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ABSTRACT: Strong light—matter interactions enabled by surface plasmons have given
rise to a wide range of photonic, optoelectronic, and chemical functionalities. In recent
years, the interest in this research area has focused on the quantum regime, aiming to
developing ultracompact nanoscale instruments operating at the single (few) photon(s)
level. In this perspective, we provide a general overview of recent experimental and
theoretical advances as well as near-future challenges toward the design and
implementation of plasmon-empowered quantum optical and photoemitting devices
based on the building blocks of nanophotonics technology: metallo-dielectric

nanostructures and microscopic light sources.
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B INTRODUCTION

During the past decade, plasmonics has flourished as a research
field," with intriguing light—matter interactions rooted in the
interplay between electromagnetic fields and collective
oscillations of free carriers in conducting media, for example,
metals” ™ as well as doped semiconductors® and 2D materials.”
Strong enhancement (several orders of magnitude) and
confinement (far beyond the diffraction limit) of optical fields
produced by surface plasmons (SPs) in subwavelength
nanostructures with complex shapes and topographies® is
behind recent developments in areas as diverse as nonlinear
optics,” hot-carrier catalysis'”'" or nanoscale color printing."”
Here, we discuss new perspectives that the coupling between
SPs and nearby quantum emitters (QEs) open in the context
of nanoscale quantum optics'’ and photoemission tailoring.'*

Efficient and bright single-photon sources™ constitute one
of the enabling technologies for quantum communication,
computation, and information processing,'®'” while being also
indispensable for several configurations exploited within
quantum sensing and imaging. In general, single-photon
generation with high emission rates and fidelity is central to
applications in quantum technologies, but its implementation
is challenging due to the extremely weak interaction between
single photons and individual QEs. A novel strategy to
overcome this limitation is the utilization of strongly confined
plasmonic, dielectric or hybrid electromagnetic modes that are
efficiently interfaced with conventional optical waveguides
from the infrared to the visible. The potential of this approach
has been partially revealed in recent studies, while still not
exhibiting it to the full extent due to the absence of a well
established reliable technology. We anticipate that efficient
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interfaces between photons, SPs and QEs, forming the basis for
quantum networks and enabling optical nonlinearities at the
: 18 . .
single-photon level,® will mature and become a reality for
practical use within a few years.

B EXPERIMENTAL ADVANCES: NANOFABRICATION
AND CHARACTERIZATION CHALLENGES

Reducing natural QE lifetimes is imperative for the realization
of quantum photon sources with high repetition rates. This is
generally done by placing them in a suitable photonic
environment with an increased electromagnetic local density-
of-states.'®' "' Clear objectives for future research will be
making the best use of the radiative and nonradiative Purcell
enhancement accessible in plasmonic cavities’ and antennae
by transferring it into free space”’ or into photonic
waveguides” ™ so as to significantly exceed the state-of-the-
art quantum photon fluxes.”® A wide range of optical
nanodevices (cavities, antennae, and waveguides) are sketched
in the left panel of Figure 1. Demonstration of nonlinear single-
photon operation is an outstanding challenge,27 and the
incorporation and combination of these plasmonic/photonic
structures would represent a major step toward the develop-
ment of quantum optical networks with high repetition rates.

The right panel of Figure 1 displays some of the items in the
current toolbox of quantum light sources: dye molecules,
quantum dots, vacancy centers, and transition metal
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Figure 1. Left panel (blue region) encompasses different nanophotonic devices, while the right one (orange) includes various microscopic quantum
light sources. The intersecting panel (green) represents the main challenge toward the nanoscale generation of nonclassical light: the merging and
hybridization of photonic/plasmonic nanostructures and quantum light sources.

dichalcogenide (TMD) monolayers. The fabrication of these
QEs requires different technologies and their performance is
subjected to different limitations. Due to their large stability,
versatility, and room-temperature operation, we anticipate
further integration of solid-state single-photon QEs,”® such as
color centers (NV, SiV, GeV, and Sn) in nanodiamonds, defect
centers in 2D materials, and nonlinear microcrystals in
nanostructured environments. Besides single-photon emitters,
entangled photon-pair production in nonlinear crystals is a key
resource for optical quantum technologies. Although there is
an increasin§ effort to realize integrated architectures on
optical chips,” there is so far no demonstration of photon-pair
emission from nano- or microsized plasmon-enhanced systems.

Many quantum optical applications would benefit from
having access to regular trains of single photons with
sufficiently high repetition rates, ultimately delivering a flux
of ~10° photons/s. Ideally, this flux should be seamlessly
coupled to a waveguide, so as to enable waveguide-integrated
single-photon sources with large Purcell enhancement (>>10)
and efficient QE coupling to the waveguide mode (>80%). In
passing, we note that there can be a practical limit to how large
Purcell factor one should strive for, if eventually too large, this
could in principle promote the emitting of two photons per
pulse, which would naturally be detrimental to single-photon
applications.” For a detailed analysis of plasmonic environ-
ments, including key parameters which constitute a good
efficient single photon source, we refer to refs 14 and 19. We
envisage a practical demand for QE integration into a hybrid
nanophotonic circuitry, for example, pumped by an integrated
laser diode with a reasonable overall efficiency from the photon
emission to its detection (>50%). Thus, plasmonic circuitry
and metallo-dielectric waveguide configurations®"*” (examples
are shown in the left panel of Figure 1) are excellent candidates
for ultracompact single-photon optical sources and switches
(possibly at cryogenic temperatures). Theoretical predictions
indicate that the large coupling strengths attainable in
plasmonic cavities allow not only the survival but also the
enhancement of quantum nonlinearities in mesoscopic QE
ensembles,*® well beyond the single-emitter level.

A scientific and technological breakthrough that should be
targeted in coming years is the modularization of nanoscale
quantum optics circuitry, removing thereby severe roadblocks
for accepting quantum light sources for commercial use in
emerging photonic technologies. Truly nonclassical light
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sources will need to operate stand-alone and at room
temperature, with the typical brightness approaching the
regime of nanowatts, that is, rendering detection with sensitive
analog detectors possible. This should be helped by technology
platforms that allow merging of passive dielectric and metallic
structures with single QEs in a scalable way.**™*® Further
developments along this road would enable large flexibility in
terms of possible quantum photonic networks without specific
material constraints, thereby also paving the way for
complementarity with existing commercial technology. As an
example, using such a platform for nonlinear single-photon
processes that require cryogenic operation (such as switches
and logic gates) will imply that only a very small payload has to
be eventually cooled. The central panel of Figure 1 highlights
two promising avenues enabled by the marriage between QEs
and the strong near-fields of plasmonic nanostructures: (i) fast
and bright ultracompact light sources of single and/or
entangled photons by spontaneous parametric down-con-
version in nonlinear microcrystals,”” and (ii) the realization
of strong and ultrastrong coupling polaritonic phenomena.*®

B THEORETICAL ADVANCES: FUNDAMENTAL
IMPLICATIONS AND DESIGN OPPORTUNITIES

One fascinating aspect of light—matter interactions in
nanophotonic devices is the potential coexistence and
exhibition of quantum phenomena in both the light and
matter:'* the quantum optics associated with light fields in
proximity from metallic nanostructures,” and the quantum
aspects of SPs when being spatially confined to volumes
approaching atomic-scale dimensions.*’ As illustrated in the
left panel of Figure 2, the quest for harvesting the full potential
of plasmonics for the generation of nonclassical light calls for
theoretical methods ranging from ab initio densi?r—functional
theory"' and quantum corrected electrodynamics**** to more
semiclassical accounts with nonlocal corrections of the classical
electromagnetics, which is usually the starting point in state-of-
the-art computational photonics. In general, ab initio
descriptions seek to account for the microscopic electronic
and atomistic degrees of freedom of the optical cavities.**™*°
The quantum-corrected models invoke surface parameters,
such as Feibelman parameters’” or artificial interface
layers,"*” to account for surface scattering associated with
nonlocal response, quantum spill-out, or the relaxation of
charge-transfer tunneling currents in gap structures.*”**
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Figure 2. Left panel (blue region) shows different levels of theoretical description of plasmonic devices beyond standard numerical solutions to
Maxwell Equations. The right panel (orange) ranges various key aspects of microscopic light sources beyond their two-level-system modeling. The
intersecting panel (green) illustrates the quantum optical design opportunities that resides in the internal complexity of SPs and QEs, accessible

through their the nanoscale coupling.

Finally, semiclassical descriptions essentially rely on hydro-
dynamic equations-of-motion (coupled with Maxwell equa-
tions) that account for the induced charge Znamics for a finite
compressibility of the quantum electron gas™ and posmblg also
quantum spill-out included in a self-consistent manner.

At the emitter level, we emphasize in the right panel of
Figure 2 different models for microscopic light sources beyond
the archetypal two-level system for QEs. The subwavelength
character of SP resonances give access to features in the QE
population dynamics that remain hidden to propagating fields,
effectively increasing its complexity and versatility as a light
source. Thus, the large plasmonic spatial gradients yield light—
matter interactions beyond the dipole approximation,’'
opening the way toward harvestlng and operating with light-
forbidden exciton transitions.”” Similarly, exploiting the SP
sensitivity to both light and emitter polarizations, non-
reciprocal chiral coupling can be achieved among not only
distant but also neighboring QEs.>* The ability of SPs to bridge
distinct length and energy scales also manifest in their
interaction with matter. It has been recently shown that,
despite lying at much lower energies than electronic
transitions, rovibrational molecular excitations can also be
interact strongly with SPs.>* These findings open new avenues
not only for photonic technology, but also for chemical
applications.> Finally, the dispersive and propagating nature of
excitons in 2D materials also needs to be tackled accurately in
the description of polaritonic physics in bidimensional
optoelectronic platforms, such as graphene or TMD
monolayers.*°

As illustrated in the central panel of Figure 2, a wide range of
design opportunities for quantum optical devices emerge by
exploiting the complexity of highly confined electromagnetic
fields and microscopic light sources. Accurate accounts of
Purcell enhancement and the further electromagnetic field
quantization are central for the description of nanoscale light—
matter coupling. In general, this must be done within the
framework of macroscopic quantum electrodynamics, which
accounts for the open and lossy nature of both SPs and QEs. In
order to reduce the complexity of the master equation
governing the density matrix of these systems, the method of
quasi-normal mode expansion®”*® has proven to be a
convenient and insightful tool. The extension to also nonlocal
hydrodynamic models was done only recently.”” An effort in
quantizing these modes, which would indeed be a major
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milestone in quantum optics in general, would then allow a
proper analysis and understanding of also multiphoton
regimes, in the context of both single photon and entangled
photon sources. For the multiphoton dynamics, we note the
possibility for turning to so-called pseudomodes; while perhaps
less intuitive, especially in the continuum regime with
overlapping modes, they might be advantageous in cases
where common semiclassical approaches fail.®* In certain
geometries, quasi-analytical solutions to Maxwell Equations,
such as those obtained by transformation optics,”' can also be
employed to calculate key parameters such as the SP-QE
coupling strengths or the SP lifetimes.

B OUTLOOK

In this article, we have reviewed some of the experimental
challenges and design opportunities brought by nanophotonics
science and technology when pushed into the quantum optical
regime. On the one hand, despite recent progress, significant
advances in current fabrication and characterization techniques
will be required in order to control precisely the strong light-
matter coupling taking place in hybrid systems comprising
plasmons and quantum emitters, as well as to extract and
utilize the quantum statistics of the light emerging from them.
Beyond the continued use of noble metals, we anticipate new
material avenues with more detailed materials processing,2
while also harvesting from alternatives,”™> as well as more
dilute, tunable semiconductor, and 2D-materials systems 7 On
the other hand, the deeply subwavelength nature of surface
plasmons gives access to material features, both in their
supporting metal nanostructures and the nearby microscopic
light emitters, that remain hidden to propagating light. In the
coming years, much theoretical efforts will focus on the
exploitation, for photonic applications, of the novel material
degrees of freedom made available in nanoscale quantum
optical devices.

B AUTHOR INFORMATION

Corresponding Author

*E-mail: asger@mailaps.org.

ORCID

Antonio I. Fernandez-Dominguez: 0000-0002-8082-395X
Sergey L. Bozhevolnyi: 0000-0002-0393-4859

N. Asger Mortensen: 0000-0001-7936-6264

DOI: 10.1021/acsphotonics.8b00852
ACS Photonics 2018, 5, 3447-3451



ACS Photonics

Author Contributions
The writing of this paper was done in a joint effort, with equal
contributions by all authors. Figures were prepared by A.LF.-D.

Funding

AILF.-D. acknowledges funding from EU Seventh Framework
Programme [FP7-PEOPLE-2013-CIG-63099], and the Span-
ish MINECO [FIS2015—64951-R and MDM-2014—0377].
S.IB. acknowledges the European Research Council (Grant
341054, PLAQNAP). N.AM. is a VILLUM Investigator
supported by VILLUM FONDEN (Grant 16498). Center
for Nano Optics is financially supported by the University of
Southern Denmark (SDU 2020 funding).

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS
We thank S. K. H. Andersen for technical assistance.

B REFERENCES

(1) Fernandez-Dominguez, A. I; Garcia-Vidal, F. J.; Martin-Moreno,
L. Unrelenting plasmons. Nat. Photonics 2017, 11, 8—10.

(2) McPeak, K. M,; Jayanti, S. V.; Kress, S. J. P.; Meyer, S.; Iotti, S.;
Rossinelli, A.; Norris, D. J. Plasmonic Films Can Easily Be Better:
Rules and Recipes. ACS Photonics 2018, 2, 326—333.

(3) Knight, M. W,; King, N. S;; Liu, L.; Everitt, H. O.; Nordlander,
P.; Halas, N. J. Aluminum for Plasmonics. ACS Nano 2014, 8, 834—
840.

(4) Bonanni, V.; Bonetti, S.; Pakizeh, T.; Pirzadeh, Z.; Chen, J.;
Nogués, J.; Vavassori, P.; Hillenbrand, R.; Akerman, J.; Dmitriev, A.
Designer Magnetoplasmonics with Nickel Nanoferromagnets. Nano
Lett. 2011, 11, 5333—5338.

(5) Biggins, J. S.; Yazdi, S.; Ringe, E. Magnesium Nanoparticle
Plasmonics. Nano Lett. 2018, 18, 3752—3758.

(6) Liu, X; Kang, H.; Yuan, H,; Park, J.; Kim, S. J.; Cui, Y.; Hwang,
H. Y,; Brongersma, M. L. Electrical tuning of a quantum plasmonic
resonance. Nat. Nanotechnol. 2017, 12, 866—870.

(7) Grigorenko, A. N.; Polini, M;; Novoselov, K. S. Graphene
plasmonics. Nat. Photonics 2012, 6, 749—758.

(8) Gramotnev, D. K, Bozhevolnyi, S. I. Nanofocusing of
electromagnetic radiation. Nat. Photonics 2014, 8, 14—23.

(9) Kauranen, M,; Zayats, A. V. Nonlinear plasmonics. Nat.
Photonics 2012, 6, 737—748.

(10) Brongersma, M. L.; Halas, N. J.; Nordlander, P. Plasmon-
induced hot carrier science and technology. Nat. Nanotechnol. 2015,
10, 25—34.

(11) Naldoni, A; Shalaev, V. M.; Brongersma, M. L. Applying
plasmonics to a sustainable future. Science 2017, 356, 908—909.

(12) Kristensen, A; Yang, J. K. W.; Bozhevolnyi, S. L; Link, S.;
Nordlander, P.; Halas, N. J.; Mortensen, N. A. Plasmonic colour
generation. Nat. Rev. Mater. 2017, 2, 16088.

(13) Tame, M. S;; McEnery, K. R;; C")zdemir, S. K;; Lee, J.; Maier, S.
A.; Kim, M. S. Quantum plasmonics. Nat. Phys. 2013, 9, 329—340.

(14) Bozhevolnyi, S. I; Khurgin, J. B. The case for quantum
plasmonics. Nat. Photonics 2017, 11, 398—400.

(15) Andersen, S. K. H,; Kumar, S.; Bozhevolnyi, S. I Ultrabright
Linearly Polarized Photon Generation from a Nitrogen Vacancy
Center in a Nanocube Dimer Antenna. Nano Lett. 2017, 17, 3889—
389S.

(16) Pelton, M. Modified spontaneous emission in nanophotonic
structures. Nat. Photonics 2018, 9, 427—435.

(17) Lodahl, P; Mahmoodian, S.; Stobbe, S. Interfacing single
photons and single quantum dots with photonic nanostructures. Rev.
Mod. Phys. 2015, 87, 347—400.

(18) Giannini, V.; Fernandez-Dominguez, A. I; Heck, S. C.; Maier,
S. A. Plasmonic Nanoantennas: Fundamentals and Their Use in
Controlling the Radiative Properties of Nanoemitters. Chem. Rev.
2011, 111, 3888—3912.

3450

(19) Bozhevolnyi, S. I; Khurgin, J. B. Fundamental limitations in
spontaneous emission rate of single-photon sources. Optica 2016, 3,
1418—1421.

(20) Chikkaraddy, R.; de Nijs, B.; Benz, F.; Barrow, S. J.; Scherman,
O. A;; Rosta, E.; Demetriadou, A.; Fox, P.; Hess, O.; Baumberg, J. J.
Single-molecule strong coupling at room temperature in plasmonic
nanocavities. Nature 2016, 535, 127—130.

(21) Curto, A. G.; Volpe, G.; Taminiau, T. H.; Kreuzer, M. P.;
Quidant, R.; van Hulst, N. F. Unidirectional Emission of a Quantum
Dot Coupled to a Nanoantenna. Science 2010, 329, 930—933.

(22) Chang, D. E; Serensen, A. S.; Hemmer, P. R;; Lukin, M. D.
Quantum optics with surface plasmons. Phys. Rev. Lett. 2006, 97,
053002.

(23) Akimov, A. V.; Mukherjee, A;; Yu, C. L.; Chang, D. E.; Zibrov,
A. S;; Hemmer, P. R; Park, H.; Lukin, M. D. Generation of single
optical plasmons in metallic nanowires coupled to quantum dots.
Nature 2007, 450, 402—406.

(24) Kumar, S.; Huck, A.; Andersen, U. L. Efficient Coupling of a
Single Diamond Color Center to Propagating Plasmonic Gap Modes.
Nano Lett. 2013, 13, 1221—1225.

(25) Bermidez-Urefia, E.; Gonzalez-Ballestero, C.; Geiselmann, M.;
Marty, R.; Radko, I. P.; Holmgaard, T.; Alaverdyan, Y.; Moreno, E,;
Garcia-Vidal, F. J; Bozhevolnyi, S. L; Quidant, R. Coupling of
individual quantum emitters to channel plasmons. Nat. Commun.
2015, 6, 7883.

(26) Hoang, T. B; Akselrod, G. M.; Mikkelsen, M. H. Ultrafast
Room-Temperature Single Photon Emission from Quantum Dots
Coupled to Plasmonic Nanocavities. Nano Lett. 2016, 16, 270—-275.

(27) Sipahigil, A; et al. An integrated diamond nanophotonics
platform for quantum-optical networks. Science 2016, 354, 847—850.

(28) Aharonovich, L; Englund, D.; Toth, M. Solid-state single-
photon emitters. Nat. Photonics 2016, 10, 631—641.

(29) Grassani, D.; Azzini, S.; Liscidini, M.; Galli, M.; Strain, M. J.;
Sorel, M,; Sipe, J. E,; Bajoni, D. Micrometer-scale integrated silicon
source of time-energy entangled photons. Optica 2015, 2, 88—94.

(30) Somaschi, N.; et al. Near-optimal single-photon sources in the
solid state. Nat. Photonics 2016, 10, 340—345.

(31) Ebbesen, T. W.; Genet, C.; Bozhevolnyi, S. I. Surface-plasmon
circuitry. Phys. Today 2008, 61 (S), 44—50.

(32) Smith, C. L. C; Stenger, N.; Kristensen, A.; Mortensen, N. A,;
Bozhevolnyi, S. I. Gap and channeled plasmons in tapered grooves: a
review. Nanoscale 2018, 7, 9355—9386.

(33) Saez-Blazquez, R; Feist, J,; Fernandez-Dominguez, A. I;
Garcia-Vidal, F. J. Enhancing photon correlations through plasmonic
strong coupling. Optica 2017, 4, 1363—1367.

(34) Siampour, H.; Kumar, S.; Bozhevolnyi, S. I. Chip-integrated
plasmonic cavity-enhanced single nitrogen-vacancy center emission.
Nanoscale 2017, 9, 17902—17908.

(35) Siampour, H.; Kumar, S.; Bozhevolnyi, S. I. Nanofabrication of
Plasmonic Circuits Containing Single Photon Sources. ACS Photonics
2017, 4, 1879—1884.

(36) Siampour, H.; Kumar, S.; Davydov, V. A; Kulikova, L. F;
Agafonov, V. N.; Bozhevolnyi, S. I. On-chip excitation of single
germanium-vacancies in nanodiamonds embedded in plasmonic
waveguides. arXiv:1801.10106.

(37) Benson, O. Assembly of hybrid photonic architectures from
nanophotonic constituents. Nature 2011, 480, 193—199.

(38) Ramezani, M.; Halpin, A.; Fernandez-Dominguez, A. L; Feist,
J; Garcfa-Vidal, F. J.; Gomez-Rivas, J. Plasmon-Exciton-Polariton
Lasing. Optica 2017, 4, 31-37.

(39) Marquier, F.; Sauvan, C.; Greffet, J.-J. Revisiting Quantum
Optics with Surface Plasmons and Plasmonic Resonators. ACS
Photonics 2017, 4, 2091—2101.

(40) Zhu, W, Esteban, R; Borisov, A. G.; Baumberg, J. J;
Nordlander, P.; Lezec, H. J.; Aizpurua, J.; Crozier, K. B. Quantum
mechanical effects in plasmonic structures with subnanometre gaps.
Nat. Commun. 2016, 7, 1149S.

DOI: 10.1021/acsphotonics.8b00852
ACS Photonics 2018, 5, 3447-3451



ACS Photonics

(41) Varas, A.; Garcia-Gonzalez, P.; Feist, J.; Garcia-Vidal, F. J;
Rubio, A. Quantum plasmonics: from jellium models to ab initio
calculations. Nanophotonics 2016, 5, 409—426.

(42) Christensen, T.; Yan, W.; Jauho, A.-P.; Soljaci¢, M.; Mortensen,
N. A. Quantum Corrections in Nanoplasmonics: Shape, Scale, and
Material. Phys. Rev. Lett. 2017, 118, 157402.

(43) Yan, W.; Wubs, M.; Mortensen, N. A. Projected Dipole Model
for Quantum Plasmonics. Phys. Rev. Lett. 2015, 115, 137403.

(44) Zuloaga, J.; Prodan, E.; Nordlander, P. Quantum Description of
the Plasmon Resonances of a Nanoparticle Dimer. Nano Lett. 2009, 9,
887—891.

(45) Marinica, D. C.; Zapata, M.; Nordlander, P.; Kazansky, A. K;
Echenique, P. M.; Aizpurua, J; Borisov, A. G. Active quantum
plasmonics. Sci. Adv. 2015, 1, e1501095.

(46) Barbry, M.; Koval, P.; Marchesin, F.; Esteban, R.; Borisov, A.
G.; Aizpurua, J; Sanchez-Portal, D. Atomistic Near-Field Nano-
plasmonics: Reaching Atomic-Scale Resolution in Nanooptics. Nano
Lett. 2015, 15, 3410—3419.

(47) Luo, Y Fernandez-Dominguez, A. L; Wiener, A.; Maier, S. A;
Pendry, J. B. Surface plasmons and nonlocality: a simple model. Phys.
Rev. Lett. 2013, 111, 093901.

(48) Esteban, R; Borisov, A. G; Nordlander, P.; Aizpurua, J.
Bridging quantum and classical plasmonics with a quantum-corrected
model. Nat. Commun. 2012, 3, 823.

(49) Mortensen, N. A; Raza, S; Wubs, M.; Sendergaard, T.;
Bozhevolnyi, S. I. A generalized nonlocal optical response theory for
plasmonic nanostructures. Nat. Commun. 2014, S, 3809.

(50) Toscano, G.; Straubel, J.; Kwiatkowski, A.; Rockstuhl, C.; Evers,
F.; Xu, H.; Mortensen, N. A.; Wubs, M. Resonance shifts and spill-out
effects in self-consistent hydrodynamic nanoplasmonics. Nat.
Commun. 2015, 6, 7132.

(51) Benz, F.; Schmidt, M. K;; Dreismann, A.; Chikkaraddy, R;
Zhang, Y.; Demetriadou, A.; Carnegie, C.; Ohadi, H,; de Nijs, B.;
Esteban, R.; Aizpurua, J.; Baumberg, J. J. Single-molecule
optomechanics in “picocavities. Science 2016, 354, 726—729.

(52) Rivera, N.; Kaminer, I; Zhen, B.; Joannopoulos, J. D.; Soljadic,
M. Shrinking light to allow forbidden transitions on the atomic scale.
Science 2016, 353, 263—269.

(53) Lodahl, P.; Mahmoodian, S.; Stobbe, S.; Rauschenbeutel, A.;
Schneeweiss, P.; Volz, J.; Pichler, H.; Zoller, P. Chiral quantum optics.
Nature 2017, 541, 473—480.

(54) Memmi, H.; Benson, O.; Sadofev, S.; Kalusniak, S. Strong
Coupling between Surface Plasmon Polaritons and Molecular
Vibrations. Phys. Rev. Lett. 2017, 118, 126802.

(55) Hutchison, J. A.; Schwartz, T.; Genet, C.; Devaux, E.; Ebbesen,
T. W. Modifying Chemical Landscapes by Coupling to Vacuum
Fields. Angew. Chem., Int. Ed. 2012, 51, 1592—1596.

(56) Cuadra, J.; Baranov, D. G.; Wersill, M.; Verre, R.; Antosiewicz,
T. J.; Shegai, T. Observation of tunable charged exciton polaritons in
hybrid monolayer WS, - plasmonic nanoantenna system. Nano Lett.
2018, 18, 1777—178S.

(57) Kristensen, P. T.; Hughes, S. Modes and Mode Volumes of
Leaky Optical Cavities and Plasmonic Nanoresonators. ACS Photonics
2014, 1, 2—10.

(58) Lalanne, P.; Yan, W.; Vynck, K.; Sauvan, C.; Hugonin, J. Light
Interaction with Photonic and Plasmonic Resonances. Laser Phot. Rev.
2018, 12, 1700113.

(59) Dezfouli, M. K.; Tserkezis, C.; Mortensen, N. A.; Hughes, S.
Nonlocal quasinormal modes for arbitrarily shaped three-dimensional
plasmonic resonators. Optica 2017, 4, 1503—1509.

(60) Hughes, S.; Richter, M.; Knorr, A. Quantized pseudomodes for
plasmonic cavity QED. Opt. Lett. 2018, 43, 1834—1837.

(61) Li, R.-Q; Hernangdmez-Pérez, D.; Garcia-Vidal, F. J;
Fernandez-Dominguez, A. 1. Transformation Optics Approach to
Plasmon-Exciton Strong Coupling in Nanocavities. Phys. Rev. Lett.
2016, 117, 107401.

3451

DOI: 10.1021/acsphotonics.8b00852
ACS Photonics 2018, 5, 3447-3451



