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We present to a general readership an overview of the rich variety of phenomena and applications that
arise from the interaction of metallic nanoparticles with light. First, we present the fundamental physics
of localized surface plasmon resonances, the most relevant theories and numerical methods, as well as
optical detection schemes. Finally, we explain how the localized surface plasmon resonances are

currently exploited for the nanoscale manipulation of light, heat and forces in various applications and

experimental investigations.

1 Introduction

Noble metal nanoparticles (NPs), especially made of Ag and Au,
have been attracting a great deal of attention due to their size and
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shape dependent optical properties which arise from their surface
plasmon resonances. The research community has coined the new
term “plasmonics” to denominate the interactions of light with
nano-structured metals. Strictly speaking, plasmonics is not a new
area of research. The scientific investigation began as early as 1899
with theoretical studies by Arnold Sommerfeld' and experimental
observations of plasmonic effects in light spectra by Robert Wood
in 1902.2 Later that decade, J. C. Maxwell Garnett, and Gustav
Mie and G. Beirtrage developed theories explaining the light
scattering by metallic NPs.>* However, it was not until a number
of theoretical studies appeared in the 1950s that a more complete
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understanding of surface plasmons was reached. Surface plas-
mon resonances are coherent oscillations of the electrons of
a metal in the vicinity of a metal-dielectric interface. For noble
metals, the resonant frequencies lie in the middle of the optical
spectrum, and therefore surface plasmons interact strongly with
light. The foundation for the systematic experimental study was
laid in 1968 by Erich Kretschmann and H. Reather® and Andreas
Otto,® who devised methods to excite propagating surface plas-
mons on thin metallic films by using prisms to couple light into
the metal surfaces. In the late 1970s, the technological exploita-
tion of plasmons began with the pioneering discovery by Martin
Fleischmann,” and Richard P. van Duyne and David L. Jean-
marie® of extraordinary enhancements in the Raman scattering
of light by molecules attached to a rough silver surface.

In extended metal-dielectric interfaces surface plasmons are
propagating dispersive electromagnetic surface waves coupled to
the electron gas (plasma) of the conductor metal. In this case they
are called surface plasmon polaritons (SPPs).>!® The propaga-
tion length of SPPs depends on the losses in the metal and
typically ranges from less than a micrometre to a few micro-
metres. In a metallic particle smaller than the propagation
length, surface plasmons are confined to the particle geometry.
This effect is extremely pronounced in metallic NPs which act as
cavity resonators for the surface plasmons.''?> For this reason
surface plasmon resonances of NPs are called localized surface
plasmon resonances (LSPRs) and depend strongly on the exact
size and shape of the NP.

More recently there has been a remarkable growing interest
in the field of plasmonics caused by: (i) development of new
preparation methods for a wide variety of metallic NPs and
nanostructures, (ii) availability of instrumentation and tech-
niques for measuring their morphology and architecture with
unprecedented levels of resolution, and (iii) the emergence of
novel quantitative theoretical tools for simulating and pre-
dicting their optical behavior. The synergy between these three
aspects leads to a rapid pace of discoveries, which is also
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evidenced by the increasing number of publications and reviews
published in disciplines spreading over physics, chemistry and
biology. Plasmonics can be considered an interdisciplinary area
of research with great impact due to its potential applications
in miniaturized optical devices, sensors, photonic circuits,
medical diagnosis and therapeutics.

In this feature article we present to a general readership the
LSPRs, and how they determine the optical properties and
potential applications of metallic NPs. In Section 2 we give
a qualitative description of the LSPR phenomenon and its main
characteristics. Section 3 presents the most important analytical
and numerical methods to calculate LSPRs. In Section 4 some
general trends and features of LSPRs are discussed. In Section 5,
we describe the most relevant optical methods to detect metallic
NPs. The current capabilities and the theoretical framework that
make LSPR powerful tools to manipulate light, heat and forces
on the nanoscale are analyzed in Sections 6, 7 and 8, respectively.
Finally in Section 9 we give some concluding remarks.

2 Polaritons, surface plasmons and localized surface
plasmon resonances

When an electromagnetic field propagates in a bulk material
medium, charged particles are set in motion. In turn, the
moving charges radiate. At the right frequency of the field, an
oscillatory mechanical motion of charged particles may be
coupled to the electromagnetic field oscillations. In general,
these coupled mechanical-electromagnetic waves are called
polaritons. If the moving charges are the ions of an ionic
crystal, the mechanical movement corresponds to lattice oscil-
lations (phonons) and the polaritons are called phonon-polar-
itons. In the case of a metal, when a collective motion of the
valence free electrons is coupled to the electromagnetic field,
a plasmon-polariton is formed. Because the electromagnetic
field must have the right frequency and wavelength in order to
drive the electrons resonantly, this phenomenon is also called
plasmon resonance. Another way to see it is considering that
the electron displacement is accompanied by restoring forces
exerted by the positive nuclei; the whole system acts as an
oscillator whose natural frequencies correspond to the genera-
tion of a plasmon—polariton. A particular plasmon polariton
that corresponds to the longitudinal motion of electrons at
a metal-dielectric interface is called a surface plasmon polar-
iton (SPP). SPPs propagate at the interface as surface bound
electromagnetic waves (i.e. their intensity is maximal at the
interface and decays exponentially into both the metal and the
dielectric) with a wavelength shorter than the one of the elec-
tromagnetic field in a vacuum, and determined by the dielectric
constants of the metal and the dielectric.®'® The propagation
length of SPPs is determined by the losses in the metal and
usually varies from less than a micrometre to a few
micrometres.

SPPs may take place in metallic NPs too, but there they cannot
propagate freely. Instead, they are confined to the NP geometry,
and therefore the resonant conditions depend not only on the
metal and the surrounding dielectric but also on the NP exact size
and shape, as well as on the polarization of the field with respect to
the NP. These plasmon resonances are called localized surface
plasmon resonances (LSPRs). Variations of these parameters give
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Fig. 1 Schematic representation of the LSPR of NPs with the shape of
a sphere (A) and a triangular prism (B). The electric field shifts the NP
conduction electrons from their resting positions around the positive
nuclei, which exert a restoring force. The collective movements of elec-
trons are resonant at optical frequencies and the surface charge and local
electric field distribution depends on the shape of the NP: in the case of
the sphere the field is distributed in a symmetric dipolar pattern, whereas
in the case of the triangular NP there is charge and field concentration on
the upper tip.

rise to different plasmon modes denoted as dipole, quadrupole,
octupole, and 2n'" multipole, according to the number 1 of oppo-
site surface charges induced. Each plasmon produces a different
surface charge distribution on the NP, and thus a characteristic
electric field distribution around the NP. Fig. 1 shows schemati-
cally how a time varying electric field would produce different
surface charge and electric field distributions on a NP with the
shape of a sphere and a triangular prism. While this distinction
may be relatively simple in NPs of regular shapes (e.g. spheroids or
rods), it becomes more complex in NPs with more intricate
structures such as branched NPs (e.g. nanostars) where the reso-
nances can be described in terms of hybridization between plasmon
modes of the different structural components of the NP.*?

Six fundamental characteristics of LSPRs are crucial to their
applications:

Spectral response

Each LSPR mode has its own eigenfrequency, i.e. each mode will
interact with a given color of light. The spectral position of
a plasmon mode depends on the NP material, size, shape, and on
the dielectric properties of the immediate surrounding of the NP.

Enhanced absorption

Resonant metallic NPs are very efficient light absorbers. At the
LSPR frequency, the absorption cross-section may be several
times the actual physical cross-section of the NPs.

Heat generation

Since metallic NPs are very inefficient light emitters, almost all
energy absorbed turns into heat. In combination with the
enhanced resonant absorption, it is possible to heat different NPs
selectively by tuning the color of light to their main LSPR modes.

Enhanced scattering

The scattering cross-section of a metallic NP is enhanced too at
the LSPR frequency. Depending on the NP size, scattering or
absorption may dominate. For small NP sizes (roughly below
15 nm) absorption takes over scattering, and the opposite occurs
for larger NPs.

Specific electric field distribution around the NP

Each plasmon mode generates a specific electric field around the
NP with two important characteristics. First, it is evanescent, i.e.
its intensity is maximal at the NP surface and decreases into the
surrounding medium with a characteristic decay length of about
half the wavelength of the incident light. Second, there are
regions (usually called hotspots) where the field intensity is
several times stronger than the incident field.

Directionality

The interaction of a plasmon mode with light has a specific
angular pattern. Light will be absorbed or scattered with varying
efficiencies depending on the direction. For example, a dipolar
LSPR has the typical angular pattern of a dipole. Other LSPR
modes may present more complex angular patterns.

The combination of these properties defines the suitability of
metallic NPs for applications.

3 Theoretical description

In general, a rigorous description of LSPRs requires a multipole
expansion of the field inside a NP, so that a superposition of
several plasmon modes can be induced at a given frequency.
However, for the sake of simplicity it is often assumed that the
dominating term in the multipole expansion is the only mode
excited. There are a number of analytical as well as numerical
methods available to calculate and model the LSPRs of metallic
NPs, the details of which have been published in several text-
books and reviews. Here we briefly describe the methods and give
reference to more in-depth sources.

For particles of spherical and spheroidal shape, the Mie
solutions provide a full analytical model.™* There are also
extensions of the Mie formalism for aggregates of particles.'* For
NPs considerably smaller than the wavelength of light A, the
Rayleigh (also called dipole or quasi-static) approximation may
be applied,'® which provides useful insight into the physics of
LSPRs by means of relatively simple formulae and known
parameters. Within this approximation, the polarizability of
a small spherical NP is given by:

a(2) = 4mey R (1)

e(A) —em(4) ‘
e(A) + 2en(R)

where ¢ is the vacuum permittivity, R is the particle radius, ey,
and ¢ = ¢ + i’ are the real relative permittivity of the
surrounding medium and the complex relative permittivity of the
particle, respectively. The scattering and absorption cross-
sections are given by:

4

k 2
Osca = WW‘(A” 2

0
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The resonance condition in the Rayleigh regime is that ¢ = —2¢,,,
e.g. the LSPR in air or vacuum occurs at a wavelength A; spr for
which EI(ALSPR) =-2.

Numerical methods

Enabled by the computational power of nowadays PCs and
computer clusters, numerical methods to solve Maxwell’s equa-
tions became powerful tools to model NPs and plasmonic devices
of arbitrary composition and shape. Some aspects remain chal-
lenging and need to be taken into account when using numerical
methods. First, some techniques are specific for one type of
geometrical configuration. Second, the dielectric constant of
metals at optical wavelengths is a complicated complex function of
frequency. Thus, several simulation techniques which are limited
to lossless, non-dispersive materials are not applicable to plas-
monic devices. In addition, in time-domain methods the dispersion
properties of metals have to be approximated by suitable analytical
expressions. Third, a very fine grid may be required to model
evanescent fields at the metal-dielectric interfaces. In fact, most
applications of LSPRs are related to sub-wavelength features of
the NPs or plasmonic devices, which pose an extra challenge to
numerical simulation techniques. Taking these points in mind, we
will now give a brief description of some of the most suitable
approaches in computational electrodynamics for describing the
interaction with light of plasmonic NPs of arbitrary geometry.

Discrete dipole approximation (DDA). The NP is represented
as a cubic array of N polarizable elements. As one has the
freedom to locate these elements of the cubic array at any site,
this approximation can be used to model the optical properties of
nanostructures of arbitrary shape. The numerical problem is
formulated as a set of N linear (complex) non-homogeneous
equations which for 3 dimensions takes the shape of a 3N x 3N
symmetrical matrix. The dielectric constant of the metal is
introduced in the calculation by means of the polarizabilities.
The explicit formula for them has been developed by Draine and
Goodman'”!® in such a way that the cubic array of dipoles
reproduced the dielectric response of the extended solid to the
electromagnetic radiation (lattice dispersion relation). Usually
3D DDA calculations require less computational effort than
finite differencing methods. This feature has made the DDA
approach a powerful tool to model the optical properties of
particles of different shapes and with dimensions of the order of
a few hundred nanometres including studies of triangular
prisms,'® cubes,? truncated tetrahedral,?* shell shaped particles,?
disks* and rods,** among others.?

Although DDA is not an exact method, comparisons of DDA
results with other methods such as the Mie theory indicate that
errors in the extinction spectra are often less than 10%. There
exist several DDA implementations,*® extensions to periodic
targets?” and light scattering problems on particles placed on
surfaces.”® Comparisons to exact techniques have been pub-
lished,? the validity criteria of the DDA have been recently
extended for irregularly shaped particles.3® A convergence

criterion for a precise calculation of the near field using DDA has
also been recently proposed.?!

Green dyadic methods (GDM). These methods are based on
discretization of an integral equation to obtain a matrix equa-
tion. The magnetic field is eliminated from Maxwell’s equations,
and the field scattered by the object is calculated as the response
of the reference system to a point current source by means of the
so-called Green’s function. The Green’s function is a dyad that
operates on a vector giving rise to another vector. The GDM is
particularly efficient in modeling scattering from metallic struc-
tures embedded in uniform or planar layered media. This is due
to the fact that Green’s functions are available for such systems
and only the metallic structure volume has to be discretized.
However, it is hard to use the GDM in more general problems
due to the difficulty in constructing the related Green’s functions.
The GDM is a frequency-domain technique, so it can treat
arbitrary material dispersion. A very fine grid resolution is
required to accurately model the rapid field decay inside the
metal. In addition, assuming that an orthogonal grid is used,
finer grid resolutions are required for curved metal-dielectric
interfaces to avoid introducing large errors due to staircasing.*?
The efficiency of discretization can be increased by using non-
uniform and/or non-orthogonal grids.*>** These, however, are at
the cost of higher complexity codes. It has been shown that the
GDM is equivalent to DDA in the low-frequency limit.'®

Finite-difference time-domain method (FDTD). This approach
can be classified within the grid-based differential time domain
numerical methods, in which the time dependent Maxwell’s
equations in their partial differential form are discretized using
central difference approximations to the space and time partial
derivatives. The finite difference equations are solved in a leap-
frog way: the components of the electric field in a given space
volume are solved at some instant in time, then the components
of the magnetic field are solved for the next instant of time. This
process is repeated until the desired transient or steady state
electromagnetic field behavior has fully evolved. The basic
FDTD space grid and time-stepping algorithm traces back to
a seminal 1966 paper by Yee.** The descriptor “finite-difference
time-domain” and its corresponding “FDTD” acronym were
originated by Taflove.*® FDTD is accurate and robust. Its
sources of error are well known, and can be restricted to permit
accurate models for a very large variety of electromagnetic wave
interaction problems.

All the numerical methods discussed can be applied to capri-
ciously complex geometries and frequency dependent dielectric
functions, although FDTD requires the permittivity to be
expressed as a sum over a limited number of Lorentzians, so it
could be difficult to apply to arbitrary intricate dielectric func-
tions. The DDA and FDTD methods rely on simple volume
parameterizations, which can be advantageous when very
complex geometries are considered. One advantage of the DDA
method is that it can be applied to closely separated particles
without any need to parameterize the medium between them,
whereas FDTD could become prohibitively time consuming for
this particular case. On the other hand in contrast to the time
independent approaches, the FDTD method relies on the prop-
agation of the electromagnetic field defined on a spatial grid

This journal is © The Royal Society of Chemistry 2011
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through consecutive time steps, so the method yields E(r,?) in
a direct way. This can be advantageous in situations where the
time resolved fields are required. FDTD deals with impulsive
behavior naturally. A single FDTD simulation can provide either
ultra wideband temporal waveforms or the sinusoidal steady-
state response at any frequency within the excitation spectrum. It
is relatively simple to combine FDTD with sets of auxiliary
differential equations that describe other physical phenomena of
a complex system (ie. multiphysics solutions). FDTD is
a systematic approach. Specifying a new structure in FDTD
consists simply of mesh generation problem rather than the
potentially complex reformulation of an integral equation (e.g.
no calculation of structure-dependent Green functions is
needed). These factors tend to indicate that FDTD will likely to
remain one of the most widely used, and may become the
dominant computational electrodynamics technique.3®

4 Some general trends and features of LSPRs

By means of examples of applications of the numerical and
analytical approaches we illustrate the general trends on the
behavior of LSPRs of different NPs.

Spheres

Fig. 2 shows the extinction spectra, including the relative
contributions of absorption and scattering, of silver nanospheres
with increasing diameters. Small spheres whose size is within 1—
2% of the incident wavelength (e.g. 10 nm Ag as in Fig. la)
present a single LSPR corresponding to the dipolar resonance
and the extinction is dominated by absorption. In this size range
the quasistatic approach is valid and the resonant absorption and
scattering are given by eqn (2) and (3). As the NP radius (R)
increases the relative contribution of scattering to the total
extinction increases, as expected from the R® and R® dependen-
cies of the scattering and absorption cross-sections, respectively
(eqn (2) and (3)). Note that the quasistatic approximation does
not take into account any size dependence of the spectral posi-
tion of the LSPR. However, as the size of the particle increases,
so does dynamic depolarization which leads to a red-shift and
broadening of the LSPR. The dipolar LSPR changes from 354 to
368 and to 466 nm when the size of the Ag spheres increases from
10 to 50 and 100 nm (Fig. 2A-C, respectively). The correct
description of spheres larger than about 5% of the wavelength
requires the full Mie solution. For even larger particles higher

order multipole resonances become significant as shown in
Fig. 2C for the 100 nm Ag sphere.

The relative contribution of each multipole order to the total
extinction cross-section of a 200 nm diameter silver sphere can be
seen in Fig. 3A. The peaks at short wavelengths in the extinction
spectra correspond to the quadrupole and octupole excitation,
while the broader band at longer wavelengths is due to the dipole
excitation. This is clearly seen in the electric field around the NP
obtained when it is illuminated at the resonant frequency of each
mode. Fig. 3B-D show the electric field around the NP
normalized to the incident field (| E|/|Eo|). The field corresponding
to the dipole mode (Fig. 3B) presents two lobes, while the
quadrupole (Fig. 3C) exhibits four lobes. Due to the large
spectral overlap with the dipole mode, both quadrupole and
dipole are excited simultaneously and the enhancement is not
symmetrical having larger enhancements on the right side (where
the dipole has its major contribution). The enhancement pattern
at the octupole resonance wavelength (Fig. 3D) is almost iden-
tical to that of the quadrupole. In this case the contribution to the
extinction of this mode is very small compared to the dipole and
quadrupole modes, being the field distribution dominated by the
other two modes.

In the quasistatic regime the resonance condition for an
arbitrary order j is given by ¢ = —(j + 1)/j, which means for
example that the quadrupole (j = 2) and octupole (j = 3)
LSPRs of a particle in vacuum occur when ¢ is equal to —1.5
and —1.33, respectively. As the size of the particle increases
beyond the quasistatic regime, the higher order resonances red-
shift too. A useful way to condense the size dependency of the
LSPRs is to evaluate the real part of the dielectric constant ¢ at
the resonance wavelength as a function of the sphere diameter,
for each multipole order, as depicted in Fig. 4 based on Mie
calculations. The values of ¢ for the LSPR are close to the
quasistatic value of —2 for small sphere diameters in vacuum
but increase quickly with size, deviating considerably from this
value for radius greater than 25 nm. The rate of variation &
decreases with the multipole order, which implies that the shift
of the resonance wavelength with size is smaller for the higher
order multipoles.

Rods

In contrast to the case of spheres where the different multipole
modes overlap considerably, the longitudinal LSPR modes of

A B
2.0 T T T T 9,0
7.5 =
15 D =50 nm
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Fig.2 Extinction, absorption and scattering efficiencies (Q) of spherical silver NPs (in vacuum) with increasing diameter (D). The respective efficiencies
Q are defined as the ratio between the corresponding cross-section ¢ and the geometrical cross-sectional area of the sphere projected.

4046 | Nanoscale, 2011, 3, 4042-4059

This journal is © The Royal Society of Chemistry 2011


http://dx.doi.org/10.1039/c1nr10788g

Downloaded by Chengdu Library of Chinese Academy of Science on 07 November 2011

Published on 19 September 2011 on http://pubs.rsc.org | doi:10.1039/C1INR10788G

View Online

300 400 500 600 700 800 900 1000
Wavelength / nm

Fig.3 LSPR modes of a metallic sphere. (A) Relative contributions of each multipole order (j) to the total extinction efficiency of a 200 nm Ag sphere in
vacuum. (B, C, and D) Electric field intensity distribution around the NP corresponding to j = 1, 2, 3, respectively, when the NP is illuminated from the

left with a plane wave at the resonant wavelength of each mode.
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Fig. 4 Size dependence of the spectral position of the LSPR modes of a spherical NP. (A) The resonances are identified from the extinction spectrum,
and the corresponding value of the real part of the dielectric constant ¢’ is identified. (B) ¢’ for different multipole plasmon modes of silver spheres of
increasing radius. (C) A zoom view of (B) to show the asymptotic values of ¢ for small spheres in the quasistatic regime.
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Fig. 5 Comparison between the LSPR modes of a nanosphere and
a nanorod (longitudinal polarization). (A) Extinction spectra of the Ag
sphere with radius R = 15 nm and a Ag nanorod of equivalent
volume. (B) Idem for a sphere with radius R = 65 nm. The calcula-
tions were performed using DDA for cylinders and Mie solutions for
the spheres.

nanorods are well separated spectrally. Fig. 5 shows the extinc-
tion spectra of two Ag nanorods of different length and, as
reference, of two spheres of equivalent volume. Each peak on the
extinction spectra is associated with the excitation of odd LSPR
modes, ie. dipole (j = 1), octupole (j = 3), etc. The peak wave-
length decreases with increasing plasmon order, being the more
redshifted resonance the one corresponding to the dipole mode in
this case. These features have been observed experimentally for
gold nanorods fabricated using alumina templates.?* The spectral

position of any order LSPR of nanorods can be determined by
means of a general resonance condition:?’

B
0 d?

Rele(2)] = {% + + C] em(R) 4)
where A = 2687 um 2, B=4.4 and C = 3.7 and Q = jm/L are the
wavevector associated with the multipole plasmon mode of order
j of a gold or silver nanorod of length L and diameter d with
dielectric constant ¢(4) in a surrounding medium with dielectric
constant ¢,,(4). The expression has been derived combining DDA
electrodynamics simulations with the aid of a nanoantenna-
standing wave model approach. Some scaling laws, emerging
from the above expression, have been also demonstrated to be in
very good agreement with recent experiments and theoretical
studies. 3

A comparison between two electromagnetic methods, the
DDA approach (performed by us) and GDM calculations per-
formed by Krenn et al.,*' is shown in Fig. 6 for nanowires of
a rectangular cross-section (25 nm x 85 nm) for different lengths,
fabricated by electron beam lithography. The spectra (not
shown, similar to the ones shown in Fig. 5) present the well
separated LSPR peaks corresponding to modes of different
multipole orders. The DDA reproduces the experimental results
more accurately.

This journal is © The Royal Society of Chemistry 2011
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Fig. 6 Spectral positions of the LSPR modes of the order j for nanorods
of various lengths with a rectangular cross-section (25 nm x 85 nm).
Comparison between the experimental values*' and numerical simula-
tions performed using DDA and GDM.

Other NP shapes

Besides nanospheres and nanorods, important efforts have been
performed in order to develop chemical and physical methods
able to produce other NP shapes. It has been possible to obtain
various nanostructures such as nanostars,**** nanocages,**
nanocubes,*s nanotriangles*® and nanoshells*” with high quality.
They present a large variety of LSPR modes, more or less
complex depending on the NP geometry, and spanning from the
visible to the NIR, which are pertinent to applications in
biochemical sensors, in surface enhanced spectroscopies, and
photothermal cancer therapy.

Plasmonic coupling

When two or more NPs are in close vicinity, the localized particle
plasmons of the individual NPs interact with each other via their
optical near fields, creating coupled LSPR modes.**>° The
resonant frequencies of coupled NPs depend strongly on the
interparticle distance and configuration, showing large spectral
shifts (in general red-shifts) with respect to the localized particle
plasmons of the individual NPs.****5* In addition their associ-
ated electric fields are stronger and more localized in the gaps
between the particles.3*555° In Fig. 7A and B the electric field
enhancement (|E|/|Ey|) pattern generated around a single 25 nm
silver NP is compared to the one generated around a dimer of

25 nm Ag NPs separated by a 5 nm gap. The hot spot effect, i.e.
the enormous enhancement produced as a consequence of near
field coupling between NPs, is clearly evidenced. Fig. 7C shows
a comparison of the spectra of the single and coupled NPs.

The dependence of the coupled LSPR frequency on the
interparticle distance has been used as a “plasmonic ruler” to
measure nanometric distances in biological systems.®®*** For Au
NPs, this spectral shift seems to exhibit a universal scaling
behavior that is independent of the particle size but not its
shape.®»? Recently a general plasmon ruler equation for Ag
nanosphere pairs has been derived for a wide range of interpar-
ticle separations and diameters which demonstrates the impor-
tance of including multipole interactions for small interparticle
separations.®®

5 Optical detection of metallic NPs

There are numerous methods to detect and characterize metallic
NPs. Non-optical methods include scanning probe and electron
microscopies. In colloidal suspension, metallic NPs can be
studied optically by means of UV-VIS extinction spectroscopy as
well as by dynamic light scattering. Near field scanning optical
microscopy can be used successfully to investigate metallic NPs,
even at the single NP level. However, practical application has
been limited by its highly demanding experimental realization.
Here, we describe the most successful far-field microscopy
methods with capability to address single metallic NPs.

Dark field detection of NPs

Traditional methods for the far-field optical detection of small
objects rely on scattering. The signal is obtained by separating
the light elastically scattered by the object from the incident field,
e.g. as in dark-field or total-internal-reflection microscopy.
Indeed these methods can be used to detect NPs. The scattering
cross-section of a spherical particle much smaller than the
wavelength of light A is given by eqn (2). A key feature of this
equation is that the intensity of scattered light scales as the sixth
power of the particle diameter D, ie. the scattering signal of
a particle with D = 10 nm, is 1 000 000 times weaker than that of
a particle with D = 100 nm. Detection of small particles becomes
extremely challenging, particularly in complex environments,
because one needs to distinguish the light elastically scattered by
the particle from stray background scattering produced by any
slight fluctuation in the refractive index of the sample. This is
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Fig.7 Plasmonic coupling. (A, B) Near field enhancement distribution produced by a silver spherical NP with D = 25 nm and by a pair of spherical NPs
of the same diameter separated by 5 nm, respectively. The incident field is polarized along the major axis (vertically). (C) Spectra of the single spherical
NP and the NP pair shown in A and B. The calculations were performed using Generalized Multiparticle Mie Theory.
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a fundamentally different situation than that of detecting fluo-
rescence, which can be separated from the background efficiently
by using spectral filters. Nevertheless, if the scattering efficiency
is sufficiently large, it is possible to detect relatively small parti-
cles. Metallic NPs are the most prominent example because they
exhibit a greatly enhanced scattering in the visible range due to
their LSPRs. Their scattering cross-sections may exceed several
times their geometrical cross-sections. Gold and silver NPs down
to 3040 nm can be detected by dark-field or total internal
reflection microscopy.®+%®

Fig. 8 shows a schematic of a typical dark-field microscope and
a scattering image of individual gold NPs.* Optical detection of
metallic NPs based on scattering has found important applica-
tions in nano- and life-sciences.>*7*77

Interferometric scattering detection

Recently, efforts have been undertaken to detect optically very
small metallic NPs (D < 20) in order to expand their applicability
as labels in the life-sciences and as building blocks in nanotech-
nology. A few techniques have succeeded. They are all interfer-
ometric measurements and thus require coherent (laser) light
sources. The signals are produced by scattering or absorption by
the particles.

The techniques based on scattering exploit the interference
between the background reflection as a reference beam and the
field scattered by the NP (Fig. 9).7 In this case, the measured
signal I,, is given by the coherent superposition of the scattered
and reflected laser fields, Es and E., respectively:

Iy = |E; + EJf = |EP(? + 57 — 2|r||s|sin ¢) ©)

where E; is the incident field, r is the reflectivity and s = |s|e” is
the complex scattering amplitude with phase ¢. The first term on
the right is the reflected background intensity. The second term is
the scattered intensity, proportional to D® and thus is negligible
for very small particles. The third term, however, is proportional
to D? and overwhelms the other two terms for very small parti-
cles.” This method can be applied in wide field mode.” Although
the resonant response of the metallic particles can be used in
some cases to distinguish them from a scattering background, the
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Fig. 8 Dark-field optical microscopy of metallic NPs. (A) Schematic of
a dark-field set-up for the detection of NPs by scattering. (B) Dark-field
image of a substrate patterned with gold NPs of D = 80 nm by laser
printing (from Urban ez al.*®). Other NPs free in the colloidal suspension
can be seen (slightly out of focus) around the “CeNS” pattern. NP
clusters, recognizable by their red color due to plasmonic coupling, can be
seen too.

application of this technique in highly scattering media such as
biological cells seems limited.”

Direct absorption detection

The techniques that rely on absorption benefit from the fact that
absorption scales as D* in contrast to the D® dependency of the
scattering cross-section. Near their plasmon resonance, metallic
NPs have a relatively large absorption cross-section (~6 x
10~'* cm? for a 5 nm gold NP) and exhibit a fast electron—phonon
relaxation in the picoseconds range,® which makes them very
efficient light absorbers. Thus, for very small NPs techniques
based on light absorption become more sensitive than scattering
techniques. The absorption signals are still weak and it is
necessary to apply some kind of modulation and lock-in ampli-
fication in order to detect them efficiently. One possibility is to
directly monitor the fluctuations in transmitted light as the
position of the absorbing NP is modulated over the focus of the
illuminating beam.?* Gold particles down to 5 nm were detected
with this method.®

Photothermal detection

Photothermal techniques exploit the strong absorption of small
NPs to generate a simpler to detect scattering signal, by means of
the thermal lens effect®#* (i.e. the dependence of the refractive
index with temperature). The luminescence efficiency of the
metallic NPs is very low.#%¢ Almost all the light absorbed by
a NP is converted into heat and, as a consequence, the temper-
ature of the medium around the NP increases and its index of
refraction decreases. Effectively, the heated volume around the
NP acts as a scatterer which can be strong enough to be detected
in a scanning microscope. Further, the laser induced scattering
can be easily switched on and off simply by modulating the
intensity of the light used for heating, which in turn enables
highly sensitive lock-in detection.

A number of methods have been developed based on this
concept. Gold NPs as small as 5 nm in diameter could be detected
by a photothermal interference contrast (PIC) method®” that uses
two (reference and probe) spatially separated beams. More
recently, a simpler technique where reference and probe beams
are collinearly aligned (Fig. 10) has proven to be the most
effective method to date permitting the imaging of gold NPs as
small as 1.4 nm in diameter (only 65 atoms!).

6 Manipulating light at the nanoscale

In this section we focus on the near field distribution of LSPRs
and how they can be used to manipulate light at the nanoscale
and enable a number of applications. All applications are based
on the six fundamental properties presented in Section 2, but first
we introduce the important concept of reciprocity in optics that is
also relevant to the plasmon resonances of metallic NPs.

Reciprocity

Roughly, the reciprocity theorem states that the relationship
between an oscillating current and the resulting electric field is
unaffected if one interchanges the points where the current is
placed and where the field is measured. Consider an electric
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Fig. 9 Interferometric optical detection of metal NPs. (A) Schematic of the experimental configuration. The sample is scanned over the focus of
a confocal microscope. Images are the result of the coherent superposition of the reflected and scattered fields, £, and E;, respectively (eqn (5)). (B)
Confocal interferometric images of samples with gold NPs of different sizes from Sandoghdar ez al.:" (i) 60 nm gold NPs.” For these relatively large
particles the reflective (first) term in eqn (5) dominates and the signal is positive. (ii) Image of a sample with 10 nm and (iii) with 5 nm gold NPs.” For
these small particles, the interference (third) term of eqn (5) dominates, so the signal is negative.
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Fig. 10 Photothermal heterodyne imaging (PHI). (A) Experimental configuration and (B) PHI image from Cognet et al.®* of a sample containing gold

NPs with diameters of 5 nm (large peaks) and 2 nm (small peaks).

point-dipole source p; located at position r; in a certain medium,
producing an electric field E;(r,) at another point r, as depicted
in Fig. 11A. Now, consider the situation where source and
observation positions are switched, i.e. we now have a dipole
source p, (different from p;) at r, and observe the field E,(r;)
produced at ry as in Fig. 11B. The optical reciprocity theorem
states that:

P1Ex(r) = p2E(r2) (6)

Optical reciprocity is valid in most situations. Actually, reci-
procity failures are special cases where the susceptibility tensors
are not symmetric, as in the case of magnetic materials in the
presence of magnetic fields.®¥*° This simple relation is of great
help when studying the interaction of molecules or emitters with
plasmonic structures.’’® One way to exploit reciprocity is to
consider one of the dipoles, let’s say p; in the far field, producing
a plane wave, polarized along the direction of p; and incident on
the plasmonic structure (e.g. a single or a set of metallic NPs)
from a certain direction d. That plane wave generates a certain
electric field E; around the plasmonic structure. If we now place
the second dipole p, at r, near the plasmonic structure, it will
interact with the component of the local electric field along the
orientation of p,, that is, the right term in eqn (6). The reciprocity
theorem tells us that if that interaction is strong, ie. the
component of E; at r, along the orientation of p, is large, the

E.(r)

Fig. 11 (A and B) Reciprocal configurations of dipoles and generated
electric fields.

emission of p, into the far field, polarized along the orientation of
p1 in the opposite direction —d, will be proportionally strong.
This statement is of wide applicability because most molecular
transitions, such as fluorescence or Raman, correspond to
dipolar excitations; more complex excitations or currents can be
described as a superposition of dipoles. Plasmonic NPs may
influence optical transitions in the excitation as well as in the
emission process. In addition, it clearly states the directionality of
plasmonic enhancements which is of critical importance in
microscopy and optical antennas.”* In summary, one could
expect that if a metallic NP, when illuminated with a given
optical frequency (ie. color) and from a certain direction,
generates a strong (weak) localized field in one point, then a local
source of the same frequency placed at that point will emit effi-
ciently (badly) in that direction. This is a fundamental concept
relevant to all applications of metallic NPs to manipulate light.
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Surface enhanced Raman scattering

In surface enhanced Raman scattering (SERS), extraordinarily
strong Raman scattering signals are detected from molecules in
the vicinity of NPs and NP clusters that are illuminated at their
plasmon resonance frequency. A number of reviews and text-
books exist on SERS. While for molecules in very close prox-
imity to the metal surface, direct electron transfer may increase
the Raman polarizability,” the main contribution to the SERS
signals arises from the strongly enhanced local electric fields of
plasmonic NPs.'® The Raman signal is proportional to the
product of the local electric field intensities at the incident
frequency |E(w)]* and at the Stokes shifted frequency |E(w')].
Since the Stokes shift is usually small in comparison to the
LSPR width, it is usually taken as a reasonable approximation
that the Raman enhancement is proportional to the fourth
power of the local field at the incident frequency |E(w)|*.*
Current knowledge on SERS goes beyond this approximation
and quantitative calculations are possible.'®’ Metallic NPs, in
particular silver, gold and copper, are the preferred substrates
for SERS. The strongest SERS enhancement occurs under
conditions where the incident and Raman scattered photons are
both strongly enhanced, i.e. the LSPRs of the NPs are tuned to
include both incident and scattered wavelengths. For that, it
should be taken into account that the presence of adsorbed
molecules will shift the LSPR spectral position.’® The local
fields may be so strongly enhanced that Raman signals from
single molecules may be observed.'>'% The principles of SERS
are meanwhile well understood,'® and current efforts are
focused on developing new shapes as well as ordered arrays of
metallic NPs to obtain more efficient and controlled
SERS.IIO—IIS

Fluorescence excitation and emission

The rate of fluorescence photons emitted by a fluorophore is
given by:

I

Iy = Togo—
) CCFF+Fnr

=T cchE (7)
where I, is the excitation rate, I'; is the radiative and Iy, the
non-radiative de-excitation rates, and QE the fluorescence
quantum efficiency. Metallic NPs near a fluorophore may
influence all the rates involved in fluorescence.®*'¢'>3 Depending
on its relative position and orientation with respect to the NPs,
a fluorophore may experience an enhanced or suppressed electric
field, leading to a higher or lower excitation rate, respectively, in
comparison to a fluorophore in free space.

The de-excitation rates (i.e. the fluorescence lifetime) may be
influenced too. In very close proximity to the metal surface,
typically closer than 15 nm, direct energy transfer to the metal
prevails, which leads to dominant increase of the non-radiative
decay rate and the fluorescence emission is strongly suppressed.
For larger separation distances, and up to roughly one wave-
length, the radiative rate is influenced by variations in the local
photonic mode density (PMD). If a fluorophore is placed in
a region of high (low) photonic mode density at the emission
frequency, the probability of photon emission and thus the
radiative decay rate is higher (lower).’*”*?* The photonic mode

density depends on the orientation of the emission transition
dipole of the fluorophore, e.g. for a given separation distance
from a gold nanosphere, a fluorophore oriented parallel to the
NP surface may experience a low PMD whereas a fluorophore
perpendicular to the surface may experience a high PMD. All the
aforementioned effects are proportional to the spectral overlap
between the absorption of the metal NP and the fluorescence
emission.

Though it is quite demanding to obtain absolute values for the
PMD, variations of the PMD relative to a reference situation are
relatively easy to obtain by electric field calculations. Based on
reciprocity, the PMD at a given point is proportional to the result
of the coherent superposition of fields generated by plane waves
incident from all possible directions (47 solid angle). For
example, in order to obtain the relative PMD for a fluorophore in
a given position relative to a NP system, what one needs to do is
to calculate the electric field at the fluorophore position, along
the dipole orientation, produced by far field plane waves incident
from all possible directions, and compare it to the field produced
on a reference homogeneous medium (e.g. vacuum).

One should note that regions of high excitation field and high
PMD may not coincide. First, fluorescence excitation usually
takes place from one direction (e.g. a laser beam) or a small set of
directions (e.g. a lens with a limited numerical aperture). The
near field distribution obtained when a system is illuminated
from a given direction is, in general, different from the one
obtained when illumination occurs from all directions. Second,
the Stokes shift of fluorescence is not negligible in comparison to
the typical widths of plasmon resonances (as is the case in Raman
scattering). The response of a NP or a set of NPs at the excitation
and emission frequencies may be largely different. And finally,
the transition dipoles for absorption and emission of a fluo-
rophore may not have identical orientations.

In summary, the fluorescence emission of a fluorophore near
metallic NPs may be suppressed (quenched) or enhanced:

Quenching. A suppression of the fluorescence emission in
comparison to the free space situation could be due to a domi-
nant reduction of I'e,., of QE, or both. The near field distribution
around a resonant NP or NP system may present regions where
the field component along the absorption dipole of a fluorophore
is suppressed, leading to a reduced I'ey.. For fluorophores with
a high intrinsic QE, the presence of the NPs may lead to
a decrease of the QE due to a reduced I'; product of a low PMD.
At short separation distances, typically below 15 nm, direct
energy transfer to the metal contributes in a dominant way to I'y,
leading to a strong quenching.

Enhancement. An increase of the fluorescence emission in
comparison to the free space situation may be due to a dominant
increase of ey, or of QE, or both. The near field distribution
around a resonant NP or NP system may present regions where
the field component along the absorption dipole of a fluorophore
is enhanced, leading to an increased I'c,.. For fluorophores with
a low intrinsic QE, the presence of the NPs may lead to an
increase of QE due to an enhanced I'. product of a high PMD.'*
If the excitation is high enough to saturate the fluorescence
emission, a fluorescence enhancement due to an increased I'; may
be visible also for fluorophores with intrinsic QE close to 1.
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Quantifying fluorescence quenching and enhancement is not
a trivial task because there are several processes taking place
simultaneously. In particular in ensemble measurements, the
overall signal obtained comes from fluorophores with different
positions and orientations relative to the plasmonic structure.
Furthermore, when a fluorophore couples efficiently to a plas-
monic structure, the angular patterns of excitation and emission
may be strongly modified'*'** and therefore, a quantitative
assessment of the excitation directions as well as the collection
angles is necessary.”®* More about directionality is discussed in the
next paragraphs. One more aspect, common to most fluo-
rophores that has been left out, is that excited molecules may
undergo inter-system crossing to triplet states. Nearby plasmonic
structures can also influence the triplet state de-excitation.'*® For
these reasons, experiments involving single NPs and single fluo-
rophores have provided the most detailed and quantitative
information.93'l16'121’124’125

Optical antennas

An antenna, as is the case of traditional microwave and radio-
frequency antennas, is a mediator between far-field radiation and
local fields (currents) in an electronic circuit. In analogy, due to
their strong interaction with light, single as well as arrays of
metallic NPs have been investigated as optical antennas.'»'25-127

As discussed in previous sections, metallic NPs are able to
efficiently collect far field radiation and focus it into local fields
(near fields) confined to regions of space with dimensions well
below the size of a wavelength, i.e. metallic NPs are efficient
optical receivers. As optical emitters metallic NPs may enhance
decay rates of a local source, for example, a fluorophore. When
the resonance of a metallic NP or NP array is properly tuned, it
can convert a relatively bad fluorophore into a super-emitter.
The radiative rate I'. becomes so fast that overtakes any other
non-radiative processes and boosts the quantum efficiency to
near unity. This effect is called super-emission and presents
a decay in the picosecond timescale. Bright molecule emission
with a lifetime of ~20 ps was recently observed for the first time
in the gap of a bow-tie optical antenna,'®* ie. two triangular-
prism shaped NPs plasmonically coupled. In addition, an optical
antenna may influence the spectral response of an emitter as well.
An emitter coupled to an optical antenna will emit more effi-
ciently at the frequencies for which the antenna is resonant.'*®
This can be understood as the spectral distribution of the
photonic mode density.

Another important feature of an antenna is its directionality.
An optical antenna may receive or emit light from different
directions with unlike efficiencies. Recent calculations and
experiments on individual arrays of NPs?:9395:97:125:129 haye
enabled the investigation of directionality on optical antennas,
independently from the other influences of the antenna. Several
optical antenna designs have been demonstrated to direct photon
emission efficiently.®’93:97-125:130 Djrectionality needs to be taken
into account in every experiment involving optical antennas
because it may strongly affect the experimental excitation and
collection efficiencies.”® Properly designed and fabricated optical
antennas hold potential to offer unique high quantum efficiency
super-bright single-photon sources with strong directionality for
diverse applications.

Sensing surface reactions

Metallic NPs have been used in sensing for a while now. Typi-
cally, the NP surface is modified with molecules containing
a recognition site for the target analyte. The interaction between
the modified NP and the analyte may be detected in various
ways. Probably the most prominent examples are “sandwich”
stripe tests, e.g. like pregnancy tests, where gold NPs containing
specific antibodies on their surface first bind to a target protein or
enzyme, which in turn binds to other specific antibodies fixed on
a particular area of the stripe, immobilizing the NPs and thereby
indicating the reaction. In these kinds of positive/negative
biosensors, the LSPR of gold NPs provide the visible color
needed to identify that the reaction took place.

An alternative label-free biosensing scheme, which can provide
quantitative information about the presence of an analyte, is
based on the fact that the spectral position of the LSPR modes
depends on the dielectric properties of the immediate environ-
ment of the NP. Binding of the analyte on the NP surface
modifies the dielectric environment and therefore the LSPR
shifts spectrally. Typically target molecules have a higher
refractive index than the supporting buffer and the LSPR shifts
to the red. For identical refractive changes, LSPRs at longer
wavelengths present a larger shift.”*!31-13% This effect has been
exploited to realize a number of label-free biosensors based on
bulk NP colloids as well as on individual NPs.7»77:131:133-138 Qther
kinds of sensors have been developed based on the plasmonic
properties of metallic NPs. Examples include sandwich biosen-
sors based on fluorescence quenching®® or SERS,114.140:141

Non-linear nano-optics

Metallic NPs provide many opportunities for novel non-linear
nanoscale photonic devices. First, the strong localized LSPR
fields may be used to excite multi-photon and non-linear
processes in the vicinity of metallic NPs. Second, metals them-
selves have a particularly strong non-linear behavior in
comparison to dielectrics. For example, the third-order nonlinear
susceptibility of gold is more than three orders of magnitude
larger than the susceptibility of nonlinear crystals such as KDP,
KTP or LiNbO3."? Research in non-linear effects and applica-
tions with metallic NPs is just beginning. Some illustrative
examples are the two-photon luminescence used to characterize
metallic NPs and arrays,*”'** control of the non-linear
frequency conversion intensity by tuning the gap between two
gold NPs'*145 and the detection of small NPs by third harmonic
generation.® The use of optical antennas in non-linear optical
nanodevices has been proposed,’” although the design and
fabrication is a considerable challenge because, in addition to the
current difficulties in fabricating accurate nanoscale devices, here
different optical wavelengths are involved.

7 Manipulation of heat at the nanoscale

Metallic NPs are very inefficient fluorophores with fluorescence
quantum yields of about 10~° or less. As a result, almost all light
absorbed by the NPs is transformed into heat. Due to the
enhanced absorption, illumination of metal NPs at their LSPR
frequencies leads to significant heat generation by the
NPS.87’148_150
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Heat generation

Heat generation after LSPR excitation arises from fast dephasing
of the coherent electronic motion in conjunction with rapid
energy transfer to the metal crystal lattice.®-'*"'52 This heat
generation mechanism is extremely fast and thermalization
occurs in a time of the order of several picoseconds. That means
that for most practical applications, the NPs become hot
immediately upon illumination. On the other hand, the temper-
ature increase of the surrounding medium will take a longer time
that is determined by heat conduction (i.e. by the heat capacity
and thermal conductivity of the medium). Experimental deter-
mination of heat dissipation and the temperature field around
NPs is not a simple task, in particular for small NPs and when
only small regions are heated.'*®'5* Nevertheless, the heat
diffusion equation can be solved numerically or analytically and
accurate results are obtained because all parameters involved are
known precisely. For example, we take a spherical NP in
a homogeneous medium, for which the time dependent solution
of the heat equation is known.'>* The stationary solution (i.e. for
t — o) for the temperature increase of the surrounding medium
as a function of the distance r to the NP is given by a simple
formula:

AT(r) = 10ubs

= >R (8)

47tkr
where 7 is the light power density illuminating the NP, R and g,
are the NP radius and absorption cross-section, respectively, and
k the thermal conductivity of the surrounding medium. The time
T necessary to reach half the maximum (steady state) temperature
at the NP surface can be estimated as © = R*«,'> where « is the
thermal diffusivity of the surrounding medium.

As an example, Fig. 12 shows the spatial and temporal
dependence of the temperature increase AT for the case of
a gold NP with R = 40 nm, in water, illuminated at its LSPR
with three different moderate power densities. This example
emphasises the two main features of optical heating by metallic
NPs: (i) it is highly confined spatially to the close vicinity of
the NP. The temperature increase is limited to small regions
with typical length scales of some tens to hundreds of nano-
metres. In very small regions the thermal response of materials
may not be the same as in bulk. For example, a metallic NP in
water may have surface temperatures well above 100 °C
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Fig. 12 Photothermal heating of water by a gold NP. Temperature

increase AT of water as functions of the distance r and time ¢ due to heat
generation by a gold NP with a diameter of 80 nm, illuminated at its
plasmon resonance (532 nm) with three different power densities, which
correspond to a laser intensity of 10, 5, and 1.4 mW focused on a spot
of 1 mm.

without boiling. And (ii) heating is extremely fast. Half the
maximum temperature is reached in less than 50 ns! This can
be considered as an instantaneous temperature jump for most
practical applications.

NPs as optically controlled nanoscopic sources of heat

Metallic NPs may be exploited as versatile, remotely controlled
nanoscopic sources of heat. They can be switched on and off,
very rapidly (i.e. in just a few ns) simply by switching on and off
a laser. The rate of absorption is determined by the absorption
cross-section and the laser intensity for CW laser, or the pulse
width and energy for pulsed lasers. Depending on the relative
balance of the rate of absorption and the rate of cooling, various
regimes can be identified:

Photothermal heating. At low rates of excitation the NPs are
able to dissipate the generated heat leading to an increase of the
temperature in the surrounding medium.

Bubble formation. Short laser pulses (fs to ns) of relatively high
energies may lead to bubble formation around the NP 156157

Melting and surface ejection. At higher absorption rates, e.g.
obtained with higher pulse energy ns or fs lasers, the NP accu-
mulates important amounts of heat and may melt.**® If the NPs
are supported on a surface, the melted NPs may be ejected from
the substrate. If femtosecond pulses are used, ablation leads to
pressure build-up underneath the NPs leading to a high-speed
ejection without melting, i.e. preserving the NP shape.'®

Coherent lattice oscillations. Femtosecond pulses of low
intensity induce coherent oscillation of the NP crystal lattice.'®®
These oscillations can have a frequency, which depends on the
NP size, shape, and interparticle distance.!6%-16

Applications of metallic NPs as nanoscopic, optically
controlled sources of heat are being explored taking advantage of
these different regimes. Below we discuss some of the most
prominent examples upto today.

Controlled release

The ability of NPs to produce important amounts of heat locally,
triggered by laser illumination, has been exploited in different
schemes of controlled release.'®* Controlled release from loaded
liposomes decorated with metallic NPs has been achieved by
controlled temperature increase’®* using CW illumination or
light bursts,'®s as well as by generation of nano-bubbles that
disrupt liposome using sub-ns pulses.'® Another successful
strategy is the use of thermoresponsive polymer shells as carriers;
the heat produced by the NPs leads to swelling of the polymer
and subsequent release.’®”1%® Laser triggered release was ach-
ieved from layer-by-layer polyelectrolyte shells which could be
ruptured by NP heating.'6*'"!

Controlled release of single stranded DNA has been demon-
strated too, using gold NP functionalized with double stranded
DNA which dehybridizes upon NP heating, releasing single
stranded DNA for gene therapy.'’>'”® This approach could be
extended to messenger RNA therapies. New schemes for

This journal is © The Royal Society of Chemistry 2011
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controlled release are continuously being reported using
increasingly complex systems and NPs, such as gold nano
cages.*

Cancer therapy

If attached to the membrane of a biological cell, the heat
produced by a NP can disrupt the membrane and lead to cellular
death. If the NPs are selectively attached to diseased cells, then
photothermal heating of NPs becomes a therapeutic method,”
which has proven capable of destroying cancerous cells both in
vitro and in vivo.*"'74175 In particular, gold nanorods and nano-
shells are used for this purpose because they can be heated effi-
ciently with wavelengths in the “biological window” of the
NIR.'76177 Current efforts are focused on expanding this meth-
odology by conjugating the NPs with antibodies in order to
optimise specific binding to cancerous cells.

Nanoscale thermodynamics

Current optical microscopy methods provide superb detail of
nanoscopic systems with superresolution.’”® Structures and
pathways can be determined with great precision. Still, full
understanding of the functionality of a system requires addi-
tional energetic information. This kind of information has been
traditionally obtained by bulk techniques such as differential
scanning calorimetry. Metallic NPs offer a totally new oppor-
tunity: local thermal manipulation and thermodynamics experi-
ments on the nanoscale! Research on this field is only
starting'>'®® now that optical heating of NPs is well understood.
Metallic NPs provide the fundamental element: the nanoscopic
source of heat. The challenge remains to design each experiment
suitably to extract the desired information from each particular
system. For example, by analyzing the 2D Brownian motion
performed by optically heated gold NPs over a phospholipid
membrane, it was possible to measure locally the gel-fluid phase
transition temperature and phase transition front velocity of
various phospholipid membranes.'*

Catalysis and materials processing

Naturally, optical heating of metallic NPs can be used anywhere
where local or remotely controlled heating could be advanta-
geous. Nanoscale processing of polymers has been demonstrated
using an optically trapped and heated metallic NP,'®! and NPs
have been embossed into polymer films too.'®* Another barely
unexplored area where metallic NPs hold great potential is local,
temperature driven catalysis.'®3

8 Manipulation of forces at the nanoscale

Optical forces have been well studied both theoretically and
experimentally for various applications such as optical trapping
and manipulation of small particles and even biological cells.
Here we make a basic introduction and discuss the particular
issues related to metallic NPs. In particular, we discuss how
optical fields exert forces on metallic NPs, and how the near fields
of LSPRs can be used for optical manipulation.

The Maxwell stress-tensor

Forces in electromagnetic fields arise from the conservation of
linear momentum. We will not make a derivation here, but this
conservation law is a consequence of Maxwell’s equations and
the Lorenz force law. For electromagnetic waves the momentum
density in a medium with dielectric constant ¢ and magnetic
susceptibility u is given by the Maxwell stress tensor:

-

1 -
T(r,t) = |eeoEE — uu HH — (EeaoEz + WO}F) 1} )

where I is the unit dyadic. This stress tensor gives the flux of
momentum across an area and is the starting point for all field-
based optical force calculations. The average mechanical force
acting on an arbitrary body within the close surface V'is obtained
by integrating the momentum flux over the surface:

(F) = J T(r, )n(r)da (10)

Vv

The force is completely determined by the electric and magnetic
fields on the surface V, therefore the whole information is con-
tained in the electromagnetic field. Furthermore, as the enclosing
surface is arbitrary the same results are obtained if the fields are
computed at the surface of the body or in the far field. Here it is
important to note that the fields used to calculate the force are
the self-consistent fields of the problem, i.e. the superposition of
the incident and scattered fields. The described Maxwell’s stress
tensor method is a versatile tool and can be applied via numerical
methods in a variety of different scenarios ranging from NPs in
an evanescent field'®*'%5 to arrays of NPs'8¢187 in focused beams
just to mention a few examples.

Besides energy and momentum, an electromagnetic field can
also carry angular momentum which exerts a mechanical torque
on an irradiated structure. This torque can also be calculated
from the conservation law for angular momentum; the expres-
sion of the time averaged torque for a monochromatic field can
be represented as:

(N) = J(?(r, 1) x ¥n(r)da (11)

Vv
The Rayleigh regime

When the diameter of the particle is significantly smaller than the
wavelength of light, the particle can be treated as a small dipole p.
Under this approximation, the total force acting on the
particle is:

F=@V)E+px B+ix (pV)B (12)

The force consists of three terms. The first one originates from
the inhomogeneous electric field, the second is the Lorentz force,
and the third is due to the motion in the inhomogeneous
magnetic field. The third term usually is negligible compared to
the other two. Note that in this dipole approximation the fields
appearing in eqn (12) are the exciting fields, propagating or
evanescent; it is assumed that the small dipole does not alter the
fields. Because this situation is less rigorous than the general
formalism based on the Maxwell’s stress tensor where the
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self-consistent fields are taken into account, one cannot expect
quantitative results, especially for resonant metallic NPs which
have a strong dipole moment. Still, its simplicity makes the
Rayleigh approximation very useful for a first estimate and to
understand phenomena and experimental situations qualita-
tively. Within this approximation the force averaged over one
cycle is given by:

(F) = %V<|E|2> + w%ﬁw » B) (13)

where w is the frequency of the optical field and a = o/ + ia’’ is the
NP polarizability. The first term of eqn (13) is denoted as the
gradient force and is caused by the field inhomogeneities. A
positive gradient force points towards regions of high field
intensity. The second term, called the scattering force, is
a consequence of momentum transfer from the radiation field to
the particle. The scattering force receives this name because
usually, non-absorbing particles are used in optical traps. But in
fact, this force may be decomposed into scattering and absorp-
tion components: '8

a//

w7<E X B> = Fsca + Fabs = §<S>Usca +§<S>Uabs (14)

here n is the medium refractive index, ¢ the speed of light and §
the Poynting vector. Therefore, this term is called the scattering-
plus-absorption force and points in the direction of the field
propagation.

Optical forces on metallic NPs

For a given field distribution, the optical forces acting on
a particle depend on its polarizability. In order to illustrate the
possible situations, Fig. 13 shows the spectral dependence of
o and o for spherical NPs made of Ag and Au.

First, o’ takes a maximum value at the LSPR wavelength,
which corresponds to enhanced absorption and scattering cross-
sections and thus stronger scattering-plus-absorption forces.'®
Depending on the size of the NP, these forces may be dominated
by scattering or absorption processes. For example, in the case of
silver, «”” is about 100 times larger at the A spr = 350 nm than at
500 nm, which leads to a scattering-plus-absorption force about
70 times stronger. Gold presents a similar but less dramatic
behavior due to larger losses; in addition & of gold remains
relatively large at wavelengths below the LSPR due to strong
interband transitions.
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Fig. 13 Quasistatic polarizability of (A) silver and (B) gold spherical
NPs, calculated from eqn (1) and dielectric constants from ref. 189.

Second, o presents large variations near the plasmon reso-
nance. For metals with low losses (e.g. Ag, Al) « takes negative
values for wavelengths below the LSPR, crosses zero near the
LSPR and becomes positive for longer wavelengths. Then,
depending on the detuning of the laser wavelength with respect to
the LSPR, the gradient force may be attractive (towards regions
of high field intensity), null, or repulsive.'*®

Manipulating metallic NPs with laser beams

If a particle for a given wavelength has a positive o, the gradient
force will cause the particle to move towards regions of
maximum field intensity. This is the basis of optical trapping of
dielectric particles in tightly focused laser beams. The scattering
force, on the other hand, will push the particle in the propagation
direction. Thus the usual condition for optical trapping of
dielectric (non-resonant) particles in a single beam is that the
gradient force in the longitudinal direction surpasses the scat-
tering force.

Let us first analyze the case of metallic NPs with low losses
such as Ag or Al. Close to the LSPR, it is impossible to trap
a NP with a single laser beam because the gradient force
becomes almost zero and the scattering-plus-absorption force
becomes maximum. If the laser is detuned toward shorter
wavelengths, o becomes negative and the gradient force
repulsive! Doughnut-shaped Laguerre-Gaussian beams, which
have a minimum intensity in the center, have been used to trap
atoms near resonant absorption. These so-called “dark traps”
or “blue detuned traps” have the advantage that minimize the
interaction of the trapped object with the laser (e.g. a metallic
NP would be less heated) but have, to our knowledge, not yet
been implemented for metallic NPs. Controlled detuning to
wavelengths above the LSPR can be very advantageous for NP
trapping in focused beams because &’ drops rapidly and
o' remains positive and relatively large. This is a common
behavior for NPs with low or high losses. In these regions
metallic NPs can be tweezed optically much more efficiently
than dielectric particles.'®11-1% Tweezing dielectric particles
much smaller than a micrometre becomes impractical because
of the high laser intensities needed and the difficulties in
detecting those particles optically. In contrast, due to their
large polarizability, gold NPs as small as 18 nm have been
readily tweezed using moderate laser powers and a single
focused Gaussian beam.'**

Metallic NPs with high losses such as Au have a positive
o for all wavelengths across the LSPR but the very large
scattering plus absorption force makes it impractical to trap Au
NPs with a single Gaussian laser beam near the LSPR. The NP
is pulled toward the center of the beam by the positive gradient
force but also pushed strongly in the beam propagation
direction. This particular combination of forces has been
exploited to print single gold NPs on surfaces with spatial
resolution of a few tens of nanometres.®® In order to trap gold
NPs near their LSPR two counter-propagating beams would be
necessary, in order to cancel the scattering plus absorption
force out, or to use radially polarized vortex beams that make
use of the scattering forces to trap NPs in a minimum of
intensity.96:17
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Optical trapping using the LSPR near field

Due to their strong spatial confinement, evanescent near fields
may generate considerable gradient forces and thus be used for
optical manipulation.’® Pioneering work in these directions
involved surface bound evanescent fields in total internal reflec-
tion configurations.'®'*® One can use evanescent fields scattered
by sub-wavelength objects in order to achieve 3D optical field
confinement beyond the diffraction limit with the potential to
trap Rayleigh objects.'®'¥>2® 1.SPR fields supported at the
surface of metallic NPs and nanostructures offer new opportu-
nities in optical manipulation: (i) the enhancements of LSPR
fields are expected to decrease the trapping laser intensity
requirements, and (ii) the ability of LSPR fields to be confined
down to the sub-wavelength regime opens new perspectives to
scale optical trapping down to the nanometre scale. In particular,
light confinement at the extremity of a metallic tip***?*? or at the
output of a hole in a metallic film?**2** was predicted to enable
optical trapping of very small objects down to a few tens of
nanometres. Optical trapping using a variety of plasmonic
structures has been demonstrated in recent years,?*2%7 including
a plasmonic dipole antenna formed by a pair of metal nanorods
spaced by a nanometric gap which enabled the efficient trapping
of 10 nm gold NPs.2®

9 Concluding remarks

We have described the basic physics of LSPRs and the most
relevant theoretical and numerical methods for their calculation.
By means of examples we have explained the main features of
LSPRs and widely used methods for the optical detection of
metallic NPs. Finally, mentioning some prominent experimental
and technological applications of metallic NPs we have por-
trayed how they can be used for the nanoscale manipulation of
light, heat and forces.

It is important to note that all the phenomena described in this
article, which have been classified in light, heat and force effects,
do actually take place simultaneously when a metallic NP is
illuminated. This combination of effects must always be kept in
mind when dealing with resonant metallic NPs. It may as well
lead to experimental complications or advantages. For example,
when a NP is optically trapped in a highly intense field,
a considerable amount of heat is produced. This could be
a disadvantage for trapping because of the incremented Brow-
nian motion, or could be exploited for contact-less thermal
processing of materials.'®

Other interesting examples where the combination of effects is
cleverly exploited include near field scanning optical microscopy
using as probe an optically trapped metallic NP.*** This contact-
free near field microscope probe may then be utilized for fluo-
rescence or near field imaging. Another possibility is to trap
optically metallic NPs, using dark-field microscopy for position
feedback, in order to investigate single NP properties without the
influence of a nearby interface?® or to create in situ hot-spots for
SERS.?* One more example is the recent demonstration of
a novel optical trapping method exploiting the non-linear
polarizability of gold NPs.?'* The investigation of the interaction
of metallic NPs with light is currently at its maximum activity,

and will certainly continue to reveal novel phenomena and
applications.
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