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32 nm lines
193 nm ArF excimer laser in water (refractive index 1.44)
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How to beat the diffraction | S

Dielectric materials

32 nm lines
193 nm ArF excimer laser in water (refractive index n=1.44)
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How to beat the ¢

Evanescent waves
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How to beat the diffraction im Grnonnocnic <@

Hybridize light and electronic excitations

» single of few electrons in atoms
= many electrons in metal nanostructures: plasmons

Erbium ion




Introduction to plasmons

Surface plasmons are surface waves ...
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Propagating surface waves S
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Propagating surface

Flores et al., Nature (1987)

Level of damage in the 1985 earthquake in Mexico city
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Introduction to plasmons S g

Surface plasmons are surface waves
iInvolving collective electron motion
and propagating on metal surfaces ...
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Introduction to plas S

Surface plasmons are surface waves
iInvolving collective electron motion

and propagating on metal surfaces

or localized in metal (nano)structures
(e.g., nanoparticles), where they couple
efficiently to light ...




Localized plasmons
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P I asmon .nanophotonic?.:si.c.e.s.

Romans played empirically with nanoparticle plasmons:
the Licurgo cup dating from the IV century

In reflection In transmission

An electron microscope image shows 70-nm
Au-Ag nanoparticles inside the glass




Localized pl s

Simple derivation from Poisson’s equation
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Localized pl:
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Localized pl Surcvioamisg
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Localized plasmons
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Localized plasmo s
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Introduction

Surface plasmons are surface waves
iInvolving collective electron motion

and propagating on metal surfaces

or localized in metal (nano)structures
(e.g., nanoparticles), where they couple
efficiently to light, they produce strong
confinement of the electromagnetic field
(size << wavelength) ...
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Why do we need m ‘"a"°p“;t°"i°,§-:5i:-e:

Plasmons in the long wavelength limit (Poisson equation) are
scale-invariant, and therefore, they exist for structures down to a few nm.

(d) 1
L=a |

0.01 0.1 1 1 2 0.1 0.2
dla L/a sla

Localized excitations require negative permittivity

Alvarez-Puebla et al., J. Phys. Chem. Lettt. (2010)




Maxwell equations for small particles
E(r,7)=E(r,w)e ™ +E (r,w)e™

\% 5(1‘, a))E(r, a)) =0 E(r, a)) = —V¢(r, a))

V- g(r, a))V¢(r, a)) =0

The Poisson equation also describes
stationary heat transport:

¢ =2 k, thermal conductivity
¢ = temperature

Thermodynamics:
flow towards lower temperature regions - k>0
«absence of trapped thermal energy



Applications of pla Sinsut

Optical trapping - nanotweezers
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Nanoparticle Trapping with Resonant Optical Antennas
ACS Publications

High quality. High impact.

Www.acs.org

Righini et al. (2009)




Surface plasmons are surface waves
iInvolving collective electron motion

and propagating on metal surfaces

or localized in metal (nano)structures
(e.g., nanoparticles), where they couple
efficiently to light, they produce strong
confinement of the electromagnetic field
(size << wavelength), and they generate
huge enhancement of the optical
electric-field intensity.
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Field enhanc s

Eext

Charge neutrality - strong coupling to light though p, strong enhancement in the gap

Thongrattanasiri and Garcia de Abajo, Phys. Rev. Lett. (2013)
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Solis, Taboada, Obelleiro, Liz-Marzan, Garcia de Abajo, ACS Nano 8, 7559 (2014)
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Designing field enhan Sl
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Excitation frequency (Hz)
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Probing pl ..nanophotonics
Ag nanotriangle on mica
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Nelayah et al., Nature Physics (2007)




Probing pl

S . — A A -

e — s - ————— . e Wyl

o°e
@nanophotonics.es@
(]
LY ]

Rossouw et al., Nano Lett. (2011)




Probing plasmons with elec
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Why are surface

VY . Light concentration: plasmon size << wavelength

V = Field enhancement: induced field >> external field

Do,
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Applications s

Controlled 10'° SERS enhancement - 10° intensity enhancement

THE JOURNAL OF

PHYSICAL CHEMISTRY
e L O LLELS

INlumination on Gold Nanostars Produces Light Concentration in Nanoscale Gaps Leading to Huge SERS Enhancement

Alvarez-Puebla et al.
JACS (2009), JPCL (2010)

ACS Publications WWW.acs.org
High quality. High impact.




Plasmon facts B

Plasmons are the quanta of conduction-electron collective oscillations in metals

S

2
glw)=1-—=

Plasmons are observed when ¢<0 (metallic behavior)

» Aluminum and other materials at UV frequencies

* OD and 1D carbon structures at UV frequencies

* Noble metals (Ag, Cu, Au) at visible-NIR frequencies &
2D carbon structures (graphene) at IR frequencies

» Alkali-halides at THz frequencies

» The ionosphere at (AM) radio frequencies

» Pure conduction-electron oscillations in deep-subwavelength structures

* Hybridization with photons for larger sizes




nanophotonics

» Medical applications — imaging

» Medical applications — drug delivery

» Medical applications — bio-molecule ultrasensitive sensing

= Medical applications — thermal cell-apoptosis

» Optical signal processing

» Metamaterials (extensive light manipulation at subwavelength scales)
= Optical manipulation

» Enhanced radiative transfer

» Signal amplification (spacer)

» More metamaterials (u=1 at high frequency, negative refraction, ...)
= Solar cells



VY . Light concentration: plasmon size << wavelength
v . Field enhancement: induced field >> external field

X » Fast tunabillity: electrical doping

Qe,
[ ]
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Graphene plasmons Soiomisg

EELS (arb. units)

Energy (eV)

Keller and Coplan, Chem. Phys. Lett. (1992)
Stéphan, ..., Colliex, Phys. Rev. B (2002)
Zhou, ..., Idrobo, Nat. Nanotech. (2012)




Graphene pla s
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Graphene Plasmoni St

Experimental demonstration of
spatial mapping and

electrical tunabillity

of graphene plasmons

Chen et al., Nature (2012) Basov’s group Fei et al., Nature (2012)




Experimental m s
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Graphene s

Modulated light reflection

Intensity/phase/color changes
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Electrostatic doping of Sl
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Electrostatic doping « Grarniucs =
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electron density graphene
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Electrostatic dopi S
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Electrostatic doping of ¢
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Electrostatic dopi S
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Electrostatic dopi S
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Optical modulation with Soiomisg
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Optical modulation wit Soiomisg

a . .
(@) mirror 1 graphene mirror 2
N\
o d=400 ‘d-400 S
Incidence nm | a=400 nm N -
n= 1.46 2.61
(b) 1F
- — Undoped
© 0.8 | EF=O'9 eV
o | E =0.95eV
sosk —E.=1eV
£ | F
g " EF=1.1 eV
(é’ 0.4
@
Fo.2}f
0 : " " " 1 n " " 1 " o L 1 4
730 735 740 745

A (nm)
Yu et al., ACS Photonics 2, 550 (2015)




Electrostatic dopi

screening
electron density graphene

n=E/4me A layer

DC electric field
Epc

—t
»

EF

L
@nanophotonics.es@
. (]
0o ®

N
5

Photon energy, /iw
&5
B

0 k, 2k,
Parallel wave vector, k||

electron energy

momentum E
F

A’sp = 20( % A’O




Plasmons in graphene
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Quantum descriptio
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Bostwick et al.,
Nat. Phys. (2007)
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Quantum de s

Electron state j Z/aj/\D
of energy ¢,
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Quantum effects s
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Quantum effects
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Quantum effects in g Grarniucs =
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1) Increasing doping
2) Making smaller structures

3) Exploiting transient phenomena
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