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The Lycurgus cup (The British Museum) 4th century AD
C Reflected light




The Lycurgus cup (The British Museum) 4th century AD
C Transmitted light




TheLycurguscup underthe electronmicroscope

Archaeometry 32, 1 (1990), 33-45. Printed in Great Britain
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Freeelectrons(plasma) oscillations in aanoparticle
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Freeelectrons(plasma) oscillations in aanoparticle
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Freeelectrons(plasma) oscillations in aanoparticle
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Freeelectrons(plasma) oscillations in aanoparticle
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Freeelectrons(plasma) oscillations in aanoparticle
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Oscillatingcharges in ananoparticleat optical frequency




Oscillatingcharges in ananoparticleat optical frequency
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Biagonj Rep.Prog Phys. 75 (2012) 024402



Oscillatingcharges in ananoparticleat optical frequency

Spring& mass model
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A Redshift whenaspect ratioRincreases

A Thereis alwaysaresonancebeloww, for anysize

Biagonj Rep.Prog Phys. 75 (2012) 02440z



Polarisabilityof a sphericalnanoparticle
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Polarisablilityof a sphericalnanoparticle¢ Optical observables

Extinction = scattering + absorption

% | N\
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the beam all angles the scatterer



Polarisabilityof a sphericalnanoparticle¢ Optical observables

Absorption Scattering
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Back toLycurguscup

Absorption, Scattering and Extinction

of a 70nm gold sphere in glass
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Opticalpropertiesof real metals
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Opticalproperties of real metalsA www.refractiveindex.info
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Olmon et al. 2012 - Evaporated gold; n k 0.300-24 93 pm -

Optical constants of Au (Gold)
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What is a surfaceplasmon?

Surfaceplasmonpolariton = quanta of surface charge oscillations

surface mode solutions@fl E ¢ duationg

Lukas Novotny and Bert Hecht

Principlesof
Nano-Optics

L. Novotny & B. Hecht, Principles of Nano-Optics




Surfaceplasmonsat plane interfaces

£,>0

dielectric

L

-———t t ===+ - -

£,<0

metal

Ky




Surfaceplasmonsat plane interfaces

Conditions fom | E ¢ &duatiddsolutions:

=2 ke + k3, = ek’

e1ky, — &k1 ., =0

g1(w) - &(w) < 0

g1(w) + &(w) < 0

ASurface solutiomexistsfor metakdielectricinterface

AOnlyfor TMpolarization



Surfaceplasmonsat plane interfaces

Complexmetal permittivity &7 = 8; -+ i&"i’

Dispersion relation
L,X e
1 !
. g +e&c
2 g+ &
~ I
Surfaceplasmonwavelength  Agpp = — R~ f—)\
k' €162
! /"

Attenuationdistance k’: ~

e+ &, 2e7(g] + €2) c



Typicalvalues for airimetal interface @l = 633 nm

I N

Permittivity e=-11.6 + 1.2i e=-18.2 + 0.5i
Propagatioriength 10 pm 60 um
Decayinto metal 28nm 23 nm
Decayinto air 330nm 420 nm

diélectrique
4> 0

dz,d ~ 300 nm
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Excitation of surfacelasmonsat interfaces

Momentum conservatiorn ki + ka.z — Sjkz
S~ N N
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Excitation of surfacelasmonsat interfaces

Momentum conservatiorn ki + k?z — ejkz
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Solution #1:evanescentvave couplingvia prism

Otto configuration

SPP




Solution #2:couplingvia high refractive index substrate

Kretschmanrconfiguration
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Solution #2:couplingvia high refractive index substrate

Kretschmanrconfiguration

W, k=2p/| k=2pn/I
SPP

K sp2pnsing/ |




Solution #2:couplingvia high refractive index substrate

Kretschmanrconfiguration

¢critical angle of TIR

Reflectivity

42.5 45 475 50 52.5
Angle of incidence [’]



Solution #2:couplingvia highrefractive index substrate

Incident white-light
continuum beam

_ Silver film
CCD
Oil camera
p polarization

1 ____INA14 = LD
60 X (b]
Leakage radiation .

Reflected beam
Glass

5 polanzation

BouhelieyOptLett 30, 884 (2005)



Solution #3:couplingvia agrating

Extramomentumfrom gratinglattice k;_ =k, + 271';1/(;1

Y
N

Genetet al, Nature 445, 39 (2007



Solution #3:couplingvia agrating

Stein, PRL 105, 266804 (2010)



Solution #3:couplingvia agrating

« One of the most interesting problems
that | have ever met with »
Incandescent R.W. WOOd, 1902

lamp Spectrometer
« | was astounded to find that under

certain conditions, the drop from
maximum illumination to minimum,

a drop certainly of from 10 to 1,
occured within a range of wavelengths
not greater than the distance between
the sodium lines »

Ruled grating

« The singular anomalies were exhibited only when the
direction of electric field was at right angle to the ruling »




Solution #3:couplingvia agrating

LopeZzTejeirg New J. Phy4.0(2008)033035



Extraordinaryoptical transmissionthrough aperture arrays

Ebbeseret al, Nature391, 667 (1998)
Genetet al, Nature445, 39 (2007)
GarciaVidalet al, RevMod Phys82, 729 (2010)
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Solution #4:usingsub-l scatterer

NSOM probenanoparticle hole, moleculeX

laser

metallized
tip

1
f— meta
k glass slide

microscope
objective

matchinV\

liquid

CCD camera

10 nm Si0, |

70 nm Ag Gllass

Ditlbacher ApplPhysLett 80, 404 (2002)

Baida JOSA A 18552 (2001)



Plasmonsn nanowires

(a)

DitlbacheyPhysRevLett 95, 257403 (2005)



Plasmonsn nanowires

ZhangPhysRevLett 107, 096801 (2011)



Local surfaceplasmonin ananoparticle
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Local surfaceplasmonin two nanoparticles
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Couplingbetween nanoparticles
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Couplingbetween nanoparticles
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Intensity enhancementin couplednanoparticles

E |’
1000 ® |E| (x4)

Biagonj Rep.Prog Phys. 75 (2012) 024402



Spectralresonancesn nanoparticlepairs
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Biagonj Rep.Prog Phys. 75 (2012) 024402
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Spectralresonancesn nanoparticlepairs }V\/\/\/\/]OW\AMOV\/V\/\/IE

antibonding

450

(zH1) Aouanbai4

- 350

300

1.0 0.5 0.0
Normalized intensity

Biagonj Rep.Prog Phys. 75 (2012) 024402



Spectralresonancesn nanoparticlepairs }V\/\/\/\/]OW\AMOV\/V\/\/IE
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Interacting plasmonicnanoparticles
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Biagonj Rep.Prog Phys. 75 (2012) 024402



Plasmonicoptical antennas

Optical antenna: a device designed to efficiently
convert free-propagating optical radiation to
localized energy, and vice versa.

Antenna

Novotny and Vamdulst Nat Photorb 83 (2011)
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Transmitter Q ——>» ‘

Antenna




PlasmonidOpticalNanoantennas

- -E EE~ - -.‘;-.:--‘: ‘
i1 @ B
, o b - e 20'nm
T = ‘ - ‘ 50 nm ‘ :

Fs00mm 0 o
Npor

=f l - -
i -—:'. .’ = il"‘*“.

~ ,_'.<‘ - -.‘»c
e - YA

ralrw -.'-...-;-_,-.
aum I S—

1,000 nm




EBL patterning

ITO

Substrate
patterning
e beam:
"
development

.

Au evaporation

bl

lift off

FIB patterning

T ITO
Substrate

Au deposition

patterning

Biagonj Rep.Prog Phys. 75 (2012) 024402




YagtUdaantenna directional emissionfrom singleemitter

Radiation

—> (6,9)

Transmitter

QD area

Reflector Feed Directors

Curtg Science 329, 930 (2010)



YagtUdaantenna directional emissionfrom singleemitter

Experiment
Theo
Air v
Glass
o —~ Curtq, Science 329, 930 (2010)



PlasmonidNanoantennas

RADIATION
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Photovoltaics Spectroscopy

Bharadwaj,Advances in Optics and Photonics 1, 438 (200



Opticalfilters

400 600 800
Wavelength (nm)

Genetet al, Nature445, 39 (2007)

GarciaVidalet al, RevMod Phys
82, 729 (2010)




Plasmonics= metal nano-optics

A Nanopatrticles
A Metal-dielectricinterfaces
A Nanowires

A Opticalantennas

A Arrays& metasurfaces



Plasmonicgor Biophotonics

A Sensors
A Enhancedghotoemission
A Thermoplasmonics

A OpticalTweezers



Plasmonicgor Biophotonics

A Sensors
A Enhancedghotoemission
A Thermoplasmonics

A OpticalTweezers



Pregnancytest: Pregnant g,
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Surfaceplasmonresonancesensors

AL abelfree moleculardetection
AReal time
ASelectivebindingof biomoleculeson gold surface



Surfaceplasmonresonancesensors
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L ocal Surfac®lasmonResonanceé&sensor

Singlecolloidal nanoparticles
AStrongerocalizationof EMfield on surface

AEaseof-use
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L ocal Surfac®lasmonResonanceé&sensor

Singlemoleculedetectionwith gold nanorods
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Local Surfac&lasmonResonanceésensor

Currentchallenges
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t lithography
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Plasmonicgor Biophotonics

A Sensors

A Enhancedhotoemission

A Thermoplasmonics

A OpticalTweezers
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Size of anolecule~ 1 nm
Crosssection ~ 1 nm2 = ¥ cm?2

for fluorescences ~ 10'%cm2

for Ramarscatterings ~ 103° cm?
Excitationintensity: 1 mW = 2.5 10 photons per second
Focus on a 500nmliameterspot : | = 18 phot/s/cm?

Max. singlemoleculefluorescence s | = 18 phot/s = 40pW

Max singlemoleculeRaman signals | = 1FLJK 2 I K &

I.I

X



SERS : SurfagmhancecRamanScattering

N molecules with o';ree N molecules with O'ads

° : - metal particle
-—)— © 00.. —" (~10...100 nm)
e® O
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s (vs)=N - I(VL)'Gfm .
Lsensvs)=N"T (v2) |4 o)+ |4 (v5)] - O,

- . - /
Enhancement of the excitation field

Kneipp et al, Enhancement of the signal field

J. Phys.: Condens. Matter : :
14R597 (2002) Enhancement of the absorption cross section



SERS : SurfagmhancecRamanScattering

ElectromagnetienhancementC towards singlemoleculedetection
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Nie andEmory
Science2751102 (1997)
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SERS : SurfagmhancecRamanScattering

Reproduciblesubstrates
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B. Yan et al, ACS NaB@190 (2009)
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SurfaéahancedRamanScatteri

SERS

Reproduciblesubstrates
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Fluorescence

S F—=—— Detected fluorescence
N
i F =k k N,
ke kl’ Iknr k kr ke
I —
_|_ /( + ) tOt
L) K+ Lk (i,
S IL= Collection o
efficiency Quantum Excitation

yield intensity

\ /

Affected by plasmonic structure



Singlemoleculefluorescenceenhancedby a single golashanoparticle

P. Anger et aRPhysRevLett 96 113002 (2006)



Singlemoleculefluorescenceenhancedby a single golashanoparticle
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Singlemoleculefluorescenceenhancedby a single golashanoparticle

Plasmon-enhanced luminescence

0.40 fuantun Efficiency Erhaql';mnt of Radiative Decay Rate %amnnt of Total Decay Rate
=11 | 5 r |
S o0t 8 - "
B I £ o
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om paadl e a s by g s by s s sl g s laaual o saaal e s g g be g a sl y g sl s s lagual 0 ia sl e s e ls s s la s gl s s palassal
TTTROO BS0 G00 650 700 7O 8O0 Bog 550 600  &50  FOO  7HO 500 B5O &00 B850 Fo0 750 800
Wavelength Cnm) Wavelength Cnm) Wavelength Cnm)
download results

100nm gold NP in wateperfectemitter @ 5nm

This applet calculates the modifications of the radiative decay rate, the total
decay rate, and the quantum efficiency of an optical emitter in close proximity to
a prolate-shaped metal nanoparticle. The applet can be used to get a flavor on
how the luminescence properties of the emitter depend on the large number of
parameters that are involved.

Appletat
www.erbium.amolf.nl

For information on the parameters, click the question mark.

For more information on the calculation methods and for an analysis of how metal
nanoparticles should be designed to optimize decay rate modifications, see our
recent paper (Mertens et al, Phys. Rev. B 76, 115123 (2007)) and our new

manuscript.



http://www.erbium.amolf.nl/

Singlemoleculefluorescenceenhancedby a single golashanoparticle
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Singlemoleculefluorescenceenhancedby a single golashanoparticle
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http://www.erbium.amolf.nl/

500 -

Kinkhabwalaet al, Nature Phot3, 654 (2009)

fluorescence enhancement
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Nanoantennascombinedwith NSOMprobes

Tapered Optical
Fibre -

Bowtie™ |« Monopole

Nanoaperture - Antenna

Antenna

Mivelleet al, NanoLett. 14, 4895(2014)



Plasmonicgor Biophotonics

A Sensors
A Enhancedghotoemission
A Thermoplasmonics

A OpticalTweezers



Nanosourcef heat
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Baffouand Quidant Laser PhoRev 2, 171(2013)



Nanosourcef heat
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Baffouand Quidant Laser PhoRev 2, 171(2013)



Cancemphotothermal treatment

L Plasmon wave

> ..\ Healthy cells




Cancemphotothermal treatment

Stern etal, JUrol. 179, 748(2008)



Plasmonicgor Biophotonics

A Sensors
A Enhancedghotoemission
A Thermoplasmonics

A Optical Tweezers



Local surfacgplasmonnanotweezers

Colloidal Plasmonic
suspension landscape

Righiniet al, Nat. Phys3, 477(2007)



Bacteriatrapping with nanoantennas

Righiniet al, NanoLett. 9, 3387(2009)



