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Introduction

Plasmonics' is a growing field of research that has had a strong
impact in many diverse areas ranging from biological sensing,*
photo-voltaics,® photocatalysis®” to solar water purification® and
tumour ablation.®*® This widely spread impact is partly due to
the fact that metal nanoparticles can harvest and confine light
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plasmon coupling. This presentation is complemented with select examples on our successful
application of this theory to experiments highlighting the physical insights obtained.

energy to sub-wavelength dimensions. This in turn results in
enormous energy densities, which can be used for enhancing
inherently weak optical processes such as Raman scattering,™
single photon emission,"” up-conversion” and non-linear
optical processes.**

A localised surface plasmon resonance is a light-induced
collective oscillation of the conduction electrons at the surface
of a metallic nanostructure.”® The frequency at which these
oscillations take place is greatly determined by material prop-
erties of the nanoparticles such as their composition, geomet-
rical shape and the nature of their chemical environment,
allowing thus for systematic tailoring of the optical properties of
metal nanoparticles by suitable choice of these experimental
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variables.'®"” For instance, rod-shaped metal particles have a
large absorption cross section along their longest axis, with a
frequency that is correlated to the rod length.”® When these
particles are placed on a semiconductor surface a Schottky
barrier is formed at the interface, resulting in nanoscale photo-
diodes,* demonstrating that careful design of plasmonic-based
materials can be used as a platform for creating novel electro-
optical devices at the nanoscale.

In this Applications paper we describe our approach to plas-
monic materials design which consists of a simple formulation
of the electrostatic Maxwell equations that govern light-matter
interactions of metal nanoparticles. We provide experimental
evidence that supports the validity of our theory and further-
more, we demonstrate how one can achieve simple structure—
property relationships that can aid in the design of complex
plasmonic structures. As a starting point, in the next section we
present a compact overview of the existing experimental
methods for creating assemblies of metal nanoparticles. This is
followed by examples of how we have used our theoretical
method to understand structure-function relationships, such
as self-interaction between plasmonic nanoparticles and a
substrate, self-assembled nanoparticles and their interactions
with light, optical dark modes and interfering resonances
leading to a plasmonic ruler.

Nanoparticle assemblies and
plasmonic coupling

Metal nanoparticles and their assemblies are generally formed
either lithographically (the top-down approach) or via chemical
colloidal synthesis (the bottom-up approach). Particles fabri-
cated lithographically are relatively uniform-sized plates with a
designed 2-dimensional shape. One of the key advantages of
this approach is that it allows for an accurate 2D and 3D
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positioning of these particles within complex assemblies.
However, the resulting nanoparticles are multi-crystalline with
some surface roughness and grain boundaries.”*"**

Particles colloidally grown are single or twinned crystal
structures, with smooth facets. Their three-dimensional geom-
etry is controlled by synthesis conditions and ligands. However,
colloidal samples contain a random distribution of both crystal
sizes and shapes. While the percentage yield of a desired crystal
geometry can often be optimized for a given set of experimental
parameters, in many cases this yield does not approach 100%.
Bottom-up approaches for the creation of nanoparticle super-
structures rely on the assembly of pre-synthesised colloidal
nanocrystals into discrete structures via chemical linkers (for an
in-depth discussion see ref. 23). The vast majority of linking
molecules for self-assembly of metal nanoparticles contain thiol
(or dithiol) functional groups, due to the strong affinity of thiols
for gold surfaces and colloids. The two key advantages of
chemical self-assembly over the top-down approach are the
high throughput and the short inter-particle distances attain-
able (on the order of a molecular length!) which is deemed to be
beneficial for achieving strong plasmonic coupling.**

The resulting plasmonic assemblies fabricated by either
approach have unique optical properties. In Fig. 1 we show the
light scattering spectra measured for a set of assemblies con-
taining a pair of Au nanorods.* It is clear that the geometrical
arrangement of these two nanorods plays a significant role in
determining the light-scattering spectra. Blue and red-shifts in

Scattering (a. u.)
('n "e) Buuayesg

700 700 800

600

860 660
Wavelength (nm)

Fig.1 Scattering spectrum for two gold rods aligned (a and b) end-to-
end, (c and d) side-to-side, (e) in a T configuration, and (f) in an
L configuration, allon ITO and in air. The red vertical lines represent the
expected position of the longitudinal plasmon resonance for nonin-
teracting single particles of identical dimensions to the rods in that
specific dimer. Insets show the SEM images of the particles giving rise
to each scattering spectrum. Scale bar = 100 nm. (Reproduced with
permission from the American Chemical Society.?)
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the scattering spectra can be observed and the obvious expla-
nation is that as a result of their close proximity, plasmonic
coupling effects are responsible for these observations. In the
next section we present a theoretical model that can describe
these observations accurately, providing a simple and intuitive
picture for designing systems of coupled plasmonic assemblies.

Electrostatic eigenmode
approximation

The optical properties of nanocrystal assemblies can be
modelled using numerical approaches® such as the discrete
dipole approximation,® the finite difference in the time domain
method (FDTD)*® and the boundary element method (BEM),>**°
in addition to the plasmon hybridisation theory, an analogue to
molecular orbital theory.** However, numerical approaches do
not give an in-depth understanding of the underlying physics of
the interactions. Here we focus on the Electrostatic Eigenmode
Method (EEM), a powerful semi-analytical method that
combines the advantages of a relatively short calculation time
along with significant physical insight into the underlying
physics.

The EEM is a theoretical approach for describing the optical
properties of metal nanoparticles and their assemblies (such as
those referred to in the previous section and shown in Fig. 1)
that uses approximate forms/solutions to Maxwell's equa-
tions.”*?%*>3% The most fundamental approximation made in
the EEM is that the nanoparticles and their assemblies are
much smaller than the wavelength of light that drives the
plasmon resonances.******-3%% The key concept of the EEM, is
that the surface plasmon resonances of nanoparticles are
described in terms of eigenmodes: self-sustained surface charge
oscillations that occur at the surface of the particles.*® The
geometrical shape of the nanoparticle dictates the type of
modes that the particle can support. For instance, the eigen-
modes of a spherical nanoparticle are shown in Fig. 2, where it
can be seen how these resemble the p (for which / = 1) and d
(for which [ = 2) atomic orbitals of electrons in atoms.

Each eigenmode has an associated eigenvalue, which in turn
predicts the wavelength at which each mode is resonant, once
the chemical composition of the particle and its surrounding
medium are specified. The first two eigenmodes () of a sphere
are vy = 3 and ¥ = 5 (as shown in Fig. 2), which will have
associated resonances at frequencies wp, that satisfy the
following relationship:

Ree(wp.m) = (1 + ’Y)eb,

-y

(1)

with ¢(w) the (complex) metal permittivity and e}, the permit-
tivity of the surrounding medium. For y = 3 this equation
reduces to the well known Fréhlich resonance condition:
Ree(wpm) = —2é, that correctly predicts the position of the
plasmon resonance of small (when compared to the wavelength
of the incident beam of light) spherical metal nanoparticles.
In addition to the eigenvalue and eigenmode concepts, the
EEM also takes into account how these modes couple to light by
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the introduction of excitation amplitudes. For a nanoparticle a,

photo-excitation results in an oscillating surface charge distri-

bution ¢(7) which can be written in terms of the eigenmodes

oa(7) of the particle according to: ¢(F) = Y a™(w)a(7), where
m

ay(w) are the excitation amplitudes which describe the strength
of the interaction between the incident light field with a
particular eigenmode (here m is an index that indicates the m-th
mode sustained by particle a). These excitation amplitudes are
in general given mathematically by the product of a function
flw) accounting for the wavelength-dependence of the reso-
nance and a term that takes into account the relative align-
ments of the incident polarization of light and the dipole
moment of the eigenmode.

Fig. 2(b), shows how the function flw) varies with wave-
length for the first three eigenmodes of an Au nanosphere.
Each eigenmode has a distinct resonance frequency given by
eqn (1). However, only those modes with strong dipolar
character couple strongly with uniform electric fields
and have thus large values of a}'(w). For instance, for small
metallic nanospheres, only the [ = 1 (y = 3) modes of Fig. 2
have a net dipole moment, and consequently, only these
modes have non-vanishing values of aj'(w). The net result is
that the optical spectrum predicted by the EEM (light
scattering, absorption) can be interpreted as the light-driven
excitation of a superposition of all three degenerate
dipolar plasmon resonances of the sphere, which will result
in a lineshape such as the one associated with y = 3 of
Fig. 2(b). Other geometries are considered in Fig. 2(c),
which depicts the eigenmodes and their associated reso-
nance frequencies (in eV) when the nanoparticles are
made of Au.

The beauty of the EEM is that one can interpret the optical
properties of assemblies of nanoparticles in terms of simple
linear superpositions of the eigenmodes of the isolated nano-
particles, much in the same spirit as in the concept of hybrid-
ization of orbitals employed in the description of the chemical
bond.***%*” For an assembly of metal nanoparticles, photo-
excitation results in a collective plasmon resonance, described
by a surface charge density ¢(7) which results from the hybrid-
ization of the eigenmodes of the uncoupled nanoparticles:
a(F) = > a (w)a¥ (F), where contrary to the single-particle

am

case: (i) the sum is now carried out for all the members of the
assembly and (ii) the excitation amplitudes @, account for the
effect of coupling as we now describe.

Within the EEM, the effect of inter-particle interactions on
the excitation amplitudes is mathematically described by a
matrix multiplication involving a coupling matrix C that
contains in its non-diagonal elements, a set of coupling coeffi-
cients that contain all the details about the inter-particle
interactions:

i=Cq,

(2)

here a are the excitation amplitudes of the isolated
nanoparticles.
Coupling of the localised surface plasmons of two nano-

particles can be interpreted as a Coulomb-type interaction
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Fig. 2 Surface plasmon modes of a sphere. (a) Plots of the surface charge distributions of the eigenmodes of a sphere withy =3 and y = 5. The

colors indicate the relative sign of the charges. The indices [ and m are

used for differentiating the modes. Modes with different values of m but

same value of [ are degenerate. The modes with [ = 1 resemble the atomic p orbitals and are the only modes of a sphere with a net dipole

moment. (b) Plot of the spectral function f(w) that describes the wavelen
region of interband transitions in Au (dielectric data taken from ref. 65).
for different gold nanoparticles calculated using the EEM. The nanoparti

gth dependence of the eigenmodes. The shaded area corresponds to the
(c) Examples of the localized surface plasmon modes and their energies
cles are assumed to be in a medium with an electric permittivity similar to

that of water ¢, = 1.75. (Reproduced with permission from the American Chemical Society.*)

between their eigenmodes, where the strength of the interaction
of two particles a and b can be quantified by a coupling coeffi-
cient Cop = —f3(w)Gap>**® with w the frequency of light impinging
the particles and G, a dimensionless quantity (real number)
accounting for the geometrical details of the arrangement
between the particles. To lowest-order, this geometrical factor
can be expressed as a dipole-dipole coupling term:** G,, o
d°[3(Ba-d)(Bo-d) — (Ba- Pv)], where d is the interparticle distance
and p, j, are the dipole moments (d is a unit vector along the line
separating the particles). From this equation, we see that the
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geometric coupling is symmetric, G, = Gpa, and has a sign that
depends on the relative orientation of the dipole moments and
on the displacement of the nanoparticles.

In Fig. 3 we show some representative examples of how the
coupling matrix is constructed for different nanoparticle assemblies.
For a dimer, due to mirror symmetry there is only one coupling
coefficient. Solution of eqn (2) for this case is very simple and it reads:

(&) =3(e V()

This journal is © The Royal Society of Chemistry 2014
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Fig. 3 Some configurations and their associated coupling matrices.

with 4 = 1 — C” the determinant of the coupling matrix. The
scattering spectrum of this dimer is proportional to 1/|4|?
quantity that will exhibit a maximum when 4 approaches zero
or equivalently when 1 = C*. We have previously shown® that
this condition can be written as:

1:0:( G

m) @

where w is the frequency of the light incident on the dimer, w,
the resonance frequency of each isolated nanoparticle and T,
the linewidth of the plasmon resonance. This condition results
in two resonance frequencies w. = w, £ |G|, which correspond
to the two hybrid plasmon modes shown in Fig. 3(a), namely the
bright (bonding) mode and the dark (anti-bonding) mode. Only
the bright mode has a net dipole moment and is the one that
will be excited with, for instance, linearly polarised light. The
measured scattering spectrum from such a dimer will therefore
consist of a spectral band that is red-shifted from that of the
individual particles.

Similarly, it is possible to construct the coupling matrix for
more complex geometries. For the trimer of Fig. 3(b), due to
mirror symmetry along the axis defined by the longest nanorod,
the coupling matrix only contains two different coupling coef-
ficients: one C, describing the coupling of the long particle
(located on the axis of symmetry) to each of the other two and
another C, accounting for the coupling of the two particles lying
perpendicular to the mirror axis. One-dimensional chains of
particles have also been described by using this simple

This journal is © The Royal Society of Chemistry 2014
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(c) Nanoparticle chain

construction® where, as shown in Fig. 3(c), the coupling matrix
becomes tri-diagonal and requires only one coupling coefficient
(nearest-neighbour coupling). In both of these cases, a detailed
analysis based on these coupling matrices and eqn (2), yields all
the information required to predict the optical properties of
these nanoparticle assemblies.

In spite of its simplicity, the EEM is remarkably accurate and
to date, it has been successfully used to interpret the effect of
the substrate on the resonances of metal nanoparticles,* the
intricate inter-connection between relative 3D orientations and
the plasmon the generation of optical
chirality,*»** the ability of nanoparticles assemblies to have
directional light scattering,*® the interaction of these particles
with molecules,** with Raman-active species* and with active
as well as the optical excitation of collective dark
modes.”” It is important to recognize that the EEM theory is
strictly only valid for very small particles where retardation
effects are negligible.** However, the method captures much of
the essential physics of resonances and coupling which enable
useful physical insights. In the next sections we review a few
successful examples of how the EEM has aided either the
interpretation of experimental results or the design of plas-
monic assemblies with targeted optical properties.

resonances,®

media,*®

“Self-coupling”: the substrate effect

The presence of an underlying substrate of different permittivity
compared to the rest of the nanoparticle (which may be

J. Mater. Chem. C, 2014, 2, 3077-3087 | 3081
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immersed in air, ligand or a solvent) affects the frequency of the
localised surface plasmon resonance (LSPR). The non-homo-
geneous environment of a particle on a substrate is the most
basic example of nanoparticle coupling: that of itself with its
image charge projected in the substrate.

The oscillating surface charge of a plasmon resonance and
its associated electric field, polarises the substrate inducing
additional surface charges (a mirror charge) at the interface
between the substrate and the surrounding medium, as illus-
trated in Fig. 4(a). The electric field from the image charge then
interacts with (couples to) the nanoparticle leading to a shift in
the frequency of the LSPR. Experimentally, this effect is mani-
fest as spectral band splitting*® in addition to spectral shifts.*
The extent to which the self-coupling affects the LSPR of a given
nanoparticle depends on parameters such as the shape and
orientation of the nanoparticle as well as on the asymmetry of
the dielectric permittivities of the environment of the
nanoparticle.

Theoretically, the effect of the substrate on the plasmon
resonance of metal spheres can be taken into account by first
principles calculations'®*** or by full numerical solutions of
Maxwell's equations.*®* However, application of the EEM to this
problem allows for significant insight into the physical mech-
anisms underlying the particle-substrate interaction along with
providing a general theory for particles of arbitrary shape sup-
ported on a substrate.*

Within the EEM formulation of this problem, the induced
image charge of the nanoparticle is considered to be a

)

R

Fig.4 (a) The particle on a substrate and its mirror image that acts as a
pseudoparticle, where ¢, is the dielectric permittivity of the
surrounding environment and ¢ is that of the substrate. According to
the method discussed in this paper, this system can be mapped into (b)
a particle in a homogeneous medium of permittivity e (€) The
surface charges of a nanorod with a predominantly dipolar mode.
(Reproduced with permission from the American Chemical Society.*°)
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pseudoparticle and therefore the effect of the substrate on the
plasmon resonance is analysed as a two-particle coupling situ-
ation. This interaction modifies the excitation amplitude of the
nanoparticle much like the cases considered in relation to
Fig. 3(a). In this case however, the coupling coefficients describe
the coupling strength for the particle with its image charge and
are proportional to the fractional difference in dielectric
permittivities between the two media surrounding the
nanoparticle.

The most salient feature of our application of the EEM to this
simple self-coupling problem is the fact that it can be recast in a
much simpler way: the nanoparticle is embedded in a uniform
medium with an effective permittivity, as shown in the diagram
of Fig. 4(b). This effective background permittivity is written as a
semi-analytical expression which incorporates all of the
phenomenology of the self-coupling from first principles but in
a very tractable way.*” The predictions of this method are
comparable to experimental data for the interesting case of gold
nanorods with increasing aspect ratios. As the aspect ratio of
the nanorod increases, the strength of the nanorod-substrate
interaction decreases, however the metal permittivity increases
more rapidly resulting in an overall (nonlinear) increase in the
effective permittivity as a function of aspect ratio.** The EEM
also predicts the observed spectral mode splitting.*®* Having
presented this simple case, in the next section we illustrate how
the EEM can be used for interpreting the optical spectra of
assemblies of metallic nanoparticles.

Colloidal self-assembly

Colloidal self-assembly of designed nanocrystal superstructures
has evolved sufficiently for the formation and optical interro-
gation of simple one-dimensional,*****' two-dimensional®***
and even three-dimensional® discrete structures. It should be
noted however that without extensive purification steps, self-
assembly yields are typically very low, necessitating the use of
correlation techniques combined with single particle
spectroscopy.®>*’

In this section we show how the EEM has been used to gain
physical insight into two types of these colloidal superstruc-
tures. The first case consists of the nanorod dimers shown in
Fig. 1. The tip-to-tip configurations of Fig. 1(a) and (b), were
considered in Fig. 3(a), where the prediction was the observa-
tion of a red-shifted longitudinal surface plasmon resonance, in
agreement with the experimental evidence. Similar calculations
were carried out for the additional nanorod dimer geometries
presented in Fig. 1 using appropriate coupling matrices.” In
particular, the EEM analysis led to the important conclusion
that of the “L”- and “T”-shaped dimer geometries shown in
Fig. 1(e) and (f), the “L” geometry has greater plasmon deloc-
alisation throughout the structure, with implications for
nanoparticle junctions.® Application of the EEM to self-
assembled nanorod trimers,* with geometries similar to that
shown in Fig. 3(b) provided a more complex test of the method.
The trends in plasmon resonance energy predicted by calcula-
tions agreed well with the experimental data, allowing the
identification of modes, and the relative intensities of the
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peaks. The trimers investigated experimentally and via EEM
included extended forms of the “L” and “T” dimers, further
confirming the degree of delocalisation in nanorod junctions
with these geometries.>

As a second general example, we now turn our attention to
one-dimensional nanosphere chains with up to N = 6 nano-
particles. These chains were formed via DNA-based self-
assembly methods using simple, but complementary oligonu-
cleotide strands.* The DNA coupling scheme was designed to
self-assemble structures with small interparticle separations,
with the nanoparticles in primary ligand contact. This approach
results in chains such as the ones presented in Fig. 5(A).>* The
dark-field scattering spectra of these chains red-shifted signifi-
cantly as the number of nanoparticles increased.

The EEM method here was applied in the nearest-neighbour
approximation as per the diagram of Fig. 3(c), involving a single
coupling coefficient and leading to the results shown in
Fig. 5(B). This simple approximation identified the red-shifted
plasmon resonance as the longitudinal coupling mode, with the
plasmon delocalised across all nanoparticles up to N = 6. The
energy of the coupled mode, both experimentally and as
modelled via EEM approaches a plateau with increasing N, with
little change in the energy predicted after 12 nanoparticles.
The asymptotic value was found to be dependant upon the

—@—exp

1000

(B)

Fig. 5 (A) SEM images of self-assembled nanoparticle chains. Mean
diameter of gold particles is 64 nm. Interparticle spacings are esti-
mated at 1 nm. Scale bar = 250 nm. (B) Plot of the surface plasmon
resonance (nanometers) as a function of the number of particles, Nina
linear chain. The experimental data are shown labelled exp; the
calculated response using the EEM are shown for a dipole—dipole
coupling limit (d-d) and an effective coupling approximation that
incorporates multipolar coupling. (Adapted from ref. 39 with permis-
sion from the American Chemical Society.)
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nanoparticle geometry, the dielectric environment of the
nanoparticles and the magnitude of the coupling constant, C. A
greater agreement between the energies obtained via EEM and
the experimentally obtained resonance energies was achieved
by the adaptation of the EEM coupling matrix to include
perturbations caused by higher-order multipole interactions
utilising an “effective” dipole-dipole coupling matrix, high-
lighting the importance of higher-order coupling at these small
interparticle separations.*®

Larger interparticle separations, along with longer chain
lengths are able to be achieved for crystalline nanoparticles
using a combination of bottom-up and top-down techniques.*®
The individual nanoparticles within the one-dimensional arrays
were pentagonal prisms. The magnitude of the calculated
energy shift via EEM for the pentagonal prisms was similar to
that for the equivalent spherical and cylindrical nanoparticle
geometry. This is understood by recognizing that, the coupling
matrix is algebraically identical for all of these cases and the
energy offset arises due to differences in energy of the indi-
vidual particles individual particles as a result of the different
particle geometries.*®

Dark modes

In this section we show how one can use the EEM to design a
nanoparticle assembly that exhibits a plasmonic dark mode and
furthermore, we show how the EEM predicts under which
experimental conditions this dark mode can be observed.
Plasmonic dark modes (or sub-radiant modes) are those which
lack a net dipole moment and are thus able to store electro-
magnetic energy more efficiently than modes with dipolar
character (bright modes) due to an inhibition of radiative los-
ses. These modes are experimentally characterised by possess-
ing narrower spectral line widths a favourable attribute for
biochemical plasmonic sensing, or for novel opto-electronic
plasmonic devices.

The starting point in designing a plasmonic structure that
exhibits a dark mode is to construct the coupling matrix for the
assembly of interest. For the equilateral triangular structure of
Fig. 6, eqn (2) takes on the following simple form:*’

-1

dl 1 -C -C ap
ﬁz = -C 1 —-C | a |, (5)
&3 -C -C 1 as

where a; , ; are the excitation amplitudes of particles 1, 2 and 3,
whereas d,,; are the excitation amplitudes modified by the
inter-particle interactions. Only a single coupling coefficient C
is required to describe the D3}, symmetric trimer. This is purely a
consequence of the symmetry of this arrangement: there is a C;
axis of rotation, meaning that a rotation of /3 around a Z axis
located at the centre of the trimer (perpendicular to the page),
leaves the assembly unchanged. Therefore the coupling
strength of particle 1 (arbitrarily labelled so) to the other two
particles should be equal to the other possible interactions.

A simple solution to eqn (5) predicts that the three lowest-
energy plasmon modes are those that span the irreducible
representations of the point group D;;,:*”*° A; + E', where A1* is a
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Fig. 6 Collective SP modes of the Dsz,-symmetric configuration of
nanorods. The mode corresponding to the A’ representation is a dark
mode of the structure.® (Reproduced with permission from the
American Chemical Society.*’)

representation of D;p,, symmetric with respect to a rotation of
120° on the Z axis and E’ a two-dimensional representation of
this group that is anti-symmetric with respect to a 180° rotation
perpendicular to the plane containing the nanorods. These
modes are (the eigenvectors of the coupling matrix of eqn (5))
given by the eigenmode hybridizations of Fig. 6.

The doubly degenerate bright modes of the irreducible
representation F', are red-shifted in frequency from the plas-
mon mode of the uncoupled rods and are characterised by the
surface charge distributions of Fig. 6(b) and (c). The other
eigenmode is the “dark mode” which corresponds to the 4’
representation of the D, point group. This mode will have a

Application

resonance frequency that is blue-shifted relative to that of the
non-interacting nanorods.”” Noteworthy is the fact that the
surface charge distribution of the dark mode shown in Fig. 6(a)
has radial symmetry and consequently, can be excited by a
radially polarized light beam.

Therefore the predictions of the EEM are: (i) the scattering
spectrum of a Dj, symmetric trimer under linearly polarised
illumination consists of a spectral band red-shifted from that of
the one observed for the isolated nanoparticles and (ii) there is a
dark mode, accessible by photo-excitation with radially polar-
ised light which will have a spectral band blue-shifted in rela-
tion to the isolated nanoparticles.

We have verified these predictions by creating D;,-symmetric
trimers through electron-beam lithography and optically inter-
rogated their scattering spectra with linear, radial and unpo-
larised light. The results shown in Fig. 7 indeed agree with the
EEM predictions, indicating once more how this simple theory
helps in achieving plasmonic properties (in this case a dark
mode) by design. Up to his point we have reviewed cases of
planar assemblies of metal nanoparticles. In the next section we
illustrate the applicability of the EEM for analysing the complex
case of inter-particle interactions in complex three-dimensional
structures.

3D plasmonic ruler

As a final example of a more complex structure, we now turn our
attention to the three-dimensional plasmonic ruler introduced
by Liu et al.®

A

Scattering Int.

—Ad = 0 nm
10
r, 20
\ —30
i —40

Scattering Int.

600 700 800
(a) Wavelength (nm)

600 700 500
Wavelength (nm)

500

(b

Fig.7 Plasmonic dark modes of a nanorod trimer. (a) Spectra measured with unpolarized light (b) with radially polarized light. The latter shows a
clear band to the blue of the spectrum which is due to the optical excitation of the collective dark mode A; of Fig. 6. Symmetry breaking, as shown
in the SEMs (achieved by horizontal displacement of one rod) allows for the excitation of this dark mode with unpolarised light as shown in (a) by
the appearance of a band at ~550 nm (reproduced with permission from the American Chemical Society*’).
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This structure contains two vertically displaced pairs of
metal nanorods and a fifth nanorod placed centrally between
them and oriented at right angles. The incident light is polar-
ised parallel to this central rod, which acts as a resonant dipole
antenna. No resonances are excited directly in the two pairs of
nanorods because of their perpendicular orientation. However,
due to plasmon coupling, non-radiative resonances are excited
in these nanorods. The loss of energy from the antenna is
observed in the scattering spectrum from the structure. The
strength of the LSP coupling to the two pairs of nanorods
depends on the relative location of the central antenna.
Changes in the position of the antenna in two dimensions,
vertically and horizontally, are observed by changes in the
scattering spectrum.

This is a complex structure that exhibits multiple reso-
nances. However, the EEM has been used to successfully model
the scattering spectrum.®® The matrix coupling equation is
greatly simplified by taking advantage of the symmetry of the
three-dimensional plasmon ruler. For example, the coupling
between the antenna and the lower pair of nanorods are
approximately equal but opposite, C,; = —C,, whereas the
coupling between the lower pairs themselves are equal, C;, =
C,1. Following this through for the other coupling coefficients
leads to the following equation:

-1

da 1 — Lal —Cal —La3 Ca3 A,
dl -C 1 — C12 0 0 ay
&2 = Cla — C]z 1 0 0 ay
&3 — C3a 0 0 1 —C34 as
ay Cs, 0 0 -Gy 1 ay
(6)

On taking the matrix inverse we find that the determinant of
the matrix is given by:

2Ga]2 2Gau2

A=
wqu1+i1"/2+w7wqu+if/2

—(w—w, +il'/2) (7)

where wq = w; + G is the quadrupole resonance associated with
the coupling G, between the lower pair of nanorods, and like-
wise wgqy = w, *+ Gy is the quadrupole resonance for
the upper pair. The transmission spectrum is proportional to
Imax — A2°/|4]* so that the maxima and minima in the deter-
minant determine the respective minima and maxima in the
transmission spectrum. As shown in Fig. 8 this expression fits
the experimental data very well. A further analysis of the
expression for the determinant yields an approximate expres-
sion for the resonant frequencies which enables identification
of the key factors that control each feature in the scattering
spectrum.®®

Challenges

We have developed a conceptual platform that allows for a
rational design of plasmonic structures and we have presented a
few case studies that illustrate both its simplicity and applica-
bility. Plasmonic assemblies are emerging as a new class of
metamaterials with enormous potential for novel opto-elec-
tronic technologies, enhanced photo-voltaic devices and

This journal is © The Royal Society of Chemistry 2014
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Fig. 8 (Top left) 3D plasmonic ruler (top right) inter-particle interac-

tions (bottom) (a) experimental data from Liu et al.®° and our analytical
model fitted to the data for different lateral translations S of the
antenna; (b) numerical data and fits of our analytical model for
different vertical displacements H of the antenna (reproduced with
permission from the American Chemical Society*®).

photo-catalysis. The next big step with this simple conceptual
platform is the formulation of a multiphysics approach that
incorporates the EEM to enable the design of plasmonic
assemblies with, for instance, targeted photo-thermal proper-
ties® or for hot-electron injection.®

As clearly evidenced by the case studies presented here, a key
feature of realising “plasmonics by design” is to create plas-
monic nanoparticle assemblies with targeted geometrical
arrangements. To date, top-down electron beam lithography
(EBL) is the most accurate experimental approach for achieving
this level of control. However, there are some open problems
with EBL, which include:

e The required physical vapour deposition of metals results
in non-crystalline structures, which is known to introduce
imperfections that increase the plasmon resonance linewidth
by means of non-elastic scattering.

e The resolution achievable with EBL is >5 nm.*® Due to the
evanescent nature of surface plasmon modes, strongest
coupling is expected to occur at very short inter-particle
distances.

e EBL is not a realistic technique for scaling up the
production of nanoparticle assemblies of controlled geometry,
due to its high cost and relatively low writing speed.

The first limitation has long been overcome by the chemical
synthesis of nanoparticles. With respect to the other two
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limitations, significant steps have been made. In particular,
bottom-up fabrication of complex assemblies using different
self-assembly techniques is now possible,*® but it seems that
much of these approaches cannot be easily extrapolated for
producing assemblies of controlled geometries with particles of
high aspect ratio. In this respect, the use of molecular templates,
such as DNA origami,** has recently been shown to be a
promising alternative capable of producing 3D plasmonic
assemblies with metal nanorods, in amounts similar to Avoga-
dro's number.** However, like most other wet-chemical
approaches reported to date, the molecular template route
results in a collection of random structures with many different
configurations. Therefore an existing challenge in the materials
chemistry of plasmonic assemblies is the development of self-
assembly techniques that, in addition to producing large
amounts of these assemblies, have high selectivity towards a
specific geometrical configuration.
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edge the ANFF for support through MCN Technology Fellow-
ships. AM.F. would like to thank the ARC for support through a
Future Fellowship FT110100545 as well as DP120101573.
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