, despite some peak intensity variations, their
electric field intensity profiles show little sensitivity to the polarization of
the incident light. This low polarization sensitivity reflects that the
hybridized LSP modes in these symmetrical plasmonic molecules are
degenerate in frequency [75,76]. Breaking of the symmetry leads to
appearance of additional resonance peaks in both near and far field spectra
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due to the energy splitting of hybridized modes of various symmetries (see
Section 1.3.4) [74].

Fig. 1.14. The role of symmetry in LSP resonance response. Calculated (generalized Mie
theory) polarization-averaged scattering efficiency (top row) and polarization-sensitive
near-field intensity enhancement (over the free space value) spectra of trimer (A), tetramer
(B), pentamer (C), and heptamer (D) of 80 nm gold nanoparticles with 1 nm interparticle
separation (middle row). The bottom row shows electric field intensity distribution at the
wavelength of corresponding major peaks [74].

Besides 2D plasmonic molecules, plasmonic atoms can be organized in an
ordered fashion in a three-dimensional (3D) space. The effect of symmetry
in this case is similar to that observed in the 2D structures: in contrast to
asymmetric dimeric and trimeric plasmonic molecule, that exhibit a
pronounced anisotropic optical response, the optical response of an ideal
symmetric tetrahedron is virtually independent of cluster orientation
(Figure 1.15a,b). This observed isotropy of the plasmonic response in a
tetrahedron provides direct evidence that this structure behaves like an
isotropic plasmonic metamolecule: dispersing these structures in a liquid
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Fig. 1.15. (a) Pairs of scattering spectra (dark field spectral imaging and FEM calculations)
at two different polarization angles for plasmonic molecules comprised of 15 nm gold
nanoparticles (spacing 5-10 nm); the number of the particles in one structure varies from 1
to 4. (b, c) Polarization-dependent scattering spectra of a tetramer (b) and icosahedral
cluster (c) [69]. (d) Bottom: calculated (FEM) average near field enhancement spectrum in
a 2D slice through the 3D model shown in the inset. Top: spatial distribution of the nearfield at three maxima observed in the average near field spectrum. The size of the overall
cluster is roughly 100 nm [77].
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then results in a metafluid [69,78]. In larger symmetric plasmonic
molecules the plasmonic response can be more complex. For example, a
symmetric plasmonic molecule icosahedral in shape shows weakly
polarization-dependent scattering spectra (Figure 1.15c). Indeed, this
structure contains not only the outer shell of 12 atoms resulting in the
overall icosahedral shape of the molecule, but also an inner core inside of
this shell. The hybridization between this discontinuous (varied thickness)
shell and the inner core is, naturally, polarization-dependent. The hot spots
in plasmonic molecules comprised of many atoms are generally
distributed in a fraction of the interparticle gaps and are a function of the
incident light polarization angle (e.g., Figure 1.15d). When constituent
plasmonic atoms are of different sizes or are varied in composition, the
resonant frequencies of the modes in these superstructures depend on the
size mismatch (see Figure 1.4b and associated discussion in Section 1.2.2),
among other factors discussed here. Finally, introducing shape anisotropy
in plasmonic atoms results in additional complexity in the collective
optical response, enabling virtually limitless tunability of the number,
resonant wavelength, strength, location and geometric area of near field
hot spots when designing plasmonic molecules.
1.3.4 Plasmonic polymers and periodic 2D and 3D assemblies
A concept of a plasmonic polymer has been motivated by the same LSP −
atom analogy as the notion of plasmonic molecules (Section 1.3.3). Here,
the collective optical response of nanoparticles assembled in chains rely
on its constituents analogously to the electronic and optical properties of
chemical polymers depending on their molecular repeat units [28]. These
nanoparticle chains serve as good candidates for the implementation of
sub-diffraction limit waveguiding [79].
The simplest plasmonic polymer is a nanoparticle trimer extended
into a linear chain. As shown in Figure 1.16a), with the increase of the
trimer opening angle, its spectrum continuously evolves toward a typical
spectrum of the linear particle chain featuring two well-pronounced
resonant peaks [74]. These peaks correspond to the longitudinal (along the
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axis of the chain) and transverse (perpendicular to the axis of the chain)
LSP modes [75,76].
In plasmonic polymers with a particle size of 50-100 nm, the
lowest energy longitudinal bonding LSP mode undergoes a redshift with
an increasing number of constituents until the chain approaches the length
of ~10 nanoparticles (Figure 1.16b). Interestingly, longitudinal modes in
plasmonic polymers show low sensitivity to a certain degree of
imperfection in the linearity of the chain structure [28]. On the other hand,
when the constituents are not perfectly spherical, the longitudinal modes
and the extent of the LSP redshift are very sensitive to the curvature of the
particles within the interparticle junction (Figure 1.16c). This structural
characteristic also influences the magnitude and area of near-field hot
spots in the gaps. Specifically, when the interparticle junction is comprised
of two parallel flat surfaces, such as in face-to-face assembled chains of
nanocubes, a large volume of hot spots and a nearly uniform electric field
enhancement is created. This is in contrast with spherical nanoparticle
chains (Figure 1.16d) [80].
In the case of anisotropic constituents, the plasmonic behavior of
nanoparticle chains also depends on the mutual orientation of these
particles within the structure. For example, the end-to-end assembly of
gold nanorods behaves similarly to spherical nanoparticle chains in that it
results in the redshift of the longitudinal LSP mode and the increase in the
normalized near-field intensity; however, this is not the trend in the sideby-side assembled nanorod chains. In this case, the lowest energy bright
dipolar mode blueshifts and the near-field intensity decreases with the
growing number of particles in the assembly (Figure 1.16e,f). This
configuration-specific optical behavior offers another design insight for
the rational development of multiparticle colloidal systems with specific
hot spot features, especially in dynamically assembling structures.
When the geometry of building blocks in linear plasmonic
nanoparticle chain is adjusted such that a resonance at the fundamental and
at the doubled frequency is obtained, it can result in a second harmonic
generation [81]. This important nonlinear optical effect does not generally
occur in a centrosymmetric media, and requires breaking the symmetry of
the structure. A linear trimer comprised of three blocks of different length
(Figure 1.17) is an example of such a double resonant plasmonic assembly
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with both the fundamental and second harmonic resonances. The
proximity of the localized hot spots in the two interparticle gaps enables
their coupling and spatial overlap at both resonance frequencies (Figure
1.17b,c). Notably, if the left and right particles in the trimer are of the same
size, high order modes become very dark due to centrosymmetric
conditions [82].

Fig. 1.16. (a) Experimental scattering spectra and SEM images of four individual trimers
with opening angle of 60o, 70o, 110o, and 180o (scale bars are 50 nm) [74]. (b) Dependence
of the spectral response of plasmonic polymers on the number of repeat units N L and
corresponding SEM images (scale bar is 200 nm). The inset on the right shows measured
and simulated (generalized Mie theory) scaling of the peak wavelength of the longitudinal
mode with NL [83]. (c) Electric field profiles calculated (FDTD) at the excitation
wavelength 785 nm and light polarization along the trimer axis consisting of nanocubes
and nanospheres of the same dimensions. The scale bar in the TEM image of the nanocube
trimer is 50 nm [80]. (d) Spectral position of the longitudinal chain LSP (λLCP) calculated
(BEM) as a function of the particle number in the chain for different curvature of the flat
facet forming the gap, with corresponding cartoons shown on the right [84]. (e, f) Electric
field profiles (FDTD) in end-to-end (e) and side-by-side (f) assembly of gold nanorods
obtained at the lowest energy LSP resonance wavelengths [85,86].

Linear, as well as 2D and 3D, periodic metal-dielectric
nanostructures can be exploited as versatile types of multiresonant
plasmonic systems also because they can support both localized plasmonic
modes in confined metal nanostructures as well as delocalized Bloch
modes (Section 1.2.1) extended over the entire lattice. Further
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development in multiresonant plasmonic systems based on periodic metaldielectric nanostructures requires a better understanding of the
polarization and dispersion effects on the coupling processes between
delocalized Bloch modes and different types of LSP modes (i.e., the
fundamental dipole mode and higher order multipolar modes) [4].

Fig. 1.17. An example of a linear multiresonant plasmonic trimer comprised of three
aluminum nanoblocks 50, 50 and 170 nm in length, and 40 nm in width and height. (a)
Intensity enhancement calculated in the center of both gaps of the structure shown in the
corner. The solid orange line and the dashed green line correspond to the left and right
gaps, respectively. The blue and red peaks correspond to the fundamental and second
harmonic LSP, respectively. (b,c) The near-field distribution maps at (b) 400 nm and (c)
800 nm excitation wavelength [81].

The generalized multiparticle Mie theory has revealed that linear
chains of multilayer plasmonic shells can exhibit a pronounced Fano
resonance due to coupling between the bright and dark dipolar modes,
provided they are arranged in a proper periodic configuration (Figure
1.18a). At the Fano resonance frequency, the corresponding electric field
intensity in the dielectric layer between the shells is the strongest due to
the suppression of scattering [36].
In ordered plasmonic nanoparticle arrays, LSP modes can also
interact with diffraction surface waves to increase the local field
enhancement [4]. For example, when a single bow-tie nanostructure with
a small gap in the center (see the inset in Figure 1.18b) is surrounded by a
periodic arrays of metal disks, these arrays can further diffractively collect
light over a large area and funnel it into the bow-tie at specific wavelength.
As a result, the field enhancement in the bow-tie gap can be significantly
enhanced at specific resonant wavelength (Figure 1.18b) [87].
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Dense 3D nanoparticle arrays with imposed crystalline order can
also display interesting antenna effects, leading to additional near-field
enhancements. For example, a supercrystal of gold nanorods with ordered
parallel orientation of 895 nanorods arranged in nine layers display a rich
behavior with at least four well-defined scattering bands but only two welldefined absorption maxima (Figure 1.18c). This far-field response is in
stark contrast to featureless spectra of disordered nanorods 3D assemblies
containing hundreds of particles [34].
The examples discussed above illustrate that local field
enhancement can be significantly magnified by LSP mode interactions at
small gaps between nanoparticles. This condition, together with the factors
influencing the resonance frequency of the LSP modes, can be used as a
guide to engineer structures with large local field enhancements.

Fig. 1.18. (a) Far- and near-field optical properties of a Au@SiO2@Au multilayer shell
chains obtained using generalized Mie theory (left: extinction spectrum, top right: surface
charge distributions and bottom right: electric field intensities [36]. (b) Simulated (FDTD)
electric field intensity enhancement in a single bow-tie nanoantenna surrounded by three
periodic arrays of metallic disks (scale bar is 20 μm) [87]. (c) Plasmonic crystal composed
of 895 gold nanorods (left), their simulated (SIE-MoM) extinction spectra (center) and
cross-sectional near-field maps at different excitation wavelengths and positions within the
structure [34].
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1.3.5 Chiral assemblies
In the nanoparticles with chiral morphology (with no plane of mirror
symmetry), different LSP modes can couple differently with the spin states
of incident circularly polarized photons [88]. For example, in a chiral gold
nanorod dimer, the bonding and antibonding LSP modes would lead to
different absorbance for left-handed and right-handed circularly polarized
light, i.e., to circular dichroism at different frequencies [89] (Figure 1.19).
Plasmonic chiroptical effects are of current interest for a wide
range of potential applications due to exceptional light-manipulating
capabilities, such as polarization control [90,91] and negative refractive
index [92], as well as chiral sensing of molecular enantiomers [93]. At the
earlier stage, the majority of reported chiral plasmonic structures have
been fabricated using top-down lithography, and this approach still
remains an active area of research [88]. At the same time, solution-based
chiral particle synthesis [94] as well as self-assembly to arrange achiral
nanoparticles into chiral assemblies have also been shown to produce
chiral optical response [95]. Chiral self-assembly remains a hot topic of
research in current plasmonics [88,96].

Fig. 1.19. (a) Nanostructures can be loosely categorized as handed due to configuration,
i.e., arrangement of particles within an assembly (left), or due to constitution, i.e., the
geometry of a single particle (right) [97, 98,99]. (b) Examples of chiral plasmonic
assemblies [100, 101,102]. (c) Gold spiral with a strong circular dichroism response [103].
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A simple example is shown in Figure 1.20a, where two identical
nanorods are arranged in perpendicular orientation. When the rods lie in
the same plane, no chirality is observed, a strong chiral signal is predicted
when a vertical offset is introduced [34]. A more complex illustrative
example with a nanorod assembly arranged along a helix (Figure 1.20b)
demonstrates the complexity of the near-field mapping in such 3D
configurations, while the calculated far-field response clearly shows large
chirality of the helical plasmonic assembly.
The near-field response in chiral plasmonic structures depends on
the incident light handedness. This dependence has been extensively
studied in continuous helical structures, such as spiral nanowires and
similar morphologies [104]. A single helix with a small pitch exhibits
well-confined chiral near-fields: in such structures, the absolute value of
optical chirality increases with increasing pitch, but the confinement
becomes weaker [105]. A great illustration of the effect of light
handedness on the electric field hotspots location is shown in Figure 1.20c:
this colloidally synthesized helicoid nanoparticle morphology exhibits an
exceptionally strong chiro-optical response, as evident from the circular
dichroism spectrum. This response was attributed to the high-order LSP
modes [94]. The intensity difference for the electric field at left- and righthanded light polarization is consistent with the macroscopic asymmetric
response to circularly polarized light. Structural changes, such as edge
length and gap width, depth and curvature were found to have a noticeable
effect on the chiro-optical activity of the helicoids. While this example is
not a self-assembled structure, it clearly illustrates the power of
computational electromagnetic methods in describing both far- and nearfield properties of these exciting morphologies. Since the detailed trend
for understanding and design principles for creating chiral plasmonic
structures with specific chiro-optical response are still under development,
designing materials based on computer simulations may become
prominent in the next few years.
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Fig. 1.20. (a) Examples of chiral arrangements of nanoparticles. (b-e) Near-field intensity
enhancement under left and right circularly polarized light irradiation for gold nanorods
dimers (b) and assembly along a helix (c). Circular dichroism spectra corresponding to the
dimer with different vertical offset between the particles (d) and to the helical assembly
(e). [34]. (f) Plasmonic activity of a gold helicoid nanoparticle. Left top: a model and an
SEM image of the helicoid (scale bar 100 nm), bottom: calculated (FDTD) circular
dichroism and extinction spectra. Center: the dependence of local electric fields on the
handedness of circularly polarized light; left and right circularly polarized light is denoted
as LCP and RCP, respectively. Right: the difference in the field response is shown using
the color scale, with red and blue indicating a positive and a negative difference,
respectively. [94].

1.4 Conclusions
The state-of-the-art theoretical foundation provides solid models
for intuitive physical insight into coupled plasmonic systems as well as
powerful computational tools for detailed analysis of plasmonic response
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and mapping of hotspot distribution in 2D and 3D space. Plasmonic
nanoparticle assemblies are often constructed based on empirical intuition
originating from the general trends observed in numerous reported
examples. However, with appropriate tools and sometimes correct
structural model simplifications it is now possible to obtain an insight into
the far- and near-field behavior of these structures prior to embarking on
a complex synthesis and self-assembly path.
With existing computational methods, multimodal plasmonic
systems can be constructed by optimizing the resonant energies of building
blocks and then arranging them to allow for the spatial mode overlap and
hybridization yielding a predesigned set of modes. The reduction in
symmetry in a composite plasmonic system can be employed to enable
higher nonorthogonality between the modes due to their energy
degeneracy, which results in more effective hybridization.
While chiral plasmonics is a very rapidly developing subfield with
a large assortment of chiral plasmonic nanostructures fabricated to date,
detailed understanding of the hotspot behavior trends in this class of
structures is yet to be refined. Finally, with the ability to dynamically tune
the geometric configuration in self-assembled plasmonic nanostructures,
time-resolved dynamic hotspot characterization may be implemented in
the future to facilitate non-equilibrium applications of these systems in
switchable optically active materials, dynamic sensors, and new memory
and data storage devices.
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