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Light/matter interaction at the nanoscale
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Light/matter interaction at the nanoscale
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Strategies

Low T°C (<10K)
o ~30/2n ~107° cm?
(¢ ~100x molecule size!)

(a) Dipole out off plane (in z)

Paul, Fischer

Light absorption by a dipole, Societ Physics

Uspekhi 26, 923 (1983)

Cavity quantum Surface enhanced
electrodynamics spectroscopies
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Purcell factor

Proceedings of the American Physical Society

MINUTES OF THE SPRING MEETING AT CAMBRIDGE, APRIL 25-27, 1946

B10. Spontaneous Emission Probabilities at Radio Fre-
quencies. E. M. PurceLL, Harvard University.—For
nuclear magnetic moment transitions at radio frequencies
the probability of spontaneous emission, computed from

A,= (8=v?/c®) hv(8nx%u2/3k?) sec.™},

is so small that this process is not effective in bringing a
spin system into thermal equilibrium with its surroundings.
At 300°K, for »=107 sec.”!, u=1 nuclear magneton, the
corresponding relaxation time would be 5X10% seconds!
However, for a system coupled to a resonant electrical
circuit, the factor 8m»?/c® no longer gives correctly the
number of radiation oscillators per unit volume, in unit
frequency range, there being now one oscillator in the
frequency range »/Q associated with the circuit. The
spontaneous emission probability is thereby increased, and
the relaxation time reduced, by a factor f=3QMN/4n2V,
where V is the volume of the resonator. If a is a dimension
characteristic of the circuit so that V~a3, and if § is the
skin-depth at frequency », f~\3/a%5. For a non-resonant
circuit f~A3/a3, and for a <§ it can be shown that f~\3/a82.
If small metallic particles, of diameter 10™% cm are mixed
with a nuclear-magnetic medium at room temperature,
spontaneous emission should establish thermal equilibrium
in a time of the order of minutes, for »=107 sec.”..

Purcell, 1946
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Control of the spontaneous emission —
Purcell factor

Fermi's golden rule Purcell factor
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Micro-optical cavities
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Light into single mode (arb. units)

Low threshold/thresholdless laser

= Thresholdless
laser

Conventional
laser

Current (arb. units)

Fig. 15.14. Light-power-versus-current curves
for single spatial-mode emission from a (i) con-
ventional laser, (i7) a high B-factor laser, and (#ii)
a thresholdless laser. The conventional laser has
a distinct current threshold. The high B-factor la-
ser has a less distinct threshold. It would be no-
ticeable in the spectrum and device modulation
speed, however, A hypothetical thresholdless la-
ser would have a B close to 1, and would some-
how suppress all other lossy emission until the
carrier density required for gain (or at least
transparency) was achieved.

www.LightE t .org
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A photonic criystal nanocavity with ultralow threshold
Nomura, Iwatomoto,Arakawa, SPIE (2007)




Single photon source
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Indistinguishable single photons
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Weak and strong coupling regimes

Strong coupling
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Strong coupling regime
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Strong coupling regime in plasmonics

Localized SPP
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Towards integrated quantum nanophotonics

Cavity quantum electrodynamics Quantum plasmonics
(cavityless QED)
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Derivation of the Purcell factor

Fermi rule
(weak coupling regime)

2 v fundamental mode
I(r) = ~ > [a. kn|H b, 0)[*6 (wem — wicn) |
k,, )
H; = —p-E(r i | :
! p-E(r) Ecau(r,t) =i “f(r)e el oo | B T
ZEDEIV E ) | |- leaky modes--..
: /' S
1 Keav /2 S — ———
oMw —w.) = N(w) = — 1.330 1.335 1.340
( C) ( m (UJ — wc)z + H%av/il Energy (eV)
N(w) = 20 1

Teaw 3 (Aem)gc@ u-f(r)[?

B ni ) V14 4Q2(Yem=te)

nlg  4m?



1D, 2D and 3D Purcell factor

Optical p-cavity Nanofiber
(3D confinement) (2D confinement)

PL intensity {lin. units)
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) - em Appl. Phys. Lett. 104, 031101 (2014) (1D confinement)
n1F0 47 E n1 Vve ff — — -

Fguided . 3 ()\em/nl)Q Mg

n1F0 47 n1

Coupling efficiency ~ 10 % . .
(ideally 36%)

F, =

Fguz’ded - 3 (/\em/nl) Neffilg

= nlo 4 ni




The planar film revisited
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Decay channels
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Plasmonic Purcell factor and coupling efficiency to surface plasmons. Implications for addressing and
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Losses
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Overcoming losses — hybrid plateform
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Thin film - leaky SPP
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Decay channels

Relaxation channels
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In plane SPP cavity
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In plane SPP cavity
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In plane SPP cavity
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In plane SPP cavity
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Comparison between planar and bulk cavities
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In plane SPP cavity

a=250nm ,g_______° !
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Decay rate depends on

- the cavity length

- the molecule position

- the molecule orientation




Single cavity (L

=2 \,.=1,1um)
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Single-molecule controlled emission in planar plasmonic cavities

Derom et al, Phys. Rev . B 89, 035401 (2014)



Grating decoupler
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Nanowire




Decay channels
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Purcell factor for point-like dipolar emitter coupling to 2D plasmonic waveguides
Barthes et al, Physical Review B 84 073403 (2011)
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Effect of Joule losses

Exact lossless case

2D-LDOS (lossy)
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Mode confinement

SPP nanowire Photonic waveguide
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Plasmonic laser
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Crystalline Ag wire
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Imaging plasmonmodes in penta-twinned

crystalline Ag nanowires
Song et al, ACS Nano 5, 5874 (2011)
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de Torres, Wenger ef al,
ACS Phot. 10, 3968 (2016)
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Surface enhanced spectroscopies

Surface enhanced spectroscopie
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Perspectives : plasmon nanolaser (SPASER)
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Quality factor of localized SPP
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Mie plasmons: quality factors, effective volumes and coupling strength to a dipolar emitter
Colas des Francs, Derom, Vincent, Bouhelier, Dereux, Int. J. Optics 2012, 175162 (2012)




Mode volume definition
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Mode volume - quasi-static approximation
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Mode confinement — cQED extrapolation
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Complex mode volume - the reconcilation
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Towards plasmon quantization

Quantization in an
absorbing/dissipative medium —
electric-field operator

Classical description —
dipolar scattering

Gruner, Welsch, PRA 53, 3 (1996)




Plasmon resonances
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Quantum plasmonics
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Strong coupling
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Effective model — modal analysis
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Structure of the coupling

Connection between effective model and
Green’s tensor :
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Mode-selective quantization and easy-to-handle effective cOED models with plasmonic resonance

D. Dzsotjan et al, submitted (2016)




Quantum plasmonics — Effective hamiltonian
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Adiabatic passage mediated by plasmons: a route towards a decoherence-free quantum plasmonic platform

B. Rousseaux et al, Phys. Rev. B 93, 045422 (2016)




Strong coupling regime
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Strong coupling regime

Multimodal lossy cavity (LSPs )
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Conclusion
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