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Outlook

• Metals often do not require the use of quantum electronics to understand the 
main optical properties!main optical properties!

• Qualitative description of optics with metals: free electrons and their oscillation (in 
bulk))

• The astonishing features associated with metals at the small scale:
• Surface Plasmons
• Localized Plasmons

• A few words on possible (future) applications
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Optical behavior of metals: core levels

“Single‐atom”‐like
behavior for the inner
(core) levels: we will

l ineglect it

Scuola Dottorato da Vinci – 2009/10 http://www.df.unipi.it/~fuso/dida – v. 1 ‐ part 8 –pag. 3Proprietà piccola e piccolissima scala



Optical behavior of metals: free (valence) electrons

Conduction in the 
stationary regime Plasma frequency as signature of
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stationary regime q y g
“restoring” forces

P.L. Braccini, Lezioni di Fisica II 
Per ing. TLC (Pisa, 2001)



Free electrons in the presence of variable electric fields

Conduction in the non‐
stationary regime
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Reminders of Maxwell equations

Effective dielectric constant for a metalEffective dielectric constant for a metal

N ti di l t i t t b ti
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Negative dielectric constant means absorption



Qualitative optical behavior of metals
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Surface plasmons at a metal/dielectric interface I

metal

dielectric (air)
z

x

Waves at an interface between 
materials with different dielectric 

constants

Solution of the wave equation with the 
above boundary conditions:

http://courses.washington.edu/phys431/spr.pdf
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Surface plasmons at a 
metal/dielectric interface IImetal/dielectric interface II

P li di i l tiPeculiar dispersion relation
(with a resonance condition) 2
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Dispersion relations

Ideal case (without damping)

Per un metallo ideale (senza smorzamento) 
alla risonanza β diverge e la velocità di 
gruppo tende a zero: fenomeno puramente 
elettrostatico

Materiale da Simone Birindelli

Realistic case (with damping): Ag

Materiale da Simone Birindelli
Tesi di Laurea in Fisica, 2008
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METALLO REALE
• Funzione dielettrica e vettore d’onda β complessi

Realistic case

• Il plasmone si propaga ma viene smorzato con lunghezza di attenuazione L = ( 2 Im (β) )-1 , 
tipicamente compresa fra i 10 e i 100μm nel visibile

• Alla risonanza β raggiunge un valore limite finito, e quindi esiste un limite inferiore alla 
lunghezza d’onda del plasmonelunghezza d onda del plasmone

• Vicino alla risonanza si ha confinamento migliore (subdiffrattivo) ma minore lunghezza 
propagazione

• Esempi numerici: interfaccia fra aria e argento, 
con λ0 = 450 nm si ha L = 16 μm e δd = 180 nm, invece con λ0 = 1.5 μm si ha L = 1080 μm e δd = 2.6 
μm

• In generale, migliore è il confinamento, minore è la lunghezza di propagazione, e viceversa

Air 
(or other
di l t i )dielectric)

Metal

Sub‐diffraction confinement
Possibility of propagation
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Summary of surface plasmons

Summarizing:

plasmon oscillations can be seen as space and time  Note: plasmons are evident with noble metals 
modulations of free charges at the surface of the 
metal/dielectric interface

a resonance frequency exists (depending on material 
) h ll ff h d

(charges should be free as more as possible, 
metal should be pure, interfaces well defined, 
without surface oxidization or similar effects)

properties) where oscillation effects are enhanced

plasmons exhibit a longitudinal character

Scuola Dottorato da Vinci – 2009/10 http://www.df.unipi.it/~fuso/dida – v. 1 ‐ part 8 –pag. 12Proprietà piccola e piccolissima scala



Sistemi di film sottili dielettrici e conduttori

Using surface plasmons as waveguides

IMI ( MIM) fi Sistemi di film sottili dielettrici e conduttori 
alternati danno luogo a modi accoppiati, 
con parità definita se substrato e 
superstrato sono dello stesso materiale

IMI (or MIM) configs

superstrato sono dello stesso materiale

• Oscillazioni plasmoniche possono essere 
utilizzate per il trasporto di energia (guide 
d’onda)

• Grandi potenzialità applicative: plasmoni
superficie consentono di confinare e guidare 
segnali luminosi in regioni di dimensioni inferiori 
a limite diffrazione, e lungo percorsi fortemente 
angolati  impossibile in sistemi basati su guide angolati, impossibile in sistemi basati su guide 
d’onda dielettriche (fibre ottiche)
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Surface plasmon concentrators

Map of the electromagnetic field localArray of “concentrators” made of Gold Map of the electromagnetic field local
intensity(acquired in the near‐field)

Array of concentrators  made of Gold

Efficient propagation of radiation (energy) accomplished in a device with
small dimensions, much smaller (thickness) than the wavelength, ( ) g

Scuola Dottorato da Vinci – 2009/10 Proprietà piccola e piccolissima scala http://www.df.unipi.it/~fuso/dida – v. 1 ‐ part 8 –pag. 14

Courtesy: F.Tantussi, A.Bouhelier



Optical behavior of metal nanoparticles I

See: http://www.ndhu.edu.tw
/~nano/93041702.pdf

i lAu nanoparticles
in solution
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Metal vs semiconductors

In nanosized semiconductors (and dielectrics) the optical behavior is ruled by quantum confinement

Quantum wells (in 1, 2, 3 dimensions) are created due to the spatial confinement of single electron 
and hole wavefunctions

Sets of discrete (or quasi‐discrete) energy levels appearsSets of discrete (or quasi discrete) energy levels appears
Exciton states play a role

Due to the absence of electron transitions from the valence to the conduction bands, electron 
excitation in metals gets a profoundly different character, e.g.:
‐Excitation is collective (plasma oscillations), not single:
No excitons are practically produced;‐No excitons are practically produced;
‐Electron distribution tends to be enhanced close to surface weak confinement realized;
‐Diffusive (e.g., Joule) effects play a role in damping the excitation

Quantum confinement is not relevant in ruling optical properties (but it governs transport
properties)

In metal nanoparticles, 
classical 

(not quantum) models 

Au nanoparticles
in solution

Semiconductive quantum dots
in solution

( q )
are enough
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Polarization of a (dielectric) sphere I

a : distance between 
sphere centers
dS : surface element
acosθ : “volume height”

rcosθ

θ
θ

r

Esinθ

“Total” electric field 
given by the 

E  = z (∫σ 2πr2 cosθ sinθ
dθ)/(4πr2 ε0 ) =

θ

g y
superposition of “local” 
and “external” fields Induced field

= z ρ a/(3ε0) = ‐P/(3ε0)

P  = ε0 χ Eint

χ = ε/ ε0 − 1

Internal field

(in a vacuum)

Internal field linearly depends 
on the external field
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Polarization of a (dielectric) sphere II

Polarizability of the 
sphere

Lorentz‐Lorenz or
Clausius‐Mossotti
relation

p

relation

Polarizability depends on internal and external dielectric constants
(for a sphere, the dependence is given by Clausius‐Mossotti)intext

extint)(K
εε

εεω
2+

−
=

http://matthieu.lagouge.free.fr/elecstq/sphere.xhtml

( p , p g y )
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intext



Surface plasmons and nanoparticles

Geometrical restrictions are relaxed (the 
interface layer gets a spherical shape, in 
case of a spherical nanoparticle) 

Excitation can be achieved with 
conventional (propagating) wavesconventional (propagating) waves

Collective plasma oscillations occur, with a 
“coherent” character if particle size is 
(much) smaller than the wavelength
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Far-field scattering by a small particles

For the dielectrics: well investigated 
problem (colour of the sky, of the clouds), 
e.g., in atmospherics

Two main regimes are usually recongnized:

‐ Rayleigh (for d << λ )
‐Mie (for d ~< λ )

Qualitatively: in Rayleigh any retardation effect is neglected (pure small‐sized dipoles);
In Mie retardation effects are considered to account for the finite size of the particles

Rayleigh can be retrieved from Mie in the small size limit
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Mie scattering and metal nanoparticles

Mie scattering: elastic process with anisotropic 
character and rather independent of wavelength 
(contrary to Rayleigh) 

For small particles, only the first 
term(s) of the expansion must be ( ) p
retained!

This corresponds to a “quasi‐static” 
approximation, that is retardation 
effects can be beglected i eeffects can be beglected, i.e., 
electrons do follow almost 
completely the driving force

Maier, Atwater, JAP (2005)
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Scattering by small metal particles I

1

Extinction coeff for 
metal nanoparticles

Scattering by metal nanoparticles can be 
described in terms of Mie extinction 
coefficient

Size effects can be accounted for bySize effects can be accounted for by 
considering the contributions from higher 
multiipolar orders
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Simulation of the scattered intensity

System: gold in a vacuumSystem: gold in a vacuum
Scattering angle: 175 degrees
Scattering model: Mie Particle size 30 nm

http://www.philiplaven.com/mieplot.htm

Particle size 50 nm Particle size 70 nm

Mie scattering from a metal nanoparticle can be efficiently simulated
S t l f t ( k iti d idth) d d th ti l iSpectral features (peak position and width) depend on the particle size
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Optical behavior of small metal particles II

Gold nanoparticlesp

Red‐shift of the absorption peak 
observed as particle size increasesp
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Optical behavior of small metal particles III

Red shift observed also as a function of 
the environment dielectric constant

Au nanoparticle core surrounded by SiO2 shell

Color depends on particle 
size, features of the 

di di l isorrounding dielectric 
and interparticle spacing 
(collective interparticle 

ff t !)effects!)
See MRS Bull. 26 (2001)
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The Lycurgus cup

Calculations based on  Mie scattering and accounting for 
the effective dielectric constant do fit well the 

observations (e.g., Lycurgus cup)( g , y g p)
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(Envisioned) nano-optics applications for plasmonics I

I l t d t l ti l t l li d fi ld ( l d ) ithIsolated metal nanoparticles act as localized near‐field sources (as already seen), with 
applications also in field enahncement

Oth ibl l it ti i difi ti / h t f h t iOther possible exploitations in modification/enhancement of photonics 
performance of various devicesSee, e.g.,
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(Envisioned) nano-optics applications for plasmonics II

Guida d’onda costituita da catena di nanoparticelle, spaziate 
di poche decine di nm, che interagiscono mediante campo 
prossimo: perdite dovute solo a dissipazione ohmica alteprossimo: perdite dovute solo a dissipazione ohmica, alte 
velocità di gruppo, confinamento subdiffrattivo e possibilità 
di guidare segnali su percorsi fortemente angolati

Plasmon resonances localized in contiguous nanoparticles can behave in aPlasmon resonances localized in contiguous nanoparticles can behave in a 
cooperative fashion allowing for radiation transport on arbitrary patterns with 
macroscopic lengths
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(Envisioned) nano-optics applications for plasmonics III

Collective excitation of plasmon resonances inCollective excitation of plasmon resonances in 
ordered arrays of metal nanoparticles can lead 
to optical guiding in a transverse size range 

below the diffraction limit
Extreme miniaturization 

(and integration) achieved

Plasmon waveguides can 
break the miniaturizationbreak the miniaturization 

limits imposed by optics (with 
the side advantage of 

integrability)integrability)
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Metal nanoparticle preparation (a few words)
A huge variety of methods exists to produce (noble) metal nanoparticles with relatively controlled shape 
and size (issue well established for catalyst fabrication!)and size (issue well established for catalyst fabrication!)

Most of them exploits solution‐based techniques leading to colloidal dispersion of nanoparticles

For details see, e.g.,:
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An example of preparation method
Materiale tratto dal seminario di 
M. Barnabò, Apr. 2004

Plasmon resPlasmon res.

In order to avoid undesired large‐scale coalescence 
of metal atoms into large fragments, surfactant 
agents (e.g., ammines) must be used

Frequently, thiol molecules (SAM) are used to 
stabilize Au nanoparticles in solution
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Conclusions

Optical properties in metals are mostly ruled by free‐electrons oscillations
driven by the electromagnetic field

Classical descriptions (Drude+Maxwell) are generally adequate: plasma 
frequency is the key parameter ruling absorption

Collective oscillations of surface charge (electrons) can be used to transport
electromagnetic energy such as in Surface Plasmons

Efficient Surface Plasmons effects are seen in thin films (small systems in one
direction) 

iki i l i di ll diff f b lk b h iStriking optical properties, radically different from bulk behavior, are 
observed in metal nanoparticles, i.e., systems showing small dimensions (in 
all three directions)
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