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Abstract The rapid emergence of nanoplasmonics as a novel
technology has been driven by recent progress in the fabrica-
tion, characterization, and understanding of metal-nanoparticle
systems. In this review, we highlight some of the key advances
in each of these areas. We emphasize the basic physical under-
standing and experimental techniques that will enable a new
generation of applications in nano-optics.

Critical areas driving the emergence of metal-nanoparticle plas-
monics: fabrication, characterization, and theory.
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1. Introduction

Metal nanoparticles (NPs) promise to play a central role
in the emerging technological revolution that is pushing
optics past the diffraction limit and fully into the nanometer
size regime [1,2]. The optical properties of noble metals
such as gold and silver are governed primarily by coher-
ent oscillations of conduction-band electrons, known as
plasmons [3,4]. The interaction between light and metal
NPs, in particular, is dominated by localized surface plas-
mon resonances (LSPs), or charge-density oscillations on
the closed surfaces of the particles [5, 6]. LSPs have the
ability to strongly scatter and absorb light and to squeeze
light into nanometer dimensions, producing large local en-
hancements of electromagnetic fields [7]. The science and
technology that deals with the generation, control, manipu-
lation, and transmission of these excitations in metal nanos-
tructures has recently grown into an independent research
field known as “plasmonics.”

The extensive recent research effort in nano-plasmonics
has largely been motivated by the potential for a strikingly
diverse array of applications. To cite only a few examples,
localized plasmons allow for biological spectroscopy in
drastically reduced volumes [8-10], greatly increasing the
signal strengths and resolution available in field-enhanced
spectroscopies such as surface enhanced spectroscopy [11]
and surface-enhanced infrared absorption [12]. Molecular
fluorescence can be enhanced by attached NPs [13, 14],
potentially enabling a new generation of light-emitting de-
vices and novel forms of fluorescence microscopy. The
ability of NPs to squeeze light into the nanoscale provides
near-field optical microscopy with unprecedented resolu-
tion. [15—17] Arrays of metal NPs or structured metal films
provide nanoscale control of the transmission, manipulation
and switching of optical signals. [18—-23] Advanced materi-
als composed of metal nanostructures can have the novel op-
tical properties, such as negative refraction [24-26], that are
required to realize recent predictions of superlensing [27].
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Biomolecules labeled with metal NPs can be dynamically
traced during biological processes [28,29]. Moreover, func-
tionalized NPs with appropriately tuned optical responses
are being used for cancer diagnosis and therapy [30]. For
example, metal NPs with resonances in the near infrared
can be functionalized to selectively attach to tumor cells.
Near-infrared bombardment of affected areas optically ex-
cites the NPs and thermally destroys the tumor cell. Metal
NPs can also act as antennas in laser assisted remote release
of encapsulated materials for drug delivery [31].

We can point to three main driving forces behind the re-
cent development of NP plasmonics. First, the development
of increasingly sophisticated lithographic and chemical
methods now allow the routine production of a wide variety
of complex NPs and their assemblies. The experimental
capability to create metal NPs on demand together with
the accessibility of techniques for versatile NP design have
opened the possibility to synthesize and tune metal building
blocks to control and engineer the plasmon response on
the nanoscale. This control opens completely new possibil-
ities in materials science, communications, biochemistry,
and medicine.

Second, characterization methods have advanced
greatly in the last decade by taking advantage of improved
measurement technologies. While traditional ensemble
measurements of optical absorption and scattering spectra
continue to be crucial characterization tools, enhanced
capabilities to monitor single particles, spatially map re-
sponse on the nanoscale, and access ultrafast time scales
have greatly extended the ability to probe NP plasmonics.

Finally, the modeling and simulation of the optical re-
sponse of complex nanostructures have been greatly ex-
panded, providing a detailed, quantitative understanding of
these systems. These advances have stimulated a close inter-
play of theory and experiment, which is beginning to enable
a rational design of optimized plasmonic nanostructures.

In this review, we highlight some of the key advances
in each of the areas of fabrication, characterization, and
understanding of NP plasmons. We emphasize the basic
physical understanding and experimental techniques that
will enable a new generation of applications, leaving de-
tailed discussion of such applications to other reviews. This
review is necessarily incomplete, and we encourage the
reader to consider it as a starting point for understanding
plasmons in metal NPs.

2. Fabrication

To characterize, understand and exploit metal-NP plasmon-
ics, structures must be made reliably and routinely. Fabri-
cation of metal NPs follows one of two approaches, com-
monly labeled as “top-down” and “bottom-up.” The top-
down method builds on the sophisticated microfabrication
methods that have been developed over decades for the
semiconductor industry [32]. The bottom-up method builds
upon growth and self-assembly techniques developed in

chemistry and biology. We will first discuss top-down tech-
niques for NPs, then discuss bottom-up approaches, and
will end with a discussion of fabrication for arrays and other
complicated structures of NPs.

2.1. Lithographic approaches

The most common micropatterning technique is optical
lithography; however, it is very difficult to expose features
significantly smaller than the wavelength of light used, and
the nanometer length scales required for plasmonic par-
ticles are inaccessible. Electron-beam-lithography (EBL)
can define significantly smaller features, and is the most
commonly used technique for the top-down fabrication
of metal nanostructures. To make structures by EBL, an
electron-beam resist is first deposited on a substrate, and
is then exposed by scanning a focused electron beam over
the surface. Development of the resist removes the exposed
portions. A metal layer is then deposited on the sample, and
the remaining resist is subsequently dissolved in a solvent,
so that the metal deposited on the unpatterned part of the
samples is removed. The great advantage of this technique
is that it allows the production of relatively large numbers
of nanostructures with a variety of different shapes. Al-
though the structures are necessarily “flat” (e.g., EBL can
produce disks but not spheres), nearly arbitrary 2D patterns
can be created. The technique has been used to make arrays
of disks [33], dimers of disks (see Fig. 1) [34], “bowtie”
structures [35], and other shapes, with varying interparti-
cle spacing.

An alternative top-down technique is focused-ion-beam
(FIB) etching [36]. In this method, a continuous metal
film is first deposited on a substrate. A highly energetic,
tightly focused beam of ions is then accelerated towards the
sample. The ions selectively sputter away material at their
focus, and thus can form arbitrary 2D metal nanostructures.
However, since the process involves the removal of material
and is relatively slow, it is better suited to the production of
holes in metal films than isolated metal NPs [37].

Novel lithographic techniques have recently been inves-
tigated for the definition of metal-NP arrays. For example, a
technique dubbed “soft interference lithography” has been
used to define ordered arrays of NPs with dimensions on
the order of 100 nm, over areas from 1 me to more than
10 cm? [38, 39]. This method can overcome the relatively
slow, serial processing of EBL and FIB, allowing for the
production of metal NPs in much greater quantity.

2.2. Colloidal synthesis

Despite the sophistication and flexibility of lithographic
techniques, difficulties remain in obtaining the high-quality
metal nanostructures that are needed for exploitation of
plasmon effects. It is highly challenging to use EBL or FIB
to produce features with dimensions below 5 nm—10 nm. It
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Figure 1 Scanning-electron-microscope images of particle pairs
produced by electron-beam lithography, metal evaporation, and
liftoff. The particles have diameters of 150 nm, heights of 17 nm,
and center-to-center distances of (a) 450 nm, (b) 300 nm and
(c) 150nm. Reprinted from [34], Copyright (2003), with per-
mission from Elsevier.

is thus difficult to obtain the sharp corners and nanometer-
scale interparticle spacings that are of greatest interest in
NP plasmonics. In addition, the use of metal evaporation
results in particles that consist of multiple crystal domains,
whose size, orientation, and arrangement are not well con-
trolled. This, in turn, leads to roughness on the NP surfaces
and variations in their sizes and shapes. To achieve greater
control over the atomic-scale structure of metal NPs, the
complementary technique of colloidal synthesis has been
extensively pursued.

Colloidal gold solutions, stable and red colored, were
prepared as early as the sixteenth century, and were believed
to have great value as medicines. Michael Faraday made
one of the first systematic studies of the unusual color
of these solutions, in the mid-nineteenth century [40]. By
reducing gold chloride in water with phosphorus or other
reducing agents, he produced a “beautiful ruby fluid,” and
made several clever tests to support his idea that the color
was due to a suspension of very small gold particles.

These colloidal solutions continued to attract attention
over the years, but rapid developments occurred only in
the mid-twentieth century, following the introduction of
electron microscopy. With this new technology, researchers
were able to make a systematic study of the NPs produced
by different processes [41], and reduction of gold chloride
with sodium citrate was identified as a particularly repro-
ducible method of producing NP solutions with relatively
uniform diameters. Separate control over the processes of
nucleation and growth was obtained by careful adjustment
of reagant concentration, and was shown to provide con-
trol over the average particle size while maintaining good
monodispersity [42]. The gold particles produced by this
citrate method are negatively charged, and it is this charge
that leads to their stability in solution. Addition of salt or
evaporation of the solvent leads to aggregation of the par-
ticles. If, by contrast, NPs are synthesized in the presence
of capping ligands, the particles can be stabilized by bind-
ing of the ligands to the NPs, preventing aggregation [43].
As well, growth of the NPs is controlled by the surface
coverage of the ligands, allowing for precise tuning of the
particle diameter [44].

Moreover, the use of capping molecules provides a
method for the anisotropic growth of NPs, allowing shapes
other than spheres to be controllably synthesized. The cap-
ping agents can preferentially adsorb on certain crystal
facets, so that the metal growth proceeds more quickly
from other crystal faces, and the final NP shape reflects
the geometry of these facets [45]. In the “polyol” process,
for example, silver nitrate is reduced at high temperature
by ethylene glycol, which also serves as the solvent. The
use of polyvinylpyrrolidone (PVP) as a capping agent leads
to highly non-spherical silver particles, such as the single-
crystal nanocubes shown in Fig. 2 [46]. Additional control
over the NP shape can be obtained by separating the nu-

Figure 2 Scanning-electron-micro-
scope images of silver nanocubes
produced by the reduction of sil-
ver nitrate with ethylene glycol in
the presence of polyvinylpyrrolidone.
From [46]. Reprinted with permission
from AAAS.
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cleation and growth processes: small, spherical NPs are
first nucleated using a standard reduction process, and
these seeds are then grown into larger, anisotropic particles
through a slower reduction process in the presence of a cap-
ping molecule. For example, the polyol process described
above could be modified by dividing the reduction process
into two steps, the first one involving the formation of seed
NPs, and the second one involving anisotropic growth from
those seeds; in this way, very long silver nanowires were
produced [47,48].

A different seed-mediated growth process has been
used to produce rod-shaped gold and silver NPs [49-52].
Fig. 3(a) shows an image of gold nanorods produced using
a seed-mediated method [53]. This technique can produce
atomically smooth surfaces, controllable aspect ratios, and
better than 95% yield. Moreover, the shape of the NPs can
be changed by altering the crystal structure of the seeds. For
example, starting with multiply twinned seeds, rather than
the single-crystal seeds used to produce nanorods, leads to
bipyramidal particles, as shown in Fig. 3(b). The bipyra-
mids show a remarkable uniformity in their shape and have
sharp tips, making them attractive for the the enhancement
of local fields. Starting with larger twinned seed particles
leads to more complex, star-shaped gold NPs; these nanos-
tars are approximately 100 nm in size and can have from
one to seven sharp points [54]. Finally, it is possible to
overcoat gold nanorods after growth with nanometer-scale
layers of silver. The silver shell leads to a blue shift in the
resonance wavelength of the NP plasmons; by varying the
shell thickness, a wide range of colors can be obtained, as
shown in Fig. 4. Using a different technique, gold shells
can be overgrown on SiO3 cores, producing plasmon reso-
nances widely tunable via the shell dimensions [30].

2.3. Self assembly

Compared to structures that can be fabricated using top-
down methods, the chemically synthesized NPs have the
advantage of being single crystals with nearly atomically

\
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” Figure 3 Transmission-electron-micro-
} .\ : scope images of (a) gold nanorods and

(b) gold bipyramids produced using
a seed-mediated growth process. For
growth of rods, single-crystal seeds are
d produced by reducing HAuCly with
NaBHy in the presence of cetyltrimethy-
lammonium bromide (CTAB). For the
bipyramids, a sodium-citrate-based reduc-
tion method is used to produce multiply
twinned seeds. The particles are grown

- * ;"y from these seeds using ascorbic acid as
? \pp.! the reducing agent, in the presence of
: ,x . CTAB and of silver ions, at pH = 3. Fig-
[N .
ure courtesy of M. Liu.
I
o

Figure 4 (online color at: www.lpr-journal.org) Aqueous so-
lutions of gold and gold-silver nanorods. The leftmost solution
contains gold nanorods; the other solutions, from left to right,
contain gold nanorods overcoated with silver shells of increasing
thicknesses. Core-shell structures were obtained by first stabi-
lizing the nanorods with PVP, and then reducing AgNO3s with
ascorbic acid; NaOH was used to increase the pH of the solution
and enable the reduction process. Figure courtesy of M. Liu.

smooth surfaces. The tradeoff for this improved mate-
rial quality is the difficulty of arranging colloidal NPs
into desired configurations. Unlike lithographic particles,
which can be made into any arbitrary pattern, chemically-
synthesized particles are randomly distributed in solution.
A current challenge that must be overcome before many of
the applications of metal NPs can be realized is the devel-
opment of assembly methods that can be used to order the
particles into complex patterns.

One such assembly method is based on Langmuir-
Blodgett techniques, which have long been studied for the
assembly of molecular monolayers. A small volume of
NPs in organic solvent is dispersed on water. As the sol-
vent evaporates, a sparse monolayer of the NPs forms on
the water surface. The monolayer is then compressed by
sliding a barrier across the surface. Under the right condi-
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tions, a close-packed monolayer of NPs is formed [55]. The
monolayer can subsequently be transferred intact to various
substrates by lifting the substrate through the surface layer.
This technique has recently been generalized to a variety of
different NP shapes, each resulting in a different packing
geometry [56].

An alternative method for the production of ordered
NP films involves controlled evaporation of the solvent
containing the NPs. For example, highly ordered two-
dimensional layers of gold NPs have been obtained through
self-assembly at the liquid-air interface of a rapidly evapo-
rating droplet [57,58].

A technique that has come to be known as “nanosphere
lithography” [59] combines bottom-up and top-down meth-
ods. An ordered, two-dimensional layer of polymer spheres
is assembled on a substrate by precipitation out of solu-
tion. Metal is then deposited on the entire surface, and
the spheres are subsequently dissolved in solvent, leaving
behind a metal pattern on the surface that is an image of
the gaps between the spheres [60]. Since the spacings be-
tween the spheres are smaller than the diameters of the
spheres, micrometer-scale polymer spheres can be used to
define periodic arrays of metal particles with dimensions
of hundreds of nanometers. A modification of this tech-
nique involves ion beam etching after deposition of the
metal film; the etch removes the film between the spheres,
while secondary sputtering creates a metal shell around the
spheres. Subsequent removal of the spheres thus results in
free-standing metal rings [61].

Despite their elegance, self-assembly methods can lead
only to relatively simple, periodic structures. As well,
it is difficult to avoid the existence of defects and to
achieve large-scale ordering using such techniques. To
reach the goal of creating arbitrary arrangements of metal
NPs with nanometer-scale control over interparticle spac-
ing, it will be necessary to develop novel, hybrid meth-
ods. One such approach that has recently been explored is
to guide evaporation-driven self-assembly using patterned
substrates [62, 63]. Standard lithographic techniques are
used to pattern a series of indentations or trenches onto
substrates, and NPs are deposited on the substrates using
controlled evaporation. A combination of local pinning of
the liquid contact line and capillary forces induce deposi-
tion of particles only in the trenches, as illustrated in Fig. 5.
Development of this method has the promise to allow col-
loidal particles to be deposited at a desired location and
with a desired orientation on an arbitrary substrate.

An alternative is to use selective chemical functional-
ization to guide self-assembly processes. For example, the
seed-mediated growth of rods proceeds because the sur-
factant protects the side faces better than the end faces;
this same selectivity can be used after the rods have been
grown to bind functional groups to their ends. Using bi-
otin, a small biomolecule, as the functional group, and
adding, streptavidin, a protein that has a strong affinity for
biotin, to the nanorod solution, the rods were induced to
largely assemble end-to-end [64]. A similar approach in-
volves the selective functionalization of the ends of rods

Figure 5 Gold nanorods arranged by an evaporation-driven
guided self-assembly process. The scale bar is 300 nm. Electron-
beam lithography was used to define trenches, approximately
40 nm wide. The patterned substrate was rendered partially hy-
drophilic by treating with an oxygen plasma, and was then placed
in a dilute nanorod solution. As the solution evaporated, the con-
tact line moved down the sample, leaving behind particles in the
trenches.

with carboxylic acid derivatives, which assembles the rods
end-to-end by hydrogen bonding [65]. Recently, the ends
of rods were selectively functionalized with polystyrene,
rendering them hydrophobic, while the center portions of
the rods remained hydrophilic due to their CTAB coat-
ing [66]. By adding water to a solution of these nanorods
in organic solvents, the rods were induced to organize in
different, controllable arrangements, including end-to-end
chains, side-to-side bundles, and hollow spheres. Further-
more, the spacings between rods assembled end-to-end
could be tuned simply by changing the amount of water
added to the solutions.

3. Optical characterization

The ability to controllably fabricate and assemble metal
NPs must be accompanied by an accurate understanding
of how they interact with light. The extinction spectra of
ensembles of metal NPs have been studied for many years.
However, any ensemble contains a distribution of particle
sizes and shapes, making it difficult to obtain a detailed
correspondence between the NP structure and its optical
response. To reveal the inherent optical response of metal
NPs, then, it has become necessary to study single particles.
In this section, we discuss methods used to measure the
optical properties individual NPs and review the general
conclusions that can be drawn from such measurements. We
also discuss recent attempts to probe the nonlinear optical
properties of metal NPs.

© 2008 by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 6 (online color at: www.lpr-journal.org) Schematic of
illumination and light collection in a typical darkfield microscope.
A high numerical-aperture condenser lens is used to illuminate
the sample. An annular beam stop before the condenser blocks the
center portion of the illuminating beam, so that light is incident
on the sample only at high angles. A lower numerical-aperture
objective lens is used for imaging, so that any light directly pass-
ing through the sample is not collected by the objective. Light
scattered by the sample into lower angles is collected and im-
aged by the microscope. Figure reprinted with permission from
Michael W. Davidson and The Florida State University Research
Foundation.

3.1. Linear response

Optical studies of single metal NPs started in 1903, when
Zsigmondy developed the “ultramicroscope” for his studies
of colloids [67]. The instrument illuminated particles in
solution with an intense beam of light, and light scattered
off the particles in the perpendicular direction was collected
using an objective lens. Individual particles could be seen
as bright flashes against a dark background, as they diffused
through the illuminating beam. This technique eventually
led to modern darkfield microscopy, as illustrated in Fig. 6.
Darkfield illumination and wavelength-resolved detection
of scattered light allows for the routine measurement of
the scattering spectra of single metal NPs [68, 69]. The
same sample can later be imaged by electron microscopy,
allowing for a detailed comparison between individual NP
structure and scattering spectra [70].

Closely related to the technique of dark-field mi-
croscopy is evanescent excitation, or total-internal-
reflection microscopy [71]. The particles are placed on the
top surface of a glass prism, and illumination light is sent
through the prism so that it is incident on the surface at an
angle beyond the critical angle for total internal reflection.
A microscope objective above the prism is used to collect

light. As in the case of dark-field illumination, very little
background light enters the objective, and the only signal
collected is due to scattering off individual NPs.

A different approach to probing individual metal NPs is
near-field scanning optical microscopy (NSOM) [72]. The
most common form of NSOM involves scanning a metal-
coated, tapered fiber tip in nanometer-scale proximity to the
sample surface. In illumination-mode NSOM, laser light
is coupled through the fiber, and passes through a small
aperture, typically 50 nm or less in diameter, at the end of
the tip. This light then scatters off the NPs and is collected
in the far field. By tuning the wavelength of the illuminating
laser, it is possible to determine the scattering spectra of
individual particles [73]. An alternative geometry, known
as collection-mode NSOM, involves illuminating the sam-
ple over a large area, and collecting light through the small
fiber aperture. The more recently developed “apertureless’
NSOM involves scanning a sharp probe, such as an atomic-
force-microscope tip, above an illuminated sample, and
collecting the small fraction of light that is scattered off
the probe [74,75]. All these techniques are able to achieve
resolutions of 50 nm or better, well beyond the resolving
power of a far-field optical microscope. They can thus be
used to investigate densely packed samples and can gain
direct information about the near fields of the particles. The
tradeoff for this improved resolution is a significantly more
complex experimental arrangement; in addition, interaction
between the scanning-probe tip and the particle being stud-
ied complicates the interpretation of the measured signal.

From the many measurements that have been performed
using these various techniques, a consistent picture has
emerged for the linear optical response of metal NPs with
relatively simple shapes. For diameters in the range of ap-
proximately 10 nm to 50 nm, known as the “quasi-static”
regime, the plasmon resonance frequency and linewidth is
nearly independent of the particle size; on the other hand,
the resonance is highly sensitive to the shape of the particle.
The plasmon resonance of gold nanospheres with these di-
ameters is at a wavelength of approximately 520 nm and is
broad, due to the relatively strong optical absorption of gold
in this spectral region. For silver spheres, the resonance is
at approximately 440 nm, and the linewidth is narrower. As
we discuss in Sect. 4.2, one of the simplest geometries that
allows for tuning of the plasmon resonance is a rod-shaped
NP. In this case, the plasmon resonance splits into two: a
transverse plasmon, corresponding to oscillation of elec-
trons along the short axis of the rod, and a longitudinal
plasmon, corresponding to oscillation along the long axis
of the rod. Although the transverse plasmon has approx-
imately the same wavelength as the plasmon in spheres,
the longitudinal plasmon shifts to longer wavelengths as
the aspect ratio of the rods increases. For gold rods, in
particular, this can move the resonance to regions where
the optical losses are lower, thereby significantly reducing
damping and decreasing the linewidth [69]. Forming a sil-
ver shell around the gold rods, on the other hand, shifts the
longitudinal plasmon resonance to shorter wavelengths, as
illustrated in Fig. 7 [76].

>
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Figure 7 (online color at: www.lpr-journal.org) Scattering spec-
tra of single gold and gold-silver nanorods measured using evanes-
cent illumination. The leftmost spectrum is for a gold nanorod; the
other spectra, from left to right, are for gold nanorods overcoated
with silver shells of increasing thicknesses. Figure courtesy of
M. Liu.

In Sect. 4.2, below, we explain how the plasmon res-
onance depends on the geometry of nanorods. One con-
clusion is that the quasi-static approximation is valid only
for a very limited range of nanorod dimensions. Higher-
order effects contribute for larger particles, red-shifting and
broadening the plasmon resonances. On the other hand, for
particles with dimensions less than approximately 10 nm,
the plasmon linewidth again broadens, reflecting deviations
of the material response from that of the bulk metals. These
size-dependent effects are less well understood; in particu-
lar, little is known about the crossover from the plasmonic
response of nanometer-scale metal particles, which contain
several hundreds or thousands of atoms, to the molecule-
like response of small clusters of less than 100 atoms.

The techniques described above, though, are gener-
ally unable to resolve the response of such small parti-
cles, because the scattering cross-section of NPs scales
as the square of their volume. A number of techniques
have therefore been developed in recent years to enhance
the signal-to-noise ratio for single-particle measurements,
allowing the minimum detectable particle size to be signifi-
cantly reduced. One such approach is to measure the optical
absorption of individual NPs. Since the absorption cross-
section is proportional to the NP volume, it does not fall off
as dramatically for decreasing particle diameter. Nonethe-
less, the cross-section of a 5-nm gold particle is about five
orders of magnitude smaller than the diffraction-limited
spot size of a focused laser in a high-power microscope,
so that some form of signal enhancement is necessary to
directly measure the NP absorption. Vallée and co-workers
have developed a technique where the NP is rapidly oscil-
lated over a few hundred nanometers within the laser spot,
and the resulting modulation in the transmitted light is then
detected using a lock-in amplifier [77,78].

Another method to improve contrast is to interfere the
light scattered off the particle with a reference optical beam.
In one such “heterodyne” scheme, individual NPs were
illuminated with broadband light in an illumination-mode
NSOM; in this case, the local oscillator was simply the
portion of the light directly transmitted by the sample that
did not scatter off the particle [79, 80]. Another, closely
related method involves far-field illumination of a particle
on a substrate, using a standard microscope objective, and
detection of the reflected light; in this case, the interference
is between light scattered off the particle and reference light
reflected off the surface of the substrate [81]. Finally, the
technique of differential interference contrast (DIC), com-
monly used in microscopy to enhance contrast in imaging
of transparent samples, has also been used to characterize
single metal NPs [82]. In this technique, the incident illumi-
nation is split into two orthogonally-polarized components,
which are focused onto two closely-spaced spots on the
sample. A single NP is located at one of the two spots, and
the other spot serves as the reference. Light returning from
the sample is recombined, resulting in interference between
the signal and reference beams.

A unique method involves the indirect measurement of
the optical absorption of single NPs, by probing the heating
of their surroundings [83]. A first laser pulse, resonant with
the particle plasmon, is absorbed by the particle, leading to
local heating of the environment. A second, non-resonant
laser is used in a DIC-like configuration to measure changes
in the refractive index of the heated medium. To further im-
prove signal-to-noise, the heating laser is modulated rapidly,
and lock-in detection of the probe laser is employed. This
method has the particular advantage that it is insensitive
to scattering by non-absorbing material in the vicinity of
the NP being probed. The sensitivity of this photothermal
technique was improved by replacing the DIC probe con-
figuration with a far-field heterodyne configuration [84].
By tuning the wavelength of the heating beam, the absorp-
tion spectra of individual gold NPs with diameters down to
5 nm could be resolved [85, 86]. This clearly revealed that
the plasmon resonance shifts to shorter wavelengths and
broadens as the size of the NP decreases. The increasing
linewidth is not predicted by theories that involve the bulk
optical properties of gold, verifying the existence of an
inherent size-dependent effect. This, in turn, has generally
been explained by invoking a damping of the plasmons by
the NP surfaces, but the microscopic validity of this model
remains to be determined.

3.2. Nonlinear response

Developing a more detailed understanding of the interac-
tion of light with metal NPs requires going beyond the
linear response described above. Since optical fields are
strongly confined within and around NPs, nonlinear interac-
tions can be greatly enhanced. For example, second-order
nonlinearities depend on the fourth power of electric fields,
meaning that enhancement factors should be considerable.
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Such nonlinearities are most commonly studied through
second-harmonic generation (SHG); however, the dominant
dipole contribution to SHG is cancelled in the case of cen-
trosymmetric particles, such as spheres and rods. This sym-
metry can be broken by accumulating gold nanoparticles at
a liquid-liquid interface; in this case, strong SHG signals
were observed when the generated harmonic is resonant
with the plasmon oscillation [87]. Alternatively, electron-
beam fabrication can be used to produce nanoparticles that
do not exhibit centrosymmetry [88]. The SHG signal from
such particles was used in an autocorrelation configuration
to directly measure the dephasing time of nanoparticle plas-
mons. This technique was later extended to the study of
single nanoparticles [89]. Other measurements extended
this technique by using third-harmonic generation (THG)
instead, thereby allowing centrosymmetric particles to be
studied [90]. Recently, THG signals have been obtained
from single gold nanoparticles [91]. Since essentially all
materials generate third-harmonic radiation, this observa-
tion required careful separation of the weak single-particle
signal from the large background coming from the substrate
on which the particles rested.

Such THG measurements provide information about
inherent third-order nonlinearities of metal nanoparticles.
Complementary, time-resolved measurements can be ob-
tained using techniques such as four-wave mixing [92-94]
and transient transmission [95]. The latter method, in par-
ticular, has been studied extensively, because of its ability
to reveal the fundamental properties of NP plasmons under
strong excitation and of the ultrafast dynamics of electrons
in the NPs. In such measurements, an intense “pump” laser
pulse, usually 100 fs or less in duration, is focused into a
NP solution. After a certain delay, a second, weaker “probe”
laser pulse is transmitted through the same part of the sam-
ple. The transmission of the probe is measured, and the
process is repeated for a series of pump-probe time delays,
allowing for the measurement of the temporal response of
the NPs. The probe typically covers a broad spectral band,
allowing the response to be resolved in wavelength as well
as in time.

Over the past decade, many such experiments have been
carried out, and a detailed understanding of the nonlinear
response has been developed [96-99], as summarized in
Fig. 8. The initial excitation of the NPs by a pump laser
pulse results, on time scales less than 100 fs, in the creation
of a highly non-thermal, energetic distribution of conduc-
tion electrons. The non-thermal distribution rapidly decays,
in less than a picosecond, to a thermal distribution, through
electron-electron scattering. Since the heat capacity of con-
duction electrons is low, the resulting electron temperature
can be several thousand Kelvin for typical pump powers.
The electrons then exchange heat with the lattice through
electron-phonon coupling. Since the heat capacity of the
conduction electrons depends on temperature, the decay
of electron temperature is non-exponential and dependent
on pump power, but is generally in the range of 1 ps to
5 ps. The temperature after this relaxation is typically on
the order of 10 K higher than the initial temperature. At the
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Figure 8 (online color at: www.lpr-journal.org) Flowchart of the
processes involved in the response of a metal nanoparticle to an
incident, intense laser pulse. Since the time scales involved are
well separated, the processes can be considered as sequential.

same time, the lattice exchanges heat with its surroundings,
reaching ambient temperature on a time scale that depends
on the heat capacity of the environment and the thermal
conductivity of the ligand molecules, but that is generally
on the order of 100 ps. Superimposed on this lattice cool-
ing is a back-and-forth expansion and contraction of the
entire particle volume; this coherent breathing mode has
a period on the order of 10 ps, depending on the size and
shape of the particle. All these effects alter the dielectric
function of the metal making up the particles, which, in
turn, shifts and broadens the plasmon resonance. Detailed
models have been developed for the dielectric constants
of bulk silver and gold and their dependence on temper-
ature [100-103], and these models are able to reproduce
well the great majority of experimental observations.

A principal goal of studying the nonlinear properties
of NPs, though, is to reveal dynamical effects that depend
on their nanometer-scale dimensions. In particular, several
attempts have been made to study the dependence of elec-
tron relaxation on NP size. Initial experiments on NPs in
solution revealed no changes in relaxation rates for particle
sizes down to 2.5 nm [104-106]. However, the somewhat
limited signal-to-noise ratio in these experiments necessi-
tated the use of relatively high-energy pump pulses, and
the inherent size-dependent response may have been ob-
scured by the pump-power dependence. A recent, higher-
sensitivity set of experiments, on the other hand, has in-
dicated a systematic increase in the rate of relaxation of
high-temperature electrons as the diameter of gold and sil-
ver NPs is reduced below about 10 nm [107]. Contrary to
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previous reports [108, 109], no dependence on the environ-
ment of the particles was observed, so that the effects could
be attributed to intrinsic properties of the NPs. Similar
measurements also showed an increase in electron thermal-
ization rate with decreasing NP diameter in the same size
regime [110]. The measurements thus suggest increased
electron-electron and electron-phonon scattering due to in-
teraction with the NP surfaces. A simple model, based on
reduced screening of electron-electron interactions near
the particle surface, reproduced the experimental results
qualitatively.

All of the above experiments have involved either ex-
citing or probing the particles away from their plasmon
resonances. Although the measurements can reveal infor-
mation about electron dynamics in the particles, they cannot
directly probe the nonlinear response of the plasmon reso-
nances. This, by contrast, requires a wavelength-degenerate
measurement, so that the pump and probe are both resonant
with the plasmons [111]. This was recently attempted using
gold nanorods similar to those in Fig. 3(a). As well as pump-
probe transient-extinction measurements, four-wave mixing
experiments were performed. In these measurements, two
pump pulses are simultaneously incident from different di-
rections on the sample. The overlapping pulses create an
interference pattern, and interaction of this pattern with the
sample leads to a spatially modulated complex refractive
index. After a certain time delay, a probe pulse diffracts
off this modulation and is detected. In this experiment, the
diffracted signal was mixed with a local oscillator, allowing
the real and imaginary part of the nonlinear response to be
resolved [112]. The frequency shift and broadening of the
plasmon resonance could thereby be separately determined,
as shown in Fig. 9. The picosecond-scale cooling of heated
conduction electrons is clearly visible in both the shift and
broadening, as is the slower cooling of phonons. The co-
herent breathing-mode oscillations, on the other hand, are
primarily visible in the frequency shift.

It is difficult to determine coherent, resonant responses
from an ensemble measurement, because the optical re-
sponse is broadened by the inhomogeneous distribution
of particle sizes and shapes. Many particles are off reso-
nance with the pump, and thus have nonlinear responses
much smaller than or even opposite in sign to the resonant
particles. By contrast, if single particles are isolated, the
effects of inhomogeneity are removed and the quantitative
measurement of inherent properties becomes possible. In
addition, single-particle measurements make it possible
to directly correlate the NP structure and its nonlinear re-
sponse. This may make it possible to determine a more
detailed correspondence between electron relaxation rates
and particle size and shape, allowing more quantitative
models to be developed [107, 110].

Dark-field microscopy, evanescent illumination, and
near-field scanning optical microscopy all allow measure-
ment of nonlinear scattering [113, 114]. It then becomes
possible to make single-particle measurements of the res-
onant response on 20-fs time scales [115]. Surprisingly,
although the ultrafast nonlinearity is large, corresponding
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Figure 9 (online color at: www.lpr-journal.org) Time-dependent
frequency shift and bandwidth change of plasmon resonances in
ensembles of gold nanorods, as a function of time delay after
pumping with a resonant laser pulse. The results are determined
from experimental data obtained by optical-heterodyne-detected
four-wave mixing. From [111].

to as much as 20% of the linear scattering, its magnitude is
identical to that due to thermal effects. This is illustrated
in Fig. 10(a), where the light from an incident laser, scat-
tered by a single gold nanorod, is resolved spectrally. The
broadening of the scattering spectrum is consistent with
the assumption that the only effect of the incoming light
is to instantaneously heat conduction electrons, as shown
in Fig. 10(b). This strongly suggests that the plasmons lose
their coherence on a time scale much shorter than the 20-fs
duration of the laser pulses, indicating a previously unrec-
ognized induced damping of plasmons in metal NPs.
Although these measurements were able to reveal a
novel plasmon saturation, their signal-to-noise ratio was
limited. More sensitive measurements can be achieved us-
ing the various signal-enhancing techniques described in
the previous section [116]. For example, spatial modu-
lation and lock-in detection allow high-quality transient-
absorption measurements to be made on individual silver
NPs with diameters down to 21 nm [117]. In an alternative
implementation, the probe pulse is supplemented by a sec-
ond, reference pulse polarized orthogonally to the probe
and delayed by 10ps [118,119]. After passing through the
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Figure 10 (online color at: www.Ipr-journal.org) (a) Measured
scattering spectra from single gold nanorods for different incident
laser intensities. The black curve is the linear spectrum measured
using incoherent, broadband excitation. The other curves are mea-
sured using a 20-fs laser pulses with energies of 52 pJ, 82 pJ, and
192 pJ, from right to left. The curves are normalized for ease of
comparison. (b) Corresponding calculated scattering spectra, as-
suming spectral changes are due solely to instantaneous heating
of conduction electrons. From [115].

sample, the reference and probe are overlapped and inter-
fere with one another, allowing for the detection of small
changes in the amplitude of the probe. This technique has
been used to resolve the nonlinear response of individual
gold particles with diameters down to 40 nm. Acoustic os-
cillations have been observed to persist for up to 200 ps, re-
vealing the inherent damping that was previously obscured
by inhomogeneous broadening in the ensemble. Interpreta-
tion of the data is difficult, though, because of the relatively
long delay between the probe and reference pulses.

Reaching an understanding of inherent plasmonic non-
linearities will have important consequences for applica-
tions. The great majority of applications, including surface-
enhanced Raman scattering, biological sensing, and fluo-
rescence enhancement, rely on achieving strong electro-
magnetic near fields around the particles. The substantial
nonlinear response, though, will limit the magnitude of
the local fields that can be achieved in practice. On the
other hand, the nonlinearity serves to transform the metal
NPs from passive to active elements. A strong, ultrafast
nonlinearity could potentially be employed for high-speed,
all-optical switching on the nanometer scale, leading to a
new class of functional photonic devices.

3.3. Coupling to emitters

So far, we have treated metal NPs in isolation. Although this
already reveals many interesting and important phenomena,
the greatest promise for these objects will lie in coupling

them to other types of materials. In particular, the highly
localized fields that arise when plasmon resonances are
excited should allow for strong coupling of the plasmons
to excitations in light-emitting materials. Enhancement of
luminescence from emitters such as organic dye molecules
and semiconductor nanocrystals is of considerable practical
interest for the improvement of light-emitting devices as
well as the development of novel fluorescence imaging tech-
niques, and may lead to novel physical phenomena, such as
nanoscale lasing and formation of quantum-mechanical hy-
brid exciton-plasmon modes. Understanding the coupling
between NPs and emitters is a challenge, though, because
several competing phenomena occur simultaneously as they
are brought together: (1) absorption of the excitation light
by the emitter is enhanced; (2) radiative emission rates are
increased; and (3) non-radiative energy transfer from the
emitter to the metal is increased. The first two effects serve
to enhance the overall emission rate, while the third serves
to quench it. All three depend strongly and differently on
the separation between the metal NP and the emitter, as
well as the detuning between the plasmon resonance and
the absorption and luminescence wavelengths of the emit-
ter, the shape of the NP, and the orientation of the emitter’s
dipole moment. In addition, coupling to the metal NP can
modify the spatial pattern of emission, so that the fraction
of light captured in a particular experimental configuration
can change.

Studies of plasmon-enhanced luminescence began with
random collections of NPs, deposited as rough films on
surfaces [120]. Average luminescence intensities from ad-
sorbed dye molecules could be increased by over an order
of magnitude, which was attributed primarily to increased
absorption of the excitation laser by the molecules. Time-
resolved measurements showed that excited-state lifetimes
of the dye molecules decreased by more than two orders of
magnitude, due primarily to a non-radiative energy transfer
process [121, 122]. More recently, semiconductor nanocrys-
tals, or quantum dots (QDs), have been used instead of dye
molecules, in order to take advantage of their lower photo-
bleaching and larger transition dipole moments [123, 124].
By monitoring individual QDs on random metal films, five-
fold increases in emission intensity were observed, together
with an increase in recombination rate that can be over a
factor of 1000, as illustrated in Fig. 11 [125-127].

Quantifiable and reproducible results have been lim-
ited, though, because of the random nature of the NP films.
The particles are widely distributed in size and shape and
are strongly coupled one to another, leading to a broad and
heterogeneous optical response. The gaps between the parti-
cles are variable, leading to a wide distribution of distances
between the metal surfaces and the molecules or quantum
dots. As well, it is difficult to ensure that the density of dye
molecules remains the same for different samples, since
the surface area can change considerably. Even if single-
emitter measurements are made, the local structure of the
metal around the location of the emitter is not known.

A first step towards remedying these difficulties is to
chemically synthesize a monodisperse ensemble of sepa-
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Figure 11 (online color at: www.Ipr-journal.org) (a) Emission
intensity as a function of time after excitation, for 40 individual
quantum dots on a rough metal surface. (b) Time-dependent emis-
sion from a single dot on the metal film and from an ensemble of
dots in the absence of the metal (black). In the main panel, the two
curves are offset in time for clarity. Reprinted figure from [125],
Copyright (2002) by the American Physical Society.

rated metal NPs in solution and then to chemically bind
emitters to each NP. Well-defined separations between the
metal and emitters can be obtained by using specific linker
molecules, such as organic molecules [128] or short strands
of DNA [129-132], or by coating the metal NPs with thin
shells of silica [133, 134] or polymer [135]. Strong quench-
ing of fluorescence was seen for various fluorophores at-
tached to 1.4-nm or 2.5-nm diameter gold NPs [129, 130].
The efficiency of this quenching was observed to scale as
1/d*, when the distance d between the fluorophore and the
center of the NP was varied up to 25 nm [131]. In different
measurements, fluorescence intensities and lifetimes were
measured as the size of the metal NP or the distance be-
tween the NPs and dye molecules was changed, and the
results were interpreted as indicating that the quenching
is largely due to an decrease in the radiative emission rate
from the molecules [128, 132, 135]. Using larger NPs that
demonstrate a clear plasmon resonance and emitters that
are resonant with those plasmons, it was possible to observe
both enhancement and quenching of fluorescence, depend-
ing on the separation between the metal NPs and emitting
molecules or quantum dots [133,134]. Quantitative interpre-
tation of all these experiments, though, is complicated by
limited knowledge about the fraction of molecules bound to
the metal NPs and the total number or concentration of dye
molecules studied. Interpretation also requires the assump-
tions that excitation and collection efficiencies are identical
for different samples and that all molecules and NPs are
treated identically, so that heterogeneities, particularly in
molecular orientation, are not taken into account. Also not

accounted for are interactions among the molecules bound
to the NP surfaces, which may vary with NP diameter.

Rather than attaching several emitters to a single metal
NP, a complementary approach involves attaching several
small metal NPs to a larger semiconductor nanocrystal. For
example, gold NPs, 1.4 nm in diameter, were bound to quan-
tum dots using polypeptide chains, allowing a systematic
study of the quenching efficiency as a function of separation
between the two materials [136]. Quantitative agreement,
once again, was not obtained between experimental results
and any of the theoretical models considered. This may,
similarly, be partially attributed to unknown characteristics
of the sample, such as the exact number and distribution of
gold particles bound to each quantum dot and interactions
among the gold particles. In different experiments, small
gold or silver particles were attached to long semiconductor
nanowires using biotin-streptavidin pairs, forming a dense
shell around the nanowires [137, 138]. In this case, emis-
sion from the wires was enhanced by as much as a factor
of five, accompanied by a moderate increase in emission
rate. For gold NPs, enhancement was attributed primarily
to enhanced radiative rates, whereas, for silver NPs, it was
attributed to enhanced absorption of excitation light. How-
ever, the detailed arrangement of the NPs is random and
variable from rod to rod, making it difficult to develop a
quantitative model for the system.

As in the case of the linear and nonlinear spectroscopy
of metal NPs alone, single-particle measurements can re-
move structural inhomogeneities, opening up the potential
for quantitative comparison of the structure of coupled NPs
and emitters and their optical properties. The first step in
this direction is a straightforward extension of the ensem-
ble measurements described above: emitters are chemically
bound, with controlled spacing, to colloidal metal NPs, and
single particles are then isolated and studied optically. In
particular, 1.4-nm gold NPs were bound to single quan-
tum dots using short strands of DNA [140]. By varying
the length of the DNA spacer, the distance dependence of
the QD fluorescence quenching was verified. In separate
experiments, various dye molecules were bound with DNA
to larger metal NPs, which had different shapes, and thus
different plasmon resonance frequencies [139]. Darkfield
microscopy was used to measure the scattering spectra of
individual particles, as illustrated in Fig. 12(a), and fluo-
rescence microscopy was used to measure the emission
intensity from dye molecules attached to the same particles.
As shown in Fig. 12(b, c), the fluorescence intensity was
strongly correlated to the overlap between between the plas-
mon resonance of the NPs and the absorption and emission
spectra of the dyes.

This measurement, though, still involves several dye
molecules for each metal NP, so that differences in cover-
age of the metal NPs and interactions among the molecules
may play a role. As well, several different NPs must be
compared to obtain systematic results, and these NPs may
have other properties, apart from their resonance frequency,
that vary from particle to particle and influence how they
couple to emitters. By contrast, a pair of recent experiments
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Figure 12 (online color at: www.lpr-journal.org) (a) Darkfield-
microscope image of several silver nanoparticles of different
shapes. (b, ¢) Average fluorescence intensity (points) for (b) Alexa
Fluor 532 and (c) Rhodamine Red dye molecules bound to indi-
vidual metal NPs, as a function of the localized surface plasmon
resonance (LSPR) frequency in the NPs. Also shown are the exci-
tation spectra (dotted lines) and emission spectra (dashed lines)
for the dyes. Reprinted with permission from [139], Copyright
(2007) by the American Chemical Society.

have investigated the coupling of one gold NP to one dye
molecule [141, 142]. In these measurements, the gold par-
ticle is attached to the tip of a tapered optical fiber, and
an NSOM system is used to approach the NP to an immo-
bilized dye molecule embedded in a thin dielectric layer.
This approach allows precise measurements of the emission
intensity from a single-oriented molecule as a function of

count rate (kHz)

Figure 13 (online color at: www.lpr-journal.org) (a) Detected
emission intensity as a function of the distance between a sin-
gle Nile Blue molecule and an 80-nm gold particle. Points are
measured values, the solid line is theory, and the dashed line
is the background count rate. (b) Image of fluorescence from
the molecule for a vertical separation of approximately 2 nm, as
the gold particle is scanned horizontally. (c) Theoretical image.
Reprinted figure from [142], Copyright (2006) by the American
Physical Society.

its separation from the gold NP, as shown in Fig. 13. Both
enhancement and quenching were observed, due to the com-
bined effects of enhanced absorption, increased radiative
rate, and non-radiative energy transfer. The results could
be compared quantitatively to theory without requiring any
adjustable parameters. These measurements thus represent
an important step towards the quantitative understanding of
the coupling between emitters and metal NPs.

4. Understanding NP plasmonics

As well as the ability to fabricate and measure well-
characterized nanostructures, progress in plasmonics re-
quires the development of an accurate theoretical under-
standing of the optical response of the structures. Two prin-
ciple challenges in developing this understanding are (1)
having an accurate description for the response of the elec-
tron plasma in the material that makes up the NP, and
(2) determining the effect of the particle geometry on the
electromagnetic fields. The most common approach to the
first issue is the classical dielectric formalism, where the
material linear response is described by a local bulk dielec-
tric function (w). Using this dielectric function, Poisson’s
equation (in the electrostatic limit) or Maxwell’s equations
are solved for the electromagnetic fields, with the geometry
of the nanostructure setting the boundary conditions. In the
next sections, we discuss the methods used to solve this
boundary-value problem and review results that illustrate
the effects of NP geometry and coupling on plasmonic re-
sponse.
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4.1. Linear response: basics

The first theoretical studies, early in the twentieth century,
to address light scattering by NPs were based on analytical
solutions of Maxwell’s equations for simple geometries,
such as spheres [143] and ellipsoids [144]. In the simplest
model used for the dielectric response, the response of the
free-electron plasma is characterized by a harmonic oscilla-
tor. The resulting dielectric function is given by the Drude
formula, e(w) = 1 — w?/(w(w + i7)), where  is the fre-
quency dependent damping and w,, is the bulk metal plasma
frequency, which depends on the metal electron density, n,
the electron charge, e, and the electron mass, m., through
wg = 4rne? /m.. For spheres, the solutions, known as
Mie resonances, are shown in Fig. 14(a) as a function of
radius, a. The lowest mode is dipolar (I =1), and is often
referred to as the spherical plasmon. For small particles
(o < c¢/wp), the energy of this mode is hw = hwp/\/g.
This mode redshifts as the particle size increases, due to
retardation effects. This is the mode typically excited by
linearly polarized light and is responsible for the dominant
feature in the optical spectra of colloids. This is illustrated
in Fig. 14(b), which shows typical absorption, scattering
and extinction optical spectra for a 10 nm particle in vac-
uum. As well as the dipole mode, higher-order, multipolar
modes (I = 2,3, ...) can also be excited [145]. The energy
of these modes tends toward the plasmon energy of the
planar surface, fiw,/ V2, as | — oo, as shown in Fig. 14(a).
Similar spectra are obtained for geometries which depart
slightly from spherical shape, such as spheroids [96] and
disks [146].

Analytical and semi-analytical solutions have been
obtained for the surface plasmon modes of a variety of
structures with increasing structural complexity, including
slabs [147], cylinders [148, 149], cubes [150], edges [151],
hemispheres [152], coupled spheres [153, 154], and NP
arrays [155, 156]. However, to understand the optical re-
sponse of more complex nanostructures, it is necessary to
use rigorous computational approaches capable of handling
arbitrary geometries. Quantitative theories based on empiri-
cal dielectric response functions, rather than simple Drude
models, also motivate the use of computational approaches.
Among the numerical methods most commonly used are
the finite difference time domain (FDTD) method [157], the
discrete dipole approximation (DDA) [158, 159], Greens
function approaches similar in spirit to the DDA [160], the
multiple multipole (MMP) method [161], multiple scat-
tering techniques, transfer matrix approaches [162], plane
wave expansions [163], and boundary element methods
(BEM) [164].

All of these approaches have advantages and disad-
vantages. Plane wave expansions and transfer matrix ap-
proaches work well for arrays of NPs, but are more difficult
to apply for finite geometries. FDTD calculations involve
the discretization of Maxwell’s equations on a grid that
encompasses the NPs to be studied and the region where
fields are to be determined. Fields are found by propagating
Maxwell’s equations forward in time. Similar approaches
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Figure 14 (online color at: www.lpr-journal.org) (a) Modes of a
spherical metal NP as a function of the particle radius a. Dipolar
(I = 1), quadrupolar (I = 2), and higher-order modes are plotted.
Mode frequencies are normalized by the bulk plasmon frequency
wp. (b) Scattering, absorption and extinction coefficients (cross
sections normalized by the particle geometrical area) for a spheri-
cal metal NP of radius a = 10 nm, and schematic of the scattering
geometry.

can be applied in the frequency domain. It is straightforward
to apply this method to structures with arbitrary geometries.
However, it is a volume approach, scaling rapidly with the
size of the system to be studied, including both the particles
and the regions where fields are determined. Moreover, sys-
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tems with multiple length scales are difficult to study with
the uniform grids typically employed. In addition, FDTD
can have problems treating media with high dielectric con-
trast, such as metals. Nonetheless, the FDTD method is one
of the most widely used and successful approaches, and can
be augmented with accurate representations of the metal
dielectric response.

In the DDA, the structures are represented by a grid
of discrete, mutually interacting dipoles, whose response
is solved in order to determine the optical properties of
the structures. The DDA is intuitively compelling and, like
the FDTD method, straightforward to apply to arbitrary
structures. Although the DDA is also a volume approach,
only the structures must be discretized, and fields outside
the structures are determined directly from the fields gener-
ated by the dipoles. Multiple length scales, though, can still
be a problem, with accurate calculations of fields near a
nanostructured surface requiring high densities of dipoles.

The MMP and BEM both scale with the area of the
system surfaces and can, in principle, be computationally
more efficient than volume approaches. In the MMP, fields
are represented via multipolar expansions. Different spatial
regions are described by different expansions. The multi-
pole coefficients are determined by solving the boundary
conditions for Maxwell’s equations at a grid of points on
the surfaces separating different regions. This approach can
best be applied when these surfaces are easily defined. For
symmetrical structures, the placement and the form of the
multipole expansions are clear, and a limited number of
multipoles can describe an entire system. For more com-
plicated structures, the number, placement and form of the
multipoles are less obvious. There may be many reasonable
choices, making the choice arbitrary and more difficult to
reliably control.

In the boundary element method, the boundary con-
ditions for Maxwell’s equations are set up at a grid of
points on the surfaces between different regions and are
then solved in terms of the effective charges and currents
on those surfaces. The resulting fields can subsequently be
found throughout space. The BEM easily handles variable
grids, which allows, for example, surface regions where
fields are highly localized to be treated with a high-density
grid, without expending the same computational effort else-
where where requirements are less demanding. Like the
MMP, the BEM is well suited for problems where the sur-
faces are smooth and can be easily defined. It is more
difficult to use for complex surfaces or surfaces with sharp
contours and edges.

4.2. Nanorods: dependence on size and shape

A principal goal of modeling the optical properties of metal
NPs is to develop a general understanding of how plasmon
resonances are determined by NP size and shape. Gold
nanorods provide a good model system for developing this
understanding, because they have been studied theoretically
in detail [165-178], and because their relatively simple

L Figure 15 (online color at: www.lpr-
journal.org) Top: schematic and dimen-
sions of a cylindrical nanorod with hemi-
spherical ends. Bottom: surface charge
. density along the edge of the rod for a
“~___/  dipole resonance.

geometry can be readily manipulated to reveal rich behavior.
Moreover, nanorod plasmon resonances can be tuned over
a wide range by changing the nanorod size, shape and
composition, providing large local-field enhancements and
intense far-field scattering.

A simple model of the nanorod, illustrated in Fig. 15,
as a cylindrical rod of length L,.q, radius R, with hemi-
spherical end caps and total length Liot = Lyoq + 2R
provides a good approximation for the typical geometry
of real particles. The near- and far-field optical response
for such rods of different lengths, calculated exactly, in-
cluding retardation, by means of the boundary element
method [165,179], are shown in Fig. 16 [165]. The far-field
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Figure 16 (online color at: www.lpr-journal.org) (a) Far-field
scattering intensity as a function of wavelength for a plane wave
incident on an Au nanorod of radius R = 40 nm, as depicted in
the schematic. (b) Normalized near-field amplitude 1 nm from the
nanorod end. From [165].

www.lpr-journal.org

© 2008 by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



Laser & Photonics

150 Reviews

M. Pelton, J. Aizpurua, and G. Bryant: Metal-nanoparticle plasmonics

50
100
y (hm) 0
-100 25
YUNE resonance
(A = 1659 nm)
-300 0 300 ?
9
200
6
y (nm) 0
e
Dipole 3
200 LEEeEN[E:!
(A = 1565 nm) .
-300 0 300
2
1
0

X (nm)

Figure 17 (online color at: www.lpr-journal.org) Electric-field
magnitudes for dipolar resonances of gold nanorods with lengths
Lyoa = 300 nm and radii (a) R = 10nm and (b) R = 100 nm. A
higher resonance for R = 100 nm is shown in (c).

response below 500 nm is a bulk response and does not
occur in the near field. The longest-wavelength peak in
the response corresponds to the dipole resonance. Fig. 15
shows a typical surface charge density for this mode [165].
The charge oscillation is cut off at the rod ends and is less
than half a wavelength long. Typical near-field distributions
for dipolar resonances are shown in Fig. 17. The normal-
ized near-field can be significantly enhanced near the ends
of the nanorods. Resonance peaks at shorter wavelengths
are assigned to higher-order resonances. All of these lon-
gitudinal resonances redshift with increasing rod length,
because the restoring force due to the charge separation
weakens as the charge is separated over longer distances.
Light polarized perpendicular to the rod axis, by contrast,
excites transverse resonances, which blueshift slightly with
increasing rod length.
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Figure 18 (online color at: www.lpr-journal.org) Position depen-
dence of the near-field response of a gold nanorod with length
L,oq = 200 nm and radius R = 100 nm. The positions shown
are 1 nm from the rod surface, along the dashed line shown in the
inset, labeled by their distance Z along the rod axis from the end.
Z = 200 nm corresponds to the point at the middle of the rod.
Z = —1nm corresponds to the point 1 nm outside the end of the
rod. The incident field is polarized along the axis of the rod.

The near-field resonance wavelength depends strongly
on the location along the rod where it is measured. A
blueshift of the resonance is observed as the measurement
position is moved along the rod from the end to the center,
while remaining a fixed distance away from the surface, as
shown in Fig. 18. Near the center of the rod, in fact, the
dipolar resonance disappears. This variation of the reso-
nance along the rod axis is of great importance for any
application that exploits the plasmon resonance to modify
the response of attached molecules or other nanostructures.

The peak wavelengths for the dipolar resonance, as ex-
tracted from the calculated spectra for the far field and the
normalized near-field response, increase approximately lin-
early with increasing L., except when the longitudinal
dimension Ly is comparable to the lateral dimension 2R
and end effects are dominant. For small R, dipole resonance
wavelengths extracted from the far field and near field re-
sponse are nearly identical. As R increases, the near-field
resonance becomes noticeably redshifted from the far-field
resonances. For example, for R = 100 nm, the redshift
is about 200 nm, comparable to the resonance half-width.
This shift is a signature of the onset of retardation effects,
which become important for rod diameters on the order of
one fifth of a wavelength.

As the nanorod length increases, the higher-order res-
onances appeatr, initially having wavelengths near the res-
onance for a spherical nanoparticle, and then redshift-
ing linearly with Ly [165]. For smaller R, the shorter-
wavelength resonances that appear first are the higher-order
longitudinal resonances. For thicker nanorods, on the other
hand, the first higher-order resonance that appears can be
a transverse mode with strong far-field response and weak

© 2008 by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.lpr-journal.org



Laser & Photonics

Laser & Photon. Rev. 2, No. 3 (2008) Reviews 151
2000 T 7 — T T
/ 7 1
1800 // 7 ]
/ 7 i
/ //
1600 / s _
—_~ / // .
IS / s 1
£ 1400 )/ e =
z 7 o
S 7
c 1200 e o A ]
% e A--A 5nm A
> Ve - 10nm _|
g 1000 e 20nm |
—- R=30nm . .
800 A - 50 nm Figure 19 (online color at:  www.lpr-
— 80nm journal.org) The dependence of the dipole
600 L =L +2R v 100 nm resonance wavelength on aspect ratio Lot /(2R)
total — “rod R for different radii R. The resonance wavelength is
400 . | . | . L . . extracted from the far-field scattering spectrum.
6 8 10 12 14

Aspect ratio

near-field response at the rod end, as illustrated in Fig. 17.
That a transverse mode can be driven by a longitudinal
polarization is another signature of the onset of retardation
effects: the surface charges on opposite sides of the nanorod
are driven by local incident fields with different phases.

Recently, the analogy between nanorods, acting as
optical-frequency nanoantennas, and traditional microwave
and radio-wave antennas has been brought out and ex-
plored [12, 13, 165, 180-183]. Linear scaling of the plas-
mon resonance wavelength A5 with total nanorod length
Lot emphasizes this analogy. The dipolar mode of such
nanoantennas is often referred to as the A\/2 mode, with the
expectation that the resonance should occur when Lyt is a
half wavelength, as happens for traditional long-wavelength
antennas made from nearly perfect conductors. While such
an assignment is tempting, it has not been established,
and simulations [165, 182] suggest that it is not the case.
Rather, the results of boundary-element calculations indi-
cate that the linear dependence of the dipole resonance on
Lyo¢ varies substantially with R. For a half-wavelength
antenna made from a perfect conductor, the resonance
wavelength and rod length should be related according
t0 Liot = Lo + SAres, With a slope S = 1/2. For small
R, nanoantennas have S ~ 0.2 [179], indicating that much
less than a half-wavelength of surface charge oscillation
fits on the nanorod at resonance (as seen in Fig. 15). This
deviation from the perfect-conductor case is partially due to
the finite skin depth of gold, which is on the order of 20 nm
to 30 nm for the wavelengths considered [182]. In addition,
the sharp ends of the rods inhibit full charge build-up, sup-
pressing half-wavelength charge oscillations that have peak
charge density at the rod ends. As R increases, the slope
S monotonically increases, converging to 0.4. This means
that nanoantennas remain far away from a A/2 antennas,
even for micrometer-size structures.

It is well known that, in the quasistatic limit, where

the light wavelength is much larger than the particle size,
the plasmon resonance should be independent of particle

size. Because the quasistatic model is simple but intuitively
compelling, much of the theoretical work has highlighted
the dependence of the plasmon resonance on aspect ratio,
ignoring any explicit dependence on nanorod length or ra-
dius. A full mapping of the plasmon dipole resonances in
nanorods from full electromagnetic calculations, including
retardation, provides a stringent test for the this approach.
The dependence on aspect ratio is shown in Fig. 19 for
different R [179]. In the quasistatic limit, the plasmon reso-
nance should be independent of R, and all curves should
be identical. Surprisingly, there is no such region, except
for the very smallest, nearly spherical NPs. These results
show that the requirement that the radius be much less than
the wavelength is very stringent, and, outside of this highly
restricted range, the quasistatic approximation is limited.

4.3. Coupled plasmons

The optical response of complex nanostructures can often
be understood in terms of the coupling of plasmons in sim-
pler components that make up the structure. For example,
extinction measurements have shown that the plasmon reso-
nance of gold nanorings, fabricated using lithographic tech-
niques and latex sphere templates, is strongly redshifted as
compared to the response of a disk with the same size [61].
Full electromagnetic calculations accurately describe the
positions of the plasmon resonances, their widths, and the
large redshift of the nanoring response as the ring thickness
decreases. Most importantly, the calculations show that this
redshift is due to increased coupling between plasmons on
the inner and outer edges of the nanorings (see Fig. 20).
The response of even more complex NPs, such as the
gold nanostars [54, 184] shown in Fig. 21, can also be ac-
curately modeled. The interpretation of nanostar spectra
requires a sophisticated calculational method, such as the
FDTD method. The modes of the tips and of the core of the
nanostar can be resonantly excited, depending on the polar-
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Figure 20 (online color at: www.lpr-journal.org) Measured ex-
tinction spectra for gold nanodisks and gold nanorings and the
corresponding calculated spectra. Micrographs of the disks and
rings are also shown. The disk and ring diameters are 120 nm. The
thickness of the ring walls are 14 nm, 10 nm, and 9 nm for 1y, 12,
and r3, respectively. From [61].

ization of the incoming light. The coupling between the tip
modes and the core modes produce wavelength shifts, as
depicted in Fig. 21(c).

For nanorings and nanostars, the coupling is between
different plasmon modes on the same particle. Even more
significant effects can be seen when two separate metal
NPs are brought together and their individual plasmons
couple. The wavelength shift resulting from this interparti-
cle coupling depends sensitively on the particle separation,
providing a clear signature useful for sensing applications.
While near-fields around single NPs can be strongly en-
hanced, the near-fields in the gaps between NPs can be
enhanced by several additional orders of magnitude due
to the interaction between the particles. Such “hot spots”
are key to many applications in field-enhanced microscopy,
spectroscopy, sensing, and manipulation [10, 185, 186].
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Figure 21 (online color at: www.lpr-journal.org) (a) Micro-
graphs of gold nanostars. (b) Geometry for in the finite-difference
time-domain calculations used to model the nanostar. (c) Cal-
culated extinction spectra for different incident polarizations of
light together with the near-field patterns of the modes associated
with the different peaks. Panels on the left correspond to the iso-
lated core, panels to the right correspond to the isolated tips, and
panels in the center to the whole nanostar. Dashed lines connect
core and tip resonances to the coupled resonances in the nanostar.
Reprinted with permission from [54] and [184], Copyright (2006)
and (2007) American Chemical Society.
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Dipole coupling

Side-by-side End-to-end

Figure 22 (online color at: www.lpr-journal.org) Schematic of
dipole-dipole coupling. The field lines of the black dipole are
indicated.

The concept of plasmon hybridization [187, 188] pro-
vides a simple way to understand coupling between plas-
mons. In much the same way that atomic orbitals hybridize
to form bonding and antibonding orbitals in molecules,
plasmons in different particles can couple in phase or out
of phase, with the strength of the coupling determining the
induced resonance shift. The effect of plasmon hybridiza-
tion can be seen by considering two coupled dipoles, as
illustrated in Fig.22. In the optically active, hybridized
mode of a pair, the two dipoles oscillate in phase to give
the pair a net dipole. Hybridization can redshift or blueshift
the resonance, depending on the dipole orientation. When
the dipoles are coupled end-to-end, the field generated by
one dipole (the black dipole in the figure) at the second
dipole is in phase with the polarization of the first dipole.
Because these dipoles behave as driven harmonic oscilla-
tors, the second dipole responds in phase to the driving
field, at frequencies below the single-dipole resonance. As
a consequence, the optically active, hybridized mode of
the pair is redshifted from the single-dipole resonance fre-
quency. When the dipoles are coupled side-by-side, the
field generated by the black dipole at the second dipole is
out of phase with the polarization of the first dipole. The
second dipole responds out of phase to the driving field, at
frequencies blueshifted from the single-dipole resonance.

Plasmon hybridization provides an intuitive picture for
plasmon coupling, particularly in weakly coupled struc-
tures. However, in strongly coupled, closely spaced parti-
cles, the individual particle plasmons can be significantly
distorted, due to mixing of other modes into the hybridized
pair. To fully understand plasmon coupling in such cases,
detailed calculations are necessary. Fig. 23 shows the calcu-
lated dependence of the dipolar response on the separation
between two identical gold rods [165]. Several regimes
with clearly different behavior are apparent and have been
observed experimentally [146]. For gaps larger than \/4,
the dipole response of the coupled pair oscillates about the
result expected for two noninteracting rods, due to far-field
interference effects. For gaps less than \/4, the resonance
wavelength redshifts, as expected for plasmon hybridiza-
tion. However, the strong coupling localizes charge near the
gap, enhancing the field in the gap and inhibiting the charge
oscillation. The separation of dipole charge inside each rod
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Figure 23 Far-field and near-field response of a pair of identical
Au nanorods, coupled end-to-end, as a function of gap separation,
for a plane wave incident with polarization along the rods. The
peak wavelength for dipolar response, the far-field intensity at
this wavelength and the normalized near-field amplitude at this
wavelength are shown. The near field at midgap and the near field
1 nm into the gap from the rod end are shown. Corresponding
results for an isolated rod are also indicated. For an isolated rod,
the near field 1 nm from the rod end is shown.

is reduced, as shown in Fig. 24, reducing the net dipole mo-
ment of the pair, and weakening the far-field scattering. For
even smaller separations, more than order-of-magnitude
increases in the gap field arise, because of additional charge
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Figure 24 (online color at: www.lpr-journal.org) Distortion of
the surface-charge distribution as two metal nanoparticles are
brought together, and as they touch. Touching at both a flat surface
and a single point of contact are indicated.
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Figure 25 (online color at: www.Ipr-journal.org) Spectra of the
far-field intensity of a pair of coupled, identical gold nanospheres
for different separations between the spheres. The exciting field is
polarized along the axis connecting the spheres. The spectra are
shifted vertically for clarity.

localization at the gap, known as the lightning rod effect.
The far-field intensity then increases with decreasing gap,
as is apparent in both Fig. 23 and Fig. 25.

For gaps smaller than a nanometer [189], the dipole
resonance continues to redshift, but the far-field dipole scat-
tering saturates and is then suppressed, as shown in Fig. 25.
The charge localization at the gap becomes so large that the
dipole mode cannot support additional charge localization,
and charge oscillation along the rods is inhibited. At the
same time, higher order modes are excited to support the
charge localization. However, they also saturate in turn as
the gap is decreased.

When the NPs touch and then overlap, additional ex-
treme distortion of the dipole charge can occur. When two

Wavelength (nm)

Wavelength (nm)

Inter-particle distance d {(nm)

Figure 26 (online color at: www.lpr-journal.org) Scattering
cross-section for two gold spheres with radius R = 60 nm, as a
function of the gap d between their surfaces and the light wave-
length, for an incoming field polarized along the axis joining the
spheres. Negative values of d correspond to overlapping spheres.
The cross section is normalized to that of a single particle. Solid
curves show the cross-section maxima. From [189].

NPs touch at a flat surface, the charge at the gap is neu-
tralized, as shown schematically in Fig. 24. The dipole re-
sponse blueshifts because higher order particle-plasmon
modes must be mixed to allow the charge neutralization.
However, as shown in Fig. 26, when the the NPs touch at
a single point of contact, there is an additional redshift in
the dipolar response [189], as has been seen experimen-
tally [146]. The charge at the gap is drastically reorganized
but not neutralized: a large net charge builds up on each
particle, with most of the charge still localized near the gap,
as in Fig. 24. This large charge buildup cannot come from
particle-plasmon hybridization or by mixing in higher order
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particle modes, because all such modes are charge neutral
on each particle. Rather, the large charge buildup comes
from mixing modes, unphysical for single particles, that
have net charge on each NP [165].

All the results discussed in this section have been
obtained with a local, frequency-dependent dielectric re-
sponse. Although non-local effects are typically negligible
for coupled NPs separated by several tens of nanometers,
they may strongly modify the response for much smaller
separations, cutting off the singular response when the parti-
cles touch [190]. Quantum-mechanical charge tunneling be-
tween closely spaced particles further complicates the non-
local response. A full quantum-mechanical, self-consistent
treatment will be needed to properly model these extreme
cases [191,192].

5. Prospects

In this review, we have discussed the tools and techniques
needed to fabricate, characterize, and understand metal-NP
plasmonics. The tools now exist to fabricate a wide variety
of NP sizes and shapes. Both lithography-based top-down
and chemistry-based bottom-up approaches are available.
Complex assemblies of metal NPs and hybrid assemblies
of metal NPs attached to molecules and to quantum dots
can also be made. However, precise control of the particle
positioning in these assemblies has not been yet achieved,
so the fabrication of well-defined assemblies remains an
unsolved challenge. Characterization of the linear response
has advanced to the single particle level, allowing the pre-
cise determination of the plasmonic properties of individual
particles. The main effort now will be the continued push
to improve single-particle imaging methods, improving the
signal-to-noise ratio and allowing a clear characterization
of single-particle nonlinear response. At the same time, a
quantitative understanding of the plasmon resonances in
complex NPs is now possible with the use of advanced
computational approaches. The dependence of plasmon
resonance energy, near-field enhancement and localization,
and far-field scattering on particle size, shape, and composi-
tion can be determined. This understanding is based mostly
on classical theory. Quantum theories of these structures
must be developed and exploited to more fully understand
the transition from plasmonic response in small particles
to molecular response in even smaller particles and cou-
pling of metal particle plasmons to quantum emitters like
quantum dots and molecules.

As a consequence of these advances, metal-NP plas-
monics is poised to have significant impact on a variety of
rapidly developing technologies that demand tunability and
nanoscale field localization. Applications currently being
developed include nanoscale optical and infrared sensing,
microscopy, and spectroscopy, in which the metal NPs ef-
fectively act as nanoantennas to enhance signal emission.
Conversely, metal NPs can act as nanoantennas to collect
and localize energy input. Critical uses in medicine, for
example to locally and selectively heat and kill cancerous

tumors, are already being developed. Nanoscale optical
communication along pathways defined by assemblies of
coupled NPs, is also being explored as one approach to push
electronic and optical technologies down to the nanoscale.
Recent experiments even suggest that quantum informa-
tion could be launched into and passed through assemblies
of plasmonic structures. Such developments could push
plasmonics into the exotic realm of quantum science.
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