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Collective conduction electron oscillations at metal-dielectric interfaces, can couple to
electromagnetic fields. Two families:

Surface Plasmon Polaritons (SPPs) Localized Surface Plasmons (LSPs)

Ag, R=20 nm

Surface Plasmons

Limitation: Narrow-band operation  Plasmon hybridization through nm gaps 

Baumberg et al. Nature Materials 18, 668 (2019)
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Plasmonic nanocavities:
(݃ିଵ 	)

(߱଴/2ߛ௔)

Ultra-compact (V∼sub-nm),
Ultrafast (1/γa∼ fs),
Room Temperature (g∼eV)

Chikkarady et al. Nature 7, 535 (2016)

Novel light-matter interaction
phenomena enabled by surface
plasmons?



Towards plasmonic nanocavities and single emitters:

Shegai, Pelton, Sandhogar, Bozhevolnyi, Lukin, Sanvitto, Liedl, Raschke, Mikkelsen, Hecht, Baumberg…

QEs: quantum dots, diamond vacancies, dye molecules, J-aggregates, TMDs… 

Maximizing coupling in small emitter 
ensembles: Ωோ ൌ ܰሺߤԦ ∙ ஼ሻܧ



Photon correlations in QE ensembles coupled to a single SP

- exploring ࡺ

Complementary problems around ோ ஼
Single QE strong coupling in plasmonic gap cavities

- exploring ࡯ࡱ

Chirality and light-forbidden transitions in QE-SP coupling

- exploring ࣆ



What kind of EM solutions are we interested in?
Strong light-matter interactions require sub-wavelength confinement of 
electromagnetic fields: quasi-static regime.ࡱ ݐ ൌ ࡱ ߱ ݁ି௜ఠ௧ with ࡱ ߱ ൌ െ߮ߘ ߱ and ߘ ߳ሺ߱ሻ߮ߘ ߱ ൌ 0

Radiative losses:

Correction due to the self-field: ࣆ ൌ ଴ߙ ߱ ୧୬ୡࡱ ൅ ୱୣ୪୤ࡱ ൌ ୡ୭୰୰ߙ ߱ ୧୬ୡࡱ
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Transformation Optics description of plasmonic dimers

J. Pendry et al., Nat. Phys. 9, 518 (2013), R. Zhao et al., Phys. Rev. Lett. 111, 033602 (2013)

Source terms

ܽ௟௠௦ for a dipole source parallel to the gap axis: we gain access now to the Green’s 
function: Spectral density



Plasmonic dimers as nanocavities and nanoantennas (R1,2=R, δ=R/15)

ܬ ߱ ∝ Imሼܩ௭௭ሺ࢘ா, ,ா࢘ ߱ሻሽ ∝ 1/ܴଷߪ ߱ ∝ Imሼୢߙ୧୫ሺ߱ሻሽ ∝ ܴଷ

Different role of SP modes.
Different scaling with R.

R.-Q. Li et al., Phys. Rev. Lett. 117, 107401 (2016); ACS Photonics 5, 177 (2018). 

ωPS
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Transformation Optics description of plasmonic cavities

Analytical expressions for ܬሺ߱ሻ:



Transformation Optics description of plasmonic cavities

Master equation parametrization (߱௟,ఙ, ,ߛ ݃௟,ఙ).

Conditions for plasmon-exciton strong coupling:

R.-Q. Li et al., Phys. Rev. Lett. 117, 107401 (2016); ACS Photonics 5, 177 (2018). 



A step backwards to move forward: 2D model

ݖ ൌ ݃݁௭ᇱ െ 1

Limitations in the 3D model:
- Purely quasi-static: No far-field information.
- Point-dipole approximation.
- Axial polarization (maximum coupling). 
- Emitter placed along the dimer axis.

2D Conformal mapping:߱௉ௌ߱ଵ,ାଵ

Radiative reaction: dipolar moments

Full spatial and  orientation dependence:

݃ଵ.ାଵ ݃௉ௌ

Same Green´s function phenomenologyFinite-size effects in the emitter:
Multipolar sources:

A. Cuartero-Gonzalez et al. arXiv:1905.09893 (2019) 



Dark-field spectroscopy

A. Cuartero-Gonzalez et al. arXiv:1905.09893 (2019) 

Master Equation:

Dipolar moment  and cross section:

Bare nanocavity

Comsolσsca

Hybrid system: emitter+nanocavity

2



Purcell enhancing light-forbidden transitions 

ܳ 

μ ~ ߣߦ ଶ ~10ିହ
A. Cuartero-González et al., ACS Photonics 5, 3415 (2018).

Rivera et al., Science 353, 6296 (2016)

ூܪ ൌ ܧԦߤ ൅ ߘܳ ܧ



Spectral density for dipolar and quadrupolar excitons:

A. Cuartero-González et al., ACS Photonics 5, 3415 (2018).

Centered:

Displaced:



A. Cuartero-González et al., ACS Photonics 5, 3415 (2018).

Dark-field scattering spectrum
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1PS
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1ߤ
PS

b)		ܧݖ ൌ ωఓ	,8/ߜ7 ൌ ߱1, 	 ߱ொ ൌ ߱PSa)		ܧݖ ൌ ωఓ	,2/ߜ ൌ ߱1, 	 ߱ொ ൌ ߱ଵ
ሺܦ ൌ 30	nm, ߜ ൌ 1	nmሻ



A. Cuartero-González et al., ACS Photonics 5, 3415 (2018).
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Dark-field scattering spectrum
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Surface plasmon chirality

ௌ௉ܧ ൌ ∓݅1 ଴݁േ௜௞௫݁ି௞௬ܧ
Quasi-static SPs

metalmetal

Ԧ݀ ൌ ݖ̂݀ Ԧ݀ ൌ ݀ ොݔ ൅ ݖ̂݅ / 2
ݖ ݔ

Circularly polarized dipole sources allow the directional excitation of tightly confined SPs.

ε(ω)

Ԧ݀ ⋅ ୗ୔ܧ ് 0 Ԧ݀ ⋅ ୗ୔ܧ ് 0Ԧ݀ ⋅ ୗ୔ܧ ൌ 0Ԧ݀ ⋅ ୗ୔ܧ ് 0



Coherent and dissipative coupling between QE 

Surface plasmons allow tuning the balance between QEs coherent and dissipative coupling.

General master equation:

González Tudela et al. PRL 106, 020501 (2011)



Chiral quantum optics

Dissipative coupling behind the cascaded formalism for neighbouring QEs.

Chiral one-photon devices: non-reciprocal quantum networks, topological effects

J. C. López-Carreño et al. PRL 115 
196402 (2015).



Master equation mapping (two identical 2LSs)

Non-reciprocal conditions: A. Metelman et al., Phys. Rev. X 5,021025 (2015).

ܪ ൌ ԰߱଴ ଵߪଵறߪ ൅ ଶߪଶறߪ
డఘడ௧ ൌ ݅ ,ߩ ܪ ൅ ∑ ఊబଶ ࣦఙ೔ ߩ ൅௜ୀଵ,ଶ൅ߛߚ଴ ,ߩଵߪ ଶறߪ ൅ ,ଶߪ ଵறߪߩ

଴߱଴ߛߚ ߱଴ߛ଴ ଴ߛ

Cascaded formalism

1 2

ܪ ൌ ԰߱଴ ଵߪଵறߪ ൅ ଶߪଶறߪ ൅൅݃ଵଶߪଵறߪଶ ൅ ݃ଵଶ∗ߪଶறߪଵ

݃ଵଶ߱଴ ߱଴ߛ଴ ଴ߛ

General ME

1 2
డఘడ௧ ൌ ݅ ,ߩ ܪ ൅ ∑ ఊబଶ ࣦఙ೔ ௜,௝ୀଵ,ଶ൅ఊభమଶߩ ଶறߪߩଵߪ2 െ ߩଶߪଵறߪ െ ଶߪଵறߪߩ ൅൅ఊభమ∗ଶ ଵறߪߩଶߪ2 െ ߩଵߪଶறߪ െ ଵߪଶறߪߩ

ଵଶߛ

Criteria for non-reciprocal, chiral coupling݃ଵଶߛଵଶ ൌ 12
arg ݃ଵଶߛଵଶ ൌ ൞ 2݃ଵଶߨ23ߨ ൌ ଴2ߛߚ

݃ଵଶ∗ߪଶறߪଵ
݃ଵଶߪଵறߪଶ
1													2



Simplest plasmonic platform

ሺ1ሻ																											ሺ2ሻ
(              )

Plasmon-pole, z<<λ0, ω0→ωSP:

݃ଵଶ െ ଵଶ/2ߛ݅ ് 0

Deviations from the analytical prediction at small |x| and rapid decay of ߛଵଶ: chirality at the nanoscale



Simplest plasmonic platform
Increasing z, the Dyadic Green´s function is no longer governed by the 
plasmon pole: Deviations from the chiral conditions.

ሺ1ሻ																								ሺ2ሻ

Quasichiral regime: amplitude conditions are met, phase conditions are not (shaded areas).

z=5 nm, 30 nm, 60 nm, 150 nm, 300 nm



Incoherent pumping and emission spectrum
Weak incoherent pumping of the two QEs:డఘడ௧ ൌ ݅ ,ߩ ܪ ൅ ఊబଶ ࣦఙభ ߩ ൅ ࣦఙమ ߩ ൅ ఊభమଶ ଶறߪߩଵߪ2 െ ߩଶߪଵறߪ െ ଶߪଵறߪߩ ൅൅ఊభమ∗ଶ ଵறߪߩଶߪ2 െ ߩଵߪଶறߪ െ ଵߪଶறߪߩ ൅ ௉బଶ ࣦఙభ ߩ ൅ ࣦఙమ ߩ ற

ܵ ߱ ൌ ߨ1 ߦறߦ limݐ → ∞Re න ݀߬ ݐሺߦሻݐறሺߦ ൅ ߬ሻ ݁௜ఠఛஶ
଴ߦ ൌ ଵߪ ൅ ଶߪ

Using the Quantum Regression Theorem, analytical 
evaluation of the emission spectrum:

with . .

݃ଵଶߛଵଶ ൌ 12 , ݃ଵଶ ൌ ଴2ߛ
Sharp features emerge in quasichiral emission spectra

Chiral

Quasichiral

Reciprocal

We explore the quasichiral regime, in which:



Analytical expression for the spectrum:

with .

The index labels the four transitions in
the system:

Incoherent pumping and emission spectrum

ܵ ߱ ൌ෍ ௜ܵସ
௜ୀଵ ߱ ൌ ௜ܮ෍୻೔ଶߨ1 ൅ ߱ െ ߱௜ ௜߱ܭ െ ߱௜ ଶ ൅ ୻೔ଶ ଶସ

௜ୀଵ
௜ܹ ൌ ௜ଶܮ ൅ ௜ଶܭ

Reciprocal

Quasichiral

Chiral

CQR

C. Downing et al., Phys. Rev. Lett. 122, 057401 (2019)



Quasichiral photon correlations ݃ଵଶߛଵଶ ൌ 12 , ݃ଵଶ ൌ ଴2ߛ
Chiral

Quasichiral

Reciprocal

Frequency-filtered second order
correlation function [PRL 109, 183601
(2012)] with a detector spectral windowΩ ൌ .ଵଶ/5ߛ

Photon antibunching occurs only in the
quasichiral configurations.

C. Downing et al., Phys. Rev. Lett. 122, 057401 (2019)



Plasmonic nanocavities:
(݃ିଵ 	)

(߱଴/2ߛ௔)

Chikkarady et al. Nature 7, 535 (2016)

More than an extension of the cavity parameter range!
Interesting light-matter physics phenomena emerging in the different
terms in Ωோ ൌ ܰሺߤԦ ∙ .஼ሻܧ
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