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5.1 9 FR N (molecular fluorescence, MF)

Luminescence (&) : an emission of ultraviolet,
visible or infrared photons from an electronically
excited species, including fluorescence (3¢3¢) and
phosphorescence (F%$t)

MF B{EFR : B—MREFNS SRR TE;
A T EMEEE SR AETDIE; TTIM
= R B R RS

Molecular Fluorescence: principles and applications
Bernard Valeur, 2001 Wiley-VCH Verlag GmbH




MF 49 2 )

1565
1602
1640
1833
1845
1842
1852
1853
1858

1867

1871
1888

N. Monardes
V. Cascariolo
Licetus

D. Brewster
]. Herschel
E. Becquerel
G. G. Stokes
G. G. Stokes
E. Becquerel

F. Goppelsroder

A. Von Baeyer
E. Wiedemann

Emission of light by an infusion of wood Lignum Nephriticum
(first reported observation of fluorescence)

Emission of light by Bolognese stone ( first reported observation of
phosphorescence)

Study of Bolognese stone. First definition as a non-thermal light
emission

Emission of light by chlorophyll solutions and fluorspar crystals

Emission of light by quinine sulfate solutions (epipolic dispersion)

Emission of light by calcium sulfide upon excitation in the UV,
First statement that the emitted light is of longer wavelength
than the incident light

Emission of light by quinine sulfate solutions upon excitation in
the UV (refrangibility of light)

Introduction of the term fluorescence

First phosphoroscope

First fluorometric analysis (determination of AI(I1T) by the
fluorescence of its morin chelate)

Synthesis of fluorescein

Introduction of the term luminescence

Bernard Valeur, 2001 Wlléy-VCH Verlag GmbH



1905,
1910
1907

1918
1919
1920
1922

1923

1924
1924

1924
1925

1925
1925

E. L. Nichols and
E. Merrit

E. L. Nichols and
E. Merrit

J. Perrin

Stern and Volmer

F. Weigert

S. J. Vavilov

S. ]. Vavilov and
W. L. Levshin

S. J. Vavilov

F. Perrin

F. Perrin
F. Perrin

W. L. Levshin
]. Perrin

First fluorescence excitation spectrum of a dye

Mirror symmetry between absorption and fluorescence
spectra

Photochemical theory of dye fluorescence

Relation for fluorescence quenching

Discovery of the polarization of the fluorescence emitted by
dye solutions

Excitation-wavelength independence of the fluorescence
quantum yield

First study of the fluorescence polarization of dye solutions

First determination of fluorescence yield of dye solutions

Quantitative description of static quenching (active sphere
model

First observation of alpha phosphorescence (E-type delayed
fluorescence)

Theory of fluorescence polarization (influence of viscosity)

Theory of polarized fluorescence and phosphorescence

Introduction of the term delayed fluorescence

Prediction of long-range energy transfer

Bernard Valeur, 2001 Wlléy-VCH Verlag GmbH



1926

1926

1927

1928

1929

1929

1932

1934
1935
1944
1948

E. Gaviola

F. Perrin

E. Gaviola and
P. Pringsheim

E. Jette and W.
West

F. Perrin

]. Perrin and
Choucroun
F. Perrin

F. Perrin

A. Jablonski
Lewis and Kasha
Th. Forster

First direct measurement of nanosecond lifetimes by phase
fluorometry (instrument built in Pringshein’s laboratory)

Theory of fluorescence polarization (sphere).

Perrin's equation

Indirect determination of lifetimes in solution.

Comparison with radiative lifetimes

Demonstration of resonance energy transfer in solutions

First photoelectric fluorometer

Discussion on Jean Perrin's diagram for the explanation of
the delayed fluorescence by the intermediate passage
through a metastable state

First qualitative theory of fluorescence depolarization by
resonance energy transfer

Sensitized dye fluorescence due to energy transfer

Quantum mechanical theory of long-range energy transfer
between atoms

Theory of fluorescence polarization (ellipsoid)

Jablonskis diagram

Triplet state

Quantum mechanical theory of dipole-dipole energy transfer
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PHOSPHORESCENCE]

ABSORPTION

FLUORESCENCE

PHOSPHORESCENCE
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LR A RAF L K A 8 e JablonskiH

A Bk KRB, §TRGER
(VR) 894k, Rt FRik#as

SPPTRAS 42 : BfHg A RFlk. BEAREHKE
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CHARACTERISTIC TIMES

absorption 10" s
vibrational relaxation 10™-10" s
lifetime of the excited state S, 10™-10" s —» fluorescence
intersystem crossing 10™-10" s
internal conversion 10™"-10°s
lifetime of the excited state T, 10° -1 s —» phosphorescence

Molecular Fluorescence: principles and applications 12

Bernard Valeur, 2001 Wiley-VCH Verlag GmbH




R A8k X8 2 F- % (quantum yield)

k>: rate constant for radiative deactivation S — S with emission of fluorescence

k>: rate constant for internal conversion S; — Sj.

ki rate constant for intersystem crossing. . 1
ser TE 4 5 BEEES 3=
nr — ic 15C* r nr
For deactivation from T; . we have

k!: rate constant for radiative deactivation Ty — So with emission of phosphores-

cence.

k. : rate constant for non-radiative deactivation (intersystem crossing) T; — S,.

| S, .
ky k> ¢ T
bp =—— — =k g 1
krb + kl?r '
S T T
A 18] § AL 49 pbip) K. Ke ko ok
ki r !
i:I:'isr: — ﬁ = kiscTS So
r nr S
}[CT knr = kf: + kisc:
;79"16'- %%%F% Dp = %{I}isc
krl + krir
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Fig. 413. Types of interactions involved in non-radiative
transfer mechanisms.
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e iEfermi’ sgoldenrule, B X3EHFAEAKTEA:
[ fﬂmkzdk (01 E7(K)|0)8(wy — wa)
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Decay of excited atoms in absorbing dielectrics
Stephen M Barnett et al, J. Phys. B: At. Mol. Opt. Phys. 29 (1996) 3763-3781.
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Decay of excited atoms in absorbing dielectrics

Stephen M Barnett et al, J. Phys. B: At. Mol. Opt. Phys. 29 (1996) 3763-3781.




BESHTFHRBRRABOERR

S H 6 A B R LRBA R A B AR R A R

y =R+ 4™

SHRE

where § = (¢/8w) Re (E X H*) is the Poynting vector, ¢ is the
conductivity of the substrate, W is the average energy of the dipole,
dQ is the differential element of the solid angle, and d7 is the
differential volume element. The integral in eq 2 is over a surface
at infinity while that in eq 3 is over the volume of the dissipative
substrate, I ' -

P. T. Leung et al, The Journal of Physical Chemistry, Vol. 92, No. 22, 6207 (1988).
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Comments on the classical theory of enerqy transfer,
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Finite-element modeling of spontaneous emission of a qguantum emitter at nanoscale proximity
to nlasmonic waveauides Yuntian Chen et al PHYSICAI REVIEW B 81 125431( 2010)
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Nonresonant enhancement of spontaneous emission in metal-dielectric-metal plasmon

waveguide structures, Y. C. Jun et al, PHYSICAL REVIEW B 78, 153111 (2008).
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Nanoparticle-Induced Fluorescence Lifetime Modification as Nanoscopic Ruler:
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Free-space emission
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Figure 1. Free-space emission. Figure 2. Plasmon controlled emission.
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Plasmonics in Biology and Plasmon-Controlled Fluorescence 3

Joseph R. Lakowicz, Plasmonics (2006) 1: 5-33
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an Optical Nanoantenna, Sergei Kuhn et al, PRL 97, 017402 (2006)
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Fluorescence enhancement through modified dye molecule absorption associated

with the localized surface plasmon resonances of metallic dimers,

George Zoriniants and William L Barnes, New Journal of Physics 10 (2008) 105002.
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Forster Energy Transfer Across a Metal Film
W. L. Barnes et al, 2004 (373 A i)

Application work

) i Molecular plasmonics
Aim to: realize the Forster P

energy transfer between donor |
and acceptor across silver film
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P. Andrew and W. L. Barnes,science,306,1002(2004).
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Forster-Type Resonant Energy Transfer Influenced by Metal Nanoparticles

Frank Reil et al, Nano Lett., 8 (12), 4128-4133 (2008)
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Plasmon-assisted transmission of entangled photons
E. Altewischer el al, 2002 (& & A it)

Aim to: Investigate the effects Application work
of nanostructured metal on
entangled photons.

Results:

Such arrays convert photons
into surface-plasmon —opticall
excited compressive charge
density waves — which tunnel
through the holes before
reradiating as photons.

Explanation:
Conversion between photons and
plasmons, quantum feature of SPP

46
E. Altewischer, M. P. van Exter & J. P. Woerdman, NATURE |[VOL 418 | 304| 2002 |
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Wave—particle duality of single surface plasmon polaritons

Roman Kolesov et al,nature physics,5,470 (2009)
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hybrid photonic architectures

The assembly of hybrid nanophotonic devices from different
fundamental photonic entities—such as single molecules,
nanocrystals, semiconductor quantum dots, nanowires and metal

nanoparticles—can yield functionalities that exceed those of the
individual subunits.
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Oliver Benson, nature, 480, 193 (2011)




Functionality on the nanoscale
Light suiding and sorting
Enhanced emission and absorption

Nonlinear elements and switches

Nanophotonic-plasmonic hybrid devices
Plasmonically enhanced single-photon sources

Nanowire photonic elements

Future prospects

plasmons. Also, nonlinear interactions facilitating logical operations

are feasible using CQED or plasmonic effects. There is great potential

53
Oliver Benson, nature, 480, 193 (2011)




Plasmonics Goes Quantum

Make it quantum. Building blocks of an integrated nanoscale quantum
information system. (A) The nanowire supports a single plasmonic oscil-
lation conceptually similar to a single-mode optical fiber. However, the
nanoscale mode volumes of the plasmon lead to strong coupling with the
guantum emitter. (B) An unorthodox approach of enhancing light-matter
interaction is by tailoring the dielectric constant of a medium so that it is
dielectric in one direction and metallic in another. The resulting hyperbo-
loidal dispersion relation supports infinitely many electromagnetic states
for channeling light into a single-photon resonance cone.

A combined plasmonics and metamaterials
approach may allow light-matter interaction
to be controlled at the single-photon level.

single plasmon —
antibunching statistics
nanoscale-mode volume —
strong coupling
entangling+squeezing —
quantum information
quantum plasmonics —
Spaser
Cavity QED
Ql system
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Zubin Jacob and Vladimir M. Shalaev, science, 334, 463 (2011)
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come. Important new directions for this field include the
following: (1) merging plasmonics with quantum
systems,’*”" providing challenges for both theory and
experiment; (2) coherent phenomena in plasmonics,
where Fano resonances, superradiance, and plasmon-
induced transparency result in novel new lineshapes and
plasmonic properties;'®"?! (3) active plasmonic devices
and media; new types of devices and media combining
plasmonics with other funcrional materials for active and
nonlinear responses;'“" (4) improved sensors and detec-
tors; from ultrasmall detectors to LSPR sensors with single
molecule sensitivity and specificity,®' there are many pos-
sibilities for advancing the ability to increase detection
sensitivities and responsivities; (5) the role of plasmons in
modifying chemical reactions; and (6) biomedical applica-
tions, where new types of nanoscale devices can be devel-
oped for diagnosis'' and treatment of diseases, to im-
prove treatment efficacy, and to develop prevention
strategies for global health challenges. We predict the fu- 55

Plasmonics: An Emerging Field Fostered by Nano Letters, Naomi J. Halas, Nano Letters, 10,3816 (2010).



Surface plasmon resurrection

The realization that coupling of photons to charges at metal interfaces allows subdiffraction-limit

Publications in one year

S
AQ

localization of light has revived the field of surface plasmons. How long will it last?

Q . . . .
is required when making claims of plasmon

lasers. That said, there is still good reason
to be enthusiastic about plasmonics, with
new emerging subfields such as quantum
plasmonics. Also, ‘classical’ plasmonic

— Plasmons
= Photonic crystals

One particular area where plasmonics
is providing practically useful, and in
which loss is less of a stumbling block, is
that of sensors. In fact, simple frustrated

of plasmonics is the possibility ot locally
enhancing the intensity of electromagnetic
fields. This enables strong nonlinear optical
effects in structures with metal inclusions,

. | | | possibilities for surface plasmons in devices
1990 1995 2000 2005 2010 utilizing the combination of magnetic,
vear acoustic and ultrafast effects. Many
emerging topic — graphene plasmonics —
with the vision of merging plasmonics and

graphene photonics to combine their useful 56

NATURE PHOTONICS | VOL 6 | NOVEMBER 2012 | www.nature.com/naturephotonics
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