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 Nanoplasmonics is the emerging research fi eld that studies light–matter interactions 
mediated by resonant excitations of surface plasmons in metallic nanostructures. 
It allows the manipulation of the fl ow of light and its interaction with matter at 
the nanoscale (10  − 9  m). One of the most promising characteristics of plasmonic 
resonances is that they occur at frequencies corresponding to typical electronic 
excitations in matter. This leads to the appearance of strong interactions between 
localized surface plasmons and light emitters (such as molecules, dyes, or quantum 
dots) placed in the vicinity of metals. Recent advances in nanofabrication and the 
development of novel concepts in theoretical nanophotonics have opened the way to 
the design of structures aimed to reduce the lifetime and enhance the decay rate and 
quantum effi ciency of available emitters. In this article, some of the most relevant 
experimental and theoretical achievements accomplished over the last several years 
are presented and analyzed. 
  1. Introduction 

 The scattering of light by a dielectric particle is a problem 

that, despite being very old, hides some very rich physics. It 

was fi rst treated theoretically by Lord Rayleigh, who con-

sidered the simple case of spheres much smaller than the 

wavelength of light at the end of the nineteenth century. [  1  ]  

His research led to the understanding of many phenomena 

related to light diffusion. For instance, in one of his most 

famous works, [  2  ]  he showed that the scattering of light by a 

diluted gas follows a   ω   4  law, where   ω   is the angular frequency 

of the incoming radiation. This means that at high frequen-

cies (blue), light is scattered more effi ciently by air molecules 

than at low frequencies (red). This simple law provides an 

elegant explanation on the blueness of the sky, the redness of 

the sunset, or the yellow color of the sun. 
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 Two decades later, a more general analysis, not limited to 

small particles, was performed by Mie. [  3  ]  He established the 

fi rst full analytic study of light scattering by spherical parti-

cles. Expanding a plane wave in spherical waves and matching 

the boundary conditions on the object surface, Mie was able 

to obtain the scattering and the absorption cross sections of 

spheres of any arbitrary size. 

 Since the work of Mie, the spherical geometry is the only 

one for which an exact analytical theory describing the scat-

tering of light by particles exists. Excluding the use of numer-

ical methods, the treatment of any other shape requires the 

introduction of different levels of approximation. Thus, based 

on the Rayleigh and Mie approaches, Gans extended the the-

oretical framework to ellipsoidal geometries, demonstrating 

that the optical properties of metal nanoparticles (NPs) 

depend strongly on their shape. [  4  ]  This explained why the 

color of a solution containing ellipsoidal NPs changes when 

the ratio between the particles’ axes is varied. 

 Although theoretical solutions explaining the scattering 

of light by metal NPs have only been developed over the 

last century and a half, the characteristic color of metal NPs 

has been exploited since the days of the Roman Empire. As 

early as a couple of centuries BC, NPs were used as colorants 

in cloths, stained glasses, or ceramics. Obviously, it was not 
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known that the origin of such intense colors was due to the 

presence of tiny metallic particles, as the length scale involved 

in the scattering of light by NPs (1 nm–1  μ m) is many orders 

of magnitude smaller than everyday human experience (from 

1 mm upwards). As a result of this, the research fi eld lost 

momentum after Gans’ work, largely because of the impossi-

bility of building colorful nanometric particles in a controlled 

manner. 

 Over the past few decades, however, recent extraordinary 

advances in fabrication and characterization on the nanoscale 

have given rise to a renewed interest in the scattering prop-

erties of metal NPs. Advances in single-particle spectroscopy, 

such as confocal microscopy, [  5,6  ]  dark-fi eld microscopy, [  7  ]  

and scanning near-fi eld optical microscopy (SNOM), [  8–11  ]  

combined with new developments in highly sensitive detec-

tors, including avalanche photodiodes (APDs) and photo-

multiplier tubes (PMTs), have allowed us to interact with and 

study structures on this scale. 

 The emergence of nanophotonics as a fruitful research 

fi eld over the past decade has led to a deep understanding 

of electromagnetic phenomena occurring on the nanoscale 

and to the identifi cation of plasmonic resonances as the key 

factors controlling the optical response of metallic nano-

structures. [  12–20  ]  Today, it is well known that the interaction of 

light with noble metals, such as gold or silver, is mainly driven 

by the coherent oscillations of the quasifree electrons (plas-

mons) in the conduction band. [  15  ,  21  ]  In a simple picture, when 

light encounters a metallic NP, the interaction of the electro-

magnetic fi eld with the electrons in the metal causes them to 

abandon their equilibrium positions, giving rise to a surface-

density charge on the nanostructure. The system then tends to 

revert to its minimum-energy confi guration and the electrons 

try to return to their equilibrium positions, leading to the 

creation of charge-density oscillations within the NP. When 

the characteristic frequency of these charge oscillations coin-

cides with that of the external excitation, the response of the 

metal nanostructure becomes resonant in nature. These are 

the so-called localized surface plasmon resonances (LSPRs), 

where the term localized is used to distinguish them from the 

bounded plasmonic modes supported by extended metal sur-

faces such as a semi-infi nite plane. [  18  ]  

 Currently, metal NPs are playing a fundamental role 

in the development of nano-optics. They are key struc-

tures allowing access to length scales below the diffraction 

limit, [  21–23  ]  which overcomes the main limitations of classical 

optics. LSPRs have the striking ability to squeeze light into 

nanometer dimensions, producing large local enhancements 

of electromagnetic energy, which allows the manipulation of 

light–matter interactions at the nanoscale. In this sense, they 

work in a similar way as antennas do in the radio and tele-

communication regimes, although at optical frequencies. [  1  ,  19  ]  

For this reason, metal NPs are also called nanoantennas or 

optical antennas. 

 In this context, the interplay between emitters, such as 

fl uorescent or dye molecules or quantum dots, and LSPRs 

supported by nanoantennas has received a great deal of 

attention recently. The radiative properties of emitters can 

be dramatically modifi ed by the near-fi eld interaction with 

surface plasmons. [  13  ,  20  ,  24–26  ]  A clear example of enhanced 
© 2010 Wiley-VCH Verlag Gmbsmall 2010, 6, No. 22, 2498–2507
light–matter interaction is the so-called surface-enhanced 

Raman scattering (SERS). [  25  ]  In SERS spectroscopy, the 

Raman emission of molecules located in the electromag-

netic near-fi eld of localized surface plasmons is enormously 

enhanced, allowing even single-molecule detection. [  25–27  ]  

More recently, a growing interest is being devoted to another 

phenomenon related to the interaction of LSPRs and emit-

ters. Similarly to quantum-electrodynamics cavities, LSPRs 

can modify the decay rate of an emitter placed in their vicinity. 

This enables one to act on the emitters, obtaining faster or 

slower decay rates, and also to improve the quantum yield for 

emitters with low intrinsic effi ciencies. LSPRs are particularly 

promising because the decay-rate variations are stronger for 

smaller mode volumes and surface plasmons confi ne electro-

magnetic fi elds in deeply subwavelength dimensions. [  28,29  ]  

 Finally, let us stress that apart from the multiple potential 

applications of LSPRs supported by metal NPs in techno-

logical areas such as sensing, spectroscopy, and imaging, the 

interplay of emitters with plasmonic resonances offers a new 

scenario in which it is possible to study light–matter interac-

tions in nanometric systems at a fundamental level. 

 The aim of this article is to provide a general overview on 

the most relevant concepts that are driving the development 

of nanoplasmonics in metal nanostructures. It is organized 

as follows: In Section 2, we describe how plasmonic effects 

govern light–matter interactions in nanometric metallic par-

ticles at optical frequencies. In Section 3, we introduce two 

concepts which have recently provided novel modulation 

strategies of localized plasmons: dark modes and Fano reso-

nances. Section 4 is dedicated to reviewing how the radiative 

properties of emitters can be drastically modifi ed by the pres-

ence of metallic nanostructures in their vicinity. To conclude, 

future prospects and perspectives of the fi eld are discussed in 

Section 5.   

 2. Plasmonics and Nanoparticles 

 Tailoring the shapes and the dimensions of metal NPs is a 

fundamental ingredient in order to control and tune plasmonic 

resonances. The intense research effort devoted during the last 

decade to the development of effi cient nanofabrication proc-

esses today allows the manipulation of nanoparticle geometries 

at the nanometer scale. Several techniques have been devel-

oped that eased the fabrication of bespoke structures. Some 

are based on chemical shape-controlled synthesis. [  30,31  ]  Others 

rely on new nanofabrication tools: electron-beam lithog-

raphy, [  32,33  ]  nanoimprint lithography, [  34,35  ]  or focused ion 

beam (FIB) milling [  36  ]  using liquid metal-ion sources. [  37  ]  The 

emergence of all these nanofabrication techniques has made 

it possible to engineer the electromagnetic response of noble-

metal nanostructures to an unprecedented accuracy. 

 The high accuracy of current nanostructure design is 

clearly illustrated by  Figure    1  . Panels a and b show scanning 

electron microscopy (SEM) images of arrays of silver nano-

bars [  31  ]  and nanoprisms, [  30  ]  respectively, of sizes below 100 nm, 

built by chemical shape-controlled synthesis. On the other 

hand, Figure  1c,d  correspond to SEM images of two single 

gold 100-nm-size particles obtained using electron-beam 
2499H & Co. KGaA, Weinheim www.small-journal.com
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    Figure  1 .     SEM images of examples of designer nanostructures. a) Silver 
nanobars chemically synthesized, adapted with permission. [  31  ]  Copyright 
2007, American Chemical Society. b) Silver nanoprisms generated from 
nanospheres by photoconversion, adapted with permission. [  30  ]  Copyright 
2001, Association for the Advancement of Science. c) Dolmen-shaped 
and d) disk near-ring-shaped gold plasmonic resonators produced by 
e-beam lithography, using an inverted resist process. Images courtesy of 
N. Verellen, and structures are the same as those presented previously. [  6  ]  
Copyright 2009, American Chemical Society.  
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    Figure  2 .     Normalized extinction, absorption, and scattering cross 
sections for three different Ag nanoparticles in vacuum. Upper and 
middle panels correspond to a 50-nm-diameter sphere and a 50-nm-side 
cube, respectively. Lower panel shows the cross sections for a 20-nm-
high ring with inner and outer radii of 15 and 25 nm, respectively.  
lithography and subsequent metal milling: a nanodolmen and 

a dimer composed of a nanoring and a nanodisc. All these 

nanostructures have relatively simple shapes but current fab-

rication techniques make it possible to explore light–matter 

interaction in more complex geometries, such as bowties, 

stars, fl owers, or rings. [  31  ,  38–43  ]   

 Two main effects are observed when LSPRs are excited 

in metal NPs. The metal structure acts on part of the electro-

magnetic energy carried by the incident light by dissipating 

it in the form of heat within the NP or reradiating it again 

into free space. These two mechanisms correspond to the 

well known optical concepts of absorption and scattering, 

respectively, and their interplay is completely dictated by 

the particle geometry and the intrinsic dielectric response of 

the metal. We can write the absorbed and scattered powers 

in terms of effective cross sections intrinsic to the metal NP. 

This simple concept, the effective cross section(s),   σ  , enables 

us to visualize NPs as optical antennas, whose interaction 

with light is described by the effective interception area they 

present to the incident radiation. In this picture, the total 

energy removed from the incoming light, that is, the sum 

of the absorption plus the scattering contributions, is given 

by the so-called extinction cross section. If  I  is the incident 

intensity (power fl ow per unit area) and  P  abs  and  P  sca  are the 

absorbed and scattered powers, the corresponding cross sec-

tions   σ   abs  and   σ   sca , respectively, are therefore defi ned as

 

Fabs = Pabs / I ,

Fsca = Psca / I ,  
(1)

   

  and the total effective area (the extinction cross section) that 

the light experiences when interacting with the nanoparticle 

is  Fext = Fabs + Fsca  . 
www.small-journal.com © 2010 Wiley-VCH Verlag Gm
 The excitation of LSPRs can lead to an increase of the 

effective area up to several times the physical cross section of 

the nanoparticle. This effect is shown in  Figure    2  , which plots 

the scattering (red dotted line), absorption (blue dashed line), 

and extinction (black solid line) cross sections for different 

silver-NP shapes (see fi gure insets) within the visible range. 

Note that in the three cases, the system is illuminated under 

normal incidence. For comparison, the cross sections are nor-

malized to the physical area of the nanoparticle. It can be seen 

that at resonance the effective size of the scatterer can be more 

than 10 times larger than its actual area, which is a clear indica-

tion of the strong interaction that takes place between the NP 

and the incident light, mediated by localized surface plasmons.  

 Figure  2  also demonstrates the important role that shape 

plays in LSPR excitations. The top panel shows the narrow 

peak that appears in   σ   for a 50-nm-diameter spherical NP, 

which is linked to the dipole resonance that it sustains at 

370 nm. In contrast, a cubic NP of 50-nm side (middle panel) 

presents a broader maximum, also associated with a dipole 

resonance around 430 nm, that is redshifted with respect to 

the sphere case, and a small peak due to the quadrupolar 

resonance around 350 nm. The dipole resonance redshift with 

respect to the spherical case can be related to the fact that it 

is possible have charge accumulation near the structure edges. 

This maximizes the distance among induced charges of the 

same sign, reducing the repulsion between them, and leading 

to an energy lowering of the LSPR excited in the system. This 

effect can be also observed in Figure  2c , which plots the dif-

ferent cross sections for a 20-nm-high ring NP with outer and 

inner radii of 25 and 15 nm, respectively. 

 Metallic rings have a simple but highly tunable geom-

etry and, as Figure  2  shows, they present high and narrow 

cross-section peaks, which make them very good candidates 
bH & Co. KGaA, Weinheim small 2010, 6, No. 22, 2498–2507
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for nanoantennas due to their strong interaction with free-

space radiation. Note that for the three cases considered here, 

a very small part of the incident energy is scattered by the NP 

and absorption dominates the cross section. This is the case 

for metal particles much smaller than the wavelength (sizes 

below 100 nm for visible frequencies), whereas, for larger 

sizes, it is the scattering contribution that dominates the cross 

section of the structure. 

 As will be shown in the following sections, an effi cient 

antenna must not only have a large and spectrally tunable 

cross section but also give rise to a high fi eld enhancement in 

its vicinity. A simple plasmonic structure featuring these two 

characteristics is a metallic nanobar (see  Figure    3  ). The prop-

erties of plasmonic resonances in this geometry are mainly 

controlled by the length of the NP along the direction parallel 

to the polarization of the incident light. For this reason, this 

structure provides us with a simple picture describing the fun-

damental physics behind LSPRs. If we think of the nanobar 

particle as a Fabry–Perot plasmonic cavity (see Figure  3a ), its 

length,  L , must contain a half multiple of the effective wave-

length of the fi elds,   λ   eff , within the metal at resonance, that is,

 L = n8eff /2,  (2)   

     where  n   =  1, 2,  …  is an integer and   λ   eff  is related to the 

wavelength   λ   of the external incident fi eld by the relation [  45  ] 

 8eff = n1 + n28/8p,  (3)   

  where  n 1   and  n 2   are constants that depend on the geom-

etry and the dielectric properties of the background and the 
© 2010 Wiley-VCH Verlag Gmbsmall 2010, 6, No. 22, 2498–2507
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    Figure  3 .     Plasmonic resonances in a gold nanobar. a) Extinction cross se
a gold nanobar with dimension 400 nm  ×  100 nm  ×  50 nm deposited on
Three different resonances are excited, one dipolar,  n   =  1, and two multip
3. The respective near-fi eld enhancement  |   E   |  2 / |   E   0  |  2  is shown on a loga
b) The electric-fi eld intensity enhancement  |   E   |  2 / |   E   0  |  2  for two antennas with t
as (a) but with a gap of 20 nm. c,d) Experimental hotspot map for a s
(c) and for two coupled nanoantennas by means of two-photon luminesce
(d). Adapted with permission. [  44  ]  Copyright 2008, American Physical Socie
particle and   λ   p  is the metal plasma wavelength (which for 

most metals lies in the ultraviolet regime).  Equation 3  refl ects 

the momentum increase that the incoming photons experi-

ence when interacting with the collective electron oscillations 

within the metal NP. For decreasing   λ  , and as we approach 

  λ   p , this effect becomes more prominent, which translates into 

a drastic reduction of the effective wavelength at the metal 

structure, which can be one order of magnitude smaller than 

the free-space wavelength. [  19  ]  

 The fi rst (and most intense) plasmonic resonance 

( n   =  1) sustained by metallic nanobars satisfi es the relation 

 L = 8eff /2    (half-wave resonance). For a fi xed length, this 

condition gives the lowest LSPR supported by the system. 

Figure  3a  shows the extinction cross section and the electric-

fi eld intensity for this resonance in the case of a gold nanobar 

with dimensions of 400 nm  ×  100 nm  ×  50 nm deposited on 

a glass substrate. The electric fi eld external to the nanopar-

ticle has a maximum at the ends. In contrast, the electric fi eld 

inside has a maximum at the middle and presents two minima 

at the structure ends (see inset of Figure  3a ). 

Correspondingly, the induced charges within the NP (given 

by the divergence of the instantaneous electric fi eld) will 

present, as expected, a dipolar distribution. These simple 

arguments can be also applied to higher multipole reso-

nances, which allow us to predict the associated fi eld pattern 

and induced charge distribution (see Figure  3a ). In par-

ticular, note that for higher multipole resonances (i.e.,  n   =  

2 and  n   =  3), one and two minima (nodes) are pre-

sented respectively, in accordance with the Fabry–Perot 

cavity picture (see the near-fi eld map of Figure  3a ). 

Another remarkable characteristic of these resonances is the 

electric-fi eld intensity enhancement that can be bigger than 10 2  
H & Co. KGaA, Weinhei
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 It is of particular interest to analyze 

how the properties of a dipole nanoan-

tenna are modifi ed when it is cut at its 

middle point, that is, when a small gap is 

opened along its length  L  (see Figure  3b ). 

Within the gap, the component of the 

electric fi eld parallel to  L , which governs 

the total fi eld amplitude, is uniform. Due 

to the continuity conditions of the elec-

tric displacement at the gap interfaces, the 

magnitude of the electric fi eld will be pro-

portional to the ratio between the dielec-

tric constant of the nanostructure and the 

background,

 
Egap =

gNP

gb
ENP,

  
(4)

   

  where  E  NP  stands for the electric fi eld 

inside the metallic NP and near the 

gap. For noble metal nanoantennas 

operating at visible and near-infrared 

wavelengths, this means that inten-

sity enhancements,  |  E  gap  |  2 / |  E  0  |  2  (where 

 E  0  is the incident electric fi eld), of the 
2501m www.small-journal.com
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order of 10 3  or higher can be obtained for gap widths 

of a few tens of nanometers, as shown in Figure  3b . 

If a light emitter is located within the gap of such antenna, 

it will be excited very effi ciently due to the ability of the 

antenna to concentrate the electromagnetic energy carried 

by the incident radiation within the gap. In Section 4, we will 

see that the presence of the metallic nanostructure also mod-

ifi es the local density of photonic states within the antenna 

gap, which drastically affects the radiative properties of any 

emitter placed within its vicinity. These two independent 

mechanisms mediated by metallic NPs provide us with a very 

suitable strategy to manipulate the emission- and decay-rate 

properties of light emitters. 

 Recently, a technique based on the nonlinear responses 

of nanoantennas, that is, two-photon-excited luminescence 

(TPL), has been used in order to map the hot spots in 

nanoantennas. [  44  ]  Figure  3c  shows the TPL microscopy image 

obtained for a 500-nm-long single nanobar. Figure  3d  corre-

sponds to a composite nanoantenna in which a 50-nm gap is 

opened between two 500-nm-long nanobars. Both antennas 

were illuminated with monochromatic light (730 nm) polar-

ized along their long axis. We can observe hot spots appearing 

at the extremes of the metal structures. However, the com-

posite antenna presents an even larger fi eld enhancement at 

the gap, in very good agreement with the theoretical calcula-

tions rendered in Figure  3b . Recently, the fundamental role 

played by the gap in composite nanobar antennas has been 

studied experimentally in the infrared regime and in a new 

class of nanoscale optical switches proposed consisting of a 

plasmonic nanoantenna loaded with a photoconductive semi-

conductor material. [  46a,b  ]    
    Figure  4 .     Dark modes and Fano resonances. a) Plasmon hybridization in spherical 
nanoparticles. The dipole plasmon of individual spherical particles is three-fold degenerate 
(along the three space axes). When two particles are close enough to interact, the dimer 
formed exhibits modes that originate from the hybridization of the modes in the single 
particles. The lowest energy mode is bright, with a large dipole moment. The highest energy 
mode has zero dipolar moment and does not couple to radiation (dark mode). b) SEM image 
of a dolmen structure. Charge distribution in the dolmen when illuminated with a polarization 
c) along and d) perpendicular to the symmetry axis of the structure (c.f., the red and blue 
arrows in (b), respectively). e) Confocal extinction cross section of the dolmen for the two 
main polarizations. f) Extinction cross sections computed by fi nite-difference time-domain 
(FDTD) calculations for this structure. When the exciting fi eld is perpendicular to the symmetry 
axis of the structure, the quadrupolar (dark) mode of the dimer interacts destructively with the 
dipole of the monomer, opening a transmission window with a nearly symmetric Fano shape. 
Adapted with permission. [  6  ]  Copyright 2009, American Chemical Society.  
 3. Dark Modes and Fano 
Resonances 

 Due to the strong radiative character of 

oscillating electric dipoles, dipole LSPRs are 

excited very effi ciently by free-space radia-

tion (plane waves). Hence, light–matter 

interactions occurring in deeply subwave-

length structures are usually dominated 

by the electric dipole moment induced in 

the system by the incident fi elds. For this 

reason, the dipole plasmonic resonances 

(the lowest in energy) supported by metallic 

NPs are usually known as bright modes. 

However, Maxwell’s equations predict the 

existence of higher multipole modes that 

are dipole inactive and that hardly couple 

to light. In contrast to dipole bright modes, 

these higher-order resonances are termed 

dark modes. Let us emphasize that the 

only mechanism that allows the excitation 

of these higher-order resonances by free 

radiation are retardation effects, whose 

origin is the slow response of metallic 

plasma electrons to the external excitation. 

This means that higher-order modes can 
www.small-journal.com © 2010 Wiley-VCH Verlag Gm
only be excited in metallic NPs big enough for these retarda-

tion effects to be relevant. Note that, even in this case, high-

multipole LSPRs only couple to incident fi elds with the same 

symmetry properties. [  47  ]  The diffi culty of probing dark modes 

through optical methods has led to the recent appearance of 

several experimental works in which these plasmonic reso-

nances are studied by means of electron-energy-loss spectros-

copy techniques. [  48,49  ]  

 The nature of dark modes can be easily understood by con-

sidering a simple system, the plasmonic excitations appearing 

in two small metallic spheres placed close to each other. The 

interaction between the LSPRs supported by each sphere 

can be interpreted by means of the hybridization model pro-

posed by Prodan and co-workers. [  50  ]  This elegant theoretical 

approach establishes the analogy between bound electromag-

netic modes in composite metallic structures and electronic 

orbitals in molecules. Molecular states result from the overlap-

ping of the atomic orbitals involved in the chemical binding. 

Similarly, LSPRs of complex structures can be described 

through the electromagnetic coupling of the modes supported 

by the isolated elements forming them.  Figure    4a   sketches a 

simple energy diagram for the hybridized modes sustained by 

a dimer comprising two metallic spheres. For deeply subwave-

length systems, the energy levels are dictated by the electro-

static interaction between the charges induced in the spheres. 

Thus, the confi guration that maximizes the distances among 

charges of opposite sign corresponds to the lowest energy 

(note that some dimer modes have even higher energy than 

the isolated ones). Importantly, as can be seen in Figure  4a , the 

lowest composite LSPR also presents the largest net dipole 

moment. This constitutes a very bright mode, as it interacts 

strongly with incoming radiation. All the higher plasmonic 
bH & Co. KGaA, Weinheim small 2010, 6, No. 22, 2498–2507
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modes sustained by the dimer are darker (less bright or com-

pletely dark), as their net dipole moment is smaller or zero.  

 Very rich physics arises when nanoantennas supporting 

bright (dipole) modes are placed in the vicinity of nano-

structures sustaining dark modes. Dipole resonances suffer 

strong radiative damping, which makes them very broad in 

frequency. In contrast, higher multipole (dark) resonances 

are usually spectrally narrow, their width being constrained 

only by absorption losses within the metal. The interaction 

of sharp and broad NP resonances gives rise to asymmetric 

spectral features that, due to their similarities with profi les 

appearing in autoionization spectra, are known as Fano-like 

resonances. [  51  ]  With this framework, the interaction between 

narrow (discrete) and broad (continuum) plasmonic reso-

nances gives rise to asymmetric profi les in which peaks (dips) 

can be linked to the constructive (destructive) interference of 

two distinct excitation channels of the composite mode. 

 Figure  4b  shows an SEM image of a metallic nanostruc-

ture supporting Fano resonances. [  6  ]  It comprises three gold 

nanobars of similar dimensions ( ≈ 100–200 nm) arranged in a 

dolmen-like fashion. When the structure is illuminated from 

the top with light polarized along the long axis of the two 

parallel nanobars (red arrow), a broad maximum is observed 

at 780 nm in the measured extinction spectrum, plotted in red 

in panel e of Figure  4 . Its origin is the coherent superposi-

tion of the dipole resonances excited in the parallel nanobars. 

However, when the incident polarization is rotated 90 °  (blue 

arrow), a narrow dip develops in the spectrum at the same 

position (blue dots) and a Fano profi le is formed. This effect 

can be attributed to interactions between the bright dipole 

mode supported by the monomer parallel to the polariza-

tion direction and a dark quadrupolar mode excited in the 

dimer oriented perpendicularly. The experimental results are 

corroborated by the numerical fi nite-difference time-domain 

(FDTD) calculations shown in Figure  4f . Figure  4c,d  plots 

the instantaneous charge distribution at resonance for both 

polarizations, which validates the physical picture of coupled 

dipoles presented above and at higher-order resonances. It 

is important to stress that, due to symmetry constraints, the 

quadrupolar mode supported by the dimer could never be 

excited at normal incidence and that it is the presence of the 

monomer which permits the coupling in the near fi eld. 

 Remarkably, when bright and dark modes overlap in fre-

quency, Fano resonances can evolve into a sharp and deep 

extinction dip, which makes the supporting nanostructure 

“transparent” within a narrow frequency range. This phe-

nomenon is known as plasmonic-induced optical transpar-

ency and has been recently predicted theoretically by Zhang 

et al. [  52  ]  and experimentally verifi ed by Liu and co-workers. [  53  ]  

Plasmonics nanostructures with Fano profi les show inter-

esting properties, such as large refractive-index sensitivity or 

high tunability, which make them good candidates for sensing 

applications.   

 4. Decay-Rate Emission Close to a Nanoantenna 

 As Purcell pointed out in 1946, the radiative properties 

of a given emitter (a fl uorescent molecule, for instance) are 
© 2010 Wiley-VCH Verlag Gmsmall 2010, 6, No. 22, 2498–2507
not intrinsic to it but also depend on its environment. This 

simple statement lies at the core of the so-called Purcell 

effect, [  54  ]  which several decades ago allowed the control of 

stimulated-emission phenomena and opened the way to 

the development of current laser technology. The simplest 

theoretical framework we can use to model the decay rate 

of any fl uorescent emitter is the so-called Lorentz harmonic 

oscillator. [  13  ,  55  ]  Despite its classical character, it gives deep 

physical insight into the problem and has demonstrated 

extremely good prediction capabilities, in very close agree-

ment with experimental results. Within this approach, the 

transition dipole moment induced in a weakly excited (below 

saturation) quantum emitter is modeled by a classical electric 

dipole,   μ  , whose equation of motion reads

 
d2:

dt2
+ T2

0: + (0
d:

dt
=

e2

m
[: ∗ E l]

:

: 2
,  (5)   

  where   ω   0  and   γ   0   =   1/  τ   0  are the resonant frequency and the 

decay rate (inverse lifetime), respectively, of the emitter in 

the absence of any excitation. The term on the right hand 

side of  Equation 5  takes into account the interaction of the 

electric dipole with the local electric fi eld,   E   l , projected along 

the dipole axis and evaluated at the position of the emitter. 

In the absence of any external illumination,   E   l  corresponds 

to the electric fi eld emitted by the dipole itself, which is then 

backscattered by the surrounding medium. The presence of 

this term in  Equation 5  opens the way to manipulate the radi-

ative properties of quantum emitters by placing engineered 

metallic nanostructures (nanoantennas) in their vicinity. 

 The excitation of an isolated fl uorescent molecule is given 

by the homogeneous solutions of  Equation 5 . This process is 

completely governed by the decay rate,   γ   0 , which describes the 

amplitude decay suffered by the transition dipole in time. We 

can identify two contributions to this overall decay:   γ   r0 , which 

takes into account the electromagnetic energy that is released 

in the form of free radiation, and   γ   nr0 , which is linked to non-

radiative phenomena, such as, for example, the energy lost as 

heat due to the excitation of the rotational and vibrational 

levels of the molecule. In order to measure the effi ciency of 

the emitter we introduce the intrinsic quantum yield,

 
00 =

(r0

(0
=

(r0

(r0 + (nr0
,
  

(6)
   

  which represents the probability that an (already) excited

fl uorescent molecule emits one photon. As discussed above, 

the Lorentz oscillator model shows that the emission of 

light by a fl uorescent molecule is altered by the presence of 

metallic nanostructures in its vicinity. This effect modifi es the 

quantum yield of the molecule which, without loss of gener-

ality, can be written as

 
0 =

(r

(
=

(r

(r + (nr + (nr0  
(7)

   

  where   γ   =  1/ τ   is the total decay rate and   τ   is the transition 

lifetime. We can identify three different decay channels in the 

system now: the radiative rate,   γ   r , the nonradiative rate due to 
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metal absorption losses in the environment,   γ   nr , and   γ   nr0 , the 

nonradiative rate intrinsic to the emitter. [  55  ]  

 A deeper and clearer understanding of light–matter inter-

actions is possible if we go a step further in our theoretical 

description and treat the molecular emitter as a quantum 

entity. Thus, the decay rate associated with the spontaneous 

emission process that accompanies the electronic transition 

between two molecular energy states is given by the Fermi’s 

golden rule

 
(r =

2B

h̄2

∣∣Mi f

∣∣2
D (T),

  
(8)

   

  where  M if   is the transition-matrix element between the initial 

molecular state  |i〉    and the fi nal state  | f 〉    (lower in energy), 

and  D (T)    is the photonic local density of states (LDOS). [  56  ]  

The environment of an emitter can modify the LDOS and 

therefore its emission properties. 

 For example, in free space and in the absence of any 

preferred dipole direction and without any incident fi eld, 

the transition-matrix element averaged over all directions is 

 
∣∣Mi f

∣∣2 = |: |2 h̄T/6g0  , 
[  57  ]  where  : = − e 〈i | r | f 〉   is the dipole 

moment associated with the electronic transition. The local 

photonic density of states in free space is  D (T) = T2
/

(B 2c3)    [  56  ]  

and inserting this into  Equation 8 , we obtain the radiative 

decay rate of an isolated emitter

  
(r =

|: |2 T3

3B g0h̄c3
.
 

(9)
   

  Remarkably,  Equation 9  has exactly the same form as the 

expression yielded by the Lorentz oscillator for the radiative 

decay rate of a damped electric dipole in a vacuum, [  55  ]  which 

demonstrates the excellent predictive capabilities of the clas-

sical approach. 

 Let us now consider the specifi c case of an emitter located 

closed to a metallic nanoantenna. As we have already antici-

pated,  D (T)    will be strongly altered by its presence. If the 

nanoantenna supports a LSPR that spectrally overlaps with 

the emission frequency of the emitter, the LDOS depends 

on the excitation probability of the plasmonic resonance. In 

other words, the emitted photons can be emitted into free 

space or can excite a LSPR. If we restrict our analysis to 

nanostructures presenting a single mode, this excitation prob-

ability can be modeled through a Lorentzian function peaked 

at the plasmonic resonance,   λ   res . This allows us to calculate 

the ratio between the radiative rates of the emitter in the 

presence,   γ   r , and in the absence,   γ   r0 , of the nanoantenna as

 

(r

(r0
=

3

4B 2

(
8res Q

n3V

)
,
 
 (10)   

where  Q  and  V  are the quality factor and mode volume of the 

LSPR, respectively, and  n  is the refractive index of the back-

ground medium. [  56  ]  This result indicates that nanostructures sus-

taining modes spectrally narrow and spatially confi ned lead to 

large enhancements in the radiative decay rate experienced by 

any emitter placed close to them. For this reason, metallic NPs 

are very convenient for manipulating the radiative properties 
www.small-journal.com © 2010 Wiley-VCH Verlag G
of matter as they provide plasmonic resonances in the optical 

regime featuring very small (deeply subwavelength) mode 

volumes, even though typical quality factors are modest. 

 Equation 10  represents the essence of the Purcell effect and 

the ratio   γ   r /  γ   r0  is usually termed as the Purcell factor. 

 Up to this point, we have discussed how metallic nano-

structures improve the radiative properties of already-excited 

emitters. However, the benefi cial effects of metal NPs on the 

emission properties of matter are not restricted to this. As we 

already saw in Section 2, they present effective cross sections 

that can be bigger than their physical size. This property can 

be used to increase the interaction of any object located in 

their vicinity with free-space radiation. In the case of fl uo-

rescent atoms or molecules close to a nanoantenna, it is well 

known that the emission intensity is given by the product of 

two different factors: [  45  ]  the emitter quantum yield,   η  , which 

measures its ability to radiate once excited, and the electro-

magnetic energy that it is able to absorb from the electric 

fi eld in the excitation process, which is proportional to  |   μ E  |  2  
(where   μ   is the transition dipole moment, and  E  is the elec-

tric fi eld evaluated at the emitter position). Thus, we can write 

the fl uorescence enhancement,  S , due to the nanoantenna as:

 
S =

0

00

|: E |2

|: E0|2 .
  

(11)
   

  Two different properties of LSPRs contribute to the fl uo-

rescence enhancement. The increase in the ratio  |: E |2
/

|: E0|2   

(where  E  0  is the free-space electric fi eld that illuminates the 

nanoantenna) is related to the capability of plasmonic modes 

to squeeze and concentrate electromagnetic energy into sub-

wavelength volumes. The quantum yield enhancement,   η  /  η   0 , 
is related to the modifi cation that localized resonances induce 

in the photonic density of states at the position of the emitter. 

These two factors can be simultaneously much larger than 

unity, which leads to strong enhancements of the fl uorescence 

intensity. [  29  ]  Note that, rigorously,  |: E |2
/

|: E0|2   is evalu-

ated at the frequency of excitation, whereas   η  /  η   0  is deter-

mined at the frequency of emission. This should be taken into 

account for the design of effi cient plasmonic structures. Thus, 

a nanoantenna can be cleverly engineered so that it presents 

a LSPR that matches with the maximum in the absorption 

spectrum of the emitter and another resonance coinciding 

with its emission frequency, obtaining both enhancement 

effects. [  57  ]  

  Figure    5   shows the experimental confi rmation of the Pur-

cell effect in dye molecules close to a nanoantenna [  28  ]  con-

sisting of two 90  ×  60  ×  20 nm 3  gold nanobars (see inset). The 

antenna is embedded in a nearly homogeneous background 

medium containing dye molecules. Red circles plot the nor-

malized fl uorescence intensity versus time at the resonant 

frequency of the nanoantenna. In absence of any metal struc-

ture, the intensity decay follows an exponential trend from 

which the decay rate can be extracted,   γ   0   ≈  0.3 ns  − 1 . The pres-

ence of the nanoantenna modifi es the fl uorescence decay of 

the dye so that it now presents a multiexponential behavior 

(black squares). Two channels, leading to different decay rates, 

can be distinguished: a slow decay channel corresponding to 

the molecules that are far from the antenna, whose decay rate 
mbH & Co. KGaA, Weinheim small 2010, 6, No. 22, 2498–2507
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  Figure  5 .     Measurements of normalized fl uorescence decay rate of 
a dye (Atto680, Atto Tec GmbH) near a resonant nanoantenna (black 
diamonds) and away from the nanoantenna (red open dots) with 
exponential decay fi ts (black and blue lines). Inset: SEM image of 
the resonant gold nanoantenna, consisting of two 90 nm  ×  60 nm  ×  
20 nm gold nanorods with an antenna gap of 20 nm. Reproduced with 
permission. [  28  ]  Copyright 2007, American Chemical Society.   
is very similar to that observed without metallic structures 

(  γ   1   ≈  0.3 ns  − 1 ), and a fast decay rate due to the dyes that, 

located in the vicinity of the antenna, are strongly coupled 

to the LSPR that it supports. These molecules must be placed 

close to the antenna gap (20 nm) and show a decay-rate 

enhancement bigger than 5 (  γ   2   ≈  1.7 ns  − 1 ).  

 The molecule position and orientation indeed play a rel-

evant role in the fl uorescence-enhancement processes as they 

determine the coupling between the dipole emission and the 
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    Figure  6 .     Quantum yield enhancement,   η  /  η   0 , for emitters of three different intrinsic effi ciencies 
(  η   0 ) placed in the vicinity of a gold-bowtie nanoantenna. Three different confi gurations, as 
sketched in the top right of the fi gure, are considered: a) the emitter is located at the antenna 
gap and is oriented parallel to its longest axis; b) the emitter is parallel to the antenna axis 
and is located 5 nm away from its edge; c) the emitter is situated in the gap of the antenna 
but is oriented normally to the symmetry plane of the system. Insets: electric-fi eld intensity 
on the same logarithmic scale for the three confi gurations at resonance.   
plasmonic modes of the nanoantenna. This 

is illustrated in  Figure    6  , which renders 

FDTD calculations of the yield enhance-

ment,   η  /  η   0 , experienced by dye molecules 

in the vicinity of a gold-bowtie nanoan-

tenna. Figure  6a  sketches the different 

confi gurations considered. In panel a, the 

molecule is located at the gap of the 

antenna, oriented along its axis, which 

maximizes the coupling to the plasmonic 

modes of the system. In panel b, the ori-

entation is still parallel to the axis but 

the position is now out of the gap, and in 

panel c, the molecule is within the gap but 

its dipole points along the vertical direc-

tion. In each case, three different intrinsic 

effi ciencies,   η   0 , ranging from 1% to 100% 

are considered. These results demon-

strate how drastic the effects of position 

and orientation are on the quantum yield 

enhancement.  

 Spectra in Figure  6a,b  show effi ciency 

maxima whose origins are the electromag-

netic fi elds coupling to the dipole (bright) 

LSPR that the nanoantenna supports 

at   λ    =  630 nm. However,   η  /  η   0  is always 

below 1 in Figure  6c , developing a sharp 

minimum (below 10  − 2 ) at a slightly larger 
© 2010 Wiley-VCH Verlag Gmsmall 2010, 6, No. 22, 2498–2507
wavelength (  λ    =  710 nm). The occurrence of this spectral dip 

can be related to the fact that, for that polarization, a quadru-

polar (dark) mode is effi ciently excited in the bowtie antenna, 

which increases the absorption losses in the system enor-

mously. The insets of the three panels show the electric-fi eld 

intensity on the same logarithmic scale for the three confi gu-

rations at resonance. Field plots corroborate the bright and 

dark nature of the plasmonic modes involved in the different 

resonant features observed in the spectra. The effects of dark 

modes can be also observed in the fi rst two panels, where 

spectra develop minima at   λ    =  500 nm, which corresponds to 

the resonant wavelength for the quadrupolar mode that the 

antenna supports for that polarization. 

 Remarkably, Figure  6  indicates that the effect of the 

nanoantenna, even in the most convenient confi guration, is 

only relevant for low-effi ciency emitters (blue line) in terms 

of enhancing quantum yields. For intrinsic quantum yields 

close to 100% (green line), the presence of the nanoantenna 

can only worsen the quantum yield of dye molecules and   η  /  η   0  
is smaller than unity in all cases. However, FDTD calculations 

on the scattering properties (plane-wave illumination) of the 

bowtie antenna considered revealed that, for incident light 

polarized along the nanoantenna axis, fi eld enhancements 

at the gap,  |  E  gap  |  2 / |  E  0  |  2 , of the order of 10 3  are obtained at 

resonance (  λ    =  650 nm). According to  Equation 9 , this result 

implies that enhancements in fl uorescence intensity,  S , larger 

than 10 4  or 10 2  can be obtained for low-. or high-effi ciency 

emitters, respectively, located at the gap of the nanoantenna 

shown in Figure  6 . This result is in very good agreement 

with experimental results on single-molecule fl uorescence 

enhancements near to bowtie antennas recently reported. [  29  ]    
2505bH & Co. KGaA, Weinheim www.small-journal.com
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 5. Outlook and Perspectives 

 In this Concept article, we have discussed how light can 

be controlled at the nanoscale using the concept of nanoan-

tennas. The recent improvement of computational capabili-

ties, as well as fabrication and characterization tools, has led 

to promising work studying and predicting their properties. 

 We have seen that optical nanoantennas have the ability 

to squeeze light into very small, subwavelength volumes, 

particularly in dielectric gaps between two metallic ele-

ments. This concentration of the light opens avenues to non-

linear processes and should yield signifi cant improvement 

of many spectroscopic techniques (Raman scattering, SERS, 

SEIRA (surface-enhanced infrared absorption), etc.). How-

ever, reaching the highest fi eld concentrations/enhancements 

requires the design of gaps between the metallic elements on 

the order of a few nanometers. This is still challenging to do 

in a reproducible way with current technologies and will be 

necessary to fully take advantage of the potential of those 

structures. 

 The understanding of the behavior of the plasmon modes 

in nanoantennas has improved, thanks to the hybridization 

concept, leading to the study of dark modes and coherent cou-

pling between plasmonic resonators. Such couplings can lead 

to Fano resonances or even plasmon-induced transparency. 

These effects are likely to be useful for sensing applica-

tions because of their sharp line shapes or in the design of 

metamaterials. 

 The emission properties of nanoemitters can be dras-

tically infl uenced by the high fi elds generated by nano-

antennas. In the right conditions, radiative decay rates and 

quantum yields can be increased. The success of this depends 

strongly on the position and orientation of the emitter com-

pared to the antenna. Still, encouragingly, the best improve-

ment of properties is seen for “bad” emitters, that have low 

internal quantum effi ciency. This means that, via coupling of 

plasmonic structures to these emitters, a whole new range of 

materials might become viable for applications. An example 

is the development of silicon-based emitters, which are of 

poor quality at the moment, but are easy to process and are 

compatible with current technology. Indeed, nanoplasmonics 

is set to open up a bright future for controlled light/matter 

interactions at the nanoscale.  
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