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OUTLOOK 

We have seen how surface charge oscillations at a metal/dielectric interface can lead to specific 
properties when interaction with light is concerned 
 
So far, we have analyzed plane interfaces, leading to SPP, but metal/dielectric interfaces exist also 
at the “border” of metal nanoparticles 
 

Plasmonics plays a relevant and appealing (from the applicative point of view) role here, too. The 
relevant topic is often denoted as local plasmon resonance (or with a similar name) 

Today’s menu:
-  Colourful starters of metal nanospheres
-  First dish: localized plasmon resonances and related 

effects
-  Main course of potential or existing applications (a 

small selection of)
-  No dessert
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Interpretation:
“nanostructured” glass

(i.e., containing gold and silver 
nanoparticles, 

i.e., a “nanomaterial”)

ALREADY SEEN IN OUR INTRODUCTION 
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Au colloids

LOCALIZED PLASMON RESONANCES (LPR/LSP) 
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Color changes ascribed to Rayleigh’s (or 
Mie’s, depending on size) scattering with a 
specific wavelength-depending cross-section 
 
LPRs, entailing in-phase oscillations of the 
charge at the surface of a (noble) metal 
nanoparticle (a sphere, for ease of description) 
are responsible for the specific wavelength-
depending behavior, i.e., for the occurrence of 
a resonance  
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STATIC POLARIZABILITY OF A DIELECTRIC SPHERE 
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Let’s consider a dielectric, rather than metal, sphere: we will see that the result can be exported to 
the metal case with no major change 
 
The problem considere here is thus the calculation of polarizability according to Clausius-Mossotti 
(aka Lorentz-lorenz) formula 
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Figure 193: Localized surface plasmons on a metal nanoparticle in the absence (left) and presence
(center & right) of an external electromagnetic field.

plained with this simple model. Spectrally the LSP resonances are in the visible to
near infrared spectral regime. If excited at resonance, the amplitude of the induced
electromagnetic field can exceed the exciting fields by a factor on the order of 10.

7.5.1 Plasmon resonance of a small spherical particle

Here we discuss in some more detail a LSP model in case of a small spherical particle.
We assume a sphere of radius a in a uniform static electric field Ein = E

0

ez The
surrounding medium is isotropic and non-absorbing with dielectric constant ≤d, the
metal sphere is described by a complex dielectric constat ≤s. We are interested in a
solution of the Laplace equation ¢© = 0 from which we can obtain the electric field
E = °grad©. In spherical coordinates, the Laplace equation is of the form
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Due to the azimuthal symmetry, the general solution is independent of ¡ and has
the form
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where ©s is the potential inside the sphere and ©d = ©
scatter

+ ©
0

the potential
outside the sphere, consisting of an incoming and a scattered part.

When applying boundary conditions at the interface r = a for tangential part of
the electric field (@µ©i = const., for i = s, d) and for the longitudinal part of the
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displacement field (≤i@r©i = const.), the potentials evaluate to
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Here we have introduced the dipole moment p that is induced in the sphere by the
external field. The electric field can then be expressed as
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n = r/r is the unit vector in direction of the point of interest.

The polarizability, defined by the relation p = ≤
0

≤dÆE
0

then becomes
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Note that this is of the same form as the Clausius-Mosotti equation. The scattering
cross section of the sphere is then obtained by dividing the total radiated power
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DETAILED TREATMENT FOR A METAL NANOSPHERE 

 NANO_16_07_0       http://www.df.unipi.it/~fuso/dida

The expression of the metal sphere polarizability is very much similar to 
the Clausius-Mossotti one but for the presence of the dielectric constant of 

the metal, complex and frequency dependent 

  
α = 4πε0a

3 εm − εd

εm + 2εd
https://www.physik.hu-berlin.de/de/nano/lehre/
Gastvorlesung%20Wien/plasmonics 
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Extinction is the combination of absorption and scattering 
~a3 ~a6 

Resonance at a specific wavelength 

Scattering prevails for 
small particles 

SCATTERING FROM A METAL NANOSPHERE 
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Gold Absorption cross-section 
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gold silver 

EXAMPLES I 
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Sensitivity to the “environment” 

Coupling (collective 
LPR) possibilities 
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EXAMPLES II 
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When non-spherical shapes are considered, the 
plasmon oscillation contains also terms at a higher 
order with respect to dipole (multipolar expansions 
are needed)  
 
Spectral properties are usually red-shifted (and often 
broadened) 
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FIELD ENHANCEMENT 
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α = 4πε0a

3 εm − εd

εm + 2εd

At the LPR resonance polarizability explodes (in the reality, it is not 
a divergence because of damping, interband transitions, etc.) 
 
The polarization explodes and gives rise to a strong electric field 
 
Joined with the lightning rod effect, this leads to a local 
enhancement of the electric field  

Ex Ey 

Simulation of the electric field intensity (and lines of field) for a metal 
nanoparticle resonant with an e.m. field (Edriving) polarized along y 

http://people.ee.duke.edu/~drsmith/plasmonics/enhancement.htm 

At resonance, electric 
field is strongly 

enhanced close to the 
nanoparticle surface 

   
Enanoparticle ! Edriving 1+

εm − εd

εm + 2εd
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COUPLED RESONANCES 
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A metal nanoparticle at the LPR resonance is one of the most efficient scatterer one can envision 
but 

damping, including interband transitions, set a limit to the field enhancement 

Moreover, excitation of higher order modes (e.g., quadrupolar) is unavoidable in real 
nanoparticles due do their finite size (and to the actual geometry): higher order modes do not 
emit, they just absorb through Joule effect 
à  engineering geometries able to give a radiative character also to higher order modes 
à  “breaking the spherical simmetry” 
à  creating “collective resonances” involving two, or more, nanoparticles 

Example: two discs (or cylinders) with 
small diameters (few tens of nm) placed in 
close proximity (a few nm) one another 
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New resonance wavelength (red-shifted 
and tunable with the gap size g) 

Physical Review Letters 105, 233901 (2010) 
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FIELD ENHANCEMENT IN THE GAP 
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An extraordinary field enhancement is found (in the 
gap between metal nanoparticles 
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THE CONCEPT OF NANOANTENNA 

 NANO_16_07_0       http://www.df.unipi.it/~fuso/dida

An antenna is a device able to catch the e.m. radiation (at some specific frequency) and convert 
it into oscillating electric fields, or viceversa 
 
A nanoantenna performs the same in a strongly subwavelength size scale 

Bow-tie configuration 

Cross configuration 
Huge efforts are presently carried out in order to: 
-  optimize geometries  
-  further increase the enhancement at desired 

wavelengths 
-  exploit additional control possibilities (e.g., 

polarization) 
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FABRICATION OF (NOBLE) METAL NPs I 
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Simple and straightforward chemical 
methods are available for synthesis of 
metal NPs in the form of colloids 
 
They typically use controlled 
reduction of a (noble) metal salt 
(e.g., HAuCl4) followed by self-
aggregation of (noble) metal atoms in 
stable NPs 
 
A surfactant is used in order to avoid 
precipitation, leading to NP sizes 
relatively well defined 
 
Photoreduction can be used as well to 
initiate salt decomposition 
 
A huge variety of processes has been 
developed, including “green” ones 

   
 

tetraoctylammonium bromide (TOAB) 
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We have discovered that smaller seeds, in general, produce
higher-aspect ratio nanorods99 (Figure 3).
The concentration of CTAB is critical for nanorod growth:

0.1 M concentrations are required, even though the critical
micelle concentration for CTAB is far less than that. If CTAB
were solely functioning as a soft rodlike micellar template for
gold nanorod growth, this high concentration requirement is odd.
The role of additive metal ions is also important for nanorod
growth. For example, we have found that the presence of ∼5%

Ag+ raises the yield of gold nanorods to nearly 100%, compared
to ∼20-40% in the absence of Ag+.72 However, the highest
aspect ratio gold nanorods obtainable with silver ion is about
6, compared to ∼25 in the absence of silver. Therefore, we
obtain high yields of short gold nanorods in the presence of
silver ion, but lower yields of longer gold nanorods without
silver ions. In our reaction conditions, the concentrations of
silver ion and bromide ion (from CTAB) are sufficiently high
(0.1 M for CTAB) that AgBr precipitation should occur,

Figure 1. Transmission electron micrographs (top), optical spectra (left), and photographs of (right) aqueous solutions of gold nanorods of various
aspect ratios. Seed sample: aspect ratio 1; sample a, aspect ratio 1.35 ( 0.32; sample b, aspect ratio 1.95 ( 0.34; sample c, aspect ratio 3.06 (0.28;
sample d, aspect ratio 3.50 ( 0.29; sample e, aspect ratio 4.42 ( 0.23. Scale bars: 500 nm for a and b, 100 nm for c, d, e.

Figure 2. Seed-mediated growth approach to making gold and silver nanorods of controlled aspect ratio. The specific conditions shown here, for
20 mL volume of seed solution, lead to high-aspect ratio gold nanorods. (bottom right) Transmission electron micrograph of gold nanorods that are
an average of 500 nm long.

Feature Article J. Phys. Chem. B, Vol. 109, No. 29, 2005 13859

Shapes different with respect to 
the spherical one can be obtained 
by using a controlled seed growth 
method 
 
Gold nanorods are now 
commercially available with 
excellent size and aspect ratio 
control 

although we do not observe it on the macro scale. Therefore,
we believe that AgBr might form monolayers in an epitaxial
fashion72 on the growing gold nanorod, and therefore inhibit
growth at those faces. An additional complicating factor,
however, is that slight changes in reaction conditions lead to
other shapes, in high yield, of gold nanoparticles, including
blocks, cubes, and tetrapods98 (Figure 4).
These results suggest that these reaction products arise from

kinetic effects rather than thermodynamic effects, and it appears,
at least preliminarily, that these other shapes are not intermedi-
ates on the way to nanorods. We can certainly explore the effect
of other metal ions on the growth of gold nanoparticles into
interesting shapes; but in the absence of a rational understanding
of how they might grow, all such experiments will be analogous
to high-throughput screening, rather than rational design. We
have already found, on the anion side, that bromide is crucial
to making gold nanorods - cetyltrimethyammonium chloride
as a structure-directing agent gives only spheres! Iodide as a
counterion gives apparently random mixtures of shapes.

Crystallography of Metal Nanorods: Insight into the
Growth Mechanism
It is imperative to understand the crystallography of metallic

nanorods, prepared in the presence of metal ions, to understand
the growth mechanism(s). For completeness, we also need to
crystallographically characterize the shapes of other gold
nanoparticles obtained under very similar reaction conditions
(Figure 4). In particular, knowledge of the crystallography of
both stable and metastable (relatively higher energy) nanorods
can help to elucidate the overarching factors and local mech-
anisms leading to nanorod growth.

High aspect ratio (∼25) gold nanorods made by our seed-
mediated growth approach with CTAB have already been
examined by high-resolution transmission electron microscopy
(HRTEM) and selected area electron diffraction (SAED)96
(Figure 5). These rods were made without any additive metal
ions. The end result was that the rods are pentatetradedral
twins.96 The cubic symmetry of the fcc lattice is broken by
twinning.
Based on these data, which were collected and analyzed in

collaboration with Stephen Mann, University of Bristol, UK,
we postulated that the CTA+ headgroup binds to the side surface
with some preference (but not a great deal of preference, since
many spherical products are obtained). The preferential binding
is based on sterics - the Au atom spacing on the side faces is
more comparable to the size of the CTA+ headgroup than the
close-packed {111} face of gold, which is at the ends of the
nanorods. Such binding stabilizes the side faces, which have
relatively large surface energy and stress (tension) compared
to other faces. This allows material addition along the [110]
common axis on {111} faces, which do not contain the CTA+

headgroups. Other workers have found analogous crystal-
lography for fcc metal nanorods.69,103
The results from the crystallographic analysis lead to the

preliminary conclusion that the headgroup of the surfactant (or
a complex ion version of it) is the primary director of
nanoparticle shape. However, this preliminary conclusion is too
simplistic. We have performed experiments in which we varied
the tail length of the surfactant, keeping the cetyltrimethylam-
monium headgroup and the bromide counterion the same, and
run the synthesis to produce the highest aspect ratio gold
nanorods possible with a series of surfactants.104 Were the
headgroup the primary director, we would expect that the
reactions would all produce aspect ratio ∼25 gold nanorods.
Using 10-carbon, 12-carbon, and 14-carbon versions of CTAB
(which has 16 carbons in the tail), we found that the tail length
is surprisingly important (Figure 6).104 As judged by FTIR and
thermogravimetric analysis, the hydrophobic tails of CTAB
interdigitate to make a bilayer on the rods,100,105 with the cationic
headgroup of the first monolayer facing the gold surface and
the second layer’s cationic headgroup facing the aqueous
solvent.100,105
These data suggest that the formation of the presumed

surfactant bilayer on the gold nanoparticles as they grow is quite
important. All of these surfactants make rodlike micelles in
water, with the critical micelle concentration decreasing with
increasing tail length.106 The tail contribution to the standard
free energy of micellization for CnTAB in aqueous solution has
been estimated to be106

where n is the number of carbon atoms in the surfactant tail; z

Figure 3. Experimental dependence of nanorod aspect ratio (vertical
axis) on seed size. Gold nanorods were made using the seed-mediated
protocols to obtain the highest aspect ratio nanorods for each seed size.
Seeds were all anionic. The original data are from ref 99.

Figure 4. TEMs of gold nanoparticles of many shapes, all prepared with CTAB and in the presence of silver ion.98 Scale bars are 100 nm for A,
B, C, D; and 500 nm for E, F. G.

∆G° ) 2.303(2 - z/j)RT(0.1128 - 0.3074n) (1)

13860 J. Phys. Chem. B, Vol. 109, No. 29, 2005 Murphy et al.

J. Phys. Chem. B, Vol. 109, No. 29, 2005  

FABRICATION OF (NOBLE) METAL NPs II 
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FABRICATION OF (NOBLE) METAL NPs III 
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A few (typically less efficient and more expensive/
cumbersome) physical methods have been 
developed as well, such as laser ablation in 
liquid 

Complicated dynamical processes occur during 
the ablated material evolution in the liquid, 
including cavitation and non-linear processes: 
when duly tuned, they can enable sharp size 
distribution of the NP size (and even formation of 
non-spherical shapes) 
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METAL NPs SUPPORTED ON A SUBSTRATE 
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In many applications (noble) metal NPs have to be anchored to a substrate, possibily, forming a 
predefined pattern 
 
Many (mostly physical) methods exist to attain the goal, generally indicated as lithographies  

The very high spatial resolution 
requested makes optical lithography 
typically unsuited for producing NP 
arrays, dimers, nanoantennas 
 
Electron lithography is used (at the 
expenses of low yield, cost, 
complexity, etc.)  

Mutuated from well established 
semiconductor microtechnologies, lift off  
is often used to obtain metal patterns on a 
substrate  
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RESIST AND SPIN COATING 
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Resist (e.g., PMMA) plays 
the role of an electron-
impact activated (or 
photo-activated) medium 
modifying its physical/
chemical properties (e.g., 
solubility, idrofobicity, etc.) Care must be used to limit material damage due to 

unwanted e-beam penetration into the substrate 
(exposure times have to carefully chosen to avoid 
under or overexposure) 

Spin-coating typically used to obtain 
relatively thin and homoegeneous 
resist layer onto the substrate 
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EXAMPLES OF EBL-MADE NANOANTENNAS 
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Sci Rep 4, 4270 (2014)  

Bow-tie 

Yagi-Uda 
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FOCUSED ION BEAMS (FIB) 
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Another technique used for creating a nanosized 
pattern out of a continuous metal film (deposited 
onto a substrate) is Focused Ion Beam (FIB) 
 
(Heavy) ions are focused and scanned onto the 
surface leading to localized material milling 
à No need for resist! 
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SELF-ORGANIZED METHODS 
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J. Phys.: Condens. Matter 21 (2009) 224022 

Combining evaporation (either thermal or 
electron-beam induced) with (heavy) collimated 
ion beams sent at same angle to cross the 
atomic vapor, self-induced organization of metal 
patterns can be efficiently deposited onto solid 
substrates  

Similar to wind-induced sand 
distribution in the desert  
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(A FEW) EXAMPLES OF APPLICATIONS 
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Plasmonics (in general) is one of the most active fields of nanophotonics research in the last few years 
 
A great variety of applications is envisioned: here a very small selection is considered! 

Colloidal (gold) metal NPs can be used as a bio-compatible substitute for fluorescent 
markers (molecular dyes, Q-dots) 
 
Although they do not emit spontaneously, metal NP can be discriminated thanks to the 
enhanced scattering cross-section, e.g., by dark-field optical microscopy 

Dark-field optical microscopy (conventional) 

Optical bio-sensors can be engineered and 
tailored to specific sensitivies thanks to the ease 

of functionalization for gold surfaces 
 22/28 



OPTICAL NANOBIOSENSORS 
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In general terms, gold NPs can be selectively attached to specific functional groups 
 
Similar to Surface Plasmon Spectroscopy, the optical properties of the gold NP are modified  
due to the presence of even a single molecule located in proximity with the NP 
 
Strong species selectivity and sensitivity can be achieved  
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OPTICAL THERAPIES 
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SURFACE-ENHANCED RAMAN SPECTROSCOPY (SERS) 
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the introduction of this chapter.

7.6 Applications of surface plasmons

7.6.1 Surface enhanced Raman scattering

An important application of surface plasmons is the enhancement of scattering of
emitters near metal nanostructures. An example of this is Surface Enhance Raman
Scattering (SERS)

The Raman eÆect describes the inelastic scattering between a photon and an emitter
(e.g. a molecule) mediated by a vibrational or rotational mode of the emitter. Due
to the energy exchange, the incoming photon of energy ~!L is shifted by the energy
of the vibration ~!M . If the photon looses energy, this is called Stokes scattering
(!S = !L ° !M), if it gains energy by de-excitation of an vibrational mode it is
called Anti-Stokes scattering (!aS = !L + !M). This is symbolized in figure 195.
In general the photons are not in resonance with the molecule but are excited to a
virtual level.

Figure 195: Schematics of the Raman scattering process.

Raman transitions can have very sharp lines and enable a detailed analysis of the
molecule under study. Typically the Raman cross sections are more than 10 or-
ders of magnitude smaller those of fluorescence processes (æ

Raman

ª 10°31 ° 10°29

cm2/molecule).

233

As you know, Raman spectroscopy is 
an extremely powerful analyitical 
technique thanks to the ability of 
identifying narrow lines corresponding 
to molecular (or even solid-state) 
transitions 

Traditionally, Raman spectroscopy suffer from sensitivity issues limitng the ability to probe 
small clusters or even single molecules 
 
In fact, Raman cross-section is typically around 10 orders of magnitude smaller than 
fluorescence cross-section (σRaman ~ 10-31–10-29 cm2/molecule) 

Field-enahncement enabled by LSP 
resonances can increase the local e.m. field 

felt by the molecule  
 

à Surface Enhanced Raman Spectroscopy 
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SERS EXAMPLES 
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Sensitivity increase by orders of magnitude 
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FLUORESCENCE ENHANCEMENT 
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A metal NP placed in proximity to 
a nanosized emitter (a molecule, 
a Q-dot, etc.) can effectively 
modify the fluorescence 
(spontaneous emission) 
properties, through, e.g.: 
-  Quenching (i.e., opening of 

non-radiative pathways); 
-  Excitation enhancement (due 

to e.m. field enhancement) 
-  Emission enhancement (in 

particular when in resonance 
with the LSP) 

Wavelength-depending Purcell effect (well known in 
atomic physics, occurs when an atom is placed inside a 
resonant cavity, leading to an increase of the 
spontaneous emission rate) can be obtained with LSPs: 
this might be used to increase lasing efficiency in 
nanosized laser sources 
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COUPLED LSP WAVEGUIDING 
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http://pubs.acs.org/doi/abs/10.1021/nl2039327 

SEM 
Flluorescence from 
dye molecules 
coating the 
structure 

Hohenau, et al. (2007) 

Arrays of metal (gold) nanoparticles 
can transfer e.m. energy in multiple, 
collective, LPR excitation 
 
Waveguiding and spatial 
confinement of the e.m. energy is 
accomplished, similar to SPP 
waveguides, but with (potential) 
advantages in terms of wavelength 
selectivity, ease of excitation, 
losses, desing flexibility 
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CONCLUSIONS 

ü  Plasmon oscillations and their interaction with the light can be realized and exploited also 
with nanoparticles 

ü  The magnificent scattering properties of metal nanoparticles are known since from 
thousands years and used for fine arts applications 

ü  There is a wealth of potential modern applications for localized plasmon resonances, 
where the wavelength depending behavior is joined with field enhancement (in the 
proximity of the nanoparticles) leading to, e.g., improved optical sensors interfacing with 
nanoemitters, waveguiding in sub-wavelength size, photonics, photovoltaics (not 
considered here), optoelectronics and lasers (not considered here) 

 
  

We will see how several concepts and methods considered for the plasmonics can 
be shared with devices and systems using dielectrics and/or other “strange” artificial 

materials (next lecture)!  
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FURTHER READING 

For a complete textbook on plasmonics: 
 

S.A. Maier, Plasmonics: Fundamentals and Applications, Springer, New York (2007).  
 
For a solid and well-established textbook on the same topic (without much applications!): 
 

H. Raether, Surface Plasmons, Springer-Verlag, Berlin Heidelberg (1988). 
Brandon, W.D. Kaplan, Microstructural Characterization of Materials, Wiley, New York (1999). 
 
For a useful and comprhensive analysis, Maier’s inspired: 
 
O. Benson, Uni Berlin, Chapter 7 of his Nanophotonics lectures [freely available at https://www.physik.hu-
berlin.de/de/nano/lehre/Gastvorlesung%20Wien/plasmonics ] 
 
For a review on LSP: 
 
S. Link and M.A. El-Sayed, J. Phys. Chem. B 103, 8410-8426 (1999).  
 
For a comprehensive review on plasmonic nanoantennas: 
 
L. Novotny and N. van Hulst, Nature Photonics 5, 83–90 (2011) doi:10.1038/nphoton.2010.237 
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