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1. INTRODUCTION

The vivid optical properties of noble metal nanoparticles have
been an object of fascination since ancient times. The ruby red of
stained glass windows arises from gold nanoparticles, formed by
the reduction of metallic ions in the glass-forming process. While
these properties have been known and used for centuries, our
scientific understanding of these properties has emerged far more
recently, beginning with the development of classical electromag-
netic theory. Gustav Mie’s application of Maxwell’s equations to
explain the strong absorption of green light by a subwavelength
gold sphere under planewave illumination established the rigorous
scientific foundation for our understanding of this phenomenon.1

The following decades saw increasing interest in the properties
of light scattering by small particles, and in particular, the proper-
ties of small metallic nanoparticles, whose collective electronic
resonances, known as plasmons, give rise to the strong optical
absorption properties of this class of materials.2�4

An even more dramatic optical property of metallic nanopar-
ticles is their color change when a dilute suspension of nano-
particles aggregates. This can be seen when molecules or ions,
such as a solution of NaCl, or molecular linkers, such as
hemoglobin or DNA, are added to a suspension of noble metal
nanoparticles. In the case of gold colloid, upon the onset of
aggregation, a dramatic red-to-blue color change can easily be
seen. When gold or silver nanoparticles begin to aggregate, they
form pairs of nanoparticles and their optical spectrum acquires a
new peak, red-shifted significantly from the spectral peak of the
absorption for the isolated nanoparticle. For a fully aggregated solu-
tion, the red-shifted peak dominates the spectrum (Figure 1A).5

This phenomenon, commonly witnessed by colloidal chemists,
requires an understanding of the electromagnetic properties of
interacting metallic nanoparticles in close mutual proximity.5�8
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The simplest description of this interaction, the coupling of
two nearby oscillators, is in the coupling of two nearby dipoles.
The interaction energy is given by V � p1p2/r

3 where p1 and p2
are the magnitudes of the dipole moments and r is the inter-
particle distance. This interaction energy is sufficiently strong in
the case of nearly adjacent metallic nanoparticles to shift their
resonant frequencies, resulting in new red-shifted and blue-
shifted resonances relative to the resonance of each individual
nanoparticle. For the case of two adjacent metallic spheres, the
lower-energy resonance corresponds to two longitudinally
aligned dipoles, giving rise to the strong red-shifted absorption
peak in the optical spectrum. For the higher energy resonance,
the coupled dipoles cancel each other, resulting in a resonance
with essentially a zero net dipole moment that does not interact
with incident light and does not appear in the optical absorption
of the particle pair. Higher order multipoles can also contribute
to this interaction, depending on nanoparticle size and inter-
particle distance. While the case of a large, extended ensemble of
closely packed, disordered nanoparticles is significantly more
complex, the dipole�dipole interaction and red-shifting of the
spectrum seen for a pair of nanoparticles captures its essential
optical properties. The color change brought about by the close
interactions between metallic nanoparticles is extremely robust;
and by modifying the surface chemistry of the nanoparticles, it is
highly useful for the detection of trace chemicals or biomolecules
(Figure 1B).9,10 The detection of nucleotides, proteins, and cells

based on the red-to-blue color change has led to the development
of a wide range of assays and tests for medical applications.11,12

In the past decade, our understanding of interactions between
strongly coupled metallic nanostructures has greatly matured,
resulting in a new theoretical paradigm and a host of new
structures and novel applications. What has emerged is the ability
to control and tailor optical properties, from the nanoscale to the
macroscale, through the design and use of metallic nanostructures
of various geometries.13�15 The color-change effect just described,
a simple example of the coupling of metallic nanostructures, serves
as the starting point for this review. We will start by examining the
unique light-focusing properties of strongly coupled plasmonic
systems, properties that have resulted in an extraordinary increase
in interest in these systems within the chemistry community. We
will then describe a theoretical picture, plasmon hybridization
(PH), that takes advantage of the analogy between plasmons and
the wave functions of simple quantum systems to provide a simple,
intuitive explanation of the properties of complex plasmonic
systems. We then examine a broad range of geometries that give
rise to strong plasmon coupling and their properties. Next, we look
at coupled plasmonic systems where the classical electromagnetic
description of coupled plasmons is no longer adequate and a
quantum mechanical description is necessary to understand their
behavior. This section is followed by a discussion of plasmons in
extended systems, such as chains, arrays, andwires.We then review
some very recent work on plasmonic Fano resonances. Finally, we
discuss applications of coupled plasmonic systems, including the
use of interacting plasmons for nanoscale metrology, as plasmon
rulers, as surface-enhanced Raman and infrared spectroscopic
substrates, and for localized surface plasmon resonance (LSPR)
sensing. We conclude by speculating about plasmon coupling in
future scientific research and technological applications.

2. PLASMON COUPLING

2.1. Nanoparticle Pairs and “Hot Spots”
An observation even more dramatic than the color change of

colloidal aggregates is the ability of gold or silver nanoparticles,
under certain conditions, to give rise to extraordinarily large
enhancements of the Raman scattering spectra of adsorbed or
adjacent molecules. The first reports of Raman scattering greatly
enhanced by the presence of a metal substrate appeared in 1978,
an effect that became known as surface-enhanced Raman scattering
(SERS).16 The million-fold enhancements initially reported by the
discoverers of this effect were attributed largely to the excitation of
surface plasmons of the metallic substrate,17 with further enhance-
ments by chemical effects. While the initial observations of SERS
were indeed striking, they were followed in 1997 by reports of
single-molecule detection using SERS that captured the attention of
the scientific world.18,19 The initial report of single-molecule SERS
was obtained for silver colloid, “activated” by a low concentration of
NaCl, with a dilute solution of methyl violet consistent with the
detection of individual molecules. The possibility of obtaining
chemical signatures of singlemolecules, with chemical spectroscopy
at the sensitivity level of fluorescence, has the potential to elicit
breakthroughs in fundamental chemistry at the single-molecule
level, the study of biochemical pathways, and even the supramole-
cular chemical dynamics within living cells. However, the mystery
behind these enormous enhancements, initially determined to be in
the 1014 to 1015 range, was indeed complex. Based on analyses that
had been performed for molecules adsorbed to metallic nanopar-
ticles, the origin of these enhancements was unclear.

Figure 1. (A) Optical spectra of (1) a sparse Au nanoparticle (d =
20 nm) film and (2) a dense Au nanoparticle film, showing red-shifted
plasmon resonance due to interparticle coupling (inset shows TEM
image of the film).5 (B) Schematic representation of oligonucleotide
aggregates following hybridization with oligonucleotide molecules (not to
scale).9 (C) Suspensionsof (left) a dispersed colloid, (middle) a linked colloid,
and (right) linked, fully aggregated nanoparticles.10 Reprinted with kind
permission from refs 5, 9, and 10. Copyright 1991 Springer (ref 5), Copyright
1997 AAAS (ref 9), and Copyright 1996 Nature Publishing Group (ref 10).
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As researchers began to investigate this effect, it soon became
apparent that the extremely intense SERS signals were obtained
from only certain specific nanoparticles. The optical extinction
spectra of individual colloidal silver particles obtained with a dark
field microscope revealed a remarkably heterogeneous distribution
of particles, with widely varying spectral properties20 (Figure 2A).

When these were correlated with single-molecule SERS spectra
of the same particles, it was discovered that virtually all the nano-
particles giving rise to SERS spectra themselves had complex,
red-shifted, typically multiply peaked spectra,20 not the blue-
centered extinction spectrum of an isolated individual silver
nanoparticle. From these observations, it was inferred that the
extraordinary enhancements experienced by certain molecules
were due to properties of strongly interactingmetallic nanoparticles.
This hypothesis was soon substantiated by direct measurements
of single-molecule SERS at the individual nanoparticle or nano-
particle cluster level:21,22 in these studies, it was independently
observed that colloidal clusters as simple as two directly adjacent
nanoparticles (Figure 2B�F) gave rise to a multiply peaked
extinction spectrum and to a single-molecule SERS signal. Dense,
not sparse, clusters produced a far greater enhancement of the
anti-Stokes spectra of molecules (Figure 2G,H).23,24

From these pioneering experiments, it could be inferred that
the junction between adjacent nanoparticles, occurring for pairs,
larger clusters, or even aggregate films of nanoparticles, can give
rise to highly intense and localized electromagnetic fields when
excited by incident light of the appropriate polarization. In a near-
field optical microscopy interrogation of ametal island film, these
highly localized, high-intensity regions could be measured
directly (Figure 3A).25 From these studies, the interjunction regions
were nicknamed “hot spots”. While these high-intensity regions
were observed for many complex nanocluster geometries, it became
clear that the nearest-neighbor coupling between two adjacent
metallic nanoparticles, not long-range or radiative coupling, was
responsible for this electromagnetic focusing effect. In a combi-
nation single-particle Raman and AFM experiment, bright SERS
signals resulting directly from adjacent nanoparticle pairs were
identified (Figure 3B,C).26 Electrodynamic calculations of an
adjacent nanoparticle pair of the samematerial and geometry directly
showed the intensity of the hot spot and its dependence on the
polarization of incident light for its excitation (Figure 3D).26

These studies established a new and important property of
directly adjacent nanoparticle pairs, their ability to focus light via
plasmon excitation far below the diffraction limit of classical optics
to volumes commensurate with the interparticle junction.27�40

Further experimental efforts concentrated on the development of
nanojunctions or “nanogaps” using methods developed from
other fields, such as molecular electronics (Figure 3E). The
ability to fabricate nanoscale gaps that could be spanned by a
single molecule existed in these fields; using the same approaches
to develop nanojunctions for SERS was very promising. As a
result of this approach, single-molecule SERS could be correlated
with other single-molecule measurements, specifically molecular
conductance (Figure 3F).41,42 Electromigrated junctions were
fabricated that showed a strong and simultaneous correlation
between blinking in the SERS spectrum of an individual molecule
and its conductance fluctuations. Recent work has established
more accurate assessments of the electromagnetic fields within
nanoscale junctions, the enhancements required for single-
molecule SERS, and a range of innovative approaches that has
enabled the fabrication of sub-10-nm junctions by numerous
methods, for more detailed studies of these systems.

2.2. A Theory for Interacting Plasmons: Plasmon Hybridiza-
tion

Although a variety of computational tools have been devel-
oped for modeling the electromagnetic properties of metallic
nanostructures,43�49 an analytical theoretical method has also

Figure 2. (A) Ag nanoparticles incubated with NaCl solution then
imaged using dark field microscopy.20 (B) Scanning electron micro-
scope image of two adjacent Ag nanoparticles with a “hot spot” giving
rise to the SERS spectrum of an individual hemoglobin molecule.21 (C)
Spectra of Ag nanoparticles dispersed in H2O solution and spectra of
aggregated Ag nanoparticles formed by the addition of Hb molecules to
the solution.21 (D) Ag nanoparticle cluster producing a “hot spot”.22 (E)
SERS spectrum of a molecule obtained from a cluster.22 (F) Dual-
peaked spectrum of cluster aggregates.22 (G, H) Stokes and anti-Stokes
SERS spectrum of crystal violet obtained (G) from isolated Au
nanoparticles and (H) from aggregated Au nanoparticles. Anti-Stokes
spectrum shows increased enhancement by aggregated nanoparticles.24

Reprinted with kind permission from refs 20�22 and 24. Copyright
1999 American Chemical Society (ref 20), Copyright 1999 American
Physical Society (ref 21), Copyright 2000 American Chemical Society (ref
22), and Copyright 2006 American Chemical Society (ref 24).
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been developed that provides a physically intuitive picture of
coupled plasmons in complex nanostructures.50 In the plasmon
hybridization method, the plasmon modes of a complex nano-
structure are expressed in terms of interactions between the
plasmon resonances of its elementary components. The hybri-
dized plasmon modes obtained are formed in rigorous analogy
with the formation of molecular orbitals from the hybridization
of individual atomic wave functions in molecular orbital theory.
This method provides a simple and conceptually straightforward
understanding of how plasmon resonances in a complex or
multicomponent structure arise from the plasmon modes of
their individual components. Since its initial demonstration, this
approach has been utilized for the analysis of an ever larger
variety of plasmonic systems.51�70

In the plasmon hybridization approach, the conduction electrons
of a nanostructure are treated as if they were an incompressible,
irrotational fluid of uniform electron density, confined to a
uniform positive background with dielectric permittivity ε¥.
The incompressible deformations of a fluid are described by its
velocity field vB(rB) which represents the velocity vB of a volume
element at position rB. Incompressible deformations are ex-
pressed as the gradient of a scalar potential that satisfies the
Laplace equation. One can find a complete set of such scalar
potentials φμ(rB), where μ is an index for the individual basis
functions, in any given geometry. For example, for an individual
nanoparticle in a spherical geometry, μ would denote the multi-
polar indices (l,m); in a planar geometry, μ would be the parallel
wavevector. An arbitrary deformation of the electron fluid in a
multicomponent structure can therefore be written as

vBð rBÞ ¼ ∑
iμ

d
dt
AiμðtÞrφiμð rBÞ ð1Þ

Here |iμæ is the primitive plasmon mode m on nanoparticle
i, with its velocity field 3φiμ(rB) and time-dependent amplitude
d(Aiμ(t))/dt. The primitive plasmon amplitude Aμ(t) describes
the spatial displacement of the primitive plasmon |μæ. Due to the
incompressibility of the electron gas, deformations result in
surface charges on the nanostructure.

In a complex geometry, such as multiple coupled nanoparti-
cles or a multilayer nanoparticle, the primitive plasmon modes
interact via the Coulomb potential and are therefore no longer
the eigenmodes of the system. To obtain the normal modes of
the coupled system, harmonic motion for all modes is assumed,
and self-sustained solutions are sought, that is, modes that exist
with finite amplitude in the absence of an external applied field.
The energies of the primitive plasmons of the coupled system can
then be calculated directly from their velocity fields. Surface
charge distributions, in particular screened charges that also take
into account the background dielectric permittivities, must also
be included. The potential energy of this system will contain
nondiagonal elements due to the coupling of the primitive plasmon
modes through the Coulomb interaction. The new eigenmodes
of the coupled system are obtained by diagonalizing the
Lagrangian for this system. The resulting hybridized modes will
therefore be superpositions of the individual primitive plasmon
modes. From the equations of motion, the optical absorption of
the complex coupled nanostructure can be calculated.

2.3. Thin Films and Complex Nanoparticles
The analogy between coupled plasmonic systems and mole-

cular orbital theory is extremely useful in understanding inter-
acting plasmonic systems of increasing complexity. In this
section, we discuss the plasmon modes of several structures that
have been fabricated and studied by numerous groups, focusing
on the picture provided by this description of the resonant
energies of these systems.
2.3.1. Nanoparticle Pairs: “Dimers”. For the case of two

directly adjacent nanoparticles illuminated by light polarized
along the interparticle axis, the mutual coupling between the
plasmons of each individual nanoparticle is well described by the
hybridization picture (Figure 4A). In this case, the nanoparticle
pair and its spectrum of mode energies closely resemble its
electronic analog, a homogeneous diatomic molecule, and its
molecular orbital diagram. Based on this parallelism, coupled
metallic nanoparticle pairs are referred to as plasmonic “dimers”,
and the red-shifted collective plasmon mode is referred to as the

Figure 3. (A) Scanning near-field optical microscope image of hot spots
in a metal island film;25 (B) hot spots in a Raman image of Au
nanoparticles arising from (C) condensed nanoparticle pairs;26 (D)
FDTD calculations of adjacent nanoparticle pairs showing a hot spot in
the junction for incident polarization along the interparticle axis; for
incident polarization orthogonal to the interparticle axis, no hot spot
occurs;26 (E) nanoscale gaps formed by electromigration show a SERS
hot spot; (F) blinking observed in single-molecule SERS arising from an
electromigrated gap correlates with single-molecule conductance fluc-
tuations.42 Reprinted with kind permission from refs 25, 26, and 42.
Copyright 1999 American Physical Society (ref 25), Copyright 2005
American Chemical Society (ref 26), and Copyright 2008 American
Chemical Society (ref 42).
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“bonding” plasmonmode. In Figure 4A, the plasmonic dimer and
its collective modes are shown. The dipolar (l = 1) plasmon
mode of each individual nanoparticle is split into two distinct
collective modes, known as the low-energy “bonding”mode and
the higher-energy “antibonding” mode. As discussed earlier,
these two modes differ in their coupling to incident light: the
lower-energy mode has mutually aligned longitudinal dipoles,
resulting in a mode with a large induced dipole and a strong
coupling to the far field. Hence the optical properties of a
plasmonic dimer are dominated by its bonding plasmon. Such
radiative modes, modes that couple well to the far field, are
known as “bright” plasmon modes. The higher energy l = 1
collective dipolar mode is known, in analogy with molecular
systems, as the “antibonding” plasmon mode. Here the dipoles
on each individual nanoparticle are antialigned, resulting in no
net dipole moment and the inability of this mode to couple to the
far field. This is an example of a “dark” or “cavity-like”mode. Also
shown here is the mixing between the l = 2 quadrupolar modes of
the individual nanoparticles, which would be observable in the
limits of small interparticle distance and larger nanoparticle
size. In the limit where the nanoparticles are nearly touching,

mixing between the l = 1 states and all higher order modes of
the neighboring nanoparticle will occur.71 The resulting
hybridization results in an increased redshift of the bonding
l=1 dimer mode with decreasing dimer separation. This
behavior is characteristic of a dimer excited by light polarized
along its interparticle axis. For light polarized orthogonal to this
axis, interparticle coupling is minimal, and a small blue shift of the
individual nanoparticle plasmon is observed.72�74

2.3.2. Thin Metallic Films. An important system of coupled
plasmons that is relevant to many plasmonic geometries is that of
a thinmetallic film (Figure 4B).75 For this structure, the primitive
plasmon modes are the freely propagating surface plasmons on
the top and bottom metal�dielectric interfaces of the metal film.
The Coulomb interactions between the surface charges that arise
due to deformations of the electron fluid, under the constraint of
its incompressibility, result in two coupled plasmon modes
between the upper and lower metal interfaces. The lower-energy
“bonding” plasmon has the positive and negative charges aligned
symmetrically on either side of the film, whereas the higher-
energy “antibonding” plasmon corresponds to an antisymmetric
charge distribution. These charge configurations and their

Figure 4. (A) Schematic picture illustrating the plasmon hybridization in a nanoparticle dimer. The individual nanosphere plasmons on the two
particles interact and form bonding and antibonding dimer plasmons. In the dimer geometry, nanosphere plasmons with a given angular momentum l
interact also with plasmons of different angular momentum on the other particle at small interparticle distances.112 (B) Exact retarded calculation of the
bonding and antibonding film plasmon dispersion. Insets show schematic surface charge density distribution for the bonding (bottom) and antibonding
(top) film plasmon.75 (C) An energy-level diagram describing the plasmon hybridization in metal nanoshells resulting from the interaction between the
sphere and cavity plasmons. The two nanoshell plasmons are an antisymmetrically coupled (antibonding) plasmon mode and a symmetrically coupled
(bonding) plasmon mode.50 (D) Plasmon hybridization diagram for a gold�silica�gold layered nanoparticle.60 Reprinted with kind permission from
refs 50, 60, 112, and 75. Copyright 2004 American Chemical Society (ref 112), Copyright 2009 Elsevier (ref 75), Copyright 2003 AAAS (ref 50), and
Copyright 2009 Springer (ref 60).
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corresponding mode energies are counterintuitive: one would
anticipate that the symmetric charge distribution has the greater
Coulomb repulsion and therefore corresponds to the higher
energy mode. In the plasmon hybridization picture, the charge
distribution of a primitive plasmon on one side of the film sets up
a secondary charge distribution on the opposite side of the film, due
to the incompressibility of the electron fluid. When this secondary
attractive charge distribution is taken into account, the symmetric
mode is found to be the lower-energy mode (Figure 4B, insets).
2.3.3. Nanoshells. The symmetric configuration of the

charge distribution for the lowest mode of an infinite film also
holds for a thin metallic film around a spherical dielectric core.
This dielectric core/metallic shell geometry is known as a
nanoshell (Figure 4C).76�80 The plasmonic properties of this
nanostructure can be understood as the hybridization of the
surface plasmons on the inner and outer surfaces of the metallic
shell layer. This interaction, mediated by the thickness of the shell
layer, determines the mode energies: the shell thickness corre-
sponds to the interparticle distance of a plasmonic dimer,
following the same scaling law.72 In a nanoshell, the lowest
energy mode has a symmetric charge distribution similar to that
of the thin film plasmon. The thin metallic layer of a core�shell
nanoparticle can also be thought of as the hybridization of two
simpler plasmons, of a solid metallic sphere and of a cavity. In the
nanoshell case, 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.
2.3.4. Nanomatryushka. The sphere�cavity hybridization

picture that describes the energies and charge distributions for a
nanoshell can be generally applied to multilayer metallodielectric
core�shell nanoparticles. Two such systems involve a particle
with a metallic core, a dielectric (silica) layer, and a metallic shell
(Figure 4D)59,60,81,82 or a silica�gold nanoshell embedded
inside another silica�gold set of layers.50,83 Both these structures
are known as nanomatryushkas (a matryushka is a nested set of
dolls found in Russian folk art). In the case of a solid metal core
nanomatryushka, the nanoparticle possesses hybridized modes
due to mixing between the bonding plasmon of the nanoshell
with the nanosphere mode. This hybridization gives rise to two
bright modes. The antibonding mode, when the dipole moment
of the inner sphere oscillates in phase with that of the shell layer,
has the strongest absorption of any mode in this system. The
lowest energy bonding mode is produced by the coupling of the
nanoshell bonding mode out-of-phase with the nanosphere
mode. This also produces a bright mode but with significantly
lower intensity. The third mode, which is composed of the
antibonding mode of the nanoshell coupled to the nanosphere
mode, has only very weak coupling and is therefore designated a
nonbonding mode. For larger multilayered nanoparticles, hybri-
dization occurs between the quadrupolar (l = 2) plasmon modes
independently of the dipolar modes; however, the lowest-energy
hybridized quadrupolar mode can appear at lower energies than
the highest-energy dipolar hybridized mode. The presence of
multiple overlapping modes in this concentric-sphere geometry
gives rise to coherent coupling effects, such as Fano resonances: this
topic will be discussed in a subsequent section of this review.82

2.3.5. Coupled Nanorods. A system of nanoparticles with
interesting coupling properties is that of two coupled nanorods.
A single nanorod possesses two orthogonal plasmon resonances,
a long wavelength longitudinal plasmon for light polarized along

its long axis and a shorter wavelength transverse plasmon, for
light polarized orthogonal to the nanorod long axis. Two
nanorods can interact with each other in an orientationally
dependent manner. Surface charge plots of two interacting
nanorods are shown in Figure 5A. In each of the cases illustrated
here, the plasmon response is highly polarization dependent. For
end-to-end coupling with incident polarization along the inter-
particle axis, the nanorod dimer plasmon is red-shifted strongly
from its uncoupled energy. For side-to-side coupling, shown here
for the case of polarization along the long axis of the nanopar-
ticles, a small blue shift of the collective plasmon mode occurs.
This behavior is consistent with the behavior of a spherical dimer.
Additionally in this system, changes in orientation of one nano-
particle with respect to the other can be studied: both a T-shaped
dimer and an L-shaped dimer can be constructed. Each of these
configurations yields two orthogonal modes. Modes where the
polarization is perpendicular to the junction are strongly red-
shifted, as in the spherical dimer case. For the opposite polarization,
the mode energies are perturbed only slightly: for the T-configura-
tion, they are red-shifted, but for the L-configuration, they are slightly
blue-shifted. Rod�rod coupling is in general much weaker than its
spherical analog, requiring small (1�2nm) interparticle distances for
appreciable mode shifting to be observed. A detailed hybridization
diagram has been developed for interrod coupling that identifies the
mode energies of all these interactions.58,84

2.3.6. Nanostars. One important aspect of the plasmon
hybridization picture is its usefulness in understanding the
plasmonmodes of highly complex and irregular geometries. This
can be seen in a study of the plasmonic modes of a nanostar
(Figure 5B). Nanostars are multipointed noble metal nanopar-
ticles, each with its own individual highly complex multipeaked
spectrum. A general understanding of the modal properties of
these highly irregular particles can be obtained by deconstructing
a nanostar into its component parts, in this case a central,
spherical core and a collection of rodlike tips. The hybridized
modes of this structure arise due to the coupling between the
core and tip plasmon modes. Although the plasmon hybridiza-
tion method is analytical, it can still be applied to a structure as
complex as this one, by relying on electromagnetic simulations of
the deconstructed components, such as those obtained by the
finite-difference time domain method, and by analyzing the sym-
metry and the charge distributions obtained for modal identifica-
tion. This serves as an illustrative example of how the plasmon
hybridization picture can be adapted to plasmonic systems of
arbitrary complexity to understand and interpret numerical simula-
tion results in terms of the underlying modes of the structure.85

2.3.7. Transverse Excitations, Magnetic Atoms, and
Metamaterials. The previously discussed case of coupled
nanorods addressed orientational effects; however, there is
another excitation mode in these systems that is of great interest
in the development of metamaterials. Specifically, the case of two
adjacent nanorods aligned in a transverse orientation gives rise to
two types of collective excitations, where the oscillating dipoles
are in phase and where the dipoles are in antiphase (Figure 5C).
This configuration of two stacked antiphase nanorods is also
known as a “magnetic resonance”.86�89 This is because the currents
in the two wires, combined with the displacement currents between
the wires, result in a resonant excitation of the magnetic dipole
moment of this structure at or near optical frequencies, for
geometries at or near the nanoscale. This type of optical frequency
magnetic response is essential for the development of negative
refractive index materials in the frequency range corresponding
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to this resonance (typically the infrared or visible region of the
spectrum), since magnetic responses cannot occur at such high
frequencies in naturally occurring materials. This stacked two-wire
structure has been dubbed a “magnetic atom” and is considered
one of the fundamental building blocks of metamaterials. Other
geometries with an optical frequency magnetic moment include
u-shaped metallic structures, as well as cut-ring structures; these
and other variants are known as split-ring resonators (SRRs).
These types of structures can simultaneously possess both
magnetic and electric dipoles; therefore, elucidating their
properties requires that both electric and magnetic dipolar
coupling be taken into account.90 In Figure 5D, a configuration
of two adjacent split-ring resonators separated by a distanceD is
shown. This is a magnetic dimer,51 where the hybridization and
coupling occurs due to the magnetic dipole�dipole interaction
between the structures. An equivalent circuit model for the
magnetic dimer is also shown, illustrating another useful analog
for plasmonic systems, the analogy between coupled plasmons
and coupled lumped-element resonant circuits.

2.4. Nanoparticle over a Surface
Metallic nanoparticle interactions with a nearby substrate or

surface represents a class of systems of fundamental importance
and of great utility in applications.59,91�104 The presence of any
substrate, dielectric, semiconducting, or metallic, breaks the
symmetry of the nanoparticle environment and has a strong
influence on themodes of the nanoparticle. Here we consider the

basic physics of the nanoparticle�substrate interaction in several
contexts, the role of plasmon interactions, and the properties of
several coupled nanoparticle�substrate systems.

A metallic nanoparticle placed near any substrate will be
attracted to it, through the image charges induced in the substrate
by its presence. For the case of a dielectric substrate where no
plasmons exist, the image charges are weak, screened by the
factor (ε� 1)/(εþ 1) where ε is the permittivity of the substrate
medium. This weak interaction can be sufficient to break the
symmetry of the dielectric environment of the nanoparticle,
lifting the degeneracy between its plasmon modes.105 For the
case of a metallic nanoparticle near a metallic substrate, this
interaction is much stronger: a nanoparticle interacting with the
surface plasmons in an infinite metallic substrate is similar, in
many aspects, to a nanoparticle dimer. The interaction with its
image charges alone will red shift the nanoparticle plasmon for light
excitation polarized perpendicular to the metallic surface. In
addition to the image-like interactions, there is a strong interac-
tion between the localized plasmons of the nanostructure and the
propagating plasmons of the substrate. While this problem
has been examined using a variety of approaches,106�112 we
will use the plasmon hybridization picture to obtain an under-
standing of this coupled system.111,112 Hybridization in this
system produces either a red shift or a blue shift in the
nanoparticle plasmon, depending on the relative energies of
the nanoparticle and surface plasmons. A schematic of this
interacting system is shown in Figure 6: the nanoparticle induces

Figure 5. (A) Surface charge density of interacting cylindrical, spherically capped gold nanorods placed 1.5 nm apart and with dimensions 78 nm �
24 nm, calculated using the electrostatic approximation, where blue represents one charge and red the opposite charge of the dipole. The plasmon
resonance for a single rod of these dimensions calculated using this method is 707 nm. The wavelength shown is the resonance wavelength for the
coupled plasmon mode.58 (B) A gold nanostar: (a) an experimental scanning electron micrograph; the scale bar is 100 nm; (b) theoretical model,
consisting of (c) a truncated spherical core and (d) tips consisting of truncated prolate spheroids; (e) hybridization diagram for this nanostructure. The
core plasmons interact with the tip plasmons and form bonding and antibonding nanostar plasmons. The polarization angle is defined in the upper right
corner.85 (C)Transverse coupling of two coupledmetallic nanorods or nanowires. Amagnetic dipolemoment can be excited in the antisymmetricmode,
so the structure behaves as a magnetic “atom”.90 (D) (left) Two adjacent split-ring resonators (SRRs) interact through magnetic dipole�dipole
coupling; (right) an equivalent circuit model can be developed to describe the behavior of these and other coupled plasmonic systems.51 Reprinted with
kind permission from refs 58, 85, 90, and 51. Copyright 2009 American Chemical Society (ref 58), Copyright 2007 American Chemical Society (ref 85),
Copyright 2010 (ref 90), and Copyright 2009 (ref 51) Wiley-VCH Verlag GmbH &Co. KGaA.
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a set of attractive image-like charges in the metal (Figure 6A) and
the (l = 1 and l = 2) localized plasmons of the nanoparticle
hybridize with the surface plasmons of the extended metal. The
reduced symmetry of this geometry enables an effective hybridi-
zation of the dipolar and quadrupolar plasmons of the nano-
particle. The hybridized plasmon energies are a strong
function of the distance, Z, between the nanoparticle and
the metallic surface, decreasing in energy strongly with
decreasing particle�surface separation. Because the Coulomb
potential is the same as in the dimer case, the distance
dependence of this red shift closely resembles the interparticle
distance dependence of the plasmon energies of a plasmonic
dimer for larger Z distances. However, the plasmon red shift is
faster when the nanoparticle approaches a surface than when it
approaches an equivalent nanoparticle. This is because of
contributions from higher-order angular momentum states of
the nanoparticle plasmon that are weaker in the dimer case. This
basic picture holds for the case where the surface plasmon of the
substrate is at the same or higher energy than the localized surface
plasmons of the nanoparticle. When that is not the case, such as if
the surface and the particle were made of different plasmonic
materials, that is, aluminum and gold, the hybridization picture
changes significantly: a blue-shifting of the hybridized nanoparticle
plasmons with decreasing particle�surface separation is anticipated.

This picture of particle�substrate coupling is altered signifi-
cantly when the dimensions of the extended metallic substrate
are reduced to the dimensions of the nanoparticle. This can be
realized in the case of a plasmonic nanoparticle interacting with a
thin metallic film or with a metallic structure confined in more
than one dimension, such as a nanowire.105,113�115 In these cases,
the image-based interaction between the particle and the sub-
strate is no longer a valid model. To address these regimes, one
can apply the plasmon hybridization method to these systems.
The case of a nanoparticle interacting with a metallic film
substrate is depicted in Figure 6B. The interaction between the
localized surface plasmons of a metallic nanoparticle and the
propagating plasmons of a continuous underlying metallic sub-
strate, such as a film or a nanowire, can be seen as the
hybridization of the discrete plasmon modes of the nanoparticle
with the continuum of plasmon modes of the underlying
substrate. This is the electromagnetic analog of the spinless
Anderson�Fano model, which describes the interaction be-
tween localized states in electronic systems, such as impurities,
with a continuum of delocalized states, that is, the band structure
of a metal.116 An important aspect of the particle�substrate
interaction in this case, which becomes clear from the plasmon
hybridization picture, is the dependence of the particle�
substrate coupling on the density of continuum states of the
substrate. For example, as the thickness of the film substrate is
decreased, the nature of the coupling between the particle
plasmon and the underlying substrate is modified. The particle�
film hybridized states change in character, depending on this
interaction. This model describes (1) the image-like interaction
of a nanoparticle with a metallic film of thickness much larger
than the particle diameter, (2) an intermediate regime where the
particle diameter and film thickness are roughly equivalent,
giving rise to hybridized broadened resonances, and (3) a regime
where the film thickness is much smaller than the nano-
particle diameter, which gives rise to a resonant particle�film
virtual state. The hybridized states in these mixed systems
provide a mechanism for the efficient excitation of surface
plasmons at specific energies associated with the hybridized

Figure 6. (A) Schematic illustrating the interaction of a nanosphere
with a metallic surface. Panel a shows the image forces obtained
assuming a perfect response of the surface for an l = 1 and an l = 2
sphere plasmon. The surface mediates an interaction between plasmons
of different l, resulting in a distance-dependent hybridization of the
nanosphere plasmons in a manner similar to the nanosphere dimer.
Panel b shows plasmon hybridization in this system. The nanoparticle
plasmons interact with the surface plasmons, resulting in shifts and an
effective hybridization between nanoparticle plasmons of different
angular momentum l.111 (B) The three interaction regimes (a�c) for
a plasmonic nanoparticle and the surface plasmons of a thinmetallic film.
For each case, the left panel illustrates the energetics of the interaction
regime, while the right panel shows the corresponding calculated
dipolar optical absorption spectrum for various film thicknesses
corresponding to this regime. The plasmonic density of states is
illustrated in light blue, the effective continuum of the film is
illustrated in dark blue and the resulting hybridized plasmons are
shown in black. (a) the regime corresponding to the thick film limit
(much thicker than the nanoparticle diameter), where the effective
continuum of the film lies at higher energies than the nanoparticle
plasmon. (b) left panel: the intermediate regime (on the order of the
nanoparticle diameter), where the nanoparticle plasmon is resonant
with the effective continuum of the film. (c) the regime of the thin
film limit (significantly smaller than the diameter of the
nanoparticle), where the effective continuum of film plasmons lies
at lower energies than the nanoparticle plasmon.115 (C) Examples of
optical scattering spectra for individual silver nanoparticles on a silica
layer of varying thickness above a 50 nm gold film. Insets show a dark
field image of each individual nanoparticle. The dotted spectrum
represents an individual silver nanoparticle over a glass substrate.97

Reprinted with kind permission from refs 111, 115, and 97. Copyright
2004, 2005, and 2010 American Chemical Society.
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particle�continuum modes. Intense local fields or “hot spots”
arise at these energies, resulting in large field enhancements
similar to those obtained in the dimer geometry.

These three regimes of nanoparticle�thin film interaction are
experimentally accessible and have been studied in a range of
plasmonic systems. With dark field microscopy, the scattering
spectra of individual 60 nm diameter silver nanoparticles above a
50 nm gold film, held off by a silica spacer layer of varying
thickness, were studied. This material�geometry combination
corresponds to a regime where the plasmon energies red shift
strongly with decreasing nanoparticle�film distance. The scat-
tering spectra in this progression span the entire visible spectrum
(Figure 6C).97 A nanoparticle�film geometry that approaches
the thin film limit was used to construct individual nanoparticle�
film hot spots and use them for surface-enhanced Raman
spectroscopy (Figure 7A).103 In this case, the virtual state formed
by the particle�film interaction is responsible for the high-
intensity local field obtained here that gives rise to extremely
large SERS enhancements. The particle�film sandwich geome-
try, where the SERS-active molecules are sandwiched between
the thin film and the nanoparticle, is ideal for SERS. Another
regime yet to be studied in detail is that of nanoparticle�film
coupling where the shape of the nanoparticle is varied. In this
case, one would anticipate that the higher-order multipolar
contributions to the particle�film interaction may be modified,
but the basic properties of the junction would be largely
independent of nanoparticle shape. This result was obtained
experimentally for a wide variety of nanoparticle geometries in a
SERS “sandwich” configuration (Figure 7B).117

2.5. Plasmonic Oligomers
Just as molecular orbital theory can be applied to complex,

multiple-atom molecules, there has been interest in extending
coupled plasmon systems beyond the plasmonic dimer to multi-
nanoparticle systems, as “plasmonic artificial molecules”. Two
major strategies have been pursued for the synthesis/fabrication
of these systems: chemical/physical assembly processes, and
clean-room nanofabrication techniques. Both basic strategies
can ultimately produce supramolecular plasmonic structures
with strong interparticle coupling and collective effects. There
has been interest in the optical properties of controlled plasmo-
nic aggregates for some time,8,118�124 and analyzing the plas-
monic properties of clusters with more complex geometries than
the nanoparticle pair is a topic of increasing interest.

The controlled chemical assembly of noble metal nanoparticle
clusters or aggregates of well-defined particle number and
geometry using traditional wet chemistry methods is a daunting
challenge. Typically, when nanoparticle surface chemistry is
modified to enhance the attraction between nanoparticles in
solution or suspension, it is nonselective, resulting in nanopar-
ticle aggregation. The extensive literature on the creation of
aggregates by chemical methods is the subject of a recent
comprehensive review.125 To control this process in greater
detail, such that only a pairwise dimer or a well-defined few-
particle cluster such as a trimer, quadrumer, or tetramer is
formed, requires additional methods to direct the assembly of
the nanoparticle constituents. While the chemist’s goal may be to
achieve a single type of assembled entity in high yield, thus far,
directed assembly has more often been used to construct well-
defined clusters in very low yield (one or two structures) for
further physical studies. The goal in this case is to characterize a
specific assembled cluster by nanoscale imaging methods, such as

scanning electron microscopy or atomic force microscopy, and
then to probe the structures optically at the individual cluster
level (using dark field microscopy, electron energy-loss or
cathodoluminescence techniques). This combination of detailed
structural and physical data enables the direct and quantitative
comparison with theory. This focus on the characterization of
well-formed plasmonic clusters at the individual cluster level also
makes clean-roommethods, such as e-beam lithographic pattern-
ing, highly practical for the study and development of these types
of systems.

One of themost promising approaches for the chemical assembly
of plasmonic clusters is DNA-based assembly.10,126,127 This
approach has been used extensively in the formation of

Figure 7. (A) (a) Experimental setup and sample structure. The AFM
tip scans above the sample, and the illumination and detection are
carried out in the epi-direction. (b) SERS spectra obtained from the
nanoparticle�benzenethiol (BT)�plane junction position (red line,
position A in panel c), BT�plane (blue line, position B in panel c), and a
BT-coated gold nanoparticle on glass. (c) AFM topography and (d)
confocal SERS images of the nanoparticle�BT�plane sample obtained
simultaneously. The inset images in panels c and d are the magnified
scans (1.3 μm� 1.3 μm) of the squared areas. The scale bars represent
1 μm length scale. The position C is an aggregate of nanoparticles (two
or three) on the surface that produce visibly stronger SERS signals than
average.103 (B) SEM andTEM (inset) images of (a) aspect ratio 16 rods,
(b) aspect ratio 3.2 rods, (c) aspect ratio 4.4 rods, (d) spheres, (e)
tetrapods, (f) dogbones, (g) cubes, and (h) blocks immobilized on
4-mercaptobenzoic acid (MBA) SAMs and scheme of the nanoparti-
cle�SAM sandwich geometry for SERS of 4-MBA.117 Reprinted with
kind permission from refs 103 and 117. Copyright 2008 (ref 103)Wiley-
VCH Verlag GmbH &Co. KGaA and Copyright 2005 American
Chemical Society (ref 117).
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DNA-based polyhedra, such as triangles, pyramids, and cubes.128�132

To formplasmonic clusters, one chemicallymodifies the noblemetal
nanoparticle surfaces with specific strands of DNA. Single-
stranded DNA with a terminal thiol group can exploit the
remarkably strong bond between the thiol group and noble
metals (126�46 kJ/mol for S�Au) and form a submonolayer on
the nanoparticle surface. By functionalizing nanoparticles with
specifically designed DNA sequences, the nanoparticles, when
mixed, will form predesigned clusters as the DNA hybridizes.
The double-stranded DNA will then serve as a linker molecule,
spanning the interparticle distance. While there are challenges to
this approach, such as maintaining high yield for specific cluster
geometries and achieving interparticle distances that provide
strong plasmon coupling, it appears to be a promising chemical
method for constructing well-controlled and complex two- and
three-dimensional plasmonic clusters. In Figure 8A, a DNA-
assembled noble metal tetramer is shown.133 This three-dimen-
sional structure would be extremely difficult to make by alternate
methods and is of interest in the development of isotropic optical
frequency magnetic and negative index media (Figure 8B).134

This synthetic approach has also been quite successful for the
fabrication of plasmon rulers, discussed in the Applications
section of this review.

Another useful strategy for the assembly of plasmonic clusters
is template-guided chemical self-assembly.135�138 This approach
makes use of a substrate, patterned and passivated in certain
regions to direct nanoparticles to specific areas and away from
others, preventing the nonspecific deposition of nanoparticles on
the sample. Functionalization of the patterned regions and of the
nanoparticle surfaces can then facilitate electrostatic attraction
between the particles and the deposition areas and assembly of
clusters. A template showing a variety of clusters made by this
method is shown in Figure 9.139 Here the 40 nm diameter
nanoparticles have been densely assembled, facilitating plasmon
coupling, onto a thin, 10 nm Au film substrate patterned and func-
tionalized to facilitate cluster formation. Modification of the cluster
properties by the presence of this thin substrate layer will be
needed to fully elucidate the coupled modes of these structures.

A simple plasmonic cluster beyond the dimer structure that
has been synthesized and studied is a trimer structure, formed by
three equilaterally placed plasmonic nanostructures.121 The
properties of this structure are already remarkably different from
that of the plasmonic dimer and provide an initial introduction to
these new nanoscale materials. Lithographically defined equilateral
nanodisks have been fabricated that show significant plasmon
coupling within the three-element structure (Figure 10A).140

The optical spectrum of this cluster appears as a double-peaked
band. The 3-fold symmetry allows us to take advantage of group
theoretical analysis to identify the plasmonmodes of the trimer in
terms of the irreducible representations of the D3h group
(Figure 10B).141 From the symmetry-adapted coordinates ob-
tained from group theory, two in-plane modes with a net dipole
moment, that is, the bright modes of the in-plane-excited trimer,
can be identified as the two modes observed in the optical
spectrum. Another approach to understanding the properties of
trimer structures is examining how the properties of a plasmonic
dimer are modified by the introduction of a third nanoparticle,
toward the dimer interparticle junction (Figure 10C).142 As the
third nanoparticle approaches the dimer, a strong modulation in
the excitation polarization is observed. This transition highlights
one of the major differences between these two types of plasmonic
clusters: the dimermaintains a strong polarization dependence of

its optical spectrum, while a fully symmetric trimer has, by symmetry,
a polarization-isotropic extinction spectrum.

3. FROM THE CLASSICAL TO THE QUANTUM REGIME

The electromagnetic (EM) field enhancements in junctions
between coupled metallic nanoparticles depend strongly on the
widths of the gaps separating thenanoparticles. For spherical particles,
the dimer modes red shift and the field enhancements increase
monotonically with decreasing gap separation.125,143�147 In sur-
face enhanced spectroscopy (SES) applications such as SERS, it
is therefore advantageous to use nanostructures with narrow
gaps.41,148�162 However, too narrow gaps may enable electron
transfer between the two adjacent nanostructures.42,58,155,163�173

When conductive overlap is established, the field enhancements
are reduced and the energy of gap plasmons can be strongly
shifted compared with the situation with no conductive overlap.
For a proper description of the EM field enhancements in sub-
nanometer gaps, it is therefore necessary to include quantum
mechanical (QM) effects such as electron tunneling across the
gap and nonlocal screening of the induced fields.

In this section, we will discuss theoretical modeling of the
plasmonic properties of narrow gaps with an emphasis on
quantum effects. We will start with a discussion of the classical
modeling of the optical properties of touching nanoparticles. We
will then discuss how the phenomenological inclusion of non-
local effects can improve the classical modeling. We will then
discuss fully quantum mechanical calculations of the optical
properties, which provide a correct first principles modeling of
the dielectric function, including both nonlocal and electron
screening effects. This discussion will be followed by a descrip-
tion of a full QM modeling of the plasmonic properties of

Figure 8. (A) Schematic and TEM image of DNA�nanocrystal
pyramids.133 (B) Field profiles at the two primary resonances of a
tetramer consisting of four Au nanospheres of 80 nm diameter with
interparticle spacing of 2 nm: (left) electric dipole resonance at λ =
756 nm; (right) magnetic dipole resonance at λ = 935 nm. Color shows
intensity of the out-of-plane magnetic field, Hz, in the plane containing
centers of three spheres; arrows show in-plane electric induction (Dx,Dy)
in the same plane (horizontal axis, x; vertical, y).

134

Reprinted with kind
permission from refs 133 and 134. Copyright 2009 (ref 133) American
Chemical Society andCopyright 2007Optical Society of America (ref 134).



3923 dx.doi.org/10.1021/cr200061k |Chem. Rev. 2011, 111, 3913–3961

Chemical Reviews REVIEW

Figure 9. SEM images from extracts of nanoparticle cluster arrays with varying diameters of e-beam defined binding size D = 50 nm (a), 80 nm (b),
100 nm (c), 130 nm (d), and 200 nm (e). The SEM images confirm that through control of the diameter of the e-beam fabricated binding site, the cluster
size can be continuously varied. The enlargement of an individual cluster in panel f shows junctions and crevices between nearly touching particles.139

Reprinted with kind permission from ref 139. Copyright 2009 American Chemical Society.

Figure 10. (A) A trimer of planar Ag nanodisks supports two plasmon resonances. The optical spectrum, electromagnetic calculations of the near-field
at each resonance, and a scanning electron micrograph of the structure are shown.140 (B) Group theory analysis of an equilateral nanosphere plasmonic
trimer.141 (C) Trimer formation as the perturbation of a plasmonic dimer: modifications in the spectrum and in the excitation polarization dependence
are shown.142 Reprinted with kind permission from refs 140�142. Copyright 2008 American Chemical Society (ref 140), Copyright 2006 American
Chemical Society (ref 141), and Copyright 2008 National Academy of Sciences, U.S.A. (ref 142).
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nanoparticle dimers. We will then discuss the optical properties
of nanoparticles connected by a conductive bridge as a platform
for optical measurement of molecular conductance and as a
device for efficient optical switching. Finally the section will be
concluded by a brief discussion of the coupling between plas-
monic nanoparticles and excitonic systems such as quantum dots.

3.1. Classical Electrodynamic Modeling of the Optical
Properties of Touching Nanoparticles

In the classical approach, a nanoparticle is modeled by assign-
ing a dielectric permittivity to its material. The nanoparticles are
modeled as homogeneous objects with infinitely sharp surfaces.
As the two nanoparticles approach each other, the capacitive
coupling between the plasmon modes of each nanoparticle
results in hybridized “dimer modes”, which red shift monotoni-
cally with decreasing separation.112 Due to the hybridization of
the individual nanoparticle modes, dimer plasmons originating
from dark quadrupolar and higher multipolar nanoparticle
plasmon modes become visible in the spectrum because of the
admixture of dipolar modes in their hybridized states.

The intrinsic problem with the classical modeling of the
optical properties of touching nanoparticles was discussed by
Romero et al. for the case of two touching gold nanospheres,
shown in Figure 11A.174 The left panel shows the evolution of the
polarizability (absorption spectrum) as the nanoparticles are
moved closer to each other. The bonding dipolar plasmon
(BDP) of the dimer exhibits a monotonic red shift, and higher

multipolar bonding dimer modes such as the bonding quad-
rupolar plasmon (BQP) appear in the spectrum. The right panel
shows that when a conductive overlap is established between the
two particles, the hybridized dimermodes begin to blue shift with
increasing overlap. In addition, the intensity of the hybridized
higher multipolar dimer modes begins to decrease. This blue
shift and disappearance of the hybridized peaks is because
of the decreased coupling of the individual nanosphere plas-
mons, due to the onset of electron transfer between the
particles. This short-circuiting of the dimer junction reduces
the EM coupling and the electric field enhancements. It is
interesting to note that the spectra for d = 0.0005 and
d = �0.0005, which corresponds to a separation difference of
0.6 Å are distinctly different. This discontinuity is an artifact of
the classical model, which assumes that the surfaces of the
nanospheres are infinitely sharp. For the touching nanoparticle
dimer, the plasmonic wave function consists of a superposition
of individual nanoparticle plasmons, just as in the nontouching
case, and, in addition, the admixture of a charge transfer
plasmon mode involving monopolar plasmon modes of each
nanoparticle. These monopolar modes are enabled because
electrons can transfer between the nanoparticles. The resulting
dimer plasmon can be described as a charge transfer plasmon
(CTP). Such a CTP will be enabled for any conductive overlap
between the particles. For very small overlap, the CTP will be
strongly red-shifted. The energy of the CTP is proportional to
the conductance of the junction.175

Figure 11. (A) Effect of conductive overlap on the optical properties of a touching gold nanosphere dimer.174 (B) Effect of conductive overlap for a
nanoshell dimer: (left) simulation; (right) experimentally measured scattering spectra.176 (C) Effect of conductive overlap for a gold nanorod dimer:
(left) measured scattering spectra; (middle) simulations; (right) SEM image and calculated electric field enhancements.177(D) Field enhancements for
touching nanostructures calculated using transformation optics: (left) a touching nanocrescent; (right) touching nanocylinders.180 Reprinted with kind
permission from refs 174, 176, 177 and 180. Copyright 2006 (ref 174) Optical Society of America and Copyright 2008 (ref 176), 2010 (ref 177), and
2010 (ref 180) American Chemical Society.
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Subsequent experimental and theoretical investigations of the
optical properties of touching nanoshells were performed by
Lassiter et al., as shown in Figure 11B.176 The theoretical
simulations displayed in the left panels show the extinction
spectrum as a function of nanoshell separation for nontouching
dimers. As for the nanospheres, a monotonic red shift with
decreasing separation is apparent. For the touching nanoshells,
the spectra blue shift with increasing overlap. The experimental
spectra, presented in the right panels, clearly show this effect. The
blue-shifted resonance shown in the bottom right panel is a CTP
where the junction field essentially has disappeared and the
plasmon induced charges reside on the opposite ends of the
dimer just as for the dipolar plasmon of an individual nanorod.

The above-mentioned effects are not restricted to spherical
nanoparticles. In a recent experiment by Slaughter et al.,177 the
optical properties of touching nanorods were investigated. The
left panel in Figure 11C shows the measured spectra for two
different touching nanorod dimers. For these particular systems,
the conductive overlap is relatively weak, resulting in a CTP that
is strongly red-shifted compared with the nontouching nanorod
dimer plasmon. The extreme sensitivity of the energy of the CTP
to separation is shown in the right panels of Figure 11C.

Recently a novel approach for studying the optical properties
of touching nanoparticles based on transformation optics has
been developed.178�181 This approach is based on the invariance
of Maxwell’s equations under conformal coordinate transforma-
tions. With use of a suitable conformal transformation, a com-
posite finite interacting nanostructure can be mapped into
simpler interacting extended structures where analytical solu-
tions are available. This classical approach can provide a rigorous
analytical description of the optical properties of touching
metallic nanoparticles. Some examples of this approach are given
in Figure 11D, showing the electric field enhancements for a
nanocrescent and a nanoparticle dimer.180 Although this ap-
proach neglects QM effects, it holds significant promise for the
analytical calculation of optical properties and EM field enhance-
ments in dimer junctions of complex geometries.

Clearly the major deficiency of the classical approaches is the
assumption of an infinitely sharp surface of the nanoparticles.
This deficiency can be addressed by modeling the nanoparticles
using more realistic nonlocal dielectric functions.

3.2. Incorporation of Nonlocal Dielectric Functions
In the conventional classical EM modeling of the optical

properties of nanostructures, such as finite-difference time-
domain (FDTD), finite element method (FEM), boundary
element method (BEM), or discrete dipole approximation
(DDA) (for a detailed discussion of their implementation and
merits, see, for example, ref 182), the materials enter Maxwell’s
equations through the frequency-dependent dielectric permittivity,
ε(ω). This quantity is assumed to be constant within the material,
then to abruptly change to the value of the background medium at
the interfaces of the nanostructure. For instance, for a gold sphere
of radius R in vacuum, the dielectric permittivity is modeled as

εðω, rBÞ ¼ 1þΘðR� rÞεAuðωÞ ð2Þ
whereΘ(x) = 0 for x<0 andΘ(x) = 1 for x>0 and r is the distance
to the center of the sphere. In some sense, the dielectric function is
thus spatially dependent, that is, nonlocal, but this simple formdoes
not properly account for the true spatial dependence and nonlo-
cality of the dielectric function of a realistic material. To understand
this, it is instructive to consider the definition of the dielectric

function, which relates the displacement fieldDB to the electric field
EB. For an arbitrary finite nanoparticle, this relation takes the form

DBð rB, tÞ ¼
Z t

�¥
dt0
Z
V
dV 0 εðt � t0, rB, rB

0Þ EBðt0, rB0Þ ð3Þ

This general expression relates the induced displacement field at a
position rBto the electric field at rB

0. The dielectric permittivity ε(t�
t0,rB,rB

0) is nonlocal in a double sense since it explicitly depends both
on rB and rB

0.
For an infinite translationally invariant homogeneous material

the spatial dependence of the dielectric permittivity becomes
much simpler: ε(t � t0,rB,rB

0) = ε(t � t0 , rB � rB
0). While the

dielectric function for this system is still nonlocal (dependent on
the separation between rBand rB

0), the assumption of translational
invariance introduces a considerable simplification in eq 3, which
can be written

DBð rB, tÞ ¼
Z t

�¥
dt0
Z
V
dV 0 εðt � t0, r� r0ÞEðt0, r0Þ ð4Þ

In the harmonic approximation and using a plane wave basis, this
equation can now be written compactly as DB(ω,kB) = ε(ω,
kB)EB(ω,kB). Simply put, the dielectric response of an infinite
homogeneous material depends on the shape (wavevector kB)
of the electric field.

As described above, in typical EM applications, one also
neglects this kB dependence and models the nanoparticle using
the simple local expression given in eq 2. This is clearly a
rudimentary approximation and amounts to a neglect of many
important screening effects, such as the presence of evanescent
electrons outside the surfaces of nanostructures and the intrinsi-
cally nonlocal screening properties of any bulk metal. The former
effect is particularly important for points around the surfaces of
the nanoparticles. Despite these complications, phenomenolo-
gical corrections for nonlocality can be achieved by inclusion of
an empirical kB dependence in the dielectric function. These
applications typically focus on the nonlocality introduced by the
kB-dependent dielectric function for a bulk material and neglect
the significantly more complicated case of nonlocality introduced
by the surface.

The importance of including nonlocal effects in the descrip-
tion of the optical response of metallic nanoparticles was
recognized some time ago.147 Since then, many types of nonlocal
dielectric functions for bulk materials have been derived. In
Figure 12A, we show the results from a nonlocal modeling of the
dielectric function for gold in a gold nanosphere dimer.183 This
calculation uses the full dielectric function derived byMermin for
bulk gold. The figure clearly shows that the spectrum is strongly
affected by nonlocal effects. In particular for small separation, the
nonlocal calculation predicts a weaker red shift of the BDP.
Figure 12B shows the results for 2D gold nanoshells using a
nonlocal kB-dependent dielectric function derived from a hydro-
dynamic description of the electron gas.184 In this application,
novel peaks appear in the spectra. Figure 12C shows an applica-
tion to the plasmon resonances of a metallic nanowire using the
nonlocal plasmon pole approximation.185 In this application,
nonlocal effects are found to increase the energy of the
plasmon resonances. Figure 12D shows a comparison of the
optical spectra for a small silver nanoshell calculated using two
different nonlocal descriptions of bulk silver, the hydrody-
namic model and the Lindhardt�Mermin dielectric model.186
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For this system, the effect of nonlocality is a blue shift of the
plasmon resonances.

From the above discussion, it is clear that the proper inclusion
of nonlocal screening effects is a difficult and somewhat ambig-
uous endeavor. For a proper investigation of nonlocal effects, it is
necessary to perform fully QM calculations of the nonlocal
dielectric functions, including both the kB-dependence present
even for infinite bulk systems and the nonlocality introduced by
the surfaces. Such quantummodels provide the right results from
which the validity of nonlocal classical approaches can be
assessed. In the next two sections, we will review several such
fully QM approaches for ab initio calculations of the optical
properties of nanoparticles.

3.3. Quantum Plasmonics: Individual Nanostructures
The fullyQMcalculation of the optical properties ofmetallic nano-

particles represents a formidable and unsolvable problem.187,188

The most convenient approach for such calculations is the

time-dependent density functional theory (TDDFT).189 This
approach was used early on to model the electronic and optical
properties of small nanoparticle clusters.190�193 For free-
electron-like metals such as noble metals, the optical response
is determined by plasmons, that is, by the conduction electrons.
The essential features of the dynamics of the conduction electron
liquid are well described by a jellium model, where the confining
potential from the positive ionic background is replaced by a
constant box potential. If the parameters of this 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. The jellium model has been very successful and
has been used extensively in a wide range of calculations of the
chemical, physical, and optical properties of metals.194�197 The
jellium model is defined by the conduction electron density
parameter, rS, which is the radius of a sphere of the material
containing one electron, and the background polarizability,

Figure 12. Different approaches for inclusion of nonlocal dielectric screening in classical EM simulations: (A) Gold sphere dimer for different gaps.183

(B) Optical response of gold nanoshell.184 (C) Silver nanowire plasmon dispersion for m = 0 (top left) and m = 1 (top right) and the corresponding
energy difference between nonlocal and local calculation for different wavevectors.185 (D) Silver nanoshell with a glass core (top) andwith a vacuum core
(bottom).186 Reprinted with kind permission from refs 183�186. Copyright 2008 American Chemical Society (ref 183), Copyright 2010 American
Chemical Society (ref 184), Copyright 2008 American Physical Society (ref 185), and Copyright 2006 American Physical Society (ref 186).
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εJ (sometimes also denoted ε¥ or εB) of the lattice, which is the
effective polarizability of the ions.

The theoretical procedure in TDDFT involves first perform-
ing a self-consistent calculation of the electronic structure of the
system. In this step, the positive background representing the
metallic lattice of the nanostructure is represented by a pseudo-
potential with parameters that are chosen so that the work
function and electron density in the interior of the nanostructure
correspond to the experimentally measured values. The electron�
electron interactions are accounted for by an exchange correla-
tion potential, which depends on the local electron density. From
the self-consistent equilibrium electronic structure (wave func-
tions and their energies), one then calculates the independent
electron response function, χ0 (Lindhardt susceptibility). With
linear response theory and the random phase approximation
(RPA), the interacting response function, χ, can then be

calculated from an integral equation. The dielectric function,
εRPA, can then be directly obtained from χ.189

Even though TDDFT represents a considerable simplification
of the problem, such calculations are extremely time-consuming
and require the use of supercomputers.198,199 Their computa-
tional complexity scales as the cube of the number of electrons in
the system. While the original calculations in the 1980s for small
metallic clusters were limited to less than 100 electrons, modern
parallel computers can handle up to several million electrons in
systems with a high degree of symmetry such as spheres.

Plasmons are collective modes and can be expressed as
coherent superpositions of electron�hole pair excitations. For
a small nanoparticle, the plasmon mode is not fully formed and
the optical response is best described in molecular terms. As the
particle becomes larger, the energy difference between the
electronic levels in the nanoparticle decreases and the collective

Figure 13. Fully quantummechanical calculations of the absorption spectra of individual nanostructures. (A) Comparison of bonding and antibonding
nanoshell plasmon resonances as a function of nanoshell aspect ratio calculated using TDDFT and classical Mie theory.200 (B) Comparison of TDDFT
spectra and experimentally measured extinction spectra for gold nanoshell with gold sulfide core.203(C) Effect of the dielectric core on the TDDFT
spectrum for small nanoshells.204 (D) TDDFT calculations of the energies of bonding and antibonding film plasmon resonances as function of
film thickness. Solid lines are the results from classical EM modeling.55 Reprinted with kind permission from refs 200, 203, 204, and 55. Copyright
2003 American Chemical Society (refs 200 and 203), Copyright 2004 American Chemical Society (ref 204), and Copyright 2006 American Physical
Society (ref 55).
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plasmon mode appears. Although a plasmon-like mode in a
spherical nanoparticle can appear already for 50 electrons, its
energy and properties exhibit quantum confinement effects until
the metallic sphere is sufficiently large to contain nominally 500
electrons.

The first tunable plasmonic nanoparticle that was investigated
using TDDFT was the metallic nanoshell.200�203 This system
possesses spherical symmetry, and self-consistent field calcula-
tions can be performed for nanoparticles containing up to a
million electrons.200 In Figure 13A, we compare the results from
TDDFT and Mie theory for the bonding and antibonding
nanoshell plasmon modes as a function of nanoshell aspect ratio
(inner radius/outer radius) for a free electron metal with rS = 3
and εJ = 1.200 The figure demonstrates a remarkable agreement
between classical and QM calculations for the plasmon energies.
In Figure 13B, the calculated andmeasured spectra for small gold
sulfide core/gold shell nanoparticles of different aspect ratios are
compared.203 For the smallest nanoshell, the plasmon resonance
overlaps electron�hole pair excitations and is therefore split into
a double resonance. In the bottom panel showing the spectrum
for a nanoshell of inner diameter 26 nm and outer diameter of
30 nm consisting of around 2 million electrons, the density of
states is bulk-like and the plasmon resonance has a clear
Lorentzian line shape.203 The results demonstrate excellent
agreement between TDDFT and the measured spectra. The
experimental measurements were for an ensemble of nanoshells
of slightly different aspect ratios. More detailed theoretical
calculations taking into account the nanoshell size dispersion
result in similar linewidths. In Figure 13C, results from the time-
domain TDDFT calculations of the effect of the dielectric core
on the optical absorption of small nanoshells are depicted.204 The
results agree with the frequency-domain calculations presented by
Prodan et al.200,203 In Figure 13D, the TDDFT method was
applied to the plasmon resonances of a thin metallic film.55 As for
the metallic nanoshell, for a given wave vector, there are two
hybridized film plasmons, a bonding mode with symmetrically
aligned surface charge densities and an antibonding mode with
antisymmetric alignment.75 The results from the QM TDDFT
calculations are found to be in excellent agreement with the
results from classical models. However, for the width of the film
plasmons, quantum effects are significant and cannot bemodeled
using classical theory.

Figure 14 shows applications of TDDFT to nanorod struc-
tures. Figure 14A shows the absorption spectrum of atomically
thin metallic Na wires of various lengths. The spectrum displays a
strong red shift of the wire plasmons with increasing length.205

Such a red shift is characteristic of the nanorod geometry where
the longitudinal resonance is known to red shift with increasing
length/diameter ratio. In Figure 14B, the absorption spectra of
small silver nanorods calculated using an atomistic description of
the silver atoms are illustrated. Although these clusters are too
small to exhibit a pure plasmon resonance, the calculation
shows a red shift of the absorption peak with increasing aspect
ratio of the nanorod as expected from classical electrodynamics
simulations.206 In Figure 14C, the absorption spectra for silver
nanorods modeled using a jellium description for different
polarizations and aspect ratios are shown.207 With increasing
aspect ratio, the longitudinal and transverse plasmons red shift
and blue shift, respectively, in almost perfect agreement with
classical EM simulations.

In the applications discussed so far, it was found that the
energies of the plasmon resonances obtained using TDDFTwere

very similar to the energies obtained using simple classical EM
modeling. However, the widths of the resonances can be very
different, in particular when quantum size effects are present for
very small systems. Another important property of plasmonic
nanoparticles is the plasmon-induced EM field enhancements.
This subject has already been discussed in the context of SERS.
Figure 14D shows a comparison of the field enhancements
calculated using TDDFT and classical EM theory.207 These
results demonstrate that the classical calculations drastically
overestimate the field enhancements near (0.5 nm) the nano-
particle surfaces. This is not surprising, since a real nanoparticle
will have a spill-out electron density in the surface region, which
will effectively screen the local electric fields. Another contribut-
ing factor is the nonlocal aspect of the screening due to the
surface electrons. In a classical model, the surface charges reside
in an infinitely thin region at the interface, while in a realistic
calculation, the screening charges are smeared out over a finite
region around the surface. The finding of strong nonlocal QM
induced screening near the surface of a nanoparticle means that
field enhancements obtained from classical EM calculations
cannot be trusted within a region of 0.5 nm around the surfaces
of the nanoparticles.

We now turn to the case of quantum effects in strongly
coupled plasmonic nanoparticles with narrow gaps.

3.4. Quantum Plasmonics: Coupled Nanoparticles with
Narrow Gaps

The theoretical implementation of TDDFT for nanoparticle
dimers is considerably more difficult than the application to
nanoparticles with spherical symmetry.208,209 But because of
the significance of strongly coupled metallic nanoparticle dimers
in SES applications, this is an important system to investigate.
In Figure 15A, the TDDFT optical properties of linear chains of
Na atoms are shown for both longitudinal and transverse
polarization.210 This calculation is performed using an atomistic
description of the Na atoms. Although the system has very few
electrons (up to 18 for the longest chain), the spectra exhibit
plasmon-like excitations. As for a nanorod, the longitudinal
excitation red shifts with increasing chain length, while the
transverse excitation exhibits a weak blue shift.

Figure 15B shows TDDFT calculations of the absorption
spectra and plasmon-induced EM field enhancements of a
strongly coupled nanoparticle dimer modeled using a jellium
description with rS = 3 and εJ = 1 for different dimer
separations.211 The calculated spectra reveal a BDP resonance
that red shifts with decreasing dimer separation. For intermediate
separations, a hybridized BQP mode appears with an intensity
that increases with decreasing dimer separation. For dimer
separations shorter than around 1 nm, the red shift of the BDP
saturates and begins to blue shift with decreasing separation. This
crossover from red-shifting to blue-shifting is because of the
reduced coupling between the plasmons on the different nano-
particles due to electron tunneling between the particles. For the
smallest dimer separations, the conductive overlap between
particles is sufficiently strong that a higher order CTP is enabled.
The QM calculated optical spectra are in sharp contrast to the
results from classical calculations shown in Figure 11A,B, which
exhibit a discontinuous jump between the touching and non-
touching regimes. It is interesting to note that because of the
conductive overlap and the onset of the CTP, the spectra
obtained using QM are different from the spectra obtained using
classical EM. This finding is different from the optical spectra of
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individual nanoparticles described in section 3.3 where the
plasmon resonances obtained using QM and classical EM agreed
very well. Also, the field enhancements in the nanoparticle junctions
exhibit strong QM effects. In the right panel of Figure 15B, the field
enhancements obtained from TDDFT and classical EM are com-
pared. For dimer separations smaller than 1 nm, the classical
calculations drastically overestimate the EM field enhancements.

Figure 15C shows the results of a TDDFT calculation of the
instantaneous potential energy difference in a strongly coupled
silver nanoplate dimer, following a step-like laser excitation.212

The calculation reveals damped oscillations with a decay rate that
strongly depends on the separation between the two nanoplates.
This decay rate is directly related to the tunneling probability
between the two structures and shows that electron tunneling
begins to play an important role for separations below 1 nm, in
agreement with the results shown in Figure 15B. In Figure 15D,
the results from a TDDFT calculation of the potential difference
between twometallic nanoparticles with a sodium atom placed in
the center of the dimer are shown as a function of dimer
separation.213 The top panel shows the current amplitude as a
function of the frequency of the incident light. Two resonances

are clearly visible, a lower energy resonance around 1 eV
corresponding to a CTP and a stronger resonance around 4 eV
corresponding to the excitation of the BDP. The middle panel
shows that the voltage across the junction is largest for the
excitation of the BDP. With decreasing dimer separation, this
voltage is reduced due to the short-circuiting of the junction
caused by electron tunneling across the gap. The lower panel of
Figure 15D shows the conductance of the junction. The in-
creased conductance at the CTP energy is due to tunneling
through the Na 3s state and will be discussed further in the next
subsection.

The finding of strong QM effects in narrow plasmonic gaps
offers some novel interesting applications. While much work has
been focused on optimizing dimer geometries for large electric
field enhancements and the resulting giant enhancement of SERS
signals, another application may be to use the strongly plasmon
induced electron currents in a narrow nanoparticle junction to study
electronic excitations of molecules present in the gap.214�222 It is
quite possible that such current-induced molecular excitations
may show up as satellite peaks and/or result in shifted or
broadened absorption spectra. This phenomenon could quite

Figure 14. TDDFT calculation of the optical properties of nanorod structures. (A) Optical properties of atomically thin Na wires of different lengths
using different response functions.205 (B) TDDFT spectra for small silver nanorod clusters calculated using an atomistic description of the silver
atoms.206 (C) TDDFT calculations of the optical spectra of silver nanorods for different aspect ratios and polarization.207 (D) (top) Comparison of the
field enhancements for silver nanorod calculated using classical EM (red) and TDDFT (blue); (middle) the classical EM results and (bottom) the
TDDFT results for different nanorod aspect ratios.207 Reprinted with kind permission from refs 205�207. Copyright 2005 American Physical Society
(ref 205), Copyright 2009 American Chemical Society (ref 206), and Copyright 2010 American Chemical Society (ref 207).
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possibly open up a new approach for molecular spectroscopy and
molecular sensing and is likely to be explored in the future.

3.5. Effect of Conductive Junctions for Strongly Coupled
Nanoparticle Dimers

Here we present a qualitative discussion of how a conductive
bridge across a nanoparticle dimer junction will influence the
optical properties of the dimer. Such a conductive bridge could
consist of either conducting molecules or nanowires or the same
material as the nanoparticles.223,224 Figure 16A shows a classical EM
investigation of how the conductance of a cylindrical conductive
junction in a nanoparticle dimer gap influences the optical
spectrum.175 As the conductance is increased, the BDP around
800 nm begins to blue shift until it saturates at a value that
corresponds to a screened BDP (SBDP). The SBDP is a
capacitively coupled dimer plasmon where the surface charges
on the opposite ends of the conductive junction have been short
circuited by charge transport through the junction. The energy
difference between the BDP and the SBDP thus depends on the

area of the junction. Also the width of the BDP peak is changing
although this is difficult to see on the large wavelength scale of the
figure. For large conductance, a CTP appears prominently
around a wavelength of 3000 nm, with an intensity that increases
strongly with the conductance. The physical reason for the blue
shift of the BDP is the neutralization of the plasmon induced
surface charges on the nanoparticle�junction interfaces, as
illustrated in the top part of the figure, which shows the field
enhancements in the junction for the different modes. Simply
put, an electron current short-circuits part of the junction and
thus reduces the capacitive coupling between the two nanopar-
ticles. The Ohmic dissipation associated with the charge trans-
port across the junction is also responsible for the change in the
line width of the BDP. For the CTP, there is significantly more
charge transfer. The narrowing of the CTP with increasing
junction conductance is due to reduced Ohmic dissipation in
the junction. The electric field contour plot for the CTP at
3000 nm in the upper panel of Figure 16A shows that also the
electric field enhancements outside the conductive bridge have

Figure 15. TDDFT calculation of the optical properties of strongly coupled nanoparticles. (A) Optical spectra for Na atom chains of different lengths
and polarizations.210 (B) Optical spectra for a nanoparticle dimer for different separations (left). The top right panel shows a comparison of the
maximum field enhancements in the junction calculated using TDDFT (blue) and classical EM (red). The right middle panel shows the field
enhancements calculated using classical EM, and the bottom panel is the result fromTDDFT.211 (C) Instantaneous voltage difference across the gap in a
silver nanoplate dimer following a step-like excitation.212 (D) Tunneling current (top), gap voltage (middle), and tunneling conductance (bottom) of a
Na atom in a nanoparticle dimer as a function of the frequency of the incident light.213 Reprinted with kind permission from refs 210�213. Copyright
2007 American Physical Society (ref 210), Copyright 2009 American Chemical Society (ref 211), and Copyright 2009 (ref 212) andCopyright 2011 (ref
213) American Institute of Physics.
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been reduced. For the CTP, the electric current across the
junction is much larger than for the BDP resulting in a significant
reduction of the EM field enhancements in the gap.

The energies of both the BDP and CTP modes depend
strongly on the conductance and geometry of the junction.
Thus by measuring the optical spectrum, it is possible to
deduce the conductance of the conductive bridge at the BDP
and CTP frequencies. By changing the geometry of the dimer
and thereby tuning the energies of its plasmon modes, it may
be possible to measure such molecular conductance over

extended wavelength regimes. Such an all-optical approach
for measuring molecular conductance may be of importance
for the field of molecular electronics where the conventional
electrical conductance measurements have thus far been
constrained to DC frequencies.

The possibility to control the optical properties of a plasmonic
system using conductive linkers offers novel and interesting
approaches for ultrafast optical switching devices.225 Large
et al. noted that the dielectric permittivity of amorphous
silicon depends strongly on the free carrier density, which
can be controlled using photoexcitation.226 The top panel of
Figure 16B shows the real and imaginary parts of the refractive
index of amorphous silicon as a function of the free carrier
density. For sufficiently large carrier density, amorphous silicon
becomes a conductor. Thus by filling the cavity between two
nanorods and controlling the free carrier density of the material,
it is possible to switch the plasmonic response from a BDP to a
CTP. The spectra shown in the lower panel of Figure 16B show
that the effect can be very significant. In the “off” state (no free
carriers), the plasmon mode is located around 1000 nm, but for
the “on” state, the plasmon mode appears at 1350 nm. Further
generalizations of this concept using other types of photocon-
ductive materials hold much promise for fabrication of active
plasmonic devices.227,228

3.6. Coupling between Plasmonic and Excitonic Systems
An emerging topic in plasmonics is the study of the interaction

of plasmonic and excitonic systems. Although the proper de-
scription of this phenomenon would require a quantummechan-
ical approach, the qualitative aspects of this interaction can be
modeled using classical EM methods. When a quantum dot or
quantum emitter is placed near a plasmonic nanoparticle, the EM
interaction between the exciton and plasmon can result in
hybridized states, consisting of bonding and antibonding mixed
states.229�231 The wave functions of these hybrid states are
mixtures of the collective plasmon mode and the exciton and
are sometimes referred to as plexcitons,229 to highlight their
mixed plasmonic/excitonic character. There are many applica-
tions of such plexcitonic systems. For instance, by exciting
excitons in quantum dots near a plasmonic structure, it is possible
to compensate for plasmon decay and achieve gain, a property
that has recently resulted in the experimental realization of
plasmonic lasers.232 The strong coupling between excitons and
plasmons can also be exploited to study energy transfer through a
plasmonic structure between two quantum dots.233�235 The
strong local electromagnetic field enhancements induced near
a plasmonic nanostructure can be used in energy applications
such as upconversion of light,236,237 to enhance the excitation of
carriers in nearby molecules or materials,238�240 and even to
enhance chemical reactions.241 In several recent studies, it has
been shown that the radiative lifetime of a exciton can also be
modified by the interaction with a plasmon through the Purcell
effect.242�244 The coupling between quantum dots and plasmo-
nic systems can also be exploited to image the local field
distribution on the surface of a plasmonic nanostructure. The
excitation of a nearby quantum dot is proportional to the local
electric field intensity, and the intensity of the luminescence is
thus a monitor of the plasmon-induced near field.245�247

4. EXTENDED STRUCTURES

As already discussed for small nanoparticle assemblies such as
dimers, trimers, and oligomers, the type and strength of plasmon

Figure 16. (A) Effect of conductive junctions on the plasmonic proper-
ties of nanoparticle dimers. (a) A nanoshell dimer with a conductive
bridge linking the two nanoshells.175 (c) The contour plots show the
electric field enhancements associated with the BDP, SBDP, and CTP.
(b) The extinction spectra for different junction conductances. (B) (a)
Effect of free carrier density on the real and imaginary refractive index of
amorphous silicon.226 (b) Extinction spectra of a gold nanorod dimer
linked by amorphous silicon for carrier density zero and for 1022 cm�3.
Reprinted with kind permission from refs 175 and 226. Copyright 2010
American Chemical Society.
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coupling in extended nanoparticle structures also depends most
critically on the nanoparticle separation. In arrays with inter-
particle distances d on the order of the wavelength of the light
and comparable to the isolated nanoparticle resonance, far-field
diffractive coupling dominates, with a d�1 distance dependence.
As the interparticle distance decreases to dimensions comparable
to the nanoparticle size, near-field interactions take over and
follow a d�3 distance dependence. Both far- and near-field
plasmon coupling in extended structures lead to a variety of
new effects, such as narrow linewidths ideal for surface plasmon
sensing or energy transport along a nanoparticle chain acting as a
plasmonic waveguide with subwavelength dimensions. This
section will give an overview of these and other phenomena
observed for extended structures that were fabricated by several
different methods.

4.1. Plasmon Coupling in Periodic 1D and 2D Nanoparticle
Arrays

Most of the quantitative studies on plasmon coupling have
come from nanoparticle arrays that were made by top-down
fabrication.248�258 The ability to produce arrays with homoge-
neous nanoparticle sizes and shapes as well as regular interparticle
separations using lithography techniques has provided invaluable

insight into the far- and near-field interactions of surface plasmons in
periodic metal nanoparticle structures.248,249,252,255,257,259�262

Electron-beam lithography has the advantage of producing arrays
of nanoparticles that all have the same size, shape, and inter-
particle distance, allowing quantitative measurements to be
carried out even with ensemble techniques. More recently, nano-
particle arrays have also been fabricated by laser printing263,264

and nanoimprinting techniques.265 These methods allow one to
precisely pattern chemically synthesized nanoparticles using top-
down approaches.

In nanoparticle arrays with the interparticle distance compar-
able to the surface plasmon resonance wavelength of the isolated
nanoparticle, far-field interference causes a narrowing of the
plasmon mode.249,250,252 Hicks et al. investigated the line shape
of collective plasmon modes in linear arrays of silver nanoparti-
cles with a diameter or 130 nm and a height of 30 nm.250 For the
chains shown in Figure 17A, they observed that the scattering
spectra (Figure 17B) contained several features including a long
wavelength shoulder, which significantly gains in intensity and
narrows spectrally for interparticle distances comparable to the
resonance wavelength of an isolated nanoparticle. Lamprecht
et al. reported a spectral narrowing for the extinction spectrum of
2D gratings, as shown in Figure 18.252 The gratings consisted of
gold nanoparticles with a diameter of 150 nm and a height of
14 nm. The narrowest lineshapes of the collective plasmon mode
were found in a regime for the grating constant where radiative
fields can strongly couple in phase for neighboring nanoparticles
and evanescent fields are less important. Simulations using the
coupled dipole approximation have shown that the width of the
collective plasmon mode induced by far-field diffractive coupling
can be smaller than 1 nm, which is important for applications
such as surface plasmon resonance sensing since the sensitivity
improves for narrower linewidths.266

Near-field coupling in linear nanoparticle chains has attracted
considerable attention, mainly because the transverse and long-
itudinal modes supported by the chains are no longer localized
on the individual nanoparticles but can propagate along the
chain axis, allowing electromagnetic energy transport in waveguide
structures smaller than the diffraction limit of the excitation
light.254,259,267�273 Coupling of light to propagating surface plas-
mons makes it possible to direct energy along a chain of

Figure 17. (A) SEM image of an array of silver nanoparticle chains with
interparticle separation of 632 nm. The line spacing was 2 μm to avoid
interactions between nanoparticle chains. The diameter and height of
the nanoparticles were 130 and 30 nm, respectively. (B) Ensemble
scattering spectra of nanoparticle chain arrays. The interparticle distance
was varied between 400 and 700 nm. The nanoparticles were embedded
in a medium with a uniform refractive index of 1.5. The excitation
polarization and wave vector were perpendicular to the chain axis as
shown in the inset. The single particle spectrum is given by the dotted
line and has a peak wavelength of 660 nm. For interparticle distances
close to the single nanoparticle resonance wavelength, diffractive
coupling leads to a spectral narrowing of the collective plasmon response
of the nanoparticle chain.250 Reprinted with kind permission from ref
250. Copyright 2005 American Chemical Society.

Figure 18. Extinction spectra of two-dimensional gratings of gold
nanoparticles. The diameter and height of the nanoparticles were 150
and 14 nm, respectively. The grating constant d varied from 350 to
850 nm. Radiative plasmon coupling leads to a spectral narrowing as a
function of grating constant.252 Reprinted with kind permission from ref
252. Copyright 2000 American Physical Society.
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nanoparticles.267,274�277 Especially interesting are the character-
istics of bending light around corners or splitting it into two or
more branches with nanoparticle arrays that have other geome-
tries, such as T-shaped structures.

For extended structures where near-field coupling between
nearest neighbors dominates, increasing the number of nano-
particles from a dimer to a linear chain while keeping the
interparticle distances constant leads to an increasingly red-shifted
longitudinal plasmon resonance of the chain.248,251,253�255,257,278

On the other hand, the transverse plasmon mode only slightly
blue shifts, which leads to a pronounced splitting between the
perpendicularly polarized transverse and longitudinal plasmon
resonances. This energy splitting increases with the number of
nanoparticles in the chain and can be viewed similarly to the
corresponding plasmon resonances that emerge as a spherical
nanoparticle is elongated to form a nanorod. However, both
experiments and calculations have demonstrated that the plas-
mon shift saturates and the infinite chain limit is typically reached
for chains consisting of about 10 nanoparticles because near-field
interactions scale as d�3 and become negligible for larger
separations.253,268,279 Wei et al. have furthermore shown that
phase retardation effects are important for chains of nanoparti-
cles as the plasmon resonance peak wavelengths are red-shifted
but do not follow a monotonic trend with increasing particle
number as do chains of smaller nanoparticles.257 Figure 19 shows
SEM images (Figure 19A) of chains consisting of elliptical gold

nanoparticles and optical scattering spectra (Figure 19B) illus-
trating this effect.

Surface plasmon propagation in nanoparticle chains has been
analyzed by calculating the dispersion curves for infinite
chains.267,273,279�284 Within the quasi-static (dipole) approxima-
tion, the energy splitting between the transverse and longitudinal
plasmon modes can be related to the plasmon propagation
loss.253,267 This theory predicts that the largest group velocity
for a propagating surface plasmon with the smallest loss occurs
for excitation at the plasmon resonance of an isolated nanopar-
ticle. However, subsequent studies have shown that it is im-
portant to also include retardation and far-field coupling in
simulations for chains of nanoparticles that have a finite
size.282,285 Compared with the quasi-static limit, more complex
dispersion curves are obtained, which suggest larger bandwidths
and greater group velocities. For example, Koenderink and
Polman directly accounted for ohmic damping, radiation damp-
ing, and retardation in the calculation of the dispersion relation
for infinite chains of 60 nm silver nanoparticles.282 As shown in
Figure 20, they found that retardation is responsible for the
splitting of the dispersion relation for transverse modes into two
anticrossing branches.

Because the theoretical studies mentioned thus far considered
only dipole interactions, the results mainly apply to structures
with interparticle distances comparable to the nanoparticle radius,
prepared using electron-beam lithography.267,273,279�283,285 In-
terestingly, Engheta et al. have investigated plasmon propagation
in nanoparticle chains that were excited at the quadrupole
plasmon resonance and found a larger bandwidth for the
propagating surface plasmons.286 In general, for decreasing
nanoparticle separations, multipolar plasmon modes become
increasingly important as studied theoretically by Park and
Stroud who calculated dispersion relations using a generalized
tight-binding approach.284

Finite chains of nanoparticles, which represent more realistic
optical waveguides,251,257,287,288 have also been analyzed
theoretically.269,279,285,289,290 For finite chains, nondegenerate
coupled plasmon modes can be subradiant and therefore suffer
smaller radiative losses compared with the super-radiant dipole
mode.277,291,292 Excitation at energies corresponding to sub-
radiant modes therefore leads to longer propagation distances.
In addition to subradiant modes, far-field radiative coupling
must also be considered even at small interparticle
distances.248,251,255,293 For example, de Waele et al. have shown
that phase retardation and interference in linear chains of
110 nm� 50 nm silver nanodisks with 150 nm center-to-center
distances cause the localization of different wavelengths at
opposite ends of the nanoparticle array.248

Although several theoretical studies have investigatedplasmonpro-
pagation in nanoparticle chainwaveguides and propagation lengths of
several micrometers have been calculated,259,267�269,271�273,294

only a few experimental realizations have been reported.254,270

Maier et al. have observed energy transport in a linear chain of
90 nm � 30 nm silver nanorods with 50 nm gaps.254 A SEM
image and the corresponding extinction spectra of a chain and an
isolated nanoparticle are shown in Figure 21A. Using a near-field
scanning optical microscope to excite coupled transverse modes
(Figure 21B), a plasmon propagation distance of 500 nm was
determined bymeasuring the width of the intensity of fluorescent
nanospheres that were placed close to the nanoparticle wave-
guide (Figure 21C). Another experimental study was carried out
by Nomura et al., who have measured a plasmon propagation

Figure 19. (A) SEM images of chains composed of one, two, three, and
four gold nanoparticles. The length of the long and short axes of these
elliptical nanoparticles were 102 and 74 nm, respectively. The thickness
was 30 nm, and the center-to-center distance was 153 nm. (B) Scattering
spectra of chains that contain an increasing number of nanoparticles.
The red shift of the chain plasmon peak does not follow a monotonic
trend due to phase retardation effects.257 Reprinted with kind permis-
sion from ref 257. Copyright 2004 American Chemical Society.
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length of 4 μm for a chain of 230 nm gold nanoparticles with gaps
of 70 nm.270 The main limitation for nanoparticle chain wave-
guides has been significant losses causing short propagation
distances. Nanowires as discussed below have therefore
emerged as a more promising building block for optical wave-
guides with subwavelength dimensions. However, losses might
also be overcome in the future by amplifying surface plasmons using
gain from surrounding excitonic media.232,295�298

4.2. Plasmon Coupling in Nanoparticle Assemblies
Chemical synthesis and bottom-up assembly of nanoparticles

lead to complementary structural and optical properties com-
pared with top-down fabrication methods. In particular, chemi-
cally synthesized nanoparticles are single crystalline and hence

Figure 21. (A) Extinction spectra for nanoparticle chains and single
nanoparticles. The dimension of the rod-like silver nanoparticles were
90 � 30 � 30 nm3. The interparticle gap was 50 nm. (B) Experimental
scheme used tomeasure the plasmon propagation length in nanoparticle
chain waveguides. The tip of a near-field optical microscope locally
excites a coupled transverse plasmon mode that propagates along the
nanoparticle waveguide thereby transferring energy to a fluorescent
nanosphere. The fluorescence intensity is then recorded by far-field
optics as a function of tip position. (C) Fluorescence intensity line
sections measured for nanospheres on top of the plasmonic waveguide
and on the substrate as control. The broader width of the former is
evidence of surface plasmon propagation along the nanoparticle
chain.254 Reprinted with kind permission from ref 254. Copyright
2003 Nature Publishing Group.

Figure 20. (a) Ten normal-mode frequencies for a chain of ten 30 nm
silver nanoparticles (blue dots) are compared with the dispersion curves
of an infinite chain obtained using quasi-static calculations (red curve)
and a perturbative treatment (dotted curve), which both fail to describe
the results for the finite chain. (b) Real part of the frequency for roots of
the exact infinite chain dispersion for transverse (red open circles) and
longitudinal (green open squares) plasmon modes. Two branches
anticross at the light line (dashed line) for the transverse mode. The
result agrees well with the finite chain dispersion (blue solid circles) but
not with quasi-static calculations for the infinite chain (red thin curves).
(c) Imaginary part of the frequency for the modes in panel b. The
damping rate diverges near the light line for the transverse plasmon
modes. The inset shows plasmon propagation lengths versus frequency
for longitudinal (green open squares) and transverse (red open circles)
plasmon modes with the horizontal line specifying the center-to-center
distance of 75 nm.282 Reprinted with kind permission from ref 282.
Copyright 2006 American Physical Society.
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mostly free of internal scattering defects. In addition, the inter-
particle distance is only limited by the thickness of the surface
capping material and can be varied by changing the size of surface
bound molecules or polymers. Interparticle distances of a few
nanometers are therefore easily achievable. However, distributions
in nanoparticle size and shape are not as uniform as nanoparticles
prepared by electron-beam lithography. Furthermore, interpar-
ticle distance and orientation are much harder to control in
chemically prepared nanoparticle assemblies, making quantita-
tive ensemble studies of plasmon coupling as a function of
morphology more difficult. As discussed next, important applica-
tions have been developed based on plasmon coupling in
colloidal extended structures, and the issue of sample hetero-
geneity can be overcome using single-particle spectroscopy
methods.

It has been well recognized that colloidal gold nanospheres
undergo a color change from red to blue when aggregation is
induced in solution, as described in the Introduction to this
review (Figure 1).2 The reduced interparticle distances due to
reversible aggregation enable efficient 3D plasmon coupling,
which leads to a broadening and red shift of the plasmon
resonance in accordance with the visible color change. This
effect of 3D plasmon coupling in colloidal solutions has been
developed for colorimetric sensors of biomolecular recognition
events with DNA-functionalized gold nanoparticles.9,299 How-
ever, quantitative correlations between the plasmon resonance
shift and the size and shape of the aggregate are difficult to obtain
for a broad distribution of aggregate morphologies in solution.

While reversible nanoparticle aggregation in solution allows
one to build cost-effective and very sensitive sensors based on the
strong plasmon extinction coefficients and near-field interac-
tions, more quantitative correlations between the plasmon
resonance shift and the interparticle distance have been gained
from 2D nanoparticle assemblies.125,300�303 Well-ordered and
close-packed metal nanoparticle superlattices have been exten-
sively studied and can be prepared by controlled evaporation of
the solvent or in a Langmuir�Blodgett trough. The latter
preparation method has the advantage that the interparticle
distances can be controlled by varying the surface pressure
in addition to the size of the capping material. For example,
Collier et al. found a reversible insulator-to-metal transition for
Langmuir monolayers of 4 nm silver nanoparticles when the
interparticle distance was decreased to below 5 Å as evidenced by
a metal-like reflectance and the disappearance of the plasmon
resonance.304 Chen et al. prepared hexagonal close-packed 2D
superlattices of 11 nm gold nanoparticles and varied the inter-
particle distance between ∼2 and 3.5 nm by changing the chain
length of the alkanethiol capping material.301 They observed a
red shift in the plasmon resonance maximum with decreasing
interparticle distance, which was argued to be in good agreement
with results obtained for nanoparticle dimers. Chumanov and
co-workers observed a distance-dependent narrowing of the
plasmon resonance for a self-assembled 2D array of 100 nm
silver nanoparticles, which they attributed to constructive inter-
ference due to coherent quadrupolar plasmon interactions
similar to the far-field diffractive coupling in linear nanoparticle
chains.303 As the interparticle distance was increased by stretch-
ing of these arrays embedded in a polymer matrix, the plasmon
resonance of the isolated nanoparticle was recovered.

Although the controlled assembly of nanoparticles into 1D
chains is a much more challenging task compared with 2D
structures, much attention has focused recently on nanoparticle

chains, partially motivated by the demonstration of plasmonic
waveguiding in linear nanoparticle arrays made by electron-beam
lithography.305 Preparation strategies for 1D assemblies can be
broadly defined as methods that employ a template,137,306�308

apply an external force,309�311 or chemically link nanoparticles
together.312�318 Some examples of nanoparticle chains produced
by these approaches include (i) the selective loading of nano-
particles into nanoporous alumina membranes306,307 or holes319

and trenches137,308 fabricated by lithography, (ii) the magnetic
field induced formation of chains from bimetallic (magnetic and
plasmonic) nanoparticles320 or the electric field assisted fabrica-
tion of nanoparticle chains,311 and (iii) the molecular linking of
nanospheres using alkanedithiols,318 mercaptoethanol,321 or
cysteine322 as bridges. Interparticle distances can be controlled
through the size of the capping material and the linker molecule
or by first coating the nanoparticles with a silica shell of varying
thickness.323 An interesting approach of connecting spherical
nanoparticles in a designed and controllable manner includes the
selective functionalization of alkanethiol-protected gold nano-
spheres at the two polar defects, followed by linking them with a
molecular bridge in a condensation reaction.315 Other elegant
approaches are the covalent attachment of asymmetrically func-
tionalized gold nanospheres to polymer chains314 and the pre-
paration of left-handed gold nanoparticle double helices using
specifically designed peptides.324

Despite the reduced symmetry of nanorods compared with
spheres, it is actually straightforward to align gold nanorods end-
to-end by taking advantage of the fact that the nanorod ends
are composed of a different crystallographic facet compared
to the nanorod sides, allowing the selective end-binding of
thiols.313,317,325�328 For example, Thomas et al. have used
thioalkylcarboxylic acid based bifunctional molecules to longi-
tudinally link gold nanorods.325 The thiol groups are thought to

Figure 22. (A) TEM images of nanorods and nanorod assemblies
linked by 3-mercaptopropionic acid. The average aspect ratio of the rods
was 3. (B) (A) Extinction spectra of nanorods in solution (acetonitrile/
water = 4:1) measured immediately after adding 3-mercaptopropionic
acid at various concentrations: (a) 0, (b) 3.6, (c) 4.5, (d) 5.4, (e) 6.3,
(f) 7.2, and (g) 8.1 mM. (B) Extinction spectra of nanorods in
solution (acetonitrile/water = 4:1) recorded at different time inter-
vals after adding 15 mM 3-mercaptopropionic acid: (a) 0, (b) 4, (c) 8,
(d) 12, (e) 16, (f) 20, (g) 30, (h) 45, (i) 60, and (j) 120 min.325

Reprinted with kind permission from ref 325. Copyright 2004
American Chemical Society.
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bind to the nanorod ends, while polymerization is facilitated
through hydrogen bonding. Figure 22A shows TEM images in
the absence and presence of the molecular linker. The extinction
spectra recorded for different concentrations and various times
after adding the linker molecules are given in Figure 22B, which
shows the emergence of a coupled plasmon resonance that is
even further red-shifted than the longitudinal mode of the
constituent gold nanorods. Through binding of hydrophobic
polymer chains to the ends of hydrophilic gold nanorods,
metal�polymer analogues of amphiphilic triblock copolymers
have also been created.327 Controlling the solvent quality for this
amphiphilic ABA system then yields a variety of other structures,
including chains and rings. Rings of nanoparticles have also been
prepared by using breath figures as dynamic templates.329,330

Optical characterization of 1D nanoparticle assemblies has
been performed mostly by ensemble spectroscopy on chemically
linkednanoparticle chains in solution showing that plasmon coupling
causes a second red-shifted band to emerge.321,322,331�333

Because of the distributions in nanoparticle size, chain length, and
geometry (i.e., straight, coiled, branched, etc.) and a dynamic
averaging in solution over different chain orientations and
conformations, the spectra mainly show two broad plasmon
resonances. One resonance is peaked at the same wavelength as
the monomer, and a second one is shifted to longer wavelengths.
The amount of red-shifting was found to depend on interparticle
separation332 and chain length,321,322 in agreement with
calculations.322,331,334,335 Because this behavior resembles that
of nanorods with different aspect ratios, calculations have
modeled these extinction spectra to a first approximation as
arising from straight linear chains with varying length.333,335

Qualitative agreement between the calculated and experimen-
tally observed spectral features was indeed achieved. In order to
simulate the optical properties of more realistic chains, the
geometry of a typical nanoparticle chain was taken from a
TEM image obtained after depositing the chains from
solution.331 Considering that the geometry of a single chain is
only a representative example of all the other chains and their
possible conformations present in solution, good agreement was
observed for the comparison of the calculated single chain
spectrum with the ensemble extinction measurement.

Because of the structural inhomogeneities that give rise to a
spectrally broad plasmon response and an often unknown
solution phase chain conformation, a quantitative analysis of
the plasmonic properties of 1D nanoparticle chains made by
chemical methods as a function of chain composition and
geometry is difficult to obtain by ensemble spectroscopy techni-
ques. In order to solve this problem, correlated structural imaging
and optical spectroscopy on the same isolated nanoparticle
chains can be performed (as also described in section 2.5). Single
particle spectroscopic techniques have proven to be ideally suited
for examining and distinguishing distributions in heterogeneous
samples of molecules.336,337 However, because of the limited
spatial resolution of optical microscopy, it is furthermore neces-
sary that each individual nanostructure to be probed optically
is also imaged by SEM or TEM to understand complex
structure�function relationships. Using specifically patterned
substrates that allow one to identify the same nanoparticles in
electron and optical microscopes has made it possible to match
plasmonic properties with the morphology of single nanoparti-
cles and nanoparticle dimers.58,176,177,338�347 A few such studies
exist also for extended 1D nanoparticle chains prepared by
chemical synthesis and assembly.320,348�351 For example, Odom

and co-workers measured the polarized dark-field scattering
spectra of single Au/Ni bimetallic pyramid chains that were
several hundred micrometers long and were aligned by applying
an external magnetic field.320,348 Figure 23 shows ensemble and
single chain scattering spectra with the chain morphology given
by the SEM images in the insets.320 The polarization-dependent
spectra demonstrate that the plasmon resonances are mainly
polarized parallel to the chain axis.

Another example of correlated structural and optical imaging
of nanoparticle assemblies is given in Figure 24. Chang et al. have
used polarization-sensitive dark-field microscopy and spectros-
copy to investigate the near-field plasmon coupling of 40 nm gold
nanoparticles that were self-assembled into rings having dia-
meters of 5�10 μm.350 Scattering spectra recorded along the
ring circumference display multiple red-shifted plasmon reso-
nances, polarized parallel to the quasi-1D assembly. Because of
the absence of a ring diameter dependence for the spectral
position of the collective plasmon peaks, the observed modes
have been assigned to multipolar longitudinal resonances of local
ring segments. The emergence of several new collective reso-
nances is qualitatively different from the single red-shifted peak

Figure 23. (a) Ensemble scattering spectra of six isolated and randomly
orientated Au/Ni pyramids. (b,c) Polarized scattering spectra of 1D
chains that were 5 (b) and 17 (c) μm long as shown by the SEM images
in the insets. The excitation polarization is also displayed in the inset of
panel b. The increased scattering intensity at longer wavelengths for
excitation polarized parallel to the chain axis indicates longitudinal
plasmon coupling along the chain of pyramids.320 Reprinted with kind
permission from ref 320. Copyright 2007 Wiley-VCH Verlag GmbH
& Co. KGaA.
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due to the bonding dipole mode observed in other nanoparticle
chains.253�255,257,278 This difference has been attributed to phase
retardation effects caused by the large ring thickness of about
100 nm because the rings were several nanoparticles wide, which
is also consistent with the fact that multipolar plasmon reso-
nances in nanorods gain strength with increasing nanorod width
as discussed more in the next subsection.352,353 Considering that
the individual gold nanoparticles are too small to support multi-
polar plasmon modes and considering the strong polarization
dependence of the dark-field scattering spectra, the plasmon
resonances of the nanoparticle ring shown in Figure 24 suggest a
collective coupling over several nanoparticles in these quasi-1D
nanoparticle assemblies.

The short interparticle distances and resultant strong plasmon
coupling achievable in assemblies of colloidal nanoparticles is
expected to lead to improved collective properties as well as
interesting new phenomena. Further advances in the controlled
large scale fabrication of specific nanoparticle based structures
are still needed. Plasmonic waveguiding, for example, has been
reported on a random dendritic aggregate of 50 nm silver
nanoparticles.354 Surface plasmon mediated energy transfer
occurred over a very long distance of 99 μm. However, the
absence of an overall aggregate shape prevented directional
plasmon propagation, which is a requirement for building and
integrating a functional plasmonic waveguide.

4.3. Continuous 1D Nanostructures
Multipolar surface plasmon modes in large nanorods result

from phase retardation effects, which lead to broadening and red
shifts of the dipole mode as well as excitation of higher-order
plasmon resonances at shorter wavelengths.347,352,355�358 When
the size of the nanoparticles becomes comparable to the wave-
length of the interacting light, the electrons cannot all be excited
in phase with each other. Higher-order plasmon modes in

nanorods have been visualized directly by near-field scann-
ing optical microscopy,359�361 cathodoluminescence spectro-
scopy,362 and photoelectron emission microscopy.363,364 They
can be interpreted as standing waves with the longitudinal
plasmon resonance occurring when the nanorod length equals
about half the resonant wavelength.352,353,355,357,365�369 Higher-
order modes occur at multiple integers of the fundamental dipole
mode. This scaling similarity has invoked the analogy of plas-
monic nanowires to antennas operating at radio and microwave
frequencies. The similarity to radio antennas has therefore
sparked interest in using plasmonic nanorods to concentrate
and localize optical radiation, beating the diffraction limit of
conventional optics. Theoretical modeling of the plasmon
modes of metallic nanoantennas has revealed, however, that
the nanowire length is typically less than half the wavelength
of the dipole resonance because the metal is not a perfect
conductor at optical frequencies.357,365 Furthermore, the reso-
nance maxima depend not only on nanorod length but also on
nanorod width.

Experimental characterization of nanorods and nanowires
supporting multipolar plasmonmodes has been carried out using
both ensemble358,367,370 and single-particle spectroscopy
techniques.347,356 Nanorods with varying length and diameter
can be prepared chemically by a seed-growth method,347,371�373

electrochemical deposition of metals into porous aluminum
oxide templates,358 or electron-beam lithography.367 An inter-
esting study by Kim et al. reported that the plasmon resonances
of large gold nanorods prepared by electrochemical deposition
into aluminum oxide templates are preserved when the rod is
broken up in smaller pieces by inserting metal spacers in between
two smaller gold nanorods.358 Nickel was chosen as the spacer,
which allowed for plasmon coupling between the gold blocks and
thereby preserved the overall plasmon modes compared with the
continuous nanorods.

Figure 24. (left) (A) Dark-field scattering and (B) SEM images of a ring composed of 40 nm gold nanoparticles. (right) (A) Scattering spectra of a
single nanoparticle, local segments of the ring marked by the green (C) and red (E) squares in the SEM image, and a random aggregate (G). The thick
(thin) lines represent scattering spectra recorded with the detection polarization parallel (perpendicular) to the long axis of the ring segment. The SEM
images in the middle show the corresponding structures probed by the scattering spectra with the detection areas marked by colored circles. Panels B, D,
F, and H illustrate the polarization dependence of the scattering spectra, which was probed at the three scattering maxima for the ring segments.350

Reprinted with kind permission from ref 350. Copyright 2009 American Chemical Society.
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In addition to these antenna modes, nanorods and nanostripes
support propagating plasmon modes. Plasmon waveguiding has
been observed in metal stripes fabricated by electron-beam
lithography374�378 and chemically grown nanorods.113,379�388

Improved plasmonpropagation can be achieved in single-crystalline
nanorods prepared by colloidal synthesis techniques because
these wires contain fewer internal defects and have smooth
surfaces, which reduce scattering losses.380,385,386,387,389�393

For example, silver nanowires sustain plasmon propagation over
distances of more than 10 μm at near-infrared wavelengths.379

For plasmonic nanowires shorter than the propagation length,
excitation at one nanowire end and coupling of the plasmons
back into free space at the other end can be observed directly in the
far-field by emission of photons, because the symmetry breaking at
the tips allow for momentum matching between plasmons and
photons.380,381,386,387,394 Similarly, sharp kinks in bent wires can
also act as local output as well as input couplers. Dickson and
Lyon have demonstrated distal end emission for silver and gold
nanowires, which strongly depends on the incident wavelength
consistent with the metal dielectric functions.379 Figure 25A
shows end excitation, plasmon propagation, and distal end
emission for gold and silver nanowires at 532 and 820 nm.
Compared with the gold nanowire, light output is also observed
for 532 nm excitation in the silver nanowire because silver is less
lossy. In addition to end emission, part of the propagating
plasmon wave is reflected at the nanowire ends creating a
nanowire Fabry�Perot-type resonator.385,389,395,396 The emitted
light intensity by itself is therefore often not a sufficient para-
meter for measuring the plasmon propagation length. However,
the plasmon decay distance can be determined in the far-field using
multiple or variable input and output couplers such as nanopar-
ticles and other plasmonic as well as dielectric waveguides that
are positioned at different locations along the nanowire.113,380,386

On the other hand, with near-field techniques such as near-
field scanning optical microscopy or photoemission electron
microscopy, the plasmon propagation length can be measured
directly.364,385,396�398 Especially powerful is the use of phase-
sensitive detection in near-field scanning optical microscopy,
which allowed Verhagen et al. to investigate the excitation of
propagating surface plasmons in gold nanowires by adiabatic
mode transformation.397 Figure 25B shows near-field amplitude
and phase of a gold nanowire and a launch pad to its left
consisting of a hole array and a tapered waveguide.

By taking advantage of energy transfer between the near-field
and fluorescent nanoparticles or molecules, it is possible to
indirectly visualize the near-field of propagating plasmons in
nanowires using a far-field fluorescence microscope.391,399 In-
stead of recording the fluorescence emitted from the fluoro-
phores, Solis et al. exploited the photobleaching of a thin
fluorescent polymer film coated on top of gold nanowires thereby
creating a permanentmap of the plasmonpropagation.400 Figure 25C
illustrates this method of bleach imaged plasmon propagation
(BlIPP) for gold nanowires excited at 532 nm. Fluorescence
images were collected at low excitation powers before and after
exposure of the left nanowire end to a focused 532 nm laser
beam. The nanowire was visible due to plasmonic enhancement
of the polymer fluorescence, which is bleached in response to
direct laser excitation, but also away from the laser spot along the
wire because of coupling between the propagating plasmons and
the polymer chromophores. The bleached fluorescence intensity
parallel to the nanowire, as obtained from the difference image,
gave the plasmon propagation length. Note that under these

conditions the propagation length was too short to observe distal
end emission consistent with the results in Figure 25A.

Figure 25. (A) Images of Au (b, c) and Ag (d, e) nanowires exposed to
illumination by prism total internal reflection. The dashed lines indicate
the positions of the nanowires. The excitation wavelengths were 532 nm
for (b, d) and 820 nm for (c, e). Distal end emission is observed except
for the gold nanowire excited with 532 nm light (b).379 (B) Amplitude
(b) and phase (c) of surface plasmon propagation in a gold nanowire
recorded by the near-field scanning optical microscopy. The width of the
nanowire was 150 nm and the excitation wavelength was 1550 nm.397

(C) Confocal fluorescence image of a 6 μm long gold nanowire coated
with a fluorescent polymer before (A) and after (B) continuous
illumination of the left wire end with 40 nW at 532 nm for 9 min. The
images were recorded with a lower excitation power of 4 pW. (C)
Difference image obtained by subtracting panel b from panel a. Width-
averaged intensity line sections along the nanowire from the difference
images after 2 and 9 min illumination are shown in panels D and E,
respectively. The green line is a fit to the data, which yielded a
propagation length of 1.7 μm.400 Reprinted with kind permission from
refs 379, 397, and 400. Copyright 2000 American Chemical Society (ref
379), Copyright 2009 American Physical Society. (ref 397), and Copy-
right 2010 American Chemical Society (ref 400).
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As already mentioned, coupling to other nanowires and
nanoparticles has been observed, as well as the remote excitation
of SERS from molecules located in the junctions between a
nanowire and an adjacent nanoparticle.113,114,383,384,388 Near-field
interactions of propagating plasmons with localized nanoparticle
plasmons acting as nanoantennas for local interconversion
between photons and plasmons are indeed very important,
because the direct excitation of propagating plasmon modes at
metal�dielectric interfaces is forbidden by momentum conser-
vation and hence is inefficient.113,114,384,388 Plasmon�photon
conversion through coupling to excitons of semiconductor
nanoparticles has also been demonstrated and creates even more
possibilities for integrating plasmonic components in optoelec-
tronic devices.292,401�404 Particularly interesting is plasmon
coupling between branched nanowires as recently demonstrated
in pairs of angled silver wires.405 Fang et al. found that plasmon
coupling and hence the transfer of energy between the nanowires
can be controlled through the wavelength and polarization of the
incident light, so that distal end emission occurs selectively from
either of the two nanowire ends even though only one of the
wires is excited.405 Figure 26 gives an example of two perpendi-
cularly orientated nanowires, as shown in the SEM image, and
the controlled output of light at either the same nanowire end for
excitation polarized parallel to the wire (top right) or the far
end of the other nanowire for the opposite polarization (top
left). As shown in the polar plots in Figure 26, the relative
emission intensity at the two output positions can be varied
continuously by changing the input polarization and incident
wavelength. Hence by tuning the wavelength and polarization
of the excitation light, it is possible to control the output
intensity for both wires and direct light preferentially along
either of the nanowires. Such branched nanowire configura-
tions therefore allow one to create controllable plasmon
routers, multiplexers, and logic gates for integrated circuits
based on nanowires.405

5. PLASMONIC FANO RESONANCES

In this section, we will discuss radiative interference and
coherence effects such as subradiance, super-radiance, and Fano
interference. Although this is a relatively old topic that has been
studied extensively in the context of atomic and condensed
matter physics, there has recently been a resurgence of interest
in these phenomena, more recently observed in interacting
plasmonic systems. Plasmonic nanostructures offer a very con-
venient platform for the study of coherent effects, since the
relevant interaction parameters can be tuned straightforwardly
by changing the geometry and composition of nanostructures.
The topic of Fano resonances in metamaterials and in plasmonic
systems has recently been reviewed.90,406,407 In this section, we
will therefore focus more on chemical applications than on
applications of negative refractive index materials.

The physical mechanism underlying Fano resonances is the
interference between broad continuum-like modes and narrow
localizedmodes.116While the original work on Fano interference
concerned the quantum mechanical description of autoionizing
electronic states of atoms, it has since then been demonstrated
that Fano interference is a quite common phenomenon occur-
ring in a wide range of coupled classical oscillator systems.
Perhaps the most simple example of Fano interference is
provided by the coupled harmonic oscillator model introduced
by Alzar et al.408 The essential physics of the problem, two

interfering channels, one of which undergoes an energy-depen-
dent (dispersive) phase shift, is elegantly captured by this simple
analytical model. More elaborate models based on coupled mode
theory also provide a general and physically intuitive approach
for describing Fano resonances.409,410

Although Fano interference in plasmonic structures can result
from the intrinsic interference of absorption channels such as
excitation of conduction electrons and interband transitions,411,412

we will focus here on Fano resonances caused by the more
tunable and pronounced radiative interference between plasmon
modes. The key elements underlying these Fano resonances are
radiative interference and symmetry breaking. In the following
subsection, we will illustrate how structural control of strongly
coupled nanostructures can be used to control radiative inter-
ference for the creation of broad (super-radiant) and narrow
(subradiant) modes. In subsection 5.2, we will discuss how the
structural symmetry breaking of a nanostructure can introduce a
coupling between subradiant and super-radiant modes and
enable Fano interference. In the Applications subsection 6.2,
we will discuss how Fano resonances can be used in sensing
applications.

5.1. Subradiant and Super-radiant Plasmon Modes
The line width of a plasmon mode is proportional to its

lifetime, which is determined by damping mechanisms. The
damping of plasmon modes occurs through nonradiative and
radiative processes. The nonradiative intrinsic damping pro-
cesses, such as electron�hole pair excitations and coupling to
phonons, are proportional to the imaginary part of the dielectric
permittivity at the wavelength of the plasmon. For small nano-
particles, intrinsic damping is the dominant decay mechanism.

Figure 26. (a, b) Optical images of a pair of branched silver nanowires
excited with a 633 nm laser at one of the wire ends. The red arrows
indicate the direction of excitation polarization. The inset in panel a
shows a SEM image of the two silver nanowires orientated perpendicular
to each other. For panel a, the input polarization is adjusted so that
all light output occurs at the end of the second wire, position 2, while in
panel b, the polarization is optimized for output at the distal end
of the wire that is excited, position 3. (c) Emission intensity as a function
of excitation polarization θ detected at positions 2 (black) and 3 (red).
Excitation was carried out at position 1 with a wavelength of 633 nm.
(d) Same as in panel c for 785 nm excitation.405 Reprinted with
kind permission from ref 405. Copyright 2010 American Chemical
Society.
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Radiative damping depends on the multipolar symmetry of the
plasmon. Although quadrupolar and higher multipolar charge
oscillations in principle can radiate, the dominant damping
channel for such modes in submicrometer size particles is
intrinsic damping.

The total damping of a dipolar charge oscillation is propor-
tional to the square of the second time derivative of its dipole
moment. Since both the dipole moment and the effective mass of
a plasmon resonance are proportional to the volume of the
nanoparticle, the effective radiative damping of a dipolar plasmon
will be proportional to the nanoparticle volume. For dipolar
plasmon resonances of nanoparticles of overall diameters larger
than 50 nm, radiative damping is typically the dominant decay
channel.413,414

For a general asymmetric nanostructure, the plasmon modes
will have a mixed multipolar composition and several modes may
possess finite dipole moments. The damping of such plasmon
modes is proportional to the dipolar admixture. Plasmon reso-
nances with small dipole moments are typically referred to as
“dark” modes, while modes with a larger dipole moment are
referred to as “bright” modes. An example of a simple dark
plasmon mode is the antibonding longitudinal dipolar dimer
mode discussed in subsection 2.2, where the instantaneous
dipolar moments of the two interacting nanoparticles are 180�
out of phase, resulting in a cancelation of the total dipole moment
of the mode. The probability for excitation of a plasmon mode
using an incident plane wave is roughly proportional to the
square of its dipole moment (in the strongly retarded limit, the
multipolar components of a plane wave can cause direct excita-
tion of multipolar plasmon modes). Thus bright modes will be
visible in the optical spectrum and will be broadened. Dark
modes cannot be excited with plane waves and are not radiatively
broadened. However, dark modes can be excited using near-field
excitation or fast electrons, as in electron energy loss spectro-
scopy.56,292,415�417 Dark modes are of significant interest in many
plasmonic applications, since they can be excited to large quantum
numbers (plasmon amplitudes) and provide large EM field
enhancements.418�420

Since the radiative damping is proportional to the square of
the acceleration of the charges in a system, the total radiative
damping in an interacting plasmonic structure can exhibit inter-
ference effects. For instance, for an ensemble of N nanoparticles,

the total dipole moment is the sum of the dipole moments of the
individual particles,

PB
tot ¼ ∑

N

i¼ 1
pBi

where pBi is the dipole moment of particle i. For a system of
identical particles where all the particles oscillate in phase, the
total dipole moment is thus PBtot = NpB, leading to an enhanced
radiative damping rate of R = N2::P2. Such a collective enhance-
ment of the damping rate of a bright plasmon mode is a
classical analogue of the quantum optical phenomenon of
super-radiance. For a plasmon mode where the individual
nanoparticles oscillate out of phase, the total dipole moment
PBtot = 0, and the mode does not radiate. Such a dark plasmon
mode is the classical equivalent of a subradiant mode. We
emphasize that the terminology of subradiance and super-
radiance are quantum optical phenomena and considerably
more intricate than what is discussed above. In the present
discussion, which concerns plasmons, our terminology refers to
their classical analogues.

Radiative interference effects can be particularly important
for arrays of nanoparticles and extended planar nanostructures,
where both narrow subradiant and broad super-radiant modes
can be excited for different angles of incidence.249,421,422

In Figure 27, examples of hybridized sub- and super-radiant
plasmonmodes in lithographically fabricated concentric ring�disk
cavities (CRDC) are shown.384,423�425 In Figure 27A, the
plasmon hybridization scheme for this structure is illustrated.
The relevant parent modes are the dipolar disk and ring modes
illustrated with the blue and red arrows. Since the system is
cylindrically symmetric, the interaction between disk and ring
plasmons is diagonal in multipolar index, that is, dipolar disk
modes will not interact with quadrupolar or higher multipolar
ring modes and vice versa. The resulting hybridized modes are a
bonding mode with opposite alignment of the ring and disk
dipoles and an antibonding mode with a parallel alignment. The
bonding mode with its reduced total dipole moment is sub-
radiant, and the antibonding mode is super-radiant. Figure 27B
shows the measured and calculated extinction spectra for CRDC
and for the individual disk and ring. The figure clearly shows the
reduced width of the bonding mode compared with the parent

Figure 27. Sub- and super-radiance in a concentric ring�disk cavity. (A) Schematic showing the orientation of the dipole moments of the disk and the
ring plasmons in the hybridized states. (B) (left) measured extinction spectra for individual disk, CRDC, and ring; (right) calculated spectra.425

Reprinted with kind permission from ref 425. Copyright 2010 American Chemical Society.
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disk and ring modes. By increase of the disk diameter while the
ring structure is fixed, the bonding mode becomes increasingly
subradiant and narrows further.423,425

As discussed in the introduction to this section, Fano reso-
nances result from the interference between continuum-like
broad super-radiant modes and narrow subradiant modes. In
the next subsection, we will show how symmetry breaking can
introduce a coupling between such modes.

5.2. Symmetry Breaking and Plasmonic Fano Resonances
Even the simplest possible symmetry breaking, such as repla-

cing one of the nanoparticles in a nanoparticle dimer with a
differently sized particle, can lead to coupling between dark and
bright modes.426,427 Another simple example of symmetry break-
ing is depositing a spherical or cubic nanoparticle on a dielectric
substrate as discussed in subsection 2.4. The anisotropic screen-
ing introduced by the dielectric substrate (image potential) can
mediate a hybridization of the dipolar and quadrupolar plasmon
modes of the nanoparticle resulting in a multiply peaked
scattering spectrum including Fano interference.105,428 A large
number of recent papers have investigated how more complex
structural symmetry breaking can introduce a coupling between
dark and bright plasmon modes, resulting in a multitude of new
plasmon resonances in the optical spectra.57,59,61,62,429�442

For a well-developed Fano resonance, it is also required that
the dark mode spectrally overlap the bright mode. Such a spectral
overlap can be achieved by tuning the geometry of the nano-
structure. If the dark mode is positioned outside the continuum
of the bright mode, it will show up as a weak symmetric resonance.
The reason that the dark mode appears in the optical spectrum is
its interaction with the bright mode, which results in a hybridized
mode with some admixture of the bright mode with its larger dipole
moment. As the energy of a dark mode approaches the energy of
the bright mode, the Fano interference results in a resonance of a
characteristic asymmetric line shape. If the dark mode is tuned
to lie at a similar energy as the bright mode, the Fano interference
results in an antisymmetric line shape, an antiresonance. This
situation is commonly referred to as plasmonic electromagneti-
cally induced transparency (EIT). Again, this terminology is
borrowed from the significantly more complex quantum optics
EIT concept. However, the effect on light transmission is qualita-
tively the same. Over a narrow wavelength window, the nano-
structure does not scatter or reflect light but appears transparent.

Much work has been done recently on plasmon-induced
EIT and Fano resonances in lithographically fabricated
structures.52,60,292,442�453 In Figure 28, we show a few examples
of Fano interference in systems that have been fabricated and
characterized experimentally. Figure 28A shows a Fano reso-
nance in a symmetry-broken plasmonic nanowire array consist-
ing of displaced nanowire dimers.452 The hybridization diagram
shows how bonding (antisymmetric) dark and antibonding
(symmetric) bright plasmon modes are formed from the inter-
action of the wire plasmons. The dark bonding mode shows up as
a shoulder on the continuum of the bright antibonding mode.
Such hybridization is expected for transverse polarization in a
nanoparticle dimer.427 Figure 28B shows theoretical investiga-
tions of EIT in a nanorod trimer.442 A pronounced Fano
resonance shows up in the electric field enhancements indicated
by the red arrow in the top panel. Figure 28C shows the measured
and calculated extinction spectra from a trimer structure.449 A
Fano resonance appears around 800 nm for vertical polarization.
The charge density plots at the bottom show that the interference

is caused by a dark collective plasmon mode consisting of
individual dipolar nanorod modes oriented such that the dipole
moment is very small. Figure 28D shows the effect of symmetry
breaking in a gold quadrupolar antenna consisting of two
vertically aligned nanorods and one horizontal rod.447 For the
symmetric configuration (top panels), no Fano resonance is
observed. As the horizontal bar is displaced downward, a
pronounced Fano resonance appears in the reflectance spectra
due to the interference of the dipolar and quadrupolar modes.

Figure 29 shows some other recent examples of Fano reso-
nances in lithographically fabricated structures where the inter-
ference is due to symmetry breaking. Figure 29A shows the
transmission spectra of asymmetric coupled gold split-ring
resonators.453 The Fano resonance is caused by the interference
of two hybridized modes, a bonding dark dipolar mode and an
antibonding bright mode. The figure shows the effect of the EM
coupling.With decreasing separation between the two structures,
the dark bonding mode red shifts with respect to the bright mode
resulting in less spectral overlap and a weaker Fano resonance.
Figure 29B shows a more complex structure fabricated on an
elastic substrate.454 The degree of symmetry breaking can be
controlled by stretching the substrate. This highly original
structure offers interesting possibilities for dynamical tuning of
the optical properties of metamaterials, with significant potential
in chemical and biomolecular sensing applications and as an
optical switching device. Figure 29C shows the hybridization
diagram for a gold nanocross cavity consisting of a cross (X-
structure) near a nanorod (I-structure).455 The XI structure
supports several different and very sharp Fano resonances caused
by the interference of the quadrupolar and dipolar modes of the
individual X and I structures. The two major resonances are a
bonding quadrupolar X-mode (BQD) around 1100 nm and a
subradiant bonding dipolar mode (BDD) around 1600 nm. In
the hybridization diagram, to clearly see the dark quadrupolar
resonance for the individual X-structure, it is necessary to
increase retardation by using light of grazing incidence.422 Both
the BQD and BDD modes show significant potential for LSPR
sensing and will be discussed in section 6.

One problem with lithographically fabricated nanostructures
is that their surfaces can be rough and surface scattering
contributes to plasmon damping. This results in additional
broadening and less sharp Fano resonances. Chemically fabri-
cated nanostructures are more monocrystalline and typically
exhibit less broadening due to defects. Fano resonances can also
be seen in chemically fabricated nanostructures, such as
Fanoshells.82 The Fanoshell particle is a simple metallodielectric
nanomatryushka, consisting of a metallic core surrounded by a
dielectric spacer and then a metallic shell. The center of the
metallic shell is displaced with respect to the center of the
metallic core.82 This particle has similar optical response to the
nonconcentric nanoegg consisting of a dielectric core sur-
rounded by a metallic shell of nonuniform thickness.456 Due to
the symmetry breaking introduced by displacing the core, the
dipolar modes of the inner core can interact with quadrupolar
and highermultipolar plasmonmodes of the outer shell, resulting
in Fano interference. The resulting Fano resonance is almost
isotropic, that is, independent of the polarization of the incident
light, which is important in metamaterials applications.

Fano resonances can also be observed in nanoparticle clusters
of sizes ranging from simple heterodimers,427 trimers,387 and
quadrumers457 to larger aggregates such as heptamers.458�463

The larger nanoparticle aggregates are commonly referred to as
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plasmonic oligomer and exhibit a range of interesting properties.
For regular and symmetric oligomers, the description of the
collective plasmon modes can be simplified using group

theory.141,464 Cluster modes within the same irreducible repre-
sentation can interact through their near-fields. Fano resonances
in symmetric oligomers are caused by the interaction of a broad

Figure 28. Fano resonances in symmetry-broken nanostructures. (A) Gold nanowire lattice: (left) geometry; (right top) reflection spectrum; (right
bottom) plasmon hybridization showing the interaction of the wire plasmon modes.452 (B) Nanorod trimer: (top) geometry; (middle) real and
imaginary part of the electric near-field at the red arrow in the top panel; (bottom) electric field enhancements.442 (C) Extinction spectra for a gold
“dolmen” structure as shown in panel B: (top) measured extinction spectra; (middle) calculated extinction spectra for horizontal (red) and vertical
(blue) polarizations. The bottom panels show the plasmon-induced charge densities for the bright (orange dot) and the dark (blue) modes causing the
Fano interference.449 (D) Gold quadrupole antennas: (left) geometry; (right) measured reflection (black) and calculated (red).447 Reprinted with kind
permission from refs 452, 442, 449, and 447. Copyright 2008 American Chemical Society (ref 452), Copyright 2008 American Physical Society. (ref
442), Copyright 2009 (ref 449), and Copyright 2010 American Chemical Society (ref 447).
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super-radiant mode within a specific irreducible representation
with dark modes within the same symmetry representation. For
symmetric oligomers with more than four nanoparticles of
sufficient size, dark modes with the same symmetry as the bright
mode and that spectrally overlap the bright mode are present,
and plasmonic Fano resonances are the rule rather than the
exception.459 For smaller oligomers such as the trimer52,142 or the
quadrumer,457 symmetry breaking is typically required to induce
an interaction between the bright and dark modes.

Figure 30 shows a few examples of Fano resonances in
plasmonic oligomers. In Figure 30A, we show the scattering
spectra of a symmetric heptamer.462 The top panel shows the
plasmon induced charge distribution for the bright mode around
1150 nm and dark mode around 1450 nm. The dark mode
induces a clear asymmetric Fano resonance in the extinction
spectrum. The two lower panels show the measured and
calculated scattering spectra for the structure. In Figure 30B,
the transmission spectra for different heptamers are shown for
varying interparticle separation.461 The data beautifully illustrate
the effect of interparticle coupling strength on Fano interference.

6. APPLICATIONS

As the field of plasmonics has matured over the past couple of
decades and researchers have developed ever more sophisticated
control over the design and synthesis of nanoparticles with
controlled functionality, numerous applications have been

developing. From the earliest experiments in surface-enhanced
Raman spectroscopy (SERS),16,465 plasmon-enhanced fluo-
rescence,466,467 to the latest applications in biomedicine,468,469

on-chip waveguiding272,470 and catalysis, systems of coupled
plasmons are leading the way to new technological advances. A
comprehensive review of applications that use individual plas-
monic nanoparticles is included in a previous paper in Chemical
Reviews.471 This section focuses on some real-life applications,
especially biomedical in nature, that directly depend upon
strongly coupled plasmons and their properties.

6.1. Plasmon Rulers
The formation of a coupled plasmonic nanoparticle pair

produces two notable optical signatures: (1) a strong red shift
of the plasmon resonance seen in its extinction spectrum and (2)
a greatly enhanced field in the interparticle junction formed when
the two nanoparticles approach each other. Both of these yield a
strongly polarization-dependent response due to the orientation
of the interparticle axis of the dimer. These unbleachable,
nonblinking, straightforwardly monitored optical properties en-
able us to use pairs of nanoparticles to monitor nanoscale
distances optically and to observe dynamical changes in nano-
scale distance induced by chemical or biological processes on the
nanometer length scale. The two optical signals enable two types
of nanometer-scale metrology tools: one that can monitor
interparticle distance according to its color response70,173 and
one that can monitor nanoscale aggregation events by the

Figure 29. Fano resonances in symmetry-broken gold nanostructures. (A) A symmetry broken split ring resonator:453 measured (top) and
calculated (bottom) transmission spectra for different nanostructure separations. (B) Fano resonances in a symmetry-broken structure fabricated
on a stretchable substrate for different substrate stretchings:454(top) reflection spectra; (bottom) electric field enhancements. (C) Plasmon
hybridization diagram in a nanocross cavity:455 (top) measured extinction for a nanocross for normal (blue) and side (gray) illumination;
(middle) measured extinction for the interacting structure; (bottom) measured extinction spectrum for the I-structure. Reprinted with kind
permission from refs 453�455 Copyright 2010 Optical Society of America (ref 453) and Copyright 2010 (ref 454) and Copyright 2011 (ref 455)
American Chemical Society.
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formation of a hot spot and the production of a SERS signal.472

Both types of monitors are developing increased use in the study
of dynamical biological processes at subcellular distances.

The concept of the “plasmon ruler” was first demonstrated by
linking a pair of small noble metal nanoparticles to each other
using a double-stranded DNA tether (Figure 31A).473 In this
structure, the nanoparticle pairs are not “dimers” in the plasmo-
nic sense, since the tethers used may be significantly longer than
the nanoparticle diameters. The DNA tether is flexible, however,
and a color change due to decreased interparticle distance is
produced whenever there is a shortening of the tether. There are
many biochemical processes that involve the interaction of DNA
with other molecules, these interactions can result in the folding
or buckling of the DNA tether.474,475 As such, these processes can
be monitored by the plasmonic dimer color change as the
interparticle distance is decreased. This device has been used
to study DNA-binding enzymes, specifically the type II restric-
tion endonuclease EcoRV, an enzyme that bends the DNA prior
to splicing it.474,475 In addition to the study of DNA�protein
dynamics, there are also small molecules of therapeutic impor-
tance in cancer (e.g., cisplatin) that are known to bend and kink
DNA chains, interfering with the cell reproductive cycle. Plas-
mon rulers may also be useful in the study of viable drug
candidates with this function. Other tethers, such as RNA or
proteins, are equally of interest in the design of plasmon rulers,
for the study of biochemical processes in which those types of
molecules participate. In addition to studying the cleavage
kinetics of specific nucleases, these types of experiments also
allow the observation of the role of various molecular cofactors
that modulate the enzymatic process. This approachmay provide
more quantitative ways to directly monitor complex biological
processes such as enzyme regulation.474

While an ideal tool for the study of biological processes, the
plasmon ruler concept can also be used to develop an optical
strain monitor.476 By fabricating a 2D array of interacting
nanoparticles on a flexible substrate, strain of flexion induced
on this patterned substrate will be visible optically. A 2D plasmonic
array allows the directional monitoring of strain in the 2D
structure by the polarization dependence of the observable
optical color shifts.

Plasmon rulers based on the enhanced SERS response of
nanoparticle dimers can also be used to study specific biological
events. While this approach does not facilitate an optical “read-
out” of interparticle distance, it provides a strong optical signa-
ture when two nanoparticles are in close proximity. This
approach was recently used to study the dynamics of receptor
aggregation on cells.472 Cells have receptors on their surfaces that
mediate virtually all cellular signaling and communication pro-
cesses. When specific molecules bind to cellular receptors, these
receptors can aggregate on the cell surface, a process that can
then initiate specific intracellular events. An example of this is the
binding of certain specific molecules, such as adrenaline, to the
andrenergic receptors on the surface of cardiac cells, which
trigger the contraction of these cells and the beating of the
mammalian heart. Receptor aggregation is vital to this process,
but our ability to monitor the aggregation of receptors on cell
surfaces is quite limited. Plasmonic nanoparticles, bound to specific
cell surface receptors, can be designed to produce a SERS signal
upon pairwise (and cluster) aggregation (Figure 31B). This
detectionmethod can be overlaid with other cell imagingmodalities
to identify the onset and the specific location of the combined
plasmonic�receptor aggregates.

Figure 30. Fano resonances in plasmonic nanoparticle oligomers. (A)
Fano resonance in a nanoshell heptamer:462 (top) plasmon-induced
charge distribution; (middle) measured scattering spectra for different
in-plane polarization; (bottom) calculated scattering spectra. (B) Fano
resonances in a variety of lithographically fabricated plasmonic disk
oligomers with different nanoparticle separations:461 (left) measured
transmission; (right) calculated transmission. Reprinted with kind
permission from refs 461 and 462. Copyright 2010 AAAS (ref 462)
and Copyright 2010 American Chemical Society (ref 461).
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6.2. Localized Surface Plasmon Resonance (LSPR) Sensing
The plasmon resonance frequency of a nanoparticle or

nanostructure is determined by the frequency-dependent di-
electric function of the metal, the shape and size of the
nanoparticle, and the dielectric function of the surrounding
media.413,414,477 Wet chemical synthesis methods have made it
possible to fabricate plasmonic nanoparticles with a variety of
shapes (spheres, triangles, rods, cubes, stars, bipyramids, nano-
shells, nanorice, etc.).373,478�488 The localized surface plasmon
of these nanoparticles can vary across the visible into the near-
infrared region.489

Modifying the embedding medium leads to a change in the
spectral position of the plasmon resonance. Localized surface
plasmon resonance (LSPR) sensing is based on monitoring this
spectral change due to changes in the surrounding medium.490,491

The LSPR sensitivity of a plasmonic nanoparticle is typically
evaluated by its figure of merit (FoM),488 defined as the ratio of
the plasmon frequency shift per refractive index unit change in
the surrounding medium divided by the width of the spectral
resonance peak. This accounts for both the absolute shift in the
resonance peak position and the width of the resonance in
defining the sensitivity of an LSPR sensor. Large shifts with narrow
resonances lead to higher FoM and sensitivity. The highest FoM
reported for any individual nanoparticle is 5.4 for a sharply spiked
gold nanostar.490

Recent reports of planar nanostructures and nanoparticle
clusters that show collective plasmon modes and coherent pheno-
menon such as EIT and Fano resonances have been described in
previous sections. The Fano resonance in these clusters arises
from the interference between the coupled plasmonmodes of the
constituent nanoparticles. The narrow Fano resonances are
extremely sensitive to the surrounding dielectric environment
and shifts in a narrow line width are easier to detect. Thus
strongly coupled systems that can sustain Fano resonances hold
tremendous potential as LSPR sensors.407,424,425,449,450,459,462

One of the first predictions of the LSPR sensitivity for Fano
resonances was in the nonconcentric disk�ring cavity (NCDRC)
discussed in a previous section. Theoretical calculations of the
FoM for Fano resonant plasmon modes have suggested an
extraordinary potential for LSPR sensing. In Figure 32A, we
show the calculated extinction spectra for a NCDRC on a glass
substrate for full and partial dielectric filling of the cavity. The
spectra show a strong red shift of both the Fano resonance
around 1500 nm and the subradiant mode around 3000 nm. For
full filling of the cavity, the FoM is predicted to be 7.3 for the
subradiant mode and 8.3 for the Fano resonance.424 Clearly such
a large FoM would enable high-sensitivity LSPR sensing.

A plasmonic nanocube on a dielectric substrate can also
exhibit a Fano resonance with very large FoM. For a silver
nanocube on a glass substrate, the FoM has been measured at
5.4,488 but further optimizations of this structural motif suggests
that it may be possible to achieve FoMs of the order 10�20.428

Another simple planar structure consisting of a slot cut in a
uniform 30 nm thick gold film acting as a dipole antenna is
coupled to a slot quadrupole antenna (Figure 32C).292 The
structure supports a Fano resonance in the reflectance spectrum
when the dipole slot antenna is offset from the center of the
quadrupole antenna. The experimentally observed Fano reso-
nance in an array of these coupled antennas and the theoretically
predicted spectrum are shown in Figure 32C. The depth of the
resonance can be tuned by changing the offset between dipole
antenna and the quadrupole antennas (Figure 28D). The

Figure 31. (A) Assembly and properties of plasmon rulers. (a) Nano-
particles functionalized with streptavidin are attached to the glass surface
coated with BSA�biotin (left). Then, a second particle is attached to the
first particle (center), again via biotin�streptavidin binding (right). The
biotin on the second particle is covalently linked to the 30 end of a 33
base pair long ssDNA strand bound to the particle via a thiol group at the
50 end. Inset: principle of transmission dark-field microscopy. (b) Single
silver particles appear blue (left) and particle pairs appear blue-green
(right). The orange dot in the bottom comes from an aggregate of more
than two particles. (c) Single gold particles appear green (left) and gold
particle pairs orange (right). Inset: representative transmission electron
microscopy image of a particle pair to show that each colored dot comes
from light scattered from two closely lying particles, which cannot be
separated optically. (d) Representative scattering spectra of single
particles and particle pairs for silver (top) and gold (bottom). Silver
particles show a larger spectral shift (102 nm) than gold particles
(23 nm), stronger light scattering, and a smaller plasmon line width.
Gold, however, is chemically more stable and is more easily conjugated
to biomolecules via �SH, �NH2 or �CN functional groups.473 (B)
(left) Antibody-conjugated Ag nanoparticles designed to bind to specific
receptors on a cell surface: the nanoparticle surfaces are passivated with
bovine serum albumin to prevent permanent aggregation. When re-
ceptor aggregation occurs, the aggregated nanoparticles produce a SERS
signal. (right) Andrenergenic receptor aggregation, a process that
controls the beating of the mammalian heart, is monitored on mouse
cardiac myocyte cells using plasmon-ruler-induced SERS.472 Reprinted
with kind permission from refs 473 and 472. Copyright 2005 Nature
Publishing Group (ref 473) and Copyright 2009 American Chemical
Society (ref 472).
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sensitivity of the nanostructure was demonstrated by measuring
the reflectance spectrum in water (n = 1.332) and a 25% glucose
solution (n = 1.372). The shift in the spectral position of the
reflectance peak can be seen in the lower panel of Figure 32B. The
FoM sensitivity of this structure was calculated to be ∼3.8. The
advantage of the coupled dipole�quadrupole antenna system is
the ease of fabrication and that as an LSPR sensor the surround-
ing media can fill the slot antennas.

In Figure 32B, we show measurements of the extinction
spectra for the XI structure discussed in Figure 29C in glucose
solutions of various concentrations. Both the BQD Fano reso-
nance around 1300 nm and the subradiant BDD mode around
1800 nm exhibit large red shifts with increasing refractive index
(glucose concentration). This is particularly clearly illustrated in

the bottom panel, which is a zoom-in of the shifts of the BDD and
BQD. The measured FoMs for these two modes are 4.6 and 4.7,
respectively, only slightly smaller than the theoretical predictions
of 5.0 and 6.6.

One of the simplest nanoparticle oligomer geometries inves-
tigated for LSPR sensing is a planar heptamer cluster with one
nanoparticle in the center of a six nanoparticle ring (Figure 32D,
inset).460 The clusters were fabricated by electron beam litho-
graphy on a silicon substrate with a thick layer of SiO2. Each gold
disk in the cluster is 30 nm thick and 128 nm in diameter. Dark
field scattering spectroscopy on individual clusters embedded in
various dielectric media [air (n = 1.0), methanol (n = 1.326),492

butanol (n = 1.397),492 and index matching oil (n = 1.506, Cargill
laboratories, internal documents)] shows the spectral shift in

Figure 32. LSPR sensing using Fano resonances. (A) Theoretical calculations of the extinction spectra for a nonconcentric ring�disk nanocavity for different
dielectric fillings ε = 1 (black), ε = 1.5 (blue), and ε = 3 (red):424 (top) spectra for partial filling of the cavity; (bottom) spectra for complete filling of the cavity.
(B) LSPR sensing using glycerol solutions of different concentrations on the XI structure in Figure 29C:455 (top left) normalized extinction spectra; (bottom)
zoom-in on the extinction spectra around the BDD (bottom curves) and the BQD (top curves) for different dielectric permittivities; (top right) LSPR shift of
the BDD (blue) and BQD (red) peaks. (C) Experimental tuning of the EIR-like reflectance spectrum for the structure in Figure 28D with s = 60 nm by
changing the liquid that is adjacent to the gold nanostructures fromwater to 25% aqueous glucose solution. The increase of the refractive index fromwater (n=
1.332) to 25% glucose solution (n=1.372) causes a red shift of the resonance. Inset: enlarged figure of the reflectance peaks as highlighted by the dashed box.447

(D) (a) LSPR sensing for heptamer. Four polarized scattering spectra are shown for different media (air, black; methanol, green; butanol, blue; immersion oil,
orange). The values for the refractive indices of eachmedium are shown in the figure. (b) FDTD simulations corresponding to the experiment. (c) Linear plot
of the LSPR shifts of the Fano resonance vs refractive index of the embedding medium.460 Reprinted with kind permission from refs 424, 455, 447 and 460.
Copyright 2008 (ref 424), 2011 (ref 455), and 2010 (refs 447 and 460) American Chemical Society.
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different media (Figure 32D). The Fano resonance shows a
distinct red shift with increasing refractive index from 750 nm in
air (n = 1) to 900 nm in immersion oil (n = 1.5). Finite difference
time domain (FDTD) simulations shown in Figure 32D match
the spectral shifts observed experimentally. The FoM deter-
mined from the experimental shifts is 5.7, which is the highest
measured LSPR sensitivity for an individual plasmonic nano-
structure. This LSPR sensitivity is observed in a nanostructure
that is not optimized; therefore the sensitivity could be further
enhanced by increasing the size of the disks in the cluster and
reducing the gaps.

The concept of Fano resonance-based LSPR sensing is very
recent, and we expect that the field will advance significantly in
the near future. The structures investigated so far have not been
optimized, and it is likely that much larger FoM can be achieved
by further tuning of the plasmonic resonances or by using
different metallic materials than gold or silver.

6.3. Surface-Enhanced Raman Scattering (SERS)
Surface-enhanced Raman spectroscopy is a very attractive

spectroscopic technique because the Raman signal contains
detailed information of the vibrational levels in the analyte and
thus may be useful for chemical detection. Because the SERS
signal depends upon the 4th power of the local field (∼E4

dependence) and extremely high fields are possible in the
junctions between nanoparticles, SERS enhancement factors of
greater than 106 have been reported by numerous researchers.
This enhancement is sufficient for single or few molecule
detection making SERS an extremely useful technique for
chemical and biomolecular detection.18,493,494

The easily achieved high sensitivity of SERS also makes it an
attractive technique to study one of themost complex environments
that is not easily accessible otherwise: inside live cells.495�500

Sousa et al. reported the first in vivo SERS measurements using
aggregated gold colloid.495 Gold nanoparticles were mixed with
imidazole to form small aggregates. Imidazole is an important
organic component of many proteins and enzymes. At slightly
basic pH (pH ≈ 8), imidazole is protonated, and the positively
charged imidazole bridges the citrate-stabilized net negatively
charged gold nanoparticles.501 The extinction spectrum of the
gold nanoparticle solution before and after addition of the
imidazole (Figure 33B) shows a strong LSPR peak at 520 nm
for the gold nanoparticle in the borate buffer solution (pH ≈ 8)
without the imidazole added and a strong shift to∼800 nm after
the addition of the imidazole. The corresponding normal Raman
of imidazole in borate buffer (red curve) and the SERS spectrum
(blue curve) are shown in Figure 33A. The weak imidazole ring
mode at 931 cm�1 is highly enhanced in the SERS spectrum and
shifts to 954 cm�1.

To monitor the SERS spectrum in vivo, the Au�imidazole
solution was injected into tumors in tumor-bearing mice. A fiber
optic probe with a focal length of 7 mm was positioned 3 mm
above the tumor, and SERS spectra were collected through the
skin using a 785 nm laser and 15 s integration times. The SERS
spectrum in vivo (Figure 33C, blue curve) is dominated by the
strong imidazole ring mode. This is absent in the control
measurement (green curve) taken from tumors that were
injected with plain buffer solution.

Kneipp et al. have recently demonstrated in vitro mapping of
pH inside live cells.498,500,502 By monitoring of the pH in cells
over time, important physiological information at the subcellular
level may be obtained. The SERS spectrum of 4-mercaptobenzoic

acid (pMBA) depends upon the pH of its environment, and the
thiol moiety facilitates conjugation to gold surfaces.503 Gold
nanoparticles (30�50 nm) were incubated with 10�5 M pMBA
solution. Next the pMBA conjugated nanoparticles or nanosen-
sors were redispersed in culture medium and incubated with
NIH/3T3 (mouse fibroblast cells) grown on coverslips. Follow-
ing incubation, the cells on the coverslips were rinsed out with
phosphate buffer solution at different times. SERS spectra were
collected using a customized Raman microspectroscope. Raster
scans over single cells were carried out using a computer-controlled
x�y stage with an 830 nm laser and a spot size of ∼2 �
10�8 cm�2. Thus a complete pH map of the cell can be created.

The bright field images in Figure 34 show the cells at three
different time points when the coverslips were removed from the
media and rinsed. The dark, electron dense spots are located
where the gold nanosensors have accumulated. The SERS
spectra from the various endosomal compartments can be seen
in Figure 34A at 1 h. The raster scan image and the false color pH
map are determined from the ratio of the lines at 1423 and
1076 cm�1. The pH values range from 6.2�6.9 at 1 h to 5�7.4 at
4.5 and 6 h. The distribution of pH values at the later time points
are consistent with aging of the endosomes for this cell line.
Monitoring the pH distribution and dynamics in living cells can
lead to understanding important physiological and metabolic
processes inside the cell.

Another modality for SERS of the nucleus and cytoplasmic
regions of the cell has been demonstrated by Vitol et al.496

Aggregated gold colloid is known to be an efficient SERS
substrate. Vitol et al. have developed a SERS-active glass nano-
pipette probe that provides control over positioning the probe in
the region of interest. Hollow glass capillaries with ∼100�
500 nm tips are functionalized with poly(L-lysine) and then coated

Figure 33. (A) Raman signal of 3.9 μM imidazole in 0.33 mM borate
buffer, pH 8.0, enhanced by interaction with 17 nm Au NPs (blue
spectrum, 60 s integration) and Raman spectrum of 0.3 M imidazole in
borate buffer (red spectrum). Plots are offset for clarity. (B) UV�visible
absorption spectra of a mixture of 3.9 μM imidazole in borate buffer with
17 nm Au NPs (blue spectrum) and 17 nm Au in borate buffer (red
spectrum). Noninvasive NIR�SERS detection across skin in a tumor-
bearing mouse that received 300 μL of Au�imidazole clusters (7.8 μM
imidazole) administered locally in the tumor xenograft. SERS spectra
description: the blue curve (in vivo) is the spectrum generated by the
Au�imidazole assemblies inside the tumor with 15 s integration; red
curve (in vivo) is the spectrum from tumor prior to administration of
Au�imidazole assemblies injection with 15 s integration; green (in vitro)
is the spectrum fromAu�imidazole complexes in solutionmeasured in a
glass cuvette with 5 s integration.495 Reprinted with kind permission
from ref 495. Copyright 2006 American Chemical Society.
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with gold colloid. The time the pipet is incubated in the gold
nanoparticle solution determines the density of the attached
colloid. A dense coverage where the particles start forming
small clusters is optimal for exciting with a 785 nm laser
(Figure 35A). The glass pipettes can then be fixed in the pipet
holder of a micromanipulator. A stepper motor attached to the
micromanipulator allows the pipettes to be positioned and
inserted into the cells. The cell membrane and nucleus can be
distinguished under a microscope. The excitation laser is focused
on the tip of the pipet, and SERS spectra are collected. The SERS
spectrum from the nucleus and the cytoplasmic regions are
shown in Figure 35B. The spectrum obtained from the cell nucleus
has features primarily associated with the high amino acid
content (1076, 1222, 1264, 1328, 1361 cm�1) and with DNA
(660, 722 cm�1).498,504 The cytoplasmic SERS spectrum does
not show the DNA lines but contains peaks related to proteins
present in the cytoplasm.

The nanopipette SERS probe can also be used to monitor cells
under external stimulus. The nanopippet was inserted into the
cytoplasmic region of the cell, and an aqueous solution of KCl
was added to the medium to a final concentration of 55 mM. The
KCl provides an external trigger for cellular activity. The
presence of the KCl modifies the hydration level of the cell,
which in turn modifies the configuration and concentration of
the cytoplasmic proteins and other constituents. These modifi-
cations are monitored with SERS after the addition of KCl
(Figure 35C,D).

6.4. Surface-Enhanced Infrared Absorption (SEIRA)
While Raman spectra provides detailed information of the

vibrational levels associated with analyte molecules, a comple-
mentary technique that provides additional fingerprinting infor-
mation about the analyte is infrared absorption. Most molecules

have strong infrared absorption bands that are either weak
Raman modes or are not easily accessible by Raman scattering
measurements.505 Complementary to SERS, surface-enhanced
infrared absorption (SEIRA) can provide several orders of
magnitude enhancement of modes in the IR region. Plasmonic
substrates usually exploited are ones with a strong resonance in
the IR region. Nanowires and rodlike antennas are some of the
most popularly used substrates.119,506�508 For long nanowires,
the fundamental antenna resonances can be tuned into the IR
and provide large SEIRA enhancements. Electron-beam litho-
graphy techniques allow facile fabrication of nanorods like
antennas with varying resonances that can be tuned to enhance
modes of interest. In addition to the antenna resonances in the IR
region, arrays of nanowires with small gaps between the wires
provide additional enhancements. Pucci et al. have demonstrated
the effect of arrays of nanowires with small gaps by varying the
gap size.508 Gold nanowires of width 60 nm and height 60 nm
and lengths varying from 0.3 to 2.5 μm were fabricated on ZnS
substrates, which are transparent in the IR region of interest. The
wires were spaced either 20 or 60 nm apart along the length of the
wire and spaced 500 nm apart across their width. Figure 36A
shows a SEM image of the nanowires with a 60 nm gap.
Octadecanethiol (ODT) molecules were adsorbed onto the
nanowires as an analyte to investigate the SEIRA enhancement.
Infrared spectroscopy was performed at an IR beamline of a
synchrotron light source with a circular aperture of ∼16.7 μm.
Eighty-three wires from the sample with 20 nm gaps and 70 wires
from the sample with 60 nm gaps were interrogated within the
beam. The relative transmittance from the 20 nm gap sample is
shown in Figure 36B. For light polarized transverse to the wire,
the signal is below the noise level. For light polarized parallel to
the nanowires, a broad transmittance minimum due to the
plasmon resonance of the nanowire array is seen. The SEIRA

Figure 34. Probing and imaging pH in single live cells at different incubation times with SERS nanosensors. (i) The bright field image shows a 3T3 cell
incubated with gold nanoparticles. The displayed SERS spectra are examples for spectra measured in different cellular compartments during a raster scan
over the rectangle. The false color plot of the calibrated ratio of the Raman lines at 1423 and 1076 cm�1 displays a pH image of the cell. Scattering signals
below a defined signal threshold, that is, from places where no SERS signals exist, appear in dark blue. The values given in the color scale bar determine
the upper end value of each respective color. (ii) Distribution of pH based on SERSmapping over eight cells.502 Reprinted with kind permission from ref
502. Copyright 2010 American Chemical Society.
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bands are observed on top of this large minimum, and the inset
shows a closer view of the absorption bands. Another interesting
observation was that the signal observed from the array with
20 nm gaps is significantly larger than that observed from the
sample with 60 nm gaps even though the antenna resonance is
detuned from the vibrational levels. The comparative SEIRA
signal from both samples is shown in Figure 36C. Thus by tuning
the antenna resonance and tuning the gap size, the sensitivity of
the SEIRA measurement can be enhanced to achieve attomolar
sensitivity. Further optimization may allow even single-molecule
sensitivity.

Adato et al. have demonstrated the enormous enhancement
achievable by tuning both antenna resonance and the gap size.506

By tuning of the gap size, the in phase dipolar coupling leads to a

Figure 35. Scanning electron micrographs (SEM) of the SERS-active
nanopipette. (A) (a) The nanopipette tip covered with gold nano-
particles; (b) magnified view of the nanoparticle coverage of the
nanopipette about 10 nm away from the tip; (c) bare glass surface of
the nanopipette. (B) SERS spectra from the cell nucleus (upper
spectrum) and cytoplasm (middle spectrum) obtained with the
SERS-active nanopipette show distinctly different features. The
bottom spectrum (black line) was collected from the nanopipette
tip before insertion; 785 nm excitation laser was used. The spectra
are offset for clarity. (C) SERS spectrum collected from the nanopip-
ette tip inserted in the HeLa cell cytoplasm and (D) representative
time-resolved spectra showing HeLa cell response to treatment with
KCl aqueous solution with the SERS-active nanopipette. Time-
dependent variation of the cytoplasmic signal has been observed.
Data acquisition time was 20 s. The spectra in panel D are offset for
clarity.496 Reprinted with kind permission from ref 496. Copyright
2009 American Chemical Society.

Figure 36. (A) Scanning electron microscopic picture of two nano-
wires in an array with 60 nm inline distance produced by electron-
beam lithography on ZnS. (B) Relative IR transmittance of approxi-
mately 83 gold nanorods (L = 500 nm, width w, and height h =
60 nm) in an array with gaps of about 20 nm in x- and 5000 nm in y-
direction. Due to the resonant field enhancement the ODT vibra-
tional bands occur for parallel polarization. For perpendicular
polarization, the ODT signal remains below the noise level. The
inset shows a zoom to the vibrational signals of ODT. (C) Compar-
ison of spectral extinction cross-section (normalized to the geome-
trical cross-section) of one nanowire covered with an ODT
monolayer in an array with gap size 60 nm and gap size 20 nm.508

Reprinted with kind permission from ref 508. Copyright 2010 Wiley-
VCH Verlag GmbH&Co. KGaA.
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collective excitation of the array providing large enhancements in
the IR region. Adato et al. have called the combined effect
“collectively enhanced IR absorption” or CEIRA. The collective
enhancement due to both effects can easily reach 104�105,
enough to achieve zeptomolar detection limits or ∼145

molecules per nanowire. The gold nanoantenna arrays were
fabricated by a masking and liftoff technique. Figure 37A is an
SEM image of the nanoantenna array, and Figure 37B is a
reflectance spectrum of the arrays of 1100 nm length and
different periodicities. As compared with the sample with ran-
domly arranged antennas the ordered arrays with varying spacing
show enhanced reflectances and narrower line widths. To assess
the SEIRA enhancement of the arrays, 2 nm thick silk protein

Figure 37. (A) Scanning electron microscope (SEM) images of a
periodic array. (B) Reflectance spectra of periodic nanoantenna
arrays. All of the antennas are 1100 nm long. The wavenumbers
corresponding to 1/λ Si (1, 0) for a given periodicity are indicated
by the dashed lines at the top of the figure. (C) Reflectance spectra
from the 1.6 μm periodic array before (dashed line) and after
coating of 2 nm thick protein film (solid line). Dashed vertical lines
indicate the positions of the protein amide I and II absorption peaks.
(D) Difference absorption spectra of the arrays whose spectral
characteristics before protein coating are given in panel B.506

Reprinted with kind permission from ref 506. Copyright 2009
National Academy of Sciences, U.S.A.

Figure 38. Aggregated nanoshell SEIRA. (A) Extinction spectrum
on glass: (i) experimental spectrum; (ii) calculated spectrum. (B)
Extinction spectrum on silicon spanning the near to mid-IR range.
(inset) SEM image of aggregated nanoshells on silicon substrate.
(C) (i) Normal IR absorption of pMA and (ii) SEIRA spectrum of
pMA.510 Reprinted with kind permission from ref 510. Copyright
2008 Elsevier.
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films were deposited on the arrays. Silk protein was the protein of
choice because of its ability to form uniform layers with excellent
thickness control, and the protein backbone provided a model
system for IR absorption measurements.509 Figure 37C shows
the reflectance spectrum before and after the silk film is applied.
The dashed lines in the graph show the position of the amide I
and amide II absorption peaks that define protein structures. The
SEIRA spectra from the various films in panel B are shown in

Figure 37D. The spectra correspond to the difference in reflec-
tance and clearly show the enhanced amide I and amide II
absorption peaks. In addition, the variations in the absorption
line shape and intensity as the spectral overlap between the
antenna resonance and the amide absorption changes can be
observed.

While aggregated gold and silver nanoparticles provide hot
spots where molecules trapped in the hot spot show large SERS

Figure 39. (A) Fabrication of Au nanoshell arrays. (B) SEM images of nanoshell arrays formed by drying 40 mL of aqueous solutions of CTAB-
capped Au nanoshells on silicon wafers. (C) Normal-incidence extinction spectra of monolayer nanoshell arrays (solid curves) and
submonolayers of isolated nanoshells (dashed curved) supported on glass slides. (D) SERS performance of the nanoshell arrays. SERS
spectrum of (a) CTAB and (b) pMA on nanoshell monolayer arrays. (c) SERS spectrum of pMA on the isolated nanoshells. The coverage of the
submonolayer of isolated nanoshells was determined to be 212 ( 15 particles in each beam spot according to the SEM images. (d) Empirical
SERS enhancement factors of pMA adsorbed on nanoshell arrays and the isolated nanoshells. (E) SEIRA performance of the nanoshell arrays.
(a) Normal IR spectrum of pure pMA and SEIRA spectrum of pMA SAMs on the nanoshell arrays. (b) SEIRA enhancement factors of different
IR modes calculated on the basis of the experimental spectra.511 Reprinted with kind permission from ref 511. Copyright 2007 Wiley-VCH
Verlag GmbH&Co. KGaA.
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enhancement, the aggregated colloid plasmon does not reach far
into the infrared regime to access SEIRA modes. Kundu et al.
have demonstrated the use of aggregated nanoshells as efficient
SEIRA substrates.510 Nanoshells have tunable plasmons that can
be positioned in the infrared, and in analogy with aggregated
colloid hot spots for SERS, aggregated nanoshells provide a
broad infrared band that can provide enhancement for
SEIRA (Figure 38A).

Nanoshells with [r1, r2] = [190, 210] nmwere fabricated using
a standard nanoshell synthesis protocol.483�484 The nanoshell
solution was dropped dried onto silicon wafer pieces, and the
nanoshells formed small aggregate clusters as can be seen in the
SEM micrograph in the inset to Figure 38B. The silicon
substrate further red shifts the plasmon resonance of the
nanoshell aggregates. Next the nanoshells were incubated in
a 1 mM ethanolic solution of para-mercaptoaniline (pMA).
SEIRA spectra were collected using a FT-IR spectrometer
with a liquid N2 cooled MCT detector. Figure 38C compares
the bulk IR spectrum and the SEIRA spectrum of pMA. Most
of the peaks observed in the bulk spectrum are enhanced in
the SEIRA spectrum. The SEIRA enhancement factor
from these aggregated nanoshell films was estimated to be
∼(1�4) � 104. This is one of the best reported SEIRA
enhancement factors.

Hot spots formed in the junctions of nanoshells provide
sufficient enhancement for SEIRA. Individual nanoshells with a
plasmon resonance in the near-infrared regime can be optimized
as substrates for SERS. Combining the two concepts, Wang et al.
have designed a unique 2D nanoshell array substrate with
<10 nm gaps that simultaneously enhances both SERS and
SEIRA spectroscopies.511 To form the arrays, nanoshells were
dialyzed and functionalized with the surfactant cetyltrimethyl
ammonium bromide (CTAB). Small drops of an aqueous
solution of these functionalized nanoshells were applied to clean
substrates and allowed to dry under ambient conditions. The
nanoshells dry and form hexagonal close packed arrays
(Figure 39A,B). The presence of the CTAB maintains a
∼10 nm gap between adjacent nanoshells. The physical reasons
for the electromagnetic enhancements of SERS and SEIRA in
this structure are different: the SERS enhancements occur
through resonant enhancement of the quadrupolar plasmon,
due to the nanolens effect, while the SEIRA enhancements are
due to the lightning rod effect.458

The extinction spectra of 2D arrays formed with three
different sized nanoshells are shown in Figure 39C. Each array
shows a resonance peak in two different spectral regions: A peak
in the visible to near-infrared and a broad resonance covering the
infrared regime. The arrays were evaluated as SERS�SEIRA
substrates by adsorbing pMA on the arrays. The pMA effectively
displaces the CTAB and forms a self-assembled monolayer
(SAM) on the substrate. Figure 39D shows the SERS spectrum
of the as-prepared array and the peaks associated with the CTAB
modes. After the pMA adsorption, SAMs are formed on the
arrays, the SERS spectrum is completely dominated by peaks
arising from pMA modes, and none of the CTAB modes remain
visible. The pMA SERS spectrum is highly reproducible on
different parts of the substrate with a standard deviation of less
than 10%. The SERS spectrum from a submonolayer film of
isolated nanoshells with pMA is included for comparison.
Signal enhancement factors were determined by comparing
the ratio of the intensity of the SERS mode to the Raman
intensity from unenhanced neat pMA films. The enhancement

factor calculation also normalizes for the number of pMA
molecules probed. The enhancement factors are estimated to
be 108�109 and are 10�20 times larger than those achieved for
isolated nanoshells. This represents the enhancement due to
the array and is high enough to approach zeptomolar molecular
detection limits.

The broad plasmon of the nanoshell arrays in the mid-IR
region is used to enhance the IR absorption in this region.
Figure 39E shows the IR absorption spectrum of neat pMA on a
silicon substrate along with the SEIRA spectra of pMAmeasured
on a nanoshell array. A high-quality SEIRA spectrum across
much of the IR fingerprinting region with several of the char-
acteristic vibrational modes enhanced can be observed. The
SEIRA enhancement factors were determined in the same
fashion as the SERS enhancement factor by comparing the ratio
of the SEIRA modes to the unenhanced IR modes from neat
pMA films. The SEIRA enhancement factors were determined to
be on the order of 104. No SEIRA signals were observed from
isolated nanoshell films.

This multifunctional array integrates complementary vi-
brational spectroscopies onto the same substrate and should
enable better identification of unknown molecules and
detailed investigation of molecular structure, orientation,
and conformation.

7. CONCLUSIONS AND OUTLOOK

The topic of interacting plasmons has grown in scientific and
technological importance from an interesting property of colloi-
dal chemistry to a way to control electromagnetic radiation at the
nanoscale, producing practical applications for chemical assays
and nanoscale biological research. From the first theoretical
analyses of the coupling between two metallic nanospheres to
our advanced numerical modeling of complex structures, our
abilities to understand the properties of coupled plasmonic
systems have grown substantially. Experimental observations of
nanoparticle clusters and their characteristic “hot spots” has
driven interest in this area to achieve single-molecule sensitivity
in chemical sensing and to achieve sufficient understanding of
this effect to predictively design plasmonic structures with these
properties. As a result of these efforts, a theoretical foundation
that provides simple, intuitive physical insight into coupled
plasmonic systems has emerged, based on the analogy of these
systems with the hybridized wave functions of molecular orbital
theory. The plasmon hybridization picture has led to the synthe-
sis and fabrication of new nanostructures incorporating nano-
particle�film interactions and chains of plasmonic nanostructures
for the propagation of plasmons along confined geometries.
Strongly coupled plasmon systems also extend beyond classical
electrodynamics, entering regimes where quantum mechanical
processes such as tunneling can begin to dominate the physical
properties of specific structures. As our understanding of quantum
plasmonics advances, new media with strongly coupled plas-
mon�exciton mixed states are likely to emerge, with new and
unique properties. Complex systems of coupled plasmons sup-
port a range of coherence effects, such as Fano resonances, which
can be used to modify the properties of plasmonic media. While
the past decade has seen a tremendous advance in our funda-
mental understanding of coupled plasmonic systems, with our
increased understanding of these systems and expanded experi-
mental capabilities, we anticipate even greater advances in
this field.
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