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ABSTRACTS OF SPEAKERS
MONDAY, 26 T H OF APRIL
FRANCO NORI
Quantum Nonlinear Optics without Photons, how to excite two or more atoms simultaneously
with a single photon, and other unusual properties of ultra-strongly-coupled QED systems.
RIKEN, Saitama, Japan.

Univ. of Michigan, Ann Arbor, USA.

How to excite two or more atoms simultaneously with a single photon: We consider two
separate atoms interacting with a single-mode optical or microwave resonator. When the
frequency of the resonator field is twice the atomic transition frequency, we show that there
exists a resonant coupling between one photon and two atoms, via intermediate virtual states
connected by counter-rotating processes. If the resonator is prepared in its one-photon state,
the photon can be jointly absorbed by the two atoms in their ground state which will both
reach their excited state with a probability close to one. Like ordinary quantum Rabi
oscillations, this process is coherent and reversible, so that two atoms in their excited state will
undergo a downward transition jointly emitting a single cavity photon. This joint absorption and
emission process can also occur with three atoms. The parameters used to investigate this
process correspond to experimentally demonstrated values in circuit quantum
electrodynamics systems.
Quantum nonlinear optics without photons: Spontaneous parametric down-conversion is a
well-known process in quantum nonlinear optics in which a photon incident on a nonlinear
crystal spontaneously splits into two photons. Here we propose an analogous physical process
where one excited atom directly transfers its excitation to a pair of spatially separated atoms
with probability approaching 1. The interaction is mediated by the exchange of virtual rather
than real photons. This nonlinear atomic process is coherent and reversible, so the pair of
excited atoms can transfer the excitation back to the first one: the atomic analog of sumfrequency generation of light. The parameters used to investigate this process correspond to
experimentally demonstrated values in ultrastrong circuit quantum electrodynamics. This
approach can be extended to realize other nonlinear interatomic processes, such as fouratom mixing, and is an attractive architecture for the realization of quantum devices on a
chip. We show that four-qubit mixing can efficiently implement quantum repetition codes and,
thus, can be used for error-correction codes.
A few recent references (mostly 2016-2019) on this topic (ultra-strong coupling cavity QED) are
listed below and freely available online at: http://dml.riken.jp/pub/Ultra-strong/
* M. Cirio, et al., Ground State Electroluminescence, Phys. Rev. Lett. 116, 113601 (2016).
[PDF][Link][arXiv][Suppl. Info.]
* L. Garziano, et al., One Photon Can Simultaneously Excite Two or More Atoms, Phys. Rev. Lett. 117,
043601 (2016) [PDF]
* O. Di Stefano, et al., Feynman-diagrams approach to the quantum Rabi model for ultrastrong cQED:
stimulated emission and reabsorption of virtual particles dressing a physical excitation, New Journal of
Physics 19, 053010 (2017). [PDF][Link]
* A.F. Kockum, et al., Quantum nonlinear optics with atoms & virtual photons, Phys. Rev. A 95, 063849
(2017). [PDF][Link]
* M. Cirio, et al., Amplified Optomechanical Transduction of Virtual Radiation Pressure, Phys. Rev. Lett.
119, 053601 (2017)
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* R. Stassi, et al., Quantum Nonlinear Optics without Photons, Phys. Rev. A 96, 023818 (2017).
[PDF][Link][arXiv]
* X. Wang, et al., 1 photon can simultaneously excite two qubits without USC, Phys. Rev. A 96, 063820
(2017). [PDF]
* V. Macrì, et al., Dynamical Casimir Effect in Optomechanics: Vacuum Casimir-Rabi Splittings, Phys.
Rev. X 8, 11031 (2018)
* W. Qin, et al., Exponentially Enhanced Light-Matter Interaction, Cooperativities, and Steady-State
Entanglement Using Parametric Amplification, Phys. Rev. Lett. 120, 093601 (2018). [PDF][Link][arXiv]
* R. Stassi, F. Nori, Long-lasting quantum memories: Extending the coherence time of superconducting
artificial atoms in the ultrastrong-coupling regime, Phys. Rev. A 97, 033823 (2018). [PDF][Link][arXiv]
* C.S. Muñoz, F. Nori, S.D. Liberato, Resolution of superluminal signalling in non-perturbative cavity
quantum electrodynamics, Nature Communications 9, 1924 (2018). [PDF][Link][arXiv][Suppl.
Info.][Reviewers' Comments]
* V. Macrì, F. Nori, A.F. Kockum, Simple preparation of Bell and Greenberger-Horne-Zeilinger states
using ultrastrong-coupling circuit QED, Phys. Rev. A 98, 062327 (2018). [PDF][Link][arXiv]
* A.F. Kockum, A. Miranowicz, S.D. Liberato, S. Savasta, F. Nori, Ultrastrong coupling between light and
matter,
Nature Reviews Physics 1, pp. 19–40 (2019). [PDF][Link][arXiv] ** Pedagogical Review **
* O. Di Stefano, et al., Interaction of Mechanical Oscillators Mediated by the Exchange of Virtual
Photon Pairs, Phys. Rev. Lett. 122, 030402 (2019). [PDF][Link][arXiv][Suppl. Info.]
* O. Di Stefano, et al., Resolution of gauge ambiguities in ultrastrong-coupling cavity quantum
electrodynamics,
Nature Physics 15, pp. 803–808 (2019). [PDF][Link_1][Link_2][arXiv][Suppl. Info.]

DAVID ZUECO
Strong coupling of magnetic molecules to superconducting circuits and its application in
quantum technologies.
Instituto de Nanociencia y Materiales de Aragón / CSIC-Unizar

In this talk I will present our work, towards the construction of a quantum information processor
with molecular spin qubits and superconducting circuits. I will report on the experimental status
on single spin-single photon coupling between spin qubits and transmission lines, coplanar
waveguide and LC resonators.
I will discuss the concept of Universality of molecules as qudits and small quantum processors
and the perspectives on scaling up quantum computation with molecular spins. The proposal
for the realization of the superradiant (photon condensation) quantum phase transition in
magnetic materials will be explained. Finally, I will consider the competition between the
exchange and photon mediated spin interactions in samples of antiferromagnetic organic
free radicals.

6

JÉRÔME FAIST
Engineering vacuum fields with metamaterials: effects of non-locality and breaking timereversal symmetry
Institute of Quantum Electronics, ETH Zurich

When a collection of electronic excitations are strongly coupled to a single mode cavity,
mixed light-matter excitations called polaritons are created. The situation is especially
interesting when the strength of the light-matter coupling ΩR is such that the coupling energy
becomes close to the one of the bare matter resonance w0. For this value of parameters, the
system enters the so-called ultra-strong coupling regime, in which a number of very interesting
physical effects were predicted. Using metamaterial coupled to two-dimensional electron
gases[1], we have demonstrated that a ratio ΩR/w0 close to[2] or above unity can be reached.
One important research direction has been designing resonators that enable strong coupling
to a very small volume, such that the number of electrons coupled to the electromagnetic
field is limited to a few hundreds[3]. We have recently performed a systematic study of
resonators where the size of the interaction region is systematically scaled down to ultra-small
mode volume. We show that in this regime, the dispersion of the polariton branches is strongly
affected: the upper polariton broadens and the lower polariton also disappears for small
magnetic fields. This effect is well described by a theory that takes into account the coupling
to a continuum of magnetoplasmons in the two-dimensional electron gas and shows a key
difference between an atomic and a solid-state system[4]. We also discuss our efforts to
develop cavities that support time-reversal symmetry breaking, enabling potentially the
creation of quantum Hall states via vacuum fluctuations[5].
Email: Jerome.faist@phys.ethz.ch
[1] G. Scalari et al., "Ultrastrong Coupling of the Cyclotron Transition of a 2D Electron Gas to a THz
Metamaterial," (in English), Science, vol. 335, no. 6074, pp. 1323-1326, Apr 15 2012, doi:
10.1126/science.1216022.
[2] C. Maissen et al., "Ultrastrong coupling in the near field of complementary split-ring resonators," (in
English), Physical Review B, vol. 90, no. 20, p. 205309, Nov 24 2014, doi: 10.1103/PhysRevB.90.205309.
[3] J. Keller et al., "Few-Electron Ultrastrong Light-Matter Coupling at 300 GHz with Nanogap Hybrid LC
Microcavities," Nano Letters, vol. 17, no. 12, pp. 7410-7415, Dec 2017, doi: 10.1021/acs.nanolett.7b03228.
[4] S. Rajabali, E. Cortese, M. Beck, S. De Liberato, J. Faist, and G. Scalari, "Polaritonic non-locality in
ultrastrong light-matter coupling," arXiv.org, vol. cond-mat.mes-hall, Jan 21 2021, doi:
10.1103/PhysRevLett.102.153904.
[5] H. Hübener et al., "Engineering quantum materials with chiral optical cavities," Nature Materials, pp.
1-5, Nov 04 2020, doi: 10.1038/s41563-020-00801-7

IDO KAMINER
Strong Coupling by Nonlocal Light–Matter Interactions
Department of Electrical Engineering, Technion, Israel Institute of Technology, 32000 Haifa, Israel

Great effort is being invested toward reaching strong coupling of quantum emitters with light
in various systems. Different approaches include increasing the number of resonant emitters,
or the local photonic density of states at the location of an atom-like localized emitter. In
contrast, extended emitters as in solid-state systems or free electrons hold an
7

underappreciated promise of vastly greater enhancements through their large number of
vacant electronic final states. However, the vast majority of such final states are considered
inaccessible by optical transitions, due to the discrepancy between the large momentum of
the electron relative to the small momentum of the photon. We show that when interfacing
3D solids with 2D materials we can unlock the transition of a conduction electron to all the
solid’s unoccupied valance states, by closing the momentum mismatch with the large
momentum of 2D polaritons. The resulting nonlocal optical interactions enable reaching ultrastrong coupling for each conduction electron. Consequently, we find that such unique
nonlocal light-matter interaction fundamentally alter the role of the quantum vacuum in solids
and create a new type of tunable mass renormalization and bandgap renormalization, which
in the example we show reach tens of meV. Our quantitative predictions are based on a new
non-perturbative macroscopic quantum electrodynamic formalism that we demonstrate on
a graphene–semiconductor–metal nanostructure. The second part of the talk will focus on the
nonlocal interaction between free electrons and femtosecond laser pulses, which we study
theoretically and demonstrate experimentally in a transmission electron microscope. We will
present recent measurements showing how the extended electron wavefunciton quantizes
the free-electron–light interaction and enables a new kind of phased-matched interaction
between the coherent electron wavefunciton and the driving laser. We also use photonic
cavities to enhance the interaction and show first effects of free-electron cavity quantum
electrodynamics (CQED), utilizing the strong quantized energy exchange with very low laser
pulse energy. The talk will conclude with an outook for arbitrary control of electrons’
wavepackets, revealing the intrinsic conservation laws of such quantum electron–light
interactions, and suggesting new effects of free-electron quantum optics, such as freeelectron qubits.
Contact e-mail: kaminer@technion.ac.il
[1] Y. Kurman, et al., Tunable Bandgap Renormalization by Nonlocal Ultra-Strong Coupling in
Nanophotonics, under review.
[2] S. Nehemia†, R. Dahan†, et al., Observation of the Stimulated Quantum Cherenkov Effect,
arXiv:1909.00757.
[3] N. Rivera, et al., Ultrafast Multiharmonic Plasmon Generation by Optically Dressed
Electrons, Phys. Rev. Lett., 122 (2019) 53901.
[4] C. Roques-Carmes, et al., Nonperturbative Quantum Electrodynamics in the Cherenkov
Effect, Phys. Rev. X., 8 (2018) 041013.
[5] Y. Kurman, et al., Control of semiconductor emitter frequency by increasing polariton
momenta, Nature Photonics, 12 (2018) 423.
[6] N. Rivera†, I. Kaminer†, et al., Shrinking light to allow forbidden transitions on the atomic
scale, Science 353 (2016) 263.

LAKHWANI GIRISH
Organic Polariton Lasing with Molecularly Isolated Perylene Diimides
The University of Sydney, Australia

In the last decade, strong light matter coupling has become an alternative path to achieve
lasing in organic materials via use of polaritons. Polariton lasers do not require population
inversion and thus hold the promise of lower laser thresholds. Organic materials are
8

particularly suited for polariton lasing as their large absorption coefficients result in impressive
exciton-photon couplings strengths at room temperature. In this talk, I will discuss our recent
work on using perylene materials to demonstrate optically pumped lasing. Here, we utilize a
series of perylene diimide materials that possess sterically hindered substituents, dispersed
within a polymer matrix. The rigid structures prevent aggregation and allow high
photoluminescence quantum yields (PLQYs) at large dye loadings. We demonstrate that
these systems can show Rabi splittings up to 150 meV with PLQYs of > 70% [1] and exhibit
optically pumped polariton lasing. [2] The emission exhibits threshold behaviour, spatial
coherence, and the characteristic blue-shifting of polariton systems. We expect perylene
dyes will become a useful polariton laser class.
1. Sabatini et al. J Mater Chem C, 7, 2954 (2019)
2. Sabatini et al. Appl. Phys. Lett, 117, 041103 (2020)

MARCO DUSEL
Room temperature organic exciton-polariton condensate and topological polariton laser in a
lattice
M. Dusel, S. Betzold, O. A. Egorov, S. Klembt, J. Ohmer, U. Fischer, C. Schneider, and S. Höfling
Technische Physik, Wilhelm-Conrad-Röntgen-Research Center for Complex Material Systems, and
Würzburg-Dresden Cluster of Excellence ct.qmat, Universität Würzburg

Strong light-matter coupling of
a photon mode to Frenkel
excitons in organic materials
has emerged as a versatile,
room-temperature platform to
study nonlinear many-particle
physics
and
bosonic
condensation. This moves
fluoresescent proteins into the
focus of research devoted to
fundamental
light-matter
coupling in microcavities.
Some time ago, we have
shown polariton condensation
using a planar microcavity
filled with enhanced green
fluorescent protein (eGFP) [1].
Very
recently
we
demonstrated
polariton
condensation
in
a
hemispherical optical cavity
[2] with the protein mCherry.
Here we utilize the soft nature
of the fluorescent protein
mCherry to build a cavity with

Fig. 1: a) Illustration of a one-dimensional lattice. b) PL spectrum
of a one-dimensional lattice. c) Excitation power-dependent
blueshift. d) Integrated emssion intensity (dots) and linewidth
(triangle) vesus excitation energy.
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a photonic one-dimensional lattice. Our device generates a Bloch-bandstructure of roomtemperature exciton-polaritons, dictated by the photonic lattice in the tight-binding regime.
By changing the distance of the traps in the one-dimensional lattice, we can produce different
well defined bandstructures. We also observed controlled loading of condensates into the
Blochbands with specific orbital symmetry, and the excitation of localized gap states driven
by the intrinsic non-linearity of our system.
Contact e-mail: marco.dusel@physik.uni-wuerzburg.de
[1] C. P. Dietrich et al. “An exciton-polarion laser based on biologically produced fluorescent protein”,
Sci. Adv. 2, e160666 (2016).
[2] S. Betzold et al. “Coherence and Interaction in Confined Room-Temperature Polariton Condensates
with Frenkel Excitons”, ACS Photonics (2019)

PÄIVI TÖRMÄ
Polarization textures, correlations and sub-picosecond thermalization of Bose-Einstein
condensates in strongly coupled plasmonic lattices
Department of Applied Physics, Aalto University, Finland

Bose-Einstein condensation (BEC) has been realized for various particles or quasi-particles, such
as atoms, molecules, photons, magnons and semiconductor exciton polaritons. We have
experimentally realized a new type of condensate: a BEC of hybrids of surface plasmons and
light in a nanoparticle array [1]. The condensate forms at room temperature and shows
ultrafast dynamics. We have achieved such Bose-Einstein condensation also at the strong
coupling regime, and shown by varying the lattice size that the thermalization in these systems
is a simulated process that occurs in 100 femtosecond scale [2]. This new platform is ideal for
studies of differences and connections between BEC and lasing [3,4,5,6]. Recently, we have
determined the spatial and temporal first order correlations of the strongly coupled BEC, in
samples of millimeter scale, and observed non-exponential decay distinguishing the
phenomenon from lasing and non-ordered states [7]. Power law as well as stretched
exponential decay fit the data well.
We have observed that the condensate phase has a non-trivial phase structure which in turn
leads to complex polarization patterns [8]. We determine the phase of the BEC by a phase
retrieval algorithm, for the first time for any type of condensate. The non-trivial phase is likely
due to non-linearities related to the strong coupling nature of the condensate.
We have shown that also nanoparticle arrays made of dielectric materials can be brought to
the strong coupling regime [9]. This opens new possibilities for lasing and BEC studies due to
reduced losses and different single particle optical response.
Contact e-mail: paivi.torma@aalto.fi
[1] T.K. Hakala, A.J. Moilanen, A.I. Väkeväinen, R. Guo, J.-P. Martikainen, K.S. Daskalakis, H.T. Rekola, A.
Julku, P. Törmä, Nature Physics, 2018, 14, 739.
[2] A.I. Väkeväinen, A.J. Moilanen, M. Necada, T.K. Hakala, K.S. Daskalakis, P. Törmä, Nature
Communications, 2020, 11, 3139.
[3] T.K. Hakala, H.T. Rekola, A.I. Väkeväinen, J.-P. Martikainen, M. Necada, A.J. Moilanen, P. Törmä,
Nature Communications, 2017, 8, 13687.
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[4] H.T. Rekola, T.K. Hakala, and P. Törmä, ACS Photonics 2018, 5, 1822.
[5] K.S. Daskalakis, A.I. Väkeväinen, J.-P. Martikainen, T.K. Hakala, P. Törmä, Nano Letters, 2018, 18, 2658.
[6] R. Guo, M. Necada, T.K. Hakala, A.I. Väkeväinen, P. Törmä, Physical Review Letters, 2019, 122,
013901.
[7] A.J. Moilanen, K.S. Daskalakis, J.M. Taskinen, P. Törmä, arXiv:2103.10397.
[8] J.M. Taskinen, P. Kliuiev, A.J. Moilanen, P. Törmä, arXiv:2012.06456.
[9] R. Heilmann, A.I. Väkeväinen, J.-P. Martikainen, P. Törmä, Nanophotonics, 2020, 9, 267.

JAN LÜTTGENS
3

Radiative Pumping of Exciton-Polaritons by Luminescent sp Defects in Single-Walled Carbon
Nanotubes
Jan Lüttgens, Felix Berger and Jana Zaumseil
Heidelberg University, Institute for Physical Chemistry, Germany

Purified, monochiral single-walled carbon nanotubes (SWCNTs) have emerged as an excellent
material to generate exciton-polaritons in the near-infrared by optical and electrical pumping
[1]. We find that these SWCNT polaritons are most efficiently created when the metal-clad
cavity is tuned to the photoluminescent sidebands (PSB) of the SWCNTs. Using time-correlated
single photon counting, we are able to attribute this observation to radiative pumping from the
PSB.
In order to increase the polariton population further, we introduce luminescent sp3 defects
(E11*) by diazonium functionalization of polymer-wrapped (6,5) nanotubes whose emission is
red-shifted compared to the pristine nanotube exciton (E11) [2]. This new emissive sideband
with long fluorescence lifetimes also radiatively pumps the polaritons and a substantial
increase in polariton emission can be observed (Figure 1). Furthermore, the emission can be
tuned over the whole sp3 defect emission range. The direct population of the lower polariton
branch via the sp3 defect further supports the concept that incoherent states can radiatively
pump the polariton states in microcavities comprising disordered emitters.
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Figure 1. Left: Angular-resolved reflectivity and emission of a SWCNT filled microcavity tuned to the
optically allowed SWCNT exciton (E11). A longitudinal-transverse mode splitting is observed, indicating
the formation of exciton-polaritons. Center: A microcavity with the functionalized SWCNTs shows
increased photoluminescence emission, compared to the pristine reference, when the lower polariton
is tuned to the wavelength of the luminescent sp3 defect (E11*). No additional splitting at this
wavelength is observed, indicating that the defect is weakly coupled. Right: For SWCNTs functionalized
with luminescent sp3 defects, mode splitting is only observed at the energetic position of the pristine
SWCNT exciton. (Absorption and emission spectra of the respective reference films are shown for
comparison.)

Contact e-mail: luettgens@pci.uni-heidelberg.de
Graf et al, Nat. Mater. 16 (2017) 911
Berger et al, ACS Nano 13 (2019) 8, 9259

LARS MEWES
Energy relaxation in molecular cQED systems: Insights from coherent two-dimensional
spectroscopy
Lars Mewes, Mao Wang, Rebecca A. Ingle, Karl Börjesson, and Majed Chergui
Laboratory of Ultrafast Spectroscopy, Lausanne Centre for Ultrafast Science, Institute of
Chemical Sciences and Engineering, Ecole Polytechnique Fédérale de Lausanne,
Switzerland
During the past decades molecular cavity QED (cQED) has evolved from a fundamental
concept to an extensive framework that allows to manipulate chemistry, create exotic states
of matter, and develop novel applications that combine the properties of light and matter
[1,2]. However, despite these remarkable achievements, some of the underlying physical
processes remain insufficiently understood. One example is the energy relaxation cascade
that is initiated on the upper polaritonic branch (UPB) and leads to population of the exciton
manifold of states, as well as the lower polaritonic branch (LPB). Establishing a microscopic
12

understanding thereof will complement cavity-design rules and prove beneficial for
applications that rely on efficient relaxation towards the LPB, e.g. when creating nonequilibrium Bose-Einstein condensates [3].
We follow this ultrafast energy relaxation inside a prototypical TDBC-nanocavity by capturing
its spectroscopic signatures in real-time, using visible broadband (500 – 750 nm) twodimensional Fourier transform (2DFT) spectroscopy [4]. Comparable to transient absorption- [5]
and transient transmission spectroscopy [6], 2DFT spectroscopy allows us to observe the system
dynamics via the change in optical properties after excitation, but with increased temporal
resolution (~20 fs) and without the loss of the complementary excitation frequency resolution.
Our results are exemplified in Figure 1 and clearly show how energy relaxes on a 100 fs timescale from the UPB (red) into the lower polariton (blue), bypassing the exciton manifold of
states (yellow) initially [7].

Figure 1: The 2D spectrum (absolute value) of a TDBC-nanocavity system resolves the excitation
energy (ωτ) on the x-axis and the detection energy (ωt) on the y-axis. The energy relaxation steps
observed via the temporal evolution of the signal are exemplified by curved arrows and the absorption
spectrum (thick black line) shows the absorption into the LPB (15650 cm-1), the exciton manifold (16900
cm-1) and the UPB (17900 cm-1).
TDBC: (5,6-dichloro-2-[[5,6-dichloro-1-ethyl-3-(4-sulphobutyl)benzimidazol-2-ylidene]propenyl]-1-ethyl-3(4- sulphobutyl)-benzimidazolium hydroxide, inner salt, sodium salt

Contact e-mail: lars.h.mewes@gmail.com
[1] Ebbesen, Acc. Chem. Res. 49 (2016) 2403-2412
[2] Hertzog et al, Chem. Soc. Rev. 48 (2019) 937-961
[3] Coles et al, Phys. Rev. B 88 (2013) 121303(R)
[4] Al Haddad et al, Opt. Lett. 40 (2015) 312-315
[5] Schwartz et al, ChemPhysChem 14 (2013) 125-131
[6] Virgili et al, Phys. Rev. B 83 (2011) 245309
[7] Mewes et al, Commun. Phys., 3 (2020), 157
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THILO STÖFERLE
Polariton condensation in a 2D Lieb lattice with a tunable microcavity at room temperature
IBM Research – Zurich, Säumerstrasse 4, 8803 Rüschlikon, Switzerland

Room temperature organic polariton condensation can be achieved by optical excitation of
a thin polymer layer that is embedded in a microcavity with dielectric mirrors in the strong lightmatter interaction regime [1]. Using focused ion beam milling in combination with a tunable
cavity setup allows to imprint local potential wells for the polaritons [2], leading to localized
single-mode condensates [3]. Here we extend this approach and create an extended
potential landscape with 96 wells that are arranged in a 2D Lieb lattice structure with 15 × 15
µm dimensions. This gives rise to the formation of a characteristic band structure that is
investigated by dispersion imaging.
By tuning the cavity length, the absolute energy of the bands can be changed in-situ. In
combination with a band-pass filter, this allows to reveal the distinct s, p, d symmetries of the
respective bands in real space images (Figure 1, a-c). By increasing the excitation fluence
above the threshold, we observe polariton condensation. Because changing the cavity length
also tunes the band structure with respect to the vibrational modes of the polymer exciton, this
effectively allows to alter the predominant condensation mode such that condensates in the
different bands can be realized (Figure 1, d-f). Spatial coherence in the lattice has been studied
by using a Michelson interferometer. Furthermore, by dispersion and real-space imaging the
influence of disorder below and above the condensation threshold has been investigated.
These first experiments with room-temperature condensates in extended 2D lattices open the
door for creating and investigating complex polariton states in tunable potential landscapes.
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Figure 1: Real space images of the polariton emission in the 2D Lieb lattice below (a-c) and above (d-f)
condensation threshold. By tuning the cavity resonance in-situ across the pass band of a narrow bandpass filter, the distinct s (a,d), p (b,e) and d (c,f) band symmetries are revealed.

Contact e-mail: tof@zurich.ibm.com
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MIKHAIL NOGINOV
Control of Physical Phenomena with Nonlocal Metal-Dielectric Environments
Center for Materials Research, Norfolk State University, Norfolk, VA 23504

We make the case that (meta) material platforms that were originally designed to control
propagation of light, can affect scores of physical and chemical phenomena, which are often
thought to lie outside of the traditional electrodynamics domain. Thus, nonlocal metaldielectric environments, which can be as simple as metal-dielectric interfaces, can control
spontaneous and stimulated emission, Förster energy transfer, wetting contact angle, and
rates of chemical reactions. The affected phenomena can occur in both strong and weak
coupling regimes and the large coupling strength enhances the light-matter interaction. This
intriguing field of study has experienced a rapid growth over the last decade and many
exciting discoveries and applications are expected in the years to come.
mnoginov@nsu.edu

ORA BITTON
Vacuum Rabi splitting of bright and dark plasmonic cavity modes in the limit of a single
quantum emitter
Chemical Research Support Department, Weizmann Institute of Science, Israel
The strong interaction of individual quantum emitters with resonant cavities is of fundamental
interest for understanding light–matter interactions. Plasmonic cavities hold the promise of
attaining the strong coupling regime even under ambient conditions due to their deep
subdiffraction volumes. We previously showed that we can observe strong coupling in the limit
of a single quantum emitter positioned within a plasmonic cavity1. Scattering spectra,
measured by dark-field spectroscopy and registered from individual plasmonic cavities
containing one to a few colloidal quantum dots (QDs) showed vacuum Rabi splitting,
indicating that the strong coupling regime was approached in these systems. To verify and
generalize our findings, we recently turned to Electron Energy loss (EEL) spectroscopy. This is an
electron microscopy method that can access the electromagnetic near-field and yield the
complete set of multipolar resonances of plasmonic particles, some of which are bright while
others are dark and subradiant. The EEL spectrum is closely related to the optical extinction
spectrum of the plasmonic structure. However, in contrast to other techniques, the electron
beam couples to the plasmons in the near field, probing the out-of-plane component of the
electric field around a plasmonic device with a subnanometer spatial resolution. This enables
us to probe not only the bright modes of plasmonic structures but also dark, subradiant modes,
which may be of significant interest for quantum optical studies, particularly since they are
expected to have longer lifetimes. Using QDs resonant with the dark dipolar mode of
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plasmonic bowties, we observe Rabi splitting with a coupling strength of up to 85 meV in EEL
spectra2 . Remarkably, boundary-element method simulations show that the coupling of QDs
to the dark mode occurs at the periphery of bowtie gaps, even while the electron beam
probes their center. The numerical finding is verified by experimental observation. Our findings
pave the way to using EEL spectroscopy for studying strong coupling phenomena involving
non-emissive photonic modes.
Contact e-mail: Ora.Bitton@weizmann.ac.il
[1] Santhosh, K., Bitton, O., Chuntonov, L. & Haran, G. Vacuum Rabi splitting in a plasmonic cavity at
the single quantum emitter limit. Nature communications 7, ncomms11823, (2016).
[2] Bitton, O., Nath Gupta, S., Houben, L., Kvapil, M., Křápek, V., Šikola, T., Haran, G. Vacuum Rabi
splitting of a dark plasmonic cavity mode revealed by fast electrons, accepted to Nature
communication

WEI XIONG
Ultrafast Dynamics and Interactions of Molecular Vibrational Polaritons
UCSD

Molecular vibrational polaritons are hybrid half-light, half-matter quasiparticle. This hybrid
quasiparticles not only inherit properties of both photons and matters, but also processes
unique new photonic and molecular phenomena, including tilting chemical potential
landscapes of reactions, adding new energy transfer pathways and strong photonic
interactions. Many of these developments hinge on fundamental understanding of its physical
properties of molecular vibrational polaritons. Using pump probe and 2D IR spectroscopy [1]
to study vibrational-polaritons, we obtained results that advance both polariton and
spectroscopy fields. I will discuss a few phenomena of IR molecular vibrational-polaritons due
to their delocalization and hybridized nature: 1. A macroscopic dependent optical
nonlinearity of polaritons. [2] 2. Cavity-enabled intermolecular energy transfer and inter-cavity
interactions [3]. 3. Dynamics of polariton and hot vibrational modes of dark states in cavities
[4]. 4. Intermolecular nonlinear interactions between polaritons resides in neighboring cavities
[5]. These results will have significant implications in novel infrared photonic devices, lasing,
molecular quantum simulation, as well as new chemistry by tailoring potential energy
landscapes.
Contact e-mail: w2xiong@ucsd.edu
References:
[1] B. Xiang, R. F. Ribeiro, A. D. Dunkelberger, J. Wang, Y. Li, B. S. Simpkins, J. C. Owrutsky, J. Yuen-Zhou,
and W. Xiong, Proc. Natl. Acad. Sci. 115, 4845 (2018).
[2] B. Xiang, R. F. Ribeiro, Y. Li, A. D. Dunkelberger, B. B. Simpkins, J. Yuen-Zhou, and W. Xiong, Sci. Adv. 5,
eaax5196 (2019).
[3] B. Xiang, R. F. Ribeiro, M. Du, L. Chen, Z. Yang, J. Wang, J. Yuen-Zhou, and W. Xiong, submitted
Science, 368, 6491, 665-667 (2020)
[4] B. Xiang, R. F. Ribeiro, L. Chen, J. Wang, M. Du, J. Yuen-Zhou, and W. Xiong, J. Phys. Chem. A 123,
5918 (2019).
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THOMAS W. EBBESEN
Chemical and material properties under strong coupling
University of Strasbourg, CNRS, ISIS & icFRC

More and more studies confirm that properties of materials, including chemical and
biochemical reactivity, can be modified under strong coupling, creating many new
possibilities for material and molecular sciences. The most recent results of our lab in this context
will be presented together with the factors that appear to be critical in inducing the changes
observed under strong coupling.
Contact e-mail: ebbesen@unistra.fr

KENJI HIRAI
Vibrational Strong Coupling in Organic Reactions and Self-assembly
Hokkaido University, Research Institute for Electronic Science, Sapporo, Hokkaido, Japan
JST PRESTO, 4-1-8 Honcho, Kawaguchi, Saitama 332-0012, Japan

Over the past quarter of a century, strong coupling between light and matter, and the resulting
polaritonic states, have been utilized for Bose−Einstein condensation and in low-threshold
lasing. In these contexts, the criterion for strong coupling is the reversible exchange of energy
between the material absorption and an optical resonance. Vibrational strong coupling (VSC)
of molecules is typically achieved using a Fabry-Pérot (FP) cavity with mirrors tuned to be
resonant with the molecular vibration. The resulting vibro-polariton states exhibit as a splitting
of the normal mode vibration (Rabi splitting). Very recently, it was demonstrated that, even in
the absence of laser pumping (the vacuum field regime), VSC influences the kinetics of
organic reactions.[1] The kinetic changes are attributed to the vibro-polariton states,
potentially reshaping the Morse potential of molecules and leading to the altered chemical
reactivity. However, to date, studies on VSC chemistry have been limited to a few reactions,
such as deprotections and solvolysis. The exploration of VSC chemistry has only just begun and
the field awaits comprehensive development in molecular chemistry.
To expand VSC in commonly used organic reactions, we demonstrate that VSC of the
aldehyde/ketone carbonyl stretching can be used to control the rate of Prins cyclization.[2]
Temperature dependent studies point to an increased activation energy due to VSC, but no
substantive change in mechanistic pathway, with relative changes in activation entropy and
enthalpy being similar. This result indicates the versatility of VSC as a tool to modulate organic
reactions since the key mechanism, nucleophilic attack, is one of the common in organic
synthesis.
In another application of VSC, we investigate the influence of VSC of solvent molecules on
metal-organic frameworks (MOFs) crystallization.[3] Zeolitic imidazolate frameworks (ZIFs) are
a subfamily of MOFs. They consist of tetrahedral metal nodes interconnected by imidazolate
derivatives. Self-assembly of Zn(II) and 2-methylimidazole (Hmeim) gives dimorphic structures,
i.e., [Zn(meim)2]n (ZIF-8) and [Zn(meim)2(Hmeim)]n (ZIF-L). This pseudopolymorphism, both ZIF-8
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and ZIF-L are obtained in same conditions, is an excellent testing ground for the notion that
solvent VSC may favor crystallization of certain structures over others. We show that VSC of the
solvent (water) can indeed influence the formation of ZIF structures. We discover that ZIF-8 is
selectively obtained under VSC of the OH stretching vibration in water, whereas mixtures of
ZIF-8 and ZIF-L are obtained otherwise.
Contact e-mail: hirai@hokudai.ac.jp
[1] A. Thomas, J. George, A. Shalabney, M. Dryzhakov, S. J. Varma, J. Moran, T. Chervy, X. Zhong, E.
Devaux, C. Genet, J. A Hutchison, T. W. Ebbesen, Angew. Chem. Int. Ed. 2016, 55, 11462.
[2] K. Hirai, R. Takeda, J. A. Hutchison, H. Uji-i, Angew. Chem. Int. Ed. in press
[3] K. Hirai, H. Ishikawa, J. A. Hutchison, H. Uji-i, submitted

JENNY CLARK
Triplet-triplet annihilation in films, crystals and microcavities.
University of Sheffield

Singlet exciton fission (SF), and its reverse, triplet–triplet annihilation (TTA), represent two highly
promising ways of increasing the efficiency of photovoltaic devices via energetic down- or upconversion respectively. In the strong coupling regime, emission from the bright lower polariton
state provides an enticing method of harvesting the up- or down-converted light.
In this talk, I will focus on some recent work from my group on understanding the fundamentals
of SF and TTA in organic molecules. Our recent work [1,2] shows that SF and TTA both proceed
via a real, emissive triplet-pair state in endo- and exothermic singlet fission materials. In thin
films and single crystals, emission from these states relies on spin mixing dynamics [3]. We find
that in microcavities in the strong coupling regime, delayed emission from triplet-triplet
annihilation is enhanced compared with bare films [4] due to mixing between spin states and
scattering from the triplet exciton reservoir into the lower polariton branch.
[1] Bossanyi et al., Nat. Chem. (2021). https://doi.org/10.1038/s41557-020-00593-y
[2] Yong et al., Nat. Commun (2017) https://doi.org/10.1038/ncomms15953
[3] Musser & Clark, Ann. Rev. Phys. Chem. (2019) 70, 323-351 annurev-physchem-042018-052435
[4] Polak et al., Chem. Sci (2020), 11, 343-354 https://doi.org/10.1039/C9SC04950A

RUBEN ESTEBAN
Bringing optomechanics to the molecular scale
Centro de Física de Materiales
The fingerprint of molecular vibrations is strongly enhanced in Surface-Enhanced Raman
Scattering (SERS) by exploiting the strong localization of optical fields associated to plasmonic
resonances supported by metallic nanoparticles. In this talk, we present a cavity Quantum
electrodynamics (c-QED) description of SERS based on optomechanics, and discuss how it
gives new insights into the SERS process, including the emergence of novel phenomena [1,2,3].
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We first discuss how this molecular optomechanics description of SERS recovers the thermal
and vibrational pumping regimes that are usually studied with classical and semi-classical
treatments [4,5], and show that it is possible to apply the optomechanical formalism to current
measurements that push the localization of plasmonic fields to the extreme [6]. Interestingly,
our results indicate that the strength of the molecule-plasmon optomechanical coupling can
be orders of magnitude larger than for traditional optomechanical systems [6].
We then discuss different effects that have been largely unexplored but that could be within
the reach of state-of-the-art experiments. For example, we show that the correlation of the
SERS photons emitted at different energies contain information about the underlying
processes, the dynamics of the system and the emission of non-classical states of light [7]. We
further demonstrate that the higher order modes of plasmonic nanocavities can affect the
optomechanical interaction strongly for very intense lasers, leading to a behavior that differs
drastically from the expectation from either classical models of SERS or from traditional singlemode optomechanics systems [8]. Additionally, we demonstrate that molecular
optomechanics predicts a rich variety of collective effects when many molecules are coupled
to the same plasmonic structure [9-10]. For example, a superradiant behavior of the Raman
signal is predicted, where the number of photons emitted at larger energy than the incoming
laser (anti-Stokes scattering) scales with the square of the number of molecules. This
superradiant emission could be particularly attractive for experimental realization due to the
moderate laser intensity required, especially at low temperature. Our results thus indicate the
potential of the molecular-optomechanics framework to analyze and search for new effects
in SERS.
[1] Roelli, P. et al., Nat. Nanotech. 11, 164 (2016)
[2] Schmidt, M. K. et al, ACS Nano 10, 6291 (2016)
[3] Dezfouli, M. K. et al.. ACS Photonics, 4, 1245 (2017)
[4] Schmidt, M. K. et al., Faraday Discuss. 205, 31 (2017)
[5] Le Ru, E. C. et al., Faraday Discuss., 132, 63 (2006)
[6] Benz F. et al., Science 354, 726 (2016)
[7] Schmidt M. K. et al, Quantum Sci.Technol. 10.1088/2058-9565/abe569
[8] Zhang, Y. el al. Nanoscale 13, 1938 (2021)
[9] Zhang, Y. el al. ACS Photonics 7, 1676 (2020).
[10] Lombardi A. et al., Phys. Rev. X, 8, 011016 (2018)

GERRIT GROENHOF
Multi-Scale Molecular Dynamics Simulations of Molecular Ensembles Strongly Coupled to
Low-Quality Dispersive Optical Cavities
Department of Chemistry and NanoScience Center, University of Jyväskylä, Finland

Coupling molecules to the confined light modes of an optical cavity is showing great promise
for manipulating chemistry and several examples of cavity-modified chemistry have been
reported recently [1 – 3]. However, to fully exploit this principle and use cavities as a new tool
for chemistry, a much better understanding of the effects of strong light-matter coupling on
molecular dynamics is required. While quantum chemistry calculations provide atomistic
insight into the reactivity of uncoupled molecules, the possibilities to also explore strongly
coupled systems are still rather limited, because of the challenges associated with an accurate
description of the cavity in these calculations. Despite recent progress in introducing strong
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coupling effects in quantum chemistry, applications are mostly restricted to single or simplified
molecules in ideal lossless cavities that furthermore lack dispersion. In contrast, experiments are
most often done with very many molecules in complex solvent environments inside low-quality
Fabry-Pérot cavities. To close the gap between experiment and computation, we have
extended the established Jaynes-Tavis-Cummings model into a multi-scale molecular
dynamics framework, with which we can simulate ensembles of thousands of molecules and
their environment [4 – 6], strongly coupled to realistic cavities with many modes, and track the
dynamics of polaritons as a function of energy and k-vector. In the talk, we will briefly discuss
this framework and illustrate the methodology with recent applications on polaritonic
chemistry.
Contact e-mail: gerrit.x.groenhof@jyu.fi
[1] A. Thomas, L. Lethuillier-Karl, K. Nagarajan, R. M. A. Vergauwe, J. George, T. Chervy, A. Shalabney, E.
Devaux, C. Genet, J. Moran, T. W. Ebbesen. Tilting a ground-state reactivity landscape by vibrational
strong coupling. Science 363 (2019) 615 – 619
[2] K. Stranius, M. Herzog, K. Börjesson. Selective manipulation of electronically excited states through
strong light-matter interactions. Nature Comm. 9 (2018) 2273
[3] J. Lather, P. Bhatt, A. Thomas, T. W. Ebbesen, J. George. Cavity catalysis by cooperative vibrational
strong coupling of reactant and solvent molecules. Angew. Chem. Int. Ed. 58 (2019) 10635 – 10638
[4] H.-L. Luk, J. Feist. J. J. Toppari, G. Groenhof. Multi-scale molecular dynamics simulations of polaritonic
chemistry. J. Chem. Theory. Comput. 13 (2017) 4324 – 4335
[5] G. Groenhof, J. J. Toppari. Coherent light harvesting through strong coupling to confined light. J.
Phys. Chem. Lett. 9 (2018) 4848 – 4851
[6] G. Groenhof, C. Climent, J. Feist, D. Morozov, J. J. Toppari. Tracking polariton relaxation with
multiscale molecular dynamics simulations. J. Chem. Phys. Lett. 10 (2019) 5476 – 5483

JUSSI TOPPARI
Effect of molecular Stokes shift on polariton dynamics
University of Jyväskylä / Nanoscience Center

When the enhanced electromagnetic field of a confined light mode interacts with
photoactive molecules, the system can be driven into regime of strong coupling, where new
hybrid light-matter states, polaritons, are formed. Polaritons, manifested by the Rabi split in the
dispersion, have shown potential for controlling chemistry of the coupled molecules [1]. To
systematically exploit polaritons for controlling chemistry, a complete understanding of the
effects of strong coupling on the molecular dynamics, and in particular the relaxation of
polaritons, is essential. Polariton decay has been studied for more than two decades [2], but
neither the precise mechanistic details, nor how to control this process are fully understood
yet. The picture that emerges from both experiments and phenomenological theories suggest
that polariton decay involves both vibrationally assisted scattering (VAS) and radiative
pumping (RP).
We show by angle-resolved steady-state experiments accompanied by multi-scale molecular
dynamics simulations that the molecular Stokes shift plays a significant role in the relaxation of
polaritons formed by organic molecules embedded in a polymer matrix within metallic FabryPérot cavities [3]. Our results suggest that in the case of Rhodamine 6G, a dye with a significant
Stokes shift, a resonant excitation of the upper polariton leads to a rapid localization of the
energy into the fluorescing state of one of the molecules, from where the energy scatters into
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the lower polariton (RP), which then emits. In contrast, for excitonic J-aggregates with a
negligible Stokes shift, the fluorescing state does not provide an efficient relaxation gateway.
Instead, the relaxation is mediated by exchanging energy-quanta matching the energy gap
between the dark states and lower polariton, into vibrational modes (VAS). To understand
better how fluorescing state of a molecule can transfer its excitation energy into the lower
polariton in RP, we performed multi-scale molecular dynamics simulations, which suggest that
non-adiabatic couplings between uncoupled molecules and the polaritons could be the
driving force for this energy transfer process, instead of exchanging a photon.
Our findings suggest that the molecular degrees of freedom, and in particular the Stokes shift,
are important parameters to take into consideration when planning or analyzing experiments
on strongly coupled molecule-cavity systems. Because the relaxation process strongly
depends on the Stokes shift, polariton dynamics can be controlled via a judicious choice of
molecules, which can be important for applications, such as polaritonic lasing, or coherent
light harvesting.
[1] R. F. Ribeiro, et al. Sci., 9, 6325 (2018); J. A. Hutchison, et al. Angew. Chem. Int. Ed. 51, 1592 (2012); K.
Stranius, et al. Nat. Comm. 9, 2273 (2018); A. Thomas, et al. Angew. Chem. Int. Ed. 55, 11462 (2016); J.
Lather, et al. Angew. Chem. Int. Ed. 58, 10635 (2019); R. M. A. Vergauwe, et al. Angew. Chem. Int. Ed.
58, 15324 (2019); D. Polak, et al. Chem. Sci., 11, 343 (2020); B. Munkhbat, et al. Sci. Adv. 4, eaas9552
(2018).
[2] D. G. Lidzey, D. M.Coles, In: Comoretto D. (eds) Organic and Hybrid Photonic Crystals. Springerit
(2015); V. Agranovich, et al. Solid State Comm., 102, 631 (1997); D. G. Lidzey, et al. Phys. Rev. B 65,
195312 (2002); V. M. Agranovich and G. L. La Rocca, Solid State Comm. 135, 544 (2005); D. M. Coles, et
al. Adv. Funct. Mater. 21, 3691–3696 (2011); T. Schwartz, et al. ChemPhysChem 14, 125 (2013); T. Virgili, et
al. Phys. Rev. B 83, 245309 (2011); S. Baieva, et al. ACS Phot., 4, 28 (2017); R. T. Grant, et al. Adv. Opt.
Mater. 4, 1615–162 (2016).
[3] E. Hulkko, S. Pikker, V. Tiainen, R. H. Tichauer, G. Groenhof, J. J. Toppari, J. Chem. Phys. 154, (2021) In
Print.

TOMASZ ANTOSIEWICZ
Nanoscale polaritons in a first-frinciples picture
Faculty of Physics, University of Warsaw, Pasteura 5, 02-093 Warsaw, Poland. Department of Physics,
Chalmers University of Technology, Sweden

Strong light-matter research is motivated by emerging quantum and nonlinear optics
applications and a possibility to modify material-related properties that such polaritonic
systems may offer. Exploration of these phenomena requires an appropriate theoretical
methodology, which is in challenging because polaritons are located at the intersection of
quantum optics, solid state physics and quantum chemistry. However, nanoscale polaritons
can be readily realized in small plasmon-molecule systems, which can be addressed using ab
initio tools. Using time-dependent densityfunctional theory (TDDFT) calculations we study
strongly coupled plasmon-molecule hybrids and find vacuum Rabi splitting in a system
comprising aluminum nanoclusters or nanodimers interacting with one or several aromatic
molecules – benzene or its derivatives, (Fig. 1). Our results directly proove applicability of
plasmon-molecule polaritons to quantum optics via single-molecule strong coupling and
material science via modification of molecular orbitals and highlight the importance of the
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molecule as an active participant in the coupling process where it modifies the mode volume
of the nanoscale cavity.

Fig. 1. (a) Strong coupling between an Al201 plasmon and benzene resonance gives lower and upper
polariton states. Insets show the induced charge densities. (b) Coupling strength g vs number of
molecules N. Dotted lines: 𝑔𝑔 = √𝑁𝑁𝑁𝑁𝑁𝑁𝑣𝑣𝑣𝑣𝑣𝑣, dashed: ideal g multi-plied by efficiency factor η: η201 = 0.47; η586
= 0.61; η1289 = 0.78. (c) Predicted ground state energy modifications for Al, Mg, and Na dimers coupled
to corresponding molecules benzene, tetracene, and methylene blue.

Using a coupled oscillator model extract the coupling strengths g, which for a single Al
nanoparticle coupled to benzene are shown in Fig. 1b. Theu follow the coherent coupling
dependence with increasing number of molecules (symbols) with a slope which is within a
factor of 2 from the theoretically predicted one based on a mode volume approximated by
the particle size (dotted lines). The smaller slope than this theoretically predicted one is the
result of the nature of open, single-particle cavities, whose maximum of the mode is inside the
particle and is inaccessible to molecules. This efficiency factor η, consistent with classically
predicted ones, is on the order of 0.5 for the smallest Al nanoparticle and increases for larger
ones. However, for small single-particle cavities, such as the Al201 one, the presence of
molecules constitutes a significant modification of the cavity and, consequently, its mode
volume. The mode volume, in turn, affects g, whose value does not increase as quickly as
predicted by QED. For larger particles this increase of the mode volume is not noticeable.
Despite the deviations between a simple cQED formula and TDDFT calculations, the order of
magnitude agreement between them is quite remarkable. The cavity quantum
electrodynamics approach holds down to resonators on the order of a few cubic nanometers,
yielding a singlemolecule coupling strength exceeding 200 meV due to a massive vacuum
field value of Evac = 4.5 V/nm. For the studied dimers composed of Al, Mg, and Na particles,
the coupling strengths reach even larger values approaching and exceeding 0.5 eV for a
single molecule. This is partially thanks to the large dipole moments of the molecular transitions,
but also to the self-focusing effect of the the molecules, which considerably modify the
vacuum field of the vacity increasing the interaction efficiency beyond the perturbative
picture. These coupling strengths predict ground state energy modifications of 25-35 meV,
comparable to kBT at room temperature. Based on the obtained coupling strengths,
calculated mode volumes and field enhancements, reaching single/few-molecule ultrastrong
coupling is challenging, but realizable. In a broader perspective, our approach enables
parameter-free in-depth studies of polaritonic systems, including ground state, chemical and
thermodynamic modifications of the molecules in the strong-coupling regime, which may find
use in emerging applications.
Contact e-mail: tomasz.antosiewicz@fuw.edu.pl
[1] T.P. Rossi, P. Erhart, T. Shegai, T.J. Antosiewicz Nat. Commun. 10, 3336 (2019
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JOHANNES FEIST
Ultrafast molecular polaritonics in lossy plasmonic & hybrid cavities
Universidad Autónoma de Madrid

Single-molecule strong coupling can only be approached in plasmonic (metallic) or hybrid
metallodielectric nanocavities, which provide strongly sub-wavelength light confinement
and thus lead to extremely small effective mode volumes, but also unavoidably come with
large material losses leading to femtosecond-scale lifetimes. These properties break common
assumptions for the quantization of the electromagnetic field. I will present a general method
for quantizing the EM field in such structures using only a few lossy and interacting discrete
modes, and then discuss several applications exploiting the highly lossy nature of these
modes to achieve desired functionalities in polaritonic chemistry and molecular polaritonics.
The first is a polaritonic molecular clock, which probes femtosecond-scale molecular
dynamics by exploiting the ultrafast nuclear-position-dependent emission. The second
employs strong coupling with a lossy cavity mode to efficiently photoprotect the RNA
nucleobase uracil, demonstrated using a state-of-the-art chemically detailed molecular
model and a non-Hermitian Hamiltonian propagation approach. The last application uses
ultrafast plasmonic losses can be used to open a new molecular dissociation channel, using
a hydrogen molecule next to an aluminum nanoparticle as a model system. In all of these
examples, and in contrast with the common intuition that increasing the quality factor of
nanocavities and plasmonic devices improves their performance, the respective efficiency is
maximized when an optimal trade-off between light-matter coupling strength and photon
decay rate is satisfied.

MARKUS KOWALEWSKI
Controlling the photostability of molecules with optical cavities -- the role non-adiabatic
dynamics and dissipation
Stockholm University

Theory development over the last years has shown that the dressed states form avoided
crossings (AC) and conical intersections (CI) are similar to naturally occurring ACs and CIs. This
opens up an interesting perspective of of how strong coupling of molecular to a light field can
be viewed conceptually and implemented in numerical methods. However, this also raises
questions about the interplay of non-adiabatic effects created by a cavity and the nonadiabatic dynamics already present in the field free molecule.
We present a theoretical study on the photo dissociation of a pyrrole molecule in a cavity.
Pyrrole undergoes photo dissociation of the hydrogen via conical intersection. We investigate
how this reaction can be influenced by vacuum fields and which terms in the Hamiltonian
contribute to the modified reaction rates. In the second part we discuss the influence of cavity
losses on the dissociation reaction in MgH+. Cavities typically used in polaritonic chemistry
experiments have low q-factors and short photon lifetimes. However, this effect has been so
far mostly neglected.
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MATTHIJS BERGHUIS
Enhancing triplet fusion in tetracene crystals by strong light-matter coupling
Institute for Photonic Integration, Department of Applied Physics and Institute for Complex Molecular
Systems, Laboratory of Macromolecular and Organic Chemistry, Eindhoven University of Technology,
Eindhoven, The Netherlands.

Tetracene is a promising material for raising the quantum efficiency of solar cells above 100% thanks
to a process known as singlet fission. In singlet fission, one singlet exciton splits into two triplet
excitons, doubling the number of photo-generated energy carriers. To increase the efficiency of
solar cells, it is important to control and optimize singlet fission and the reversed triplet fussion. Strong
light-matter coupling is a promising mechanism to selectively control the exciton energy levels and
their excited state dynamics. When a resonant optical mode and Frenkel excitons couple strongly,
two hybrid states, known as lower and upper polaritons (LP and UP), with partial photonic and
excitonic character are formed. Due to this new excited state landscape, we expect a
modification of the singlet fission and triplet fusion dynamics.
We have fabricated arrays of silver nanoparticles that support collective plasmonic resonances [1].
These resonances define the cavity modes that couple strongly to singlet excitons in tetracene
crystals deposited onto the arrays. We show in this contribution that this coupling splits the singlet
energy level of tetracene single crystals into LP and UP states and, thereby, change its absorption
and emission spectra. This change leads to a seven-fold increase of the fluorescence at the energy
of the lower polariton band. From time-resolved photoluminescence (PL) measurements, we
observe that the contribution of the delayed fluorescence increases by a factor of four (see Fig. 1).
We performed control measurements on a weakly-coupled sample, where the Purcell effect
dominates the behavior of the system, and demonstrate a pronouncedly different dynamics
compared to the strong coupling regime. Other effects, such as pump enhancement, cannot
explain the observed increase of the delayed PL. Therefore, we conclude that the increased
delayed fluorescence arises from the enhanced harvesting of long-lived triplet excitons in
tetracene by strong light-matter coupling. A simplified kinetic model shows that even when the
triplet fusion rate to the LP is more than 1000x smaller than the bare fusion rate, this mechanism can
still explain the enhanced delayed fluorescence, assuming that emission from the LP is very efficient.
These results prove that we can modify the photophysical properties of organic crystals and
illustrate that strong light-matter coupling is a powerful tool to design material properties relevant
for optoelectronics.

Fig. 1: Emission ratios of tetracene coupled to a nanoparticle array and bare tetracene in the
weak and strong coupling regimes, and for different excitation intensities. The emission ratio
of the strongly coupled sample increases due to the enhanced triplet harvesting by the
lower polariton band.
Contact e-mail: a.m.berghuis@tue.nl
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MATTHEW PELTON
Room-temperature strong coupling between plasmons and single quantum dots
UMBC (University of Maryland, Baltimore County)

Figure 1. Intermediate coupling (Fano interference) between a gap
plasmon created by a metal nanoparticle and metal film and a
single quantum dot. (a-b) Measured scattering spectra (blue /
black) and photoluminescence spectra (green / gray) before and
after intense laser illumination. (c-d) Corresponding theoretical
spectra.

Plasmon resonances in metal nanostructures can
confine optical fields to dimensions below the
diffraction limit, raising the possibility of achieving
strong coupling at room temperature [1]. The
challenge is then to realize small enough mode
volumes that the coupling strength exceeds the fast
decay rates of plasmons. Plasmon modes in the gap
between a metal nanoparticle and a metal film
provide such a deeply-subwavelength mode
volume, enabling single-emitter strong coupling at
room temperature. We have provided unambiguous
observations of such strong coupling be measuring
both scattering and photoluminescence from
structures consisting of a single colloidal quantum
dot between a gold particle and a silver film [2].
Thesse measurements unable us to clearly distinguish
the strong-coupling regime of Rabi splitting from the
intermediate-coupling regime of induced
transparency [1,3]. (See Figure 1.) We also obtained
reproducible strong coupling by replacing the gold

760
6

Photoluminescence Intensity (a. u.)

Strong coupling between individual
solid-state emitters (epitaxial quantum
dots, QDs) and optical microcavities
has enabled applications such as
quantum information transfer between
photons and solid-state spins. However,
achieving strong coupling requires that
the coupling strength between the QD
and cavity mode exceeds
decoherence rates in the system, and
the strength of coupling to opticalcavity modes (which is inversely
proportional to the mode volume) is
restricted by the diffraction limit. Strongcoupling experiments with optical
microcavities are thus performed at low
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Figure 2. Strong coupling (Rabi splitting)
between a single quantum dot (QD) and a
gap plasmon created by a gold scanningprobe tip and a metal film. The lowest curve
shows the luminescence from the QD when
the tip is far away, the light curve shows the
luminescence as the tip approaches the
QD, and the highest curve shows the
luminescence when the tip is above the
QD.
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nanoparticle with a gold scanning-probe tip [4]. (See Figure 2.) Scanning the tip over
nanometer-scale distances relative to the quantum dot enables a continuous transition from
weak to strong coupling, and quantitative comparison to simulations.
Although the strong-coupling regime has been the subject of the greatest study, the
intermediate-coupling regime also has the potential to enable important applications. In
particular, we have predicted that the transparency dip produced by Fano interference can
be removed by exciting the QD with a low-power control laser [5]. This represents a strong,
ultrafast optical nonlinearity on the nanoscale, which has the potential to serve as the basis for
all-optical modulators and as a key element in an all-optical neural network.
Contact e-mail: mpelton@umbc.edu
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FELIPE HERRERA
Ultrastrong coupling of molecular vibrations with infrared resonators
Universidad de Santiago de Chile

Controlling light-matter interaction with molecular vibrations in mid-infrared resonators offers
exciting new research opportunities in chemistry and physics [1]. Experiments use standard
molecular materials, operate at room temperature, and use conventional nanofabrication
and spectroscopy techniques, yet they propose deep fundamental results that challenge
our theoretical understanding of molecular cavities. In this talk, I describe a fully-quantum
microscopic model developed to describe the physics and chemistry of Morse vibrations in
infrared cavities in the strong and ultrastrong coupling regimes [2], discuss its applications in
vibrational polariton spectroscopy and chemistry [3], and explore the counter-intuitive
dissociation dynamics of Morse vibrations in a cavity vacuum in ultrastrong coupling [4]. The
role of symmetry of the ground state electronic density with respect to nuclear
displacements from equilibrium in the dynamics of vibrational polaritons is discussed, and
future applications on the generation of unconventional THz quantum light are suggested.
[1 ] F. Herrera, J. Owrutsky, JCP 152, 100902, (2020).
[2 ] J. Triana, F. Hernandez, F. Herrera, JCP 151, 144116, (2019); JCP 152, 234111, (2020).
[3 ] A.B. Grafton et al. Nature Comm. 12, 214, (2021) [4 ] J. Triana, F. Herrera,
DOI:10.26434/chemrxiv.12702419.v1, (2020).

STÉPHANE KÉNA-COHEN
Molecular strong coupling and novel structures for manipulating light
Department of Engineering Physics, Polytechnique Montreal, Montreal, CANADA
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In semiconductor geometries that support discrete optical modes, exciton-polaritons form
when the light-matter interaction rate exceeds the dissipation rate stemming from both the
photon and matter components. In the first part of the talk, we will review earlier work from our
group on the condensation of exciton-polaritons in organic microcavities. This phenomenon
occurs at high excitation density, when the particle number is such that quantum degeneracy
is reached. Molecular polariton condensates have a number of unique features stemming
from coupling to molecular vibrations as well as the intrinsic nonlinearities of organic polaritons.
We will then discuss the prospects for manipulating the properties of molecules themselves in
the strong coupling regime. Here, dark states, which are collective excitations of the molecules
that are weakly coupled to light play an essential role. With this in mind, we will review recent
experiments on manipulating triplet dynamics as well as organic optoelectronic devices
through the formation of polaritons. Finally, we will discuss novel structures designed in our
group for manipulating light including dielectric antennas with field enhancements that rival
those of their plasmonic counterparts.
s.kena-cohen@polymtl.ca
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WEDNESDAY, 28 T H OF APRIL
PAVLOS LAGOUDAKIS
Polariton Computing: a versatile platform for full logic and analogue simulation
Skolkovo Institute of Science and Technology, Russian Federation
University of Southampton, UK

There are problems in science and engineering that require computing time exceeding the
age of the Universe or that are by nature incalculable and that therefore neither a "classical"
nor a "quantum" computer can solve. Some of these challenging problems can be addressed
by simulators, also known as optimizers, by mapping the cost function of the system to the
Hamiltonian of the optimizer and looking for the ground state. The search for an optimal
solution is then similar to looking for the lowest point in a mountainous terrain with many valleys,
trenches, and drops. Such a search may seem daunting in natural terrain, but it is of
unimaginable complexity in a high-dimensional space. This is the kind of problem that
optimizers tackle, where the objective is to find the minimum of a system that represents a reallife problem with many unknowns, parameters, and constraints. Modern supercomputers can
only deal with a small subset of such problems when the dimensions of the systems to be
minimized are relatively small, or when the underlying structure of the system offers a shortcut
to the global minimum. Even a hypothetical quantum computer, when realized, would offer
at best a quadratic speed-up for the “brute-force” search for the global minimum.
We recently introduced polariton graphs as a new
platform for analogue simulation [1]; based on wellestablished semiconductor and optical control
technologies polariton simulators could allow for
rapid scalability, ease of tunability and effortless
readability. Polariton condensates can be
imprinted into any two-dimensional graph by
spatial modulation of the pumping laser offering
straightforward scalability. We recently
demonstrated that the phase-configuration
acquired in a polariton dyad or triad is chosen from
maximizing polariton occupancy [2], while by
expanding to square, and rhombic lattices as well
as to arbitrary polariton graphs we demonstrated
annealing of the XY Hamiltonian through bosonic
stimulation [3]. By controlling the separation
distance, in-plane wavevector, and spin [4] of the
injected condensates in polariton graphs, we
acquire several degrees of freedom in the tunability
of inter-site interactions [5], whilst the continuous
coupling of polaritons to free photons offers effortless readability of all the properties of the
polariton condensates such as energy, momentum, spin, and their phase. In this talk I will
discuss the implementation of polariton simulators for the study of synthetic band-structures
with non-Hermitian topological phases [6], and solution of max-3-cut problems for practical
applications.
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CHRISTIAN SCHNEIDER
Exciton-polariton condensation using atomically thin crystals
Institute of Physics, University of Oldenburg, Germany

Monolayer transition metal dichalcogenides (TMDC) have emerged as a new platform for
studies of tightly bound excitons and many-body excitations in ultimately thin materials. Their
giant dipole coupling to optical fields makes them very appealing for implementing novel
photonic devices, and for fundamental investigations in the framework of cavity quantum
electrodynamics [1].
Our recent experiments show that the regime of strong light-matter coupling between excitons
in atomically thin transition metal dichalcogenides and microcavity photons can be accessed
while retaining the canonical valley-properties of the TMDC layer [2], and that the effect of
bosonic condensation of exciton-polaritons (see Figs. 1a,b), driven by excitons in atomically
thin layer of MoSe2 , has become within reach [3]. We address the pending question on the
emergence of long-range first-order spatial coherence, via interferometric g(1)(t) measures
(Fig. 1c). I will finally discuss the emergence of coherence in polaritonic resonances at room
temperature, and their implementation in fully tunable optical lattices with integrated WS2
monolayers as a first step towards exploring correlations in highly non-linear synthetic matter
[4].

Figure 1. Polariton dispersion relation below (0.1 Pth, panel a, excitation laser at 1.671 eV) and above
threshold (2Pth, panel b). (c) Real space interference pattern produced in a Michelson interferometer,
with a zero delay between the two interfering paths, and one retro-reflected image. Excitation
conditions same as those in panel (b).
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JONATHAN KEELING
Modelling Organic polariton condensation: Mean-field and beyond
University of St Andrews

I will discus the nature of lasing and polariton condensation with organic molecules, and
theoretical approaches to modelling this. Specifically, I will discuss the Dicke-Holstein
Hamiltonian [1,2], which describes cavity light strongly coupled to vibrationally dressed
electronic transitions. By adding incoherent pumping and dissipation to this Hamiltonian, one
can produce a model which describes microscopically the role of vibrational relaxation in
polariton lasing. At mean-field level [4], this shows the optimal conditions for lasing, and can
answer whether strong matter-light coupling enhanced lasing. Mean-field theory however
only describes the lasing mode, and so cannot be used to answer questions about
thermalisation, or photoluminescence below threshold. The cumulant equation approach [4]
can capture these effects, and has the advantage of relating naturally to the weak-coupling
rate-equation-theory of a laser. Using this approach [5] I will discuss the nature of the lasing
state and its evolution with coupling and pumping strength, and the fluorescence spectrum
of the condensate, as found from a microscopic model.
[1] "Polariton condensation with saturable molecules dressed by vibrational modes." J. A. Cwik, S. Reja,
P. B. Littlewood, and J. Keeling. EPL 105 47009 (2014)
[2] "Exact States and Spectra of Vibrationally Dressed Polaritons." M. A. Zeb, P. G. Kirton, and J. Keeling.
ACS Photonics 5 249 (2018)
[3] "Organic Polariton Lasing and the Weak to Strong Coupling Crossover." A. Strashko, P. Kirton, and J.
Keeling. Phys. Rev. Lett. 121 193601 (2018)
[4] "Superradiant and lasing states in driven-dissipative Dicke models", P. Kirton, and J. Keeling, New J.
Phys., 20, 015009 (2018)
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JEREMY BAUMBERG
Picocavities: Plasmonic Forces at the Picoscale
NanoPhotonics Centre, Cavendish Laboratory, University of Cambridge, UK

Picocavities are atomic configuration that trap light to the atomic scale in ultralow-volume
plasmonic cavities with 𝑉𝑉<1nm3. By cascaded optical coupling, we can efficiently couple light
in and out of these, enabling us to watch individual molecules and bonds vibrating [1-5]. It is
also possible to watch redox and catalysis at the single molecule scale [6-9]. We are now
starting to understand the properties of picocavities in greater detail, which will be the subject
of this talk. In particular, how they form, the forces that they generate through optomechanical
interactions, and how they can be used to track the atomic environment inside nm-scale gaps
and their chemistry are all becoming clearer.
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We show now that picocavities are produced by light [8]. Plasmonically-focussed irradiation
directly influences the Au-Au bonding force at surfaces, but also depends on the molecular
environment at the metal surface. This is of direct relevance for catalysis, molecular electronics,
and many nano-devices. We demonstrate that optically stabilizing a single surface metal
adatom near molecules of interest resolves dynamic metal-molecule interactions at subatomic precision. Coordination bonds with nearby metal atoms are shown to chemically
perturb the surface molecules. Real-time trajectories of perturbing adatom and all organic
atoms involved can be reconstructed with sub-Å precision revealing anomalous diffusion of
single atoms [10]. We also show that sub-ms ‘flare’ events [11] originate from the same forces.
Visualising how single molecules interact with their immediate environment in real-time at
ambient conditions provides an invaluable tool for developing chemistries and devices, as well
as accessing the quantum vibrations of single bonds. For instance we are now able to watch
pH at the single-molecule level [9]. Strong coupling at this scale opens up a wide variety of
new possibilities, forcing the development of new optomechanical theory at this scale [12].

Fig. 1 a) Picocavities generated in nanoparticle-on-mirror (NPoM) plasmonic cavity. b) Realtime SERS spectra of an individual molecule in a picocavity showing shifted CN line, and c)
reconstructed position of N atom in 3D space, to 10pm resolution.

E-mail: jjb12@cam.ac.uk
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KYRIACOS GEORGIOU
Strong coupling in organic-semiconductor slab microcavities
University of Cyprus

Very recently, interest has grown in the nascent field of polaritonic chemistry; a discipline
positioned at the crossroads of cavity quantum electrodynamics and chemistry. Here, it has
been experimentally demonstrated[1,2] and theoretically predicted[3] that molecular
potential-energy surfaces can be modified by strong coupling electronic or vibronic transitions
of a molecular material to photons ‘trapped’ within a micron-sized optical cavity and cause
changes in chemical reaction rates. This is a potentially very important concept, as the ability
to change chemical reactions through using optical coupling could have very valuable
applications in chemical engineering and in particular the synthesis of new molecular
materials – particularly those forming the basis of high value pharmaceutical drugs. However,
such closed ‘encapsulated’ cavities make it very difficult to study chemical reactions, and are
also impractical for any eventual technology scale-up. It is clear therefore that the rapid
development of the emerging field of polaritonic chemistry requires a different, more flexible
structural geometry for both experiments and practical applications.
Here, we address this challenge through the design and fabrication of a new type of optical
microcavity that allows direct access to the strongly coupled species that lie at its surface. This
novel photonic structure confines Fabry-Perot optical modes in a thick, low-index dielectric
slab layer, with such optical modes having a finite amplitude at the slab surface. We
demonstrate that if a suitable organic semiconductor is placed on the surface of the slab, the
excitonic transition of the molecules can couple with the confined optical modes in the slab,
resulting in polariton states that are completely ‘open’ to the surface environment[4].
Next, we use our structures to perform simple chemical reactions using the surface-bound
molecules, with changes in electronic properties of the reacting species being detectable
through a change in the polaritonic states. Significantly, we also show that polariton effects
can be observed using our structures in both gaseous and liquid environments making our
structures compatible with a range of chemical reactions[4].
Contact e-mail: georgiou.kyriacos@ucy.ac.cy
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ADARSH VASISTA
Soft microresonators for molecule–cavity coupling: what, why, and how.
University of Exeter, United Kingdom

Strong Coupling and cavities, what are they?
Strong molecule–cavity coupling has created an upsurge of interest in the scientific
community as it results in changes to the energy landscape of molecules and hence leads to
a plethora of exotic applications in polaritonic chemistry, cavity electrodynamics and more.
Many cavity architectures have been utilized to achieve strong coupling including Fabry –
Perot resonators, plasmonic nanostructures, gap–plasmon based cavities etc [1]. Plasmonic
nanostrcutures provide sub-wavelength mode volumes making them attractive candidates to
boost molecule–cavity interactions, and also belong to a class of open cavities - where
molecules can be adsorbed and desorbed easily. But plasmon modes suffer from dissipative
losses and typically have broad resonance spectra. On the other hand, monolithic cavities,
such as Fabry-Perot resonators, provide lower losses and narrower spectra but typically require
more complex fabrication. In this context dielectric resonators offer an attractive alternative.
Why soft cavities?
Soft polystyrene microsphere resonators support spectrally sharp whispering gallery modes
(WGMs) [3] and can be trapped and moved easily in a microfluidic environment [2]. This
makes them suitable to achieve strong coupling in a dynamic chemical–molecular
environment e.g. a flow cell. WGMs show little angular dispersion and have a small free
spectral range. This allows one to strongly couple multiple molecules with a single resonator
and to control different families of modelules individually.
How did we probe them?
We provide experimental evidence of strong coupling of WGMs of an individual microsphere
with J – aggregated cyanine dye molecules at room temperature. We utilize a layer-by-layer
(LBL) deposition technique to deposit layers of TDBC J – aggregates on the microsphere
surface. The coated microspheres were probed using evanescent excitation based dark-field
microscopy. The evolution of the Rabi splitting as a function of the number of deposited layers
is also studied. The results are analyzed using a coupled oscillator model, and using finite
element method (FEM) numerical simulations [4]. To further push the boundaries of the
applications offered by soft cavities, we also show strong coupling of a molecular monolayer
comprising two different dye molecules to WGMs of an individual microsphere.
Contact e-mail: a.vasista@exeter.ac.uk
References
[1] Törmä, P., & Barnes, W. L. Strong coupling between surface plasmon polaritons and emitters: a
review. Reports on Progress in Physics, 78(1), 013901 (2014).
[2] Ashkin, A. Optical trapping and manipulation of neutral particles using lasers. Proceedings of the
National Academy of Sciences, 94(10), 4853-4860 (1997).
[3] Vasista, A. B., Tiwari, S., Sharma, D. K., Chaubey, S. K., & Kumar, G. P. Vectorial Fluorescence Emission
from Microsphere Coupled to Gold Mirror. Advanced Optical Materials, 6(22), 1801025 (2018).
[4] Vasista, A. B., & Barnes, W. L. Molecular monolayer strong coupling in dielectric soft microcavities.
arXiv preprint arXiv:1912.01564 (2019)

33

CHRISTIAN SCHÄFER
Ab initio theoretical cavity QED - a mechanism for reactive slowdown under VSC
Max Planck Institute for the Structure and Dynamics of Matter, Hamburg, Germany

The alchemical dream of altering a given material on demand into something desirable is at
the very heart of chemistry and the control by slow down, acceleration or steering a reaction
can render existing pathways far more beneficial or even open new ones. With the field of
cavity QED, a completely novel approach has emerged that calls for theoretical foundations.
Quantum electrodynamical density functional theory (QEDFT) [1-4] provides a possibility to
predict from first-principles how non-intrusive steering of chemical reactions in cavity QED can
take place. In this work, we apply QEDFT to the reactive slowdown under vibrational strong
coupling (VSC) observed by Thomas et al. [5]. Our theoretical real-space and fully ab initio
methodology does recover energetic and entropic features of the reaction and correctly
predicts its slowdown under resonant VSC [6]. Ab initio cavity QED and especially QEDFT
presents itself as a promising path to theoretically complement the so far experimentally driven
progress in QED chemistry.
Contact e-mail: christian.schaefer@mpsd.mpg.de
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KOEN VANDEWAL
Organic opto-electronics enhanced with weak and strong light-matter coupling
Hasselt University

Organic opto-electronic devices constist of multistacks of organic layers with a total thickness
in the 100-500 nm range, which togeter with their metal electrodes form optical microcavities.
Manipulation of this device architecture can result in a strong enhancement of weak optical
transitions or a re-arrangment of the exciton energies in the case of strong light-matter
coupling. In this presentation, I will discuss our efforts to exploit these effect in organic
photovoltaic and photo-detecting devices of which the photo-active layer is based on a
blend of electron donating and accepting molecules. At the donor-acceptor interface,
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intermolecular charge-transfer states with additional, weak optical transitions below their
optical gaps form, and play a crucial role and limit the operating voltage of the photo-diodes
[1]. A metal/organic/metal microcavity device architecture allows to increase tthe typically
negligable incident photon-to-electron conversion yield in the spectral region of chargetransfer absorption to values over 20% at the cavity resonance wavelengths [2], [3]. The broad
spectral tunability via a simple variation of the cavity thickness makes this device highly suitable
for integrated low-cost spectroscopic near-infrared photodetection. Furthermore, including a
distributed Bragg reflector and thin metal electrodes leads to the formation of Tamm plasmonpolariton resonances, which are clearly observed in the photocurrent spectrum [4]. We futher
show that tuning the cavity resonance wavlength to the strong exciton resonances leads to
strong light-matter coupling which under certain conditions results in reduced energy losses in
the electron transfer processes following the optical excitation of low-energy polaritons, as well
as a steepening of the absorption edge in photovoltaic devices [5]. Our work demonstrates
that strong light-matter coupling can be used to manipulate the efficiency limiting processes
determining the voltage losses in organic solar cells and reduce them to unprecedented
values, simply by manipulating the device architecture.
Contact e-mail: koen.vandewal@uhasselt.be
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CHRISTOPH LIENAU
Two-dimensional electronic spectroscopy: A powerful tool for probing strong couplings in
molecular aggregates
Institute of Physics, University of Oldenburg, Germany
Two-dimensional electronic spectroscopy (2DES) is a powerful variant of ultrafast pump-probe
spectroscopy. In its simplest implementation (Fig. 1), it replaces the “pump” pulse by a
sequence of two phase-locked pulses with variable time delay τ 1 . The recording of a
sequence of pump-probe traces for variable τ 1 and a fixed waiting time, τ 2 , between this
pump pair and a time-delayed probe pulse allows for generating a two-dimensional spectral
map, the 2DES spectrum, which carries most direct information about the density matrix of the
system: diagonal peaks in the map give insight into the population of different quantum states
while the crucial off-diagonal peaks probe interactions and couplings between those states.
Temporal oscillations of these off-diagonal peaks are a most direct signature of “strong”
couplings between different types of optical excitations in the system under investigation. 2DES
allows for probing such strong couplings in the time-domain provided that the time resolution
of the setup is shorter than both the period of the population oscillations between the coupled
excitations and the dephasing time of the optically-driven coherent polarizations in the
material.
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Fig. 1: Schematic of an ultrafast two-dimensional electronic spectroscopy setup.

In my talk, I will introduce the concepts underlying ultrafast two-dimensional electronic
spectroscopy (2DES) and, specifically, its potential for probing and manipulating strongly
coupled quantum systems. I will give an overview over its application to a series of – at first
sight - rather different types of strongly coupled systems. Examples include (i) the strong
coupling of excitons in atomically-thin TMDC layers to surface plasmon polarition excitations
of silver gratings, resulting in dramatic enhancements in light-exciton interaction of potential
interest for ultrafast all-optical switching, (ii) the nonlinear coupling of plasmonic hot spots in
plasmonic nanosponges to the excitonic excitations of infiltrated zinc oxide nanoparticles as
an example for plasmonically-enhanced optical nonlinearities [1,2] (iii) strong vibronic
coupling between charge carriers and nuclear vibrations in organic and perovskite solar cell
materials and the role of these couplings for the light-induced charge transfer processes in
photovoltaics [3,4,5] and (iv) the emergence of intermolecular conical intersections and their
importance for the coherent transport of energy in molecular aggregates [6]. Most central to
all these applications is the functional relevance of strongly-coupled material excitations for
the light-induced spatio-temporal transport of energy and charge on ultrafast time scales.
References
[1] J.-H. Zhong et al., Nature Comm., submitted (2020).
[2] J.-H. Zhong et al., Nano Lett. 18, 4957 (2018).
[3] Z. Xu et al., Nano Lett. 19, 8630 (2019).
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JOEL YUEN-ZHOU
Vibropolaritonic chemistry through dark modes and polariton condensation
University of California San Diego

For purposes of chemistry, it is crucial to distinguish between singlemolecule vs collective strong light-matter coupling. In my talk, I will
concentrate on the latter, which occurs when ensembles of many
molecules couple with a single confined electromagnetic mode in
plasmonic arrays or optical microcavities. Under these circumstances,
a very small fraction (<<1%) of the resulting excitations are hybrid lightmatter quasiparticles called polaritons, while the large majority of the
remaining excitations are so-called “dark states”. It is thus surprising that
these extreme statistics can lead to macroscopic changes in chemical kinetics of these
molecular-photonic architectures, especially in the absence of optical pumping as in the case
of so-called “vibropolaritonic chemistry.” [1,2]
While we recently argued that large changes in activation energy barriers through polaritonic
channels can overtake the kinetics afforded by the dark modes [3], this argument was
questioned as entropically unlikely. [4] Here we offer a potential theoretical resolution to the
vibropolaritonic chemistry conundrum. First we capitalize on recent observations that dark
states are not as trivial as they were previously regarded. [5,6] In fact, each of them is
delocalized across 2-3 molecules on average. This delocalization creates channels of
dissipation that did not exist in the bare molecules, thus increasing thermalization and
stabilization of intermediate or product states, thus enhancing or supressing reactions.[7] This
effect is maximum at light-matter resonance, but goes beyond transition-state theory,[8-11] in
that it requires that vibrational relaxation processes are competitive with barrier crossing events
(i.e., so called dynamical effects of reaction rate theory). Thus, in our model dark states are
what matters for chemistry.
If dynamical effects don’t matter for a reaction, dark states seem to be somewhat useless.
Can we still capitalize on polaritons? Yes, upon optical pumping and formation of
condensates. Under these circumstances, we show a rather intriguing phenomenon: The
condensate acts like a bank that lends energy to each molecule attempting to react, and
this bank is more generous than an infrared laser. [12]

REFERENCES
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TAL SCHWARTZ
Strong Coupling with Intermolecular Terahertz Vibrations in Organic Materials
Tel Aviv University

In vibrational strong coupling (VRS), light is resonantly coupled to vibrational transitions in
molecules. During the past few years VRS between intra-molecular vibrations to mid-infrared
resonators was has been extensively studied, and had been shown to affect molecular
processes occurring at the electronic ground-state, by targeting a specific bond in the
molecules. A different type of vibrational excitations in organic materials is intermolecular
vibrations, which occur at lower frequencies extending into the terahertz (THz) range and even
lower. In many cases, these excitations correspond to a collective, oscillatory motion of the
molecules with respect to one another and, as such, they govern the structural and
mechanical properties of organic materials.
Here, I will present our recent results, demonstrating for the first time VRS of such collective
intermolecular vibrations in organic molecular crystallites of α-lactose. First, I will discuss THz
strong coupling in an open (tunable) cavity, where we observed a clear Rabi splitting of ~13%
of the original transition frequency was observed. Furthermore, by analyzing the field exiting
the cavity in the time-domain, we directly observed vacuum Rabi-oscillations with a period of
~15psec, corresponding to the reversible, quantum-coherent energy exchange between the
intermolecular bonds and the cavity. These results take polaritonic chemistry into a new class
of material processes, for which collective, spatially extended degrees of freedom participate
in the dynamics.
Finally, I will discuss our recent demonstration of self-hybridization in a monolithic, 1D-photonic
crystal made of α-lactose: in such a system, the intermolecular vibrations are strongly coupled
to the electromagnetic modes confined by the α-lactose structure, without a cavity or any
other external photonic structure.
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BLAKE SIMPKINS
Strong Vibrational Coupling for Chemical Control and Optical Modulation
Chemistry Division, Naval Research Laboratory, Washington, DC

Coupling between vacuum optical fields and materials excitations has provided a new means
for altering fundamental optical, electrical, and chemical properties. Our efforts have aimed
at developing an understanding of basic behaviors that can then be extended to predictive
and practical use. We have examined vibrational strong coupling1,2,3 and the roles of
molecular system properties (absorption,4 concentration,5 spatial distribution6 ). More recently,
we’ve investigated chemically reactive systems including a simple addition reaction where
both reactants and products have strong molecular vibrations that can couple to optical
cavity modes, resulting in quantifiable vacuum Rabi splittings. Reaction rates were measured
in and out of the cavity in pursuit of coupling-induced reactivity changes. Our work has also
extended to two electrochemical redox systems. We monitored the benzoquinone /
dihydroquinone redox couple where we have achieved complete modulation of the
vibrational Rabi splitting7 and have also examined the methylene blue / leucomethylene blue
redox dye system which exhibits strong exciton-cavity couplinng in the visible regime. These
results will extend the potential of cavity-modified material properties, particularly chemical
reactivity, which will have important implications for chemical synthesis and catalysis.
1 A. Shalabney, et. al, Nat. Comm. 2015, 6, 5981
2 J. P. Long and B. S. Simpkins, ACS Photonics 2015, 2, 130-136
3 A. D. Dunkelberger, et. al., Nat. Comm. 2016, 7, 13504
4 A. D. Dunkelberger, et. al., J. Phys. Chem. A 2018, 122, 965-971
5 B. S. Simpkins, et. al., ACS Photonics 2015, 2, 1460-1467
6 W. Ahn, et. al., ACS Photonics 2018, 5, 158-166
7 J. J. Pietron, et. al., ACS Photonics 2019, 7, 165-173
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Evolutionary Optimization of Light-Matter Coupling in Open Plasmonic Cavities
Eindhoven University of Technology

Using a Particle Swarm Optimization (PSO) algorithm and Finite-Difference in Time-Domain
(FDTD) simulations, we optimize the coupling strength between excitons in poly(3
hexylthiophene-2,5-diyl) (P3HT) and surface lattice resonances (SLRs) in open cavities defined
by arrays of aluminum nanoparticles. Strong light-matter coupling and the formation of
exciton-polaritons are demonstrated. Nanoparticle arrays with optimal dimensions have been
fabricated and measured, validating the predictions by the numerical method. P3HT is a
regioregular semiconducting polymer used as a donor material in acceptor-donor blendes for
organic photovoltaic applications. Our results demonstrate the efficacy of the proposed
method for the optimization of light-matter coupling and its potential application for the
enhanced performance of optoelectronic devices.

MUKUNDAKUMAR BALASUBRAHMANIYAM
Decoupling of polaritonic states in multimode cavities
M. Balasubrahmaniyam, Tal Schwartz
Physical Chemistry Department, Beverly Sackler Faculty of Exact Sciences
and Tel Aviv Center for Light-Matter Interaction, Tel Aviv University, Tel Aviv 6997801, Israel.

In most cases, research on cavity polaritons deals with strong coupling between a single cavity
mode and a single optical transition of a material. Recently, systems in which multiple excitonic
transitions are coupled to a photonic mode have also been explored [1,2] and it was shown
that when two excitons are strongly coupled to the same cavity mode, a middle polariton
branch emerges, allowing an indirect energy transfer between the two excitons [3]. In this work
we consider the opposite situation, which is a system in which a single excitonic transition is
coupled to a multimode Fabry-Pérot cavity. We reveal that in such a strongly coupled system
a new type of transition within the strong coupling regime emerges, which directly affects the
behavior of the middle polariton branches.
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Fig. 1. (a) and (b) show the calculated reflectivity (grayscale image) of a hybrid cavity under strong
coupling at low (a) and high (b) molecular concentrations, where low reflectivity (bright regions)
corresponds to the polariton branches. (c) Shows the reflection spectrum as function of cavity length.
The blue dotted lines show the reflection minima, depicting the evolution of the polaritons with the
thickness of the cavity.

The system which we study is a thick multi-mode cavity, uniformly filled with an excitonic
material (modeled using Lorentzian absorption line with typical values corresponding to TDBC
J- aggregate). The dispersion curves of the system, shown in Figs. 1(a) and 1(b) for two different
concentrations, were simulated by T-matrix simulations. The cavity length was set to L = 800 nm,
such that the 1st, 2nd and 3rd order mode are resonant with the molecular exciton at kx =12.5
μm-1, kx =10.5 μm-1 and kx =6.5 μm-1 respectively. Fig. 1(a) clearly shows the avoided crossing
behavior typical to strong coupling at these resonant points. The dispersion also exhibits 2 "midpolaritons" that adiabatically transforms from one cavity branch to the other, passing
continuously through the exciton energy, along with one upper and lower polariton modes.
Under these conditions, if there are N dispersive photonic modes, each coupled to the same
exciton, there will be N+1 polaritonic modes. Specifically, when two consecutive cavity mode
are equally detuned from the exciton, the mid-polariton mode mixes the two photonic modes
via their interaction with the exciton, similarly to the situation in a 2-exciton 1-mode system. In
sharp contrast, at the higher concentration [Fig. 1(b), with a ×10 larger concentration], we find
that in addition to the expected increase in the Rabi-splitting energy (which scales as √𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛),
the dispersion clearly shows 2N polaritonic braches, and a gap spanning k-space from kx = 0
up to the light line, separating N upper and N lower polaritonic branches. This energy gap is
reminiscent of the polaritonic bandgap discussed in the context of ultrastrong coupling [4,5],
although our system operates within the usual strong coupling regime. In this case, each pair
of polaritonic branches are associated with an individual cavity mode and the excitonmediate coupling between the modes disappears. A similar behavior is also observed when
the cavity length is varied while keeping 𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 (and coupling strength) constant, as seen in Fig.
1(c). The reflection minima (marked by blue dotted lines) clearly show a transition from a limit
where the mid-polaritons exist (L~150 nm) to a limit where the polaritons become decoupled
(L=1800 nm) and a gap between them is formed.
As will be discussed, further numerical analysis indicates that across this new type of transition,
the system needs to be modelled using two different Hamiltonians, which cannot be
transformed into each other. Furthermore, we will show that this observed decoupling transition
is directly related to the competition between the collective energy exchange under strong
coupling and the propagation of light within the multimode cavity. These results suggest that
the transfer of information among the molecules across the cavity length plays an important
role in the dynamics of strong coupling.
Contact e-mail: mukundakumar@mail.tau.ac.il
[1] T. K. Hakala et al, Phys. Rev. Lett. 103, (2009).
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DENIS BARANOV
Plasmonic meta-atoms for ultrastrong coupling at ambient conditions
Moscow Institute of Physics and Technology

Strong coupling is a distinct regime of light−matter interaction when the Rabi frequency
exceeds the dissipation rates in the system. This regime of interaction manifests itself in coherent
oscillations of energy between the matter and photonic subsystems. Typically, this regime is
attained by coupling quantum emitters to optical cavities. However, very limited oscillator
strength of quantum emitters leads only to moderate coupling strengths. Here, we instead
make use of plasmonic “molecules” having much larger oscillator strength, and study potential
effects of coupling these large “molecules” to optical cavities.
In this talk I will show that we can reach ultrastrong coupling between plasmonic molecules
and cavity photons by packing plasmonic nanorods as densely as possible in the middle of a
Fabry-Perot microcavity. This simple platform allows us to reach the ultrastrong coupling regime
at room temperature, atmospheric pressure, and without the use of magnetic fields. From
reflection and absorption measurements we extract the value of the interaction constant over
the transition energy as high as 0.55, setting the record for room-temperature implementations.
Moreover, we indirectly observe modification of the vacuum state energy, which is a hallmark
of the USC regime.

BREAKOUT ROOM 2
JORGE CAMPOS-GONZALEZ-ANGULO
Solving the anharmonic vibrational strong light-matter coupling problem in the collective
regime
University of California San Diego

Recent technological developments have made it possible to generate and probe polaritonic
states produced from the interaction between molecular vibrations and microcavities. These
systems offer a platform for new and Interesting phenomena such as cavity-modified chemical
reactions and exotic non-linear optical responses. The theoretical understanding of these
phenomena requires incorporating information about the higher energy levels in the
molecular spectrum. These features are typically neglected in the mainstream polariton
describing models, such as Tavis-Cummings, which only considers two levels system, and the
harmonic approximation, which disregards anharmonicities. While descriptions of anharmonic
vibrational polaritons have been previously attempted, these efforts are constrained to the
regime of a single or very few molecules in which the collective nature of vibrational strong
coupling cannot be captured. This work introduces the groundwork for obtaining exact
eigenstates of the strong light-matter coupling Hamiltonian with an arbitrary number of
multilevel anharmonic emitters. By taking advantage of the permutational symmetries of the
system, group-theoretical tools allow reducing the initially astronomical dimensionality by
separating the Hamiltonian into highly degenerate subspaces, such that the dimension of the
matrices to diagonalize scale polynomially with the number of considered excitations. This
work exploits the developed formalism, which enables the seamless manipulation of states in
the doubly and triply excited energy manifolds, to explore the energetics, photon contents,
and symmetry considerations of the eigenstates.
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ADRIANA CANALES
Abundance cavity free polaritons in resonant materials and nanostructures
Adriana Canales1, Denis G. Baranov1,2, Tomasz J. Antosiewicz1,3, Timur Shegai1
(1) Department of Physics, Chalmers University of Technology, 412 96 Göteborg, Sweden
(2) Center for Photonics and 2D Materials, Moscow Institute of Physics and Technology, Dolgoprudny
141700, Russia
(3) Faculty of Physics, University of Warsaw, Pasteura 5, 02-093 Warsaw, Poland

Strong coupling has shown potential to modify chemical reaction rates in both excited and
ground states. The chosen platforms for strong coupling ground-state modification in chemical
reactions usually include a vibrational mode of an organic molecule and a Fabry-Pérot mode
given by metallic mirrors [1]. Even though easy to fabricate, those external cavities may hinder
applicability of polaritons. Here we will show that optical modes sustained by the materials
themselves can self-couple to the material resonances (electronic or vibrational), thus forming
polaritonic states. We traced the roots of the dispersion relations in the complex plane and we
show that polaritons are eigenstates of bulk and nanostructured resonant materials without
the need of an external cavity. We studied concrete examples in different geometries in
vacuum, e.g. a slab of hBN and a spherical water droplet [2]. The abundance of cavity free
polaritons in simple structures suggests their potential practical importance for polaritonic
chemistry or modified materials properties.

[1] Thomas et al., Science 363, 615–619 (2019)
[2] A. Canales et al., J. Chem. Phys. 154, 024701 (2021)

GABRIEL CASTELLANOS
Exciton-polaritons with electric and magnetic character in all-dielectric metasurfaces
Gabriel W. Castellanos1, Shunsuke Murai2, T.V. Raziman1, Shaojun Wang1, Mohammad
Ramezani1, Alberto G. Curto1, and Jaime Gómez Rivas1
(1) Eindhoven University of Technology, Department of Applied Physics and Institute for Photonic
Integration, P.O. Box 513, 5600 MB Eindhoven, The Netherlands
(2) Kyoto University, Department of Material Chemistry, Graduate School of Engineering, Nishikyo-ku,
Kyoto 615 8510, Japan

Exciton-polaritons are quasi-particles emerging from the strong coupling of light and matter
that exhibit interesting phenomena such as enhanced transport, long-range energy transfer,
and a strong non-linear response. These properties make exciton-polaritons very promising
candidates for the development of novel optoelectronic applications in the so-called
polaritonic devices. However, strong coupling is significantly damped by the losses of the
system, which can lead to short-lived exciton-polaritons. Here, we demonstrate strongcoupling between excitons in organic molecules and all-dielectric metasurfaces formed by
arrays of polycrystalline silicon nanoparticles supporting Mie surface lattice resonances
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(MSLRs). Compared to Mie resonances in individual nanoparticles, MSLRs have extended
mode volumes and much larger quality factors, which enables to achieve collective strong
coupling with very large coupling strengths and Rabi energies. Moreover, the presence of
electric and magnetic Mie resonances in high refractive index dielectric nanoparticles
introduces a new degree of freedom in light-matter interaction. We show the hybridization of
excitons with electric and magnetic MSLRs to form exciton-polaritons with an electric or
magnetic character. Our results demonstrate the potential of all-dielectric metasurfaces as a
novel platform to investigate and manipulate exciton-polaritons in low-loss polaritonic devices.
Contact e-mail: g.w.castellanos.gonzalez@tue.nl
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WEN CHEN
Intrinsic Luminescence Blinking from Plasmonic Nanojunctions
Wen Chen1, Philippe Roelli1, Aqeel Ahmed1, Sachin Verlekar1, Huatian Hu2, Tobias J.
Kippenberg1, and Christophe Galland1∗
(1) Institute of Physics, Ecole Polytechnique Fédérale de Lausanne, 1015 Lausanne, Switzerland
(2) The Institute for Advanced Studies, Wuhan University, Wuhan 430072, China

Metallic nanojunctions are among the most efficient systems to achieve extreme light
confinement via plasmonic resonance allowed by quantum mechanics, enabling a host of
novel phenomena/applications including nanosensing and Purcell-enhanced luminescence.
Though so far, further engineering light-matter interaction is hindered by the poorly
understanding of exceptional optical response groven by physical/chemical processes at the
atomic scale. Here, we report the discovery of ubiquitous blinking of intrinsic light emission from
photo-excited plasmonic nanojunctions of various compositions, evidencing the light-induced
formation of nanodomain boundaries and intrinsic quantum-confined emitters inside the noble
metal. Contrasting with mechanisms proposed to date to explain surfaced-enhanced Raman
scattering fluctuations in similar systems, this internal atomic scale restructuring of the metal
does not affect the near-field enhancement and scattering spectra of the plasmonic modes
in a measurable way. This highlights a subtle interplay between atomic and mesoscopic
properties of the nanojunction, associated with optically excited carriers and localised
adatom-molecule interactions in remodelling the metal. Our findings reveal the unexpectedly
rich content of metal-induced light emission, provide new routes to probe metallic interfaces
at the sub-nanometer scale, and unravel unsuspected instabilities in the metal lattice induced
by photo-excited carriers.

CLÀUDIA CLEMENT
SN2 reactions modified in vibrational strong coupling experiments
Universidad Autónoma de Madrid
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Recent experiments have reported modified chemical reactivity under vibrational strong
coupling (VSC) in microfluidic Fabry–Pérot cavities. In particular, the reaction rate of
nucleophilic substitution reactions at silicon centers (SN2@Si) has been altered when a
vibrational mode of the reactant was coupled to a confined light mode in the strong coupling
regime. In this situation, hybrid light–matter states known as polaritons are formed and seem to
be responsible for the modified chemical kinetics. These results are very encouraging for future
applications of polaritonic chemistry to catalyze chemical reactions, with the ability to
manipulate chemical phenomena without any external excitation of the system. Still, there is
no theory capable of explaining the mechanism behind these results. In this work we address
two points that are crucial for the interpretation of these experiments. Firstly, by means of
electronic structure calculations we report the reaction mechanism in normal conditions of the
two recently modified SN2@Si reactions, obtaining in both cases a triple-well PES where the
rate-determining step is due to the Si–C and Si–O bond cleavage. Secondly, we characterize
the normal modes of vibration of the reactants. In the VSC experiments, reaction rates were
modified only when specific vibrations of the reactants were coupled to a cavity mode. We
find that these vibrations are highly mixed among the different fragments of the reactants
leading to an alternative assignment of the IR peaks coupled to cavity modes in the original
experimental works. Our results are fundamental for the interpretation of the VSC experiments
given that in the absence of a theory explaining these results, the current phenomenological
understanding relies on the assignment of the character of the vibrational IR peaks.

ERIC DAVIDSSON
Simulating photodissociation reactions in bad cavities with the Lindblad equation
Stockholm University

For the purposes of polaritonic chemistry, it is often desirable to work with optical cavities that
are optimised for a strong light–matter coupling. Such cavities are typically associated with
short photon lifetimes (when compared to timescales of the nuclear dynamics). Unfortunately,
most theoretical understanding assumes an infinite photon lifetime. To remedy the situation,
several groups have turned their attention to models that include the photon lifetime explicitly.
This digital poster describes our contribution, where we have employed the Lindblad master
equation to draw phenomenological conclusions about the processes associated with photon
decay. We base our investigation on a process that is well understood in the limit of infinite
photon lifetime; i.e. cavity induced stabilisation of a molecule (MgH+) in an otherwise
dissociative electronic state. By varying the photon lifetime we probe for new processes that
determine the stability of the molecule. The photon lifetime spans eight orders of magnitude—
from the practically infinite, to the border of unphysically short. We describe a range of new
phenomena to explain two instances of decreasing stability, and one instance of increasing
stability.

BREAKOUT ROOM 4
MATHEW DU
Can dark states explain vibropolaritonic chemistry?
University of California San Diego
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Vibrational strong coupling (VSC) between a molecular ensemble and an optical cavity mode
results in polariton modes, whose formation has been found to alter thermally activated
chemical reactivity. However, such changes remain unclear, given that the polariton modes
are greatly outnumbered by the optically dark vibrational modes arising from VSC. Here, we
demonstrate that the dark modes, while centered at the same energy as their bare vibrational
constituents, are delocalized across 2-3 molecules, enhancing vibrational relaxation and
thereby catalyzing or suppressing a thermally activated reaction. To illustrate, we theoretically
show that the rate of electron transfer can increase by 55% due to improved product
stabilization.

RUI EMANUEL FERREIRA DA SILVA
Polaritonic molecular clock for all-optical ultrafast imaging of wavepacket dynamics without
probe pulses
R. E. F. Silva1, Javier del Pino2, Francisco J. García-Vidal1,3, and Johannes Feist1
(1) Departamento de Física Teórica de la Materia Condensada and Condensed Matter Physics Center
(IFIMAC), Universidad Autónoma de Madrid, E-28049 Madrid, Spain
(2) Center for Nanophotonics, AMOLF, Science Park 104, 1098 XG Amsterdam, The Netherlands
(3) Donostia International Physics Center (DIPC), E-20018 Donostia/San Sebastián, Spain

Conventional approaches to probing ultrafast molecular dynamics rely on the use of
synchronized laser pulses with a well-defined time delay. Typically, a pump pulse excites a
wavepacket in the molecule. A subsequent probe pulse can then dissociates or ionizes the
molecule, and measurement of the molecular fragments provides information about where
the wavepacket was for each time delay. In this work, we propose to exploit the ultrafast
nuclear-position-dependent emission obtained due to large light-matter coupling in
plasmonic nanocavities to image wavepacket dynamics using only a single pump pulse. We
show that the time-resolved emission from the cavity provides information about when the
wavepacket passes a given region in nuclear configuration space. This approach can image
both cavity-modified dynamics on polaritonic (hybrid light-matter) potentials in the strong
light-matter coupling regime as well as bare-molecule dynamics in the intermediate coupling
regime of large Purcell enhancements, and provides a new route towards ultrafast molecular
spectroscopy with plasmonic nanocavities. We also show that coherent motion of several
molecules moving on a collective polaritonic potential energy surface can be accessed
directly with our setup.

Contact e-mail: rui.silva@uam.es
[1] R. E. F. Silva et al, arXiv 1907.12607 (2019)

ERIC FISHER
A Quantum Mechanical Perspective on Cavity-Altered Thermal Isomerization Reactions
beyond the Harmonic Approximation
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Eric W. Fischer, Peter Saalfrank
Institut für Chemie, Universität Potsdam
We study cavity-altered thermal isomerization reactions for an ammonia inversion model and
an asymmetric hydrogen-transfer model under vibrational (ultra)strong coupling conditions.
We employ the length-gauge vibrational Pauli-Fierz Hamiltonian in the long-wavelength
approximation and calculate thermal reaction rates from cumulative reaction probabilities
obtained in the framework of an absorbing boundary Green’s function approach. The full
quantum results are compared to thermal reaction rates calculated from Eyring transition state
theory in harmonic approximation.
From a cavity Born-Oppenheimer perspective, we find that (i) a full quantum description is
necessary to understand cavity-induced effects on thermal reaction rates, (ii) light-matter
interaction induced topological changes at the vibro-polaritonic transition state strongly
influence reaction rates, and (iii) a light-matter interaction induced ""stretching"" of the cavity
minimum energy path effectively attenuates tunneling in vibro-polaritonic thermal reactions.

BREAKOUT ROOM 5
JAKUB FOJT
Dipolar coupling of nanoparticle-molecule assemblies: An eﬀicient approach for studying
strong coupling
Chalmers University of Technology
Strong light-matter interactions facilitate not only emerging applications in quantum and nonlinear optics but also modifications of materials properties.
In particular the latter possibility has spurred the development of advanced theoretical
techniques that can accurately capture both quantum optical and quantum chemical
degrees of freedom. These methods are, however, computationally very demanding, which
limits their application range. Here, we demonstrate that the optical spectra of nanoparticlemolecule assemblies, including strong coupling effects, can be predicted with good accuracy
using a subsystem approach, in which the response functions of the different units are coupled
only at the dipolar level. We demonstrate this approach by comparison with previous timedependent density functional theory calculations for fully coupled systems of Al nanoparticles
and benzene molecules. While the present study only considers few-particle systems, the
approach can be readily extended to much larger systems and to include explicit opticalcavity modes.

ANNA GRUDININA
Hatree-Fock-Bogoliubov theory for exciton-like polaritons
National Research Nuclear University MEPhI

We investigate equilibrium Bose-Einstein condensation of exciton-polaritons for large positive
detunings (exciton-like polaritons). Hatree-Fock-Bogoluibov description is applied to obtain the
critical temperature and mean free path dependencies on the energy detuning for different
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values of the total polariton density. For detunings and interaction strengths beyond the limits
of applicability of the Bogoliubov mean-field approximation, we use the hydrodynamic form
of the one-body density matrix to describe quasicondensation and obtain the critical
temperature of the Berezinskii-Kosterlitz-Thouless crossover.

MAHESH GUDEM
Controlling the Non-Adiabatic Dynamics of Pyrrole with Optical Cavities
Mahesh Gudem

1,*

and Markus Kowalewski

1

1Department of Physics, Stockholm University, Albanova University Centre, SE-106 91 Stockholm,

Sweden

*mahesh.gudem@fysik.su.se

Strong light-matter interaction offers a new strategy to manipulate the non-adiabatic
dynamics ofthe molecules by modifying the potential energy surfaces (PESs). This strong
coupling regimeis commonly created by classical laser light however using the quantum field
in an optical cavity has been demonstrated recently. The vacuum field of micro cavities
can couple strongly withthe molecular degrees of freedom and form hybrid light-matter
states, termed as polaritons. We consider pyrrole in a cavity and simulate the hydrogenelimination reaction after UV excitation. The quantized cavity field is included in the nuclear
wave packet dynamics calculations. The cavity mode is treated as a quantum harmonic
oscillator in quadrature space to avoid the limitations of the rotating wave approximation
(RWA).
In a previous study, the cavity chemistry modified photo-chemistry of NaI has been explored
with respect to the avoided crossing [1]. We investigate the effect of an optical cavity on the
non-adiabatic dynamics of pyrrole, which possesses an intrinsic conical intersection. Upon
irradiationwith UV light, pyrrole undergoes dissociation along the N-H bond and proceeds
through a conicalintersection between ground and excited electronic states (Figure 1). The
diabatic PESs along theN-H stretching and the H out-of-plane coordinates are used in the
wave packet dynamics calcula- tions. Our results show how the cavity field affects the
branching ratio between the N-H bondingand dissociative regions.

Figure 1: Dissociation profile of pyrrole along the N-H coordinate. ωc represents the frequency of the
cavitymode.
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BREAKOUT ROOM 6
GAUTIER JÉRÔME
Chiral Fabry-Perot resonator as a tool for chiral strong coupling
J. Gautier1, M. Li 1, T.W. Ebbesen1 , and C. Genet1
(1) University of Strasbourg, CNRS, ISIS & icFRC, 8 Allée Gaspard Monge, Strasbourg, France

Chiral cavity are expected to play a crucial role in novel cavity-QED, for instance new
concepts to raise such as chiral Purcell factors [1] and in the context of topological optics[2].
The influence of chirality in light-matter interaction is not limited to the weak coupling regime
but is also draws promising perspectives in the chiral strong coupling regimes. We have
developed a Fabry-Perot cavity in order to study the interaction of chiral fields with molecules
in both the weak and strong coupling regime. Experimentally, we use the Mueller matrix as a
tool to probe the chirality (Fig.1). The Mueller matrix determination associated with numerous
data filtering, give us the possibility to retrieve the artefact free spectroscopic quantities
associated with chiral systems, namely, the differential transmittance of left and right polarized
light. One of the key aspects of our experiment is our capacity to estimate the angle resolved
Mueller matrix of our resonator and thus observe the non-trivial angular dependence on the
chiral properties of the Fabry-Perot resonator. Our experimental findings are correlated with an
anisotropic transfer matrix simulation of our system that allow us to understand the origin of
such mechanism, namely, the cryptochirality of our medium. This system together with
experimental results on molecules in different regimes will be presented.

Figure 1: Schematics showing our experimental workflow. We first fabricate a chiral Fabry-Perot
resonator. An optical setup is then used to measure the angle resolved Mueller matrix of our sample.
This matrix is then filtered to obtain the relevant spectroscopic quantity, here showed for an empty
cavity.
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KALLE KANSANEN
Polariton response in the presence of Brownian dissipation from molecular vibrations
University of Jyväskylä
In our recently published work [J. Chem. Phys. 154, 044108 (2021)], we study the elastic
response of a stationarily driven system of a cavity field strongly coupled with molecular
excitons, taking into account the main dissipation channels due to the finite cavity linewidth
and molecular vibrations. We show that the frequently used coupled oscillator model fails in
describing this response especially due to the non-Lorentzian dissipation of the molecules to
their vibrations. Signatures of this failure are the temperature dependent minimum point of the
polariton peak splitting, uneven polariton peak height at the minimum splitting, and the
asymmetric shape of the polariton peaks even at the experimentally accessed "zero-detuning"
point. Using a rather generic yet representative model of molecular vibrations, we predict the
polariton response in various conditions, depending on the temperature, molecular Stokes shift
and vibration frequencies, and the size of the Rabi splitting. Our results can be used as a sanity
check of the experiments trying to "prove" results originating from strong coupling, such as
vacuum-enhanced chemical reaction rate.

THERESE KARMSTRAND
Investigations of quantum interference effects in a driven plasmon-emitter system
Therese Karmstrand1, Benjamin Rousseaux1,2, Anton Frisk Kockum1, Timur Shegai2 and Göran
Johansson1
(1) Chalmers University of Technology, Department of Microtechnology and Nanoscience, SE-412 96,
Gothenburg, Sweden
(2)
Chalmers
University
SE-412 96, Gothenburg, Sweden

of

technology,
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Physics,

Light and matter interactions with generic quantum emitters and localized surface plasmon
(LSP) modes have attracted a lot of research attention over the last few years. Because of
modal confinement below the diffraction limit and strongly enhanced optical near-fields,
nonlinear optical phenomena such as vacuum Rabi splitting and Rabi oscillations can be
studied with these low-quality cavities at ambient conditions as opposed to high-quality
optical microcavities which requires high vacuum or cryogenic temperatures.
Observing quantum effects in plasmon-emitter-systems however, is difficult mainly due to the
large losses. The corresponding ultra-short lifetimes on the order of only a few femtoseconds
renders quantum correlation measurements problematic as they are limited by the time
resolution of the photo-detectors. Also, quantum saturation measurements are hard to utilize
experimentally as the whole medium needs to be saturated before the effects can be
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observed. This persistence up to high excitation in combination with large losses requires very
high
power
drive which make it hard to not damage the sample.
In this project we therefore explore regimes where observation of quantum effects in this type
of systems could be more feasible experimentally. We apply a quantum Tavis-Cummings
model to N generic quantum emitters interacting with a single LSP mode pumped with a
coherent drive and we investigate different optical measures of quantum effects by solving
for the optical response with the master equation. Our investigations include the not so well
studied intermediate drive regime as well as pulsed mode driving which could solve some of
the
problems
related
to
the
ultrashort
lifetimes
of
LSPs.
Contact e-mail: therese.karmstrand@chalmers.se
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CARLOS ALBERTO MACIEL ESCUDERO
Lighting darkness with electrons: anapole-exciton polaritons resolved using electron energy
loss spectroscopy
Carlos Maciel1, Denis Baranov2, Battulga Munkhbat2, Andrew Yankovich2, Eva Olsson2,
Rainer Hillenbrand1, Javier Aizpurua3 and Timur Shegai2
(1) CIC nanoGUNE and UPV/EHU, 20018 Donostia-San Sebastián, Spain
(2) Chalmers University of Technology, Department of Physics, 41296 Gothenburg, Sweden
(3) Materials Physics Center, CSIC-UPV/EHU, 20018 Donostia-San Sebastián, Spain

Light-matter coupling has become an interesting research area aiming at understanding
intriguing optical and electronic properties. Strong light-matter interactions occur, for
example, when the rate of coherent energy exchange between light and matter exceeds the
decay rates of the constituent cavity photons and matter excitations. In such a case, the
optical spectra of the hybrid system results in the so-called vacuum Rabi splitting [1]. Strong
coupling to bright photonic modes has been achieved even with single emitters. However,
subradiant modes are typically undetectable with farfield optical techniques. Localized
electron beams, on the other hand, are suitable probes to acquire information on the nearfield with high resolution, as implemented in electron energy loss spectroscopy (EELS).
Recently, strong lightmatter coupling features have been theoretically predicted in EELS
spectra [2] and experimentally resolved for bright [3] and dark modes [4].
In our work we thoretically study low-loss EELS of a WS2 nanodisk as a representative transition
metal dichalconegide (TMDC) nanostructure. Transition metal dichalcogenides are a class of
2D layered materials MX2, where M denotes a transition metal (Mo, W) and X indicates a
chalcogen (S, Se or Te). These materials have been proposed as an excitonic platform for
advanced optical and electronic functionalities. Moreover, TMDC materials possess high
refractive index making them useful to construct resonant nanoantennas based on the
activation of subwalength electromagnetic modes [5]. In particular, it has been shown that a
WS2 nanodisk supports distinct Mie resonances such as electric and toroidal dipoles, leading
the emergence of the so-called anapole state [6]. The dark anapole state originates from the
destructive interference between the electric and the toroidal dipolar charge oscillations with
identical amplitude and far-field patterns [7]. When the excitonic band of WS2 is also
considered within the nanodisk, the anapole and the exciton can strongly couple and
hybridize with each other [7].
Here, we present the theoretical calculations obtained for low-loss EELS of a WS2 nanodisk of
55 nm thickness varying the disk radius (100 to 200 nm). The desctructive inteference between
the electric and the toroidal dipoles (the anapole state) supported in the nanodisk emerges
as a dip in the electron energy loss curve, which disperses linearly for different disk radii. The
EELS spectra are first calculated assuming a high refractivity index of the WS2, 𝜖𝜖 = 18. Then, the
excitonic part of the WS2 nanodisk is theoretically “switched on” by considering a permittivity
that includes both the exciton resonance (including only the A-exciton transition) and the high
background index. In this case the two spectral features (anapole and exciton) hybridize
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leading to the emergence of two dips in the EELS curve and anti-crossing features for the EELS
map as function of the nanodisk radius. A noteworthy feature in the electron energy loss
spectra is that additionally to the anapole state, higher order modes such as the electric
quadrupole are also excited by the localized electron beam and properly resolved. Thus,
when the excitonic part of the WS2 nanodisk is “switched on”, splitting of the modes
incorporates the quadrupolar electric mode and the annapole state couple to the A-exciton
of the TMDC nanodisk. The use of dark states, such as the anapole, can constitute an avenue
for enhancing light-matter interactions.
Contact e-mail: c.maciel@nanogune.eu
[1] Frisk, K. A., Miranowicz, A., De Liberato, S., Savasta, S. and Nori, F., Nat. Rev. Phys. 1 (2019)
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[5] Kuznetsov, A. I., Miroshnichenko, A. Brongersma, M. L., Kivshar, Y. S. and Luk’yanchuk, Science 354
(2016)
[6] Verre, R. Baranov, D. G., Munkhbat, B., Cuadra, J., Käll and Shegai, T., Nat. Nanotechnol. 14 (2019)
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KIRSTY MCGHEE
Polariton condensation in an organic microcavity utilising a hybrid metal-DBR mirror
University of Sheffield

Organic polariton microcavities are highly attractive due to their ability to undergo roomtemperature condensation [1,2]. Up until now, however, condensation has only been seen in
pure distributed Bragg reflector (DBR) structures. With high reflectivities (>99%) and low
absorption, these mirrors allow the population build-up required for lasing. However, their
fabrication is difficult and requires long electron beam evaporation processes. Here we
replace the bottom 10-pair DBR with a hybrid mirror consisting of a thick layer of Ag – which
can easily be deposited through thermal evaporation – and a small number of DBR pairs
deposited on top. In this way we simplify the fabrication of polariton microcavities whilst
maintaining
the
conditions
required
for
condensation.
The organic dye chosen was BODIPY-Br (10% concentration by mass in polystyrene (PS)) as
condensation has previously been observed with this material under both ps and ns excitations
[3,4]. We show that the simplest of these structures, having a bottom mirror consisting of Ag
and only 1 DBR pair, exhibits polariton condensation with only a slightly increased threshold
compared to a DBR-DBR control cavity. Additionally, we show the hybrid cavities have
increased Rabi splittings, comparable Q-factors, and a more uniform energy landscape,
making them a promising candidate for the simplified fabrication of organic polariton
microcavities.
[1] K.S. Daskalakis, et al., Nat. Mater. 13 (2014) 271–278
[2] J.D. Plumhof, et al., Nat. Mater, 13 (2014) 247-252
[3] T. Cookson, et al., Adv. Opt. Mater. 5 (2017) 1700203
[4] A. Putintsev, et al. Appl. Phys. Lett. 117 (2020) 123302
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KISHAN MENGHRAJANI
University of Exeter
Vibrational strong coupling and its effect on excitonic photoluminescence
Kishan. S. Menghrajani, William. L. Barnes
School of Physics and Astronomy, University of Exeter, Stocker Road, Exeter, Devon, EX4 4QL, UK

The strong coupling of molecules placed in an optical microcavity may lead to the formation
of hybrid states called polaritons; states that inherit characteristics of both the optical cavity
modes and the molecular resonance [1, 2]. The light-emitting polymer known as Beta-phase
Polydioctylfluorene (PFO) shows a clear and strong vibronic progression in its
photoluminescence due to infrared active vibrational resonances, as shown in Figure 1. In this
work we incorporated Beta-phase PFO into an infrared cavity. We demonstrate that this cavity
leads to hybridisation of one or more of the vibrational resonances in PFO. We then looked to
see if there were any consequences of this vibrational strong coupling on the PFO
photoluminescence, as might perhaps be anticipated from recent work [3].
A dispersion plot of an experimental microcavity sample, obtained using a FTIR spectrometer,
is shown in figure 2. The optical cavity mode is clearly seen to interact with the vibrational
resonance present at 1250 cm-1 in PFO, and an anti-crossing of ~50 cm-1 is observed. The
change in vibrational sub-levels due to strong coupling in the infrared can be observed in
photoluminescence dispersion plot at 2.65 eV, where the position of the unperturbed vibronic
modes is shown with black dashed lines in Figure 3.
Our results indicated that it may be possible to see changes in the light emission of excitonic
materials by using strong coupling to manipulate their vibrational manifold. We will discuss
these results further, and hope to correlate them with an investigation using Raman
measurements to probe similar systems.
Funding by the Leverhulme Trust (Grant No. 111715R) and from the European Research Council
through project Photmat (ERC-2016-AdG-742222) is gratefully acknowledged.
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JÜRGEN MONY
Photoisomerization of norbornadiene in the strong coupling regime
Jürgen Mony1, Clàudia Climent2, Anne Petersen3, Kasper Moth-Poulsen3, Johannes Feist2 and
Karl Börjesson1
(1) University of Gothenburg, Department of Chemistry and Moleuclar Biology, Kemigården 4,
Gothenburg, Sweden
(2) Universidad Autónoma de Madrid, Departamento de Física Teórica de la Materia Condensada and
Condensed Matter Physics Center (IFIMAC), Madrid, Spain
(3) Chalmers University of Technology, Department of Chemistry and Chemical Engineering,
Kemigården 4, Gothenburg, Sweden

Strong coupling between light and matter leads to the formation of new hybrid states called
polaritons, which rearrange the potential energy surface of a molecule. In this study, the
impact of this change on the photoisomerization quantum yield of a norbornadiene derivate
as photoswitch is investigated. Norbornadiene derivatives have shown their potential as solar
thermal energy storage. For this purpose they need to have a high photoisomerization
quantum yield and a big overlap between its absorption spectrum and the solar spectrum [1].
Upon absorbing a photon, the norbornadiene core undergoes a photoinduced [2+2]
cycloaddition to its isomer quadricyclane, which can thermally backconvert to the initial
norbornadiene [2]. In this work, the photoisomerization quantum yields are determined for
samples having different photonic/excitonic contribution to the polaritons [3]. The
measurements are performed at different wavelength chosen to be at the absorption
maximum of the molecule and of the upper and lower polariton.

Figure 1: Energy surface showing the photoisomerization and backconversion of norbornadiene
derivative photoisomerized to its quadricyclane isomer
Contact e-mail: karl.borjesson@gu.se; jurgen.mony@gu.se
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J. Mony et al., Adv. Funct. Mater., 2021, 2010737.
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UNAI MANIAIN
Ultrastrong coupling of infrared microcavity modes with hexagonal boron nitride phonons
Unai Muniain(1), María Barra-Burillo(2), Sara Catalano(2), Marta Autore(2), Felix Casanova(2,3), Luis
E. Hueso(2,3), Javier Aizpurua(1,4), Ruben Esteban(1,4), and Rainer Hillenbrand(3,5)
(1) Donostia International Physics Center (DIPC), 20018 Donostia-San Sebastian, Spain
(2) CIC Nanogune, 20018 Donostia-San Sebastian, Spain
(3) IKERBASQUE, Basque Foundation for Science, 48013 Bilbao, Spain
(4) Centro de Física de Materiales, CSIC-UPV/EHU, 20018 Donostia-San Sebastián, Spain
(5) CIC Nanogune and EHU/UPV, 20018 Donostia-San Sebastián, Spain

Hexagonal boron nitride (hBN) is a polar material that has recently attracted great interest in
nanophotonics due to its promising optical properties in the infrared region. The atomic
structure of hBN, consisting on two-dimensional sheets with strongly bonded boron and
nitrogen atoms and Van der Waals interactions between monolayers, leads to a highly
anisotropic optical response[1,2]. Light can couple with the infrared-active transverse optical
phonons at two very different frequencies, one associated to the in-plane lattice vibrations
and the other to the out-of-plane vibrations. The in-plane phonons, which are resonant at
higher frequencies, are characterized by a particularly large oscillator strength. Furthermore,
the layered structure of hBN makes it a very convenient material to be used in planar structures.
We consider the interaction between the resonant Fabry-Pérot modes of a dielectric
microcavity and the in-plane transverse optical phonons of hBN slabs placed in the cavity [3].
Transfer-matrix simulations indicate that the light-phonon interaction causes an hybridization
of the modes, leading to polaritonic branches. The splitting of these branches can be analyzed
with a semiclassical model based on coupled harmonic oscillators. This model allows to extract
the value of the coupling strength between the cavity modes and the phonons, which
characterizes the interaction. We show that the coupling strength can be controlled by
increasing the thickness of the hBN slab inside the cavity. Further, due to the large phonon
oscillator strength, hBN layers of only a few nanometers thickness are enough to reach strong
coupling. For sufficiently thick slabs, the coupling strength becomes comparable to the bare
cavity and phonon frequencies, which is usually considered as the condition for a system to
be in the ultrastrong coupling regime [4]. For the cavity fully filled by hBN, the results can be
interpreted in terms of ultrastrong coupling, or as a direct consequence of the bulk phononpolariton dispersion [5]. Last, experiments performed with these microcavities follow very
accurately the predictions of our theoretical calculations, demonstrating the potential of this
material to obtain strong light-matter interactions.
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BATTULGA MUNKHBAT
Tunable self-assembled Casimir microcavities and polaritons
Chalmers University of Technology
Spontaneous formation of ordered structures – self-assembly – is ubiquitous in nature and
observed on different length scales, ranging from atomic and molecular systems to microscale objects and living matter. Self-ordering in molecular and biological systems typically
involves hydrophobic and van der Waals interactions. Here, we introduce an approach to
micro-scale self-assembly based on the joint action of attractive Casimir and repulsive
electrostatic forces arising between charged metallic nanoflakes in a solution. This system
forms a self-assembled optical Fabry-Perot microcavity with a fundamental mode in the visible
range (separation distance ~100-200 nm) and a tunable equilibrium configuration.
Furthermore, by placing an excitonic material in the microcavity region, we are able to realize
hybrid light-matter states (polaritons), whose properties, such as the coupling strength and the
eigenstate composition, can be controlled in real time by the concentration of ligand
molecules in the solution and light pressure. These Casimir microcavities can find future use as
sensitive and tunable platforms for a variety of applications, including opto-mechanics,
nanomachinery, and cavity-induced polaritonic chemistry.

BREAKOUT ROOM 3
KALAIVANAN NAGARAJAN
Modifying Woodward--Hoffmann Stereoselectivity Under Vibrational Strong Coupling
University of Strasbourg

Vibrational strong coupling (VSC) has recently been shown to change the rate and chemoselectivity of ground state chemical reactions via the formation of light–matter hybrid
polaritonic states. However, the observation that vibrational-mode symmetry has a large
influence on charge transfer reactions under VSC suggests that symmetry considerations
could be used to control other types of chemical selectivity through VSC. Here, we show that
VSC influences the stereoselectivity of the thermal electrocyclic ring opening of a cyclobutene
derivative, a reaction which follows the Woodward–Hoffmann rules. The direction of the
change in stereoselectivity depends on the vibrational mode that is coupled, as do changes
in rate and reaction thermodynamics. These results on pericyclic reactions
confirm that symmetry plays a key role in chemistry under VSC.

SINDHANA SELVI PANNIR SIVAJOTHI
Controlling chemical reactions using polariton condensates
University of California San Diego
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When photon modes and molecules interact strongly, they form hybrid light-matter states
called polaritons. Vibrational strong coupling is a promising avenue for modification of
chemical reactivity, but this modification through hybridization with light is deterred by the
presence of a massive number of quasi-degenerate dark modes. The macroscopic
occupation of a single mode by a large number of excitations, as observed in Bose-Einstein
condensation (BEC) offers promise for overcoming this issue. Here, we theoretically investigate
the effect of BEC of vibration-polaritons on the rate of electron transfer. A polariton
condensate offers a concentrated source of energy accessible to all molecules and thus
possesses a large capacity to modify chemical reactivity. The reaction rate constant increases
by several orders of magnitude under condensation, to the extent of substantial product yield
even for non-spontaneous chemical reactions for a range of parameters.

GIAN LORENZO PARAVICINI-BAGLIANI
Mueller polarimetry of chiral polaritons in WS2 coupled to a geometric phase cavity
G. L. Paravicini-Bagliani1, S. Saha1, M. Li1, J. Gautier1, F. Loren2, S. Azzini1, T. Chervy1, E. Lorchat3,
S. Berciaud3, L. Martin-Moreno2, T. Ebbesen1, and C. Genet1
(1) ISIS, Université de Strasbourg, 67000 Strasbourg, France
(2) Quantum Matierals and Devices, Universidad Zaragoza, Spain
(3) IPCMS, Univerité de Strasbourg, 67000 Strasbourg, France

Here we study valley excitons of a monolayer transition metal dichalcogenide (WS2) coupled
to surface plasmons on a patterned gold surface acting as a cavity. The slow rotation of slits
as shown in Fig.1, is responsible for the acquisition of a geometric phase or Berry phase[2],
which possesses a topologically protected farfield response also known as spin Hall effect.
Crucially, such a plasmonic cavity locks together the free space photon momentum and the
optical spin degree of freedom. WS2 on the other hand, naturally locks together the valley
degree of freedom with the optical spin. Placing the WS2 in the immediate vicinity of the gold
surface, suppresses the emission of photons directly to free space (local free space photonic
density of states is zero). Instead, plasmons are excited thanks to the strong light-matter
coupling.
By transitivity, we obtain a valley index - photon momentum locking mechanism induced by
the spin-orbit coupling.[1] Even at room temperature, this enables to reduce valley
decoherence suffiently and thus to maintain a valley polarization. The chiral polariton
excitations present in the system have a rich polarization response when coupling to different
TE and TM surface plasmon modes with and without a geometric phase. Here we employ
Mueller matrix polarimetry to study the strongly coupled system. Thereby, we have obtained
the full polarization response of the system in the form of a 4x4 transfer matrix M as function of
the incident photon in plane momenta kx and ky as well as photon energy.
As shown in Fig.1, the measurement reveal a rich polarization response induced by the strong
spin-orbit coupling. E.g polarization properties at the lower and upper polariton branches can
be studied separately when under strong coupling with different TE and TM plasmons. The
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energy resolution is high enough to observe polarization properties inside plasmonic and
photonic bandgaps produced by the light matter coupling and study symmetry properties
induced by the coupling.

Fig.1 (inset) SEM picture of the geometric phase cavity in part covered by monolayer WS2 (colored red).
(main)Normalized 4x4 Mueller matrix M (m00=1) vs. in-plane momenta kII=(kx,ky) at the energy of the lower
polariton (1.973 eV+-1meV). An input Stokes vector Sin is mapped to a reflected polarization state Sout with
Sout=MSin. This describes the complete optical response for any input polarization, photon momentum and
energy (not shown).

Contact e-mail: paravicini@unistra.fr, genet@unistra.fr,
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BREAKOUT ROOM 4
MAXIM POSAZHENKOV
Heat transfer effect on localization of an exciton-polariton fluid
National Research Nuclear University MEPhI (Moscow Engineering Physics Institute)

A set of coupled Ginzburg-Landau equations describing the localization dynamics of an
exciton-polariton Bose condensate is considered. Various phenomenological modifications
are studied to account for the effect of local retarded heating of the crystal lattice due to
exciton-phonon interaction at high densities produced by the resonant pumping.
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MICHAEL REITZ
Floquet engineering of molecular dynamics via infrared coupling
Max Planck Institute for the Science of Light

We discuss Floquet engineering of dissipative molecular systems through periodic driving of
infrared-active vibrational transitions, either directly or via a cavity mode. Following a polaron
quantum Langevin equations approach, one can derive correlation functions and stationary
quantities showing strongly modified optical response of the infrared-dressed molecule. The
coherent excitation of molecular vibrational modes, in combination with the modulation of
electronic degrees of freedom due to vibronic coupling can lead to both enhanced vibronic
coherence as well as control over vibrational sideband amplitudes. The additional coupling to
an infrared cavity allows for the controlled suppression of undesired sidebands, an effect
stemming from the Purcell enhancement of vibrational relaxation rates.

BENJAMIN ROUSSEAUX
Quantum theory of the optical response of multisubband plasmon-phonon polaritons
B. Rousseaux, Y. Todorov, A. Vasanelli and C. Sirtori
Laboratoire de Physique de l’École Normale Supérieure, ENS, Université PSL, CNRS, Sorbonne Université,
Université de Paris, F-75005 Paris, France

Multisubband plasmons are collective excitations of quantum confined electrons in doped
semiconductor quantum wells. These plasmon resonances are determined from the interplay
between dipole-dipole interactions and the shape of the quantum confining potential. In
highly doped systems, a remarkable feature is the emergence of a few superradiant plasmon
modes that sum the overall oscillator strength of all electrons. These superradiant modes
completely determine the optical response of the system.
Here, we provide a full quantum theory of the coupling of multisubband plasmons with optical
phonons. Our model explicitly takes into account the quantum confinement of electrons, and
surprisingly shows that the interaction develops on both superradiant and dark excitations
modes. Thus, dark plasmon modes can also weight in the optical response through the dipole
interaction with the optical phonons. These results are confronted with a semiclassical
approach, and while we find that both descriptions match in the metallic limit (for a highly
doped semiconductor layer), the quantum theory yields very different predictions in
asymmetric quantum wells. Furthermore, our final result is expressed as a local dielectric
function of the polariton modes that can be readily applied for the modelling of complex
photonic structures.
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Fig. 1: (a) Sketch of a heterostructure made of a highly doped semiconductor layer of thickness Lz in
between undoped semi-infinite media. (b) Example of three quantized energy levels in the QW
corresponding to the doped layer, with their wavefunctions ψi(z). The Fermi level EF determines the
electronic populations of the levels. (c) Associated microcurrents jα(z) (α=i,j) corresponding to each
transition of angular frequency ωα.

BREAKOUT ROOM 5
MÓNICA SÁNCHEZ-BARQUILLA
Light-matter interactions in arbitrary photonic structures
M. Sánchez-Barquilla, R. E. F. Silva, and J. Feist
Departamento de Física Teórica de la Materia Condensada and Condensed Matter Physics Center
(IFIMAC), Universidad Autónoma de Madrid, E-28049 Madrid, Spain

Strong coupling of quantum emitters with confined electromagnetic modes of nanophotonic
structures may be used to change optical, chemical and transport properties of materials, with
significant theoretical effort invested towards a better understanding of this phenomenon.
However, a full theoretical description of both matter and light is an extremely challenging
task. Typical theoretical approaches simplify the description of the photonic environment by
describing it as a single or few modes. While this approximation is accurate in some cases, it is
not trivial in complex environments, such as within plasmonic nanocavities, and the
electromagnetic environment must be fully taken into account. This requires the quantum
description of a continuum of bosonic modes, a problem that is computationally hard. We
investigate a compromise where the quantum character of light is taken into account at
modest computational cost. To do so, we focus on a quantum emitter that interacts with an
arbitrary photonic spectral density.
First, we employ the cumulant or cluster expansion method [1-3] to the Heisenberg equations
of motion up to first, second and third order [4]. We benchmark the method by comparing
with exact solutions for specific situations and show that it can accurately represent dynamics
for many parameter ranges.
Second, we employ a chain-mapping based transformation. After few sites, the chain
reflections become negligible [5,6], so adding dissipation allows the description of the
dynamics of the quantum emitter even at long times.
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SITAKANTA SATAPATHY
Brightening of a Dark Excited State Isomer via Funneling of Exciton Polaritons
City University of New York

Organic polaritons offer strong potential in mediating long-range energy transfer between two
individual donor and acceptor chromophores. Based on this concept, one timely question in
the context of polariton chemistry could be framed in terms of opening up of a new avenue
by
polaritons for communication between two excited state isomers of the same molecule. Here,
we address this in a microcavity by directly inducing a polariton energy transfer (PET) pathway
in between two photoexcited isomers (present in different amounts) of a strongly coupled
organic semiconductor. The PET induced a complete spectral weight modification along with
photoluminescence enhancement from a dark TICS (twisted intramolecular charge transfer)
isomer of the molecule, which was previously inaccessible in the absence of strong coupling.
Concentration dependent Raman spectra comparison for the bare and microcavity film
structures shows no evidence for any polariton induced photochemical change which further
confirms establishment of an efficient polariton energy transfer pathway in between two
photoexcited isomers strongly coupled to a cavity mode.

KAI SCHWENNICKE
Enantioselective Topological Frequency Conversion
University of California at San Diego

We show that coupling a chiral molecule to a set of slowly modulated electric fields results in
the quantization of the time-averaged energy pumping rate between fields with
incommensurate modulation frequencies. This phenomenon is topological in nature, and the
topological quantity is enantioselective. The result is a quantum spin Hall-like effect, where the
energy pumping rate for the two enantiomers differs in sign. We suggest that this difference in
pumping rates measures the enantiomer excess and chirality of a molecular sample.
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BREAKOUT ROOM 6
PHILIP THOMAS
A New Signature for Strong Light–Matter Coupling Using Spectroscopic Ellipsometry
Philip A Thomas, Wai Jue Tan, and William L Barnes
Department of Physics and Astronomy, University of Exeter, Exeter, United Kingdom

Light–matter interactions can occur when an ensemble of molecular resonators is placed in a
confined electromagnetic field. In the strong coupling regime the rapid exchange of energy
between the molecules and the electromagnetic field results in the emergence of hybrid light–
matter states called polaritons. Multiple criteria exist to define the strong coupling regime,
usually by comparing the splitting of the polariton bands with the line widths of the uncoupled
modes. Here, we highlight the limitations of these criteria and study strong coupling using
spectroscopic ellipsometry, a commonly used optical characterization technique. We identify
a new signature of strong coupling in ellipsometric phase spectra. The combination of
ellipsometric amplitude and phase spectra yields a distinct topological feature that we
suggest could serve as a new criterion for strong coupling. Our results introduce the idea of
ellipsometric topology and could provide further insight into the transition from the weak to
strong coupling regime.

STEPHAN VAN DEN WILDENBERG
Photoluminescence of molecular quantum emitter strongly coupled to a plasmonic
nanocavity
University of California - San Diego

Metallic nanoparticles can support localized surface plasmon modes which correspond to
resonances of the electromagnetic field. The interaction between these resonances and
quantum emitters has received much attention during the last years because of the small
mode volumes associated with plasmon resonances. Quantum emitters confined near the
nanoparticle can enter the strong coupling regime, where excitation energy can be reversibly
transferred between the emitter and the particle on a timescale that is smaller than the
nanoparticle lifetime. Furthermore, the enhanced field strength in the neighborhood of the
particle and the reduction of the molecular excitation lifetime opens a way to probe
molecular dynamics in the strong coupling regime by photoluminescence. In this work, we
report on the computation of the dynamics of a dye molecule strongly coupled to a plasmonic
nanocavity. We illustrate the effect of vibrational dynamics on the photoluminescence
spectra obtained upon electronic excitation of the molecule. We show that even though the
strong coupling regime is achieved, it might not be reflected in the photoluminescence
spectra because of the ultrafast decay of the excitation in the cavity during the molecular
deformation.
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ROBRECHT VERGAUWE
Altering enzymes with water vibrational strong coupling
Robrecht M. A. Vergauwe(1), Anoop Thomas(1), Kalaivanan Nagarajan(1), Atef Shalabney(2),
Jino George(1),(3), Thibault Chervy(1),(4), Marcus Seidel(1), Eloïse Devaux(1), Vladimir Torbeev(1),
Thomas W. Ebbesen(1)
(1) University of Strasbourg, CNRS, ISIS, 8 allée Gaspard Monge, 67000 Strasbourg, France
(2) Atef Shalabney, Braude College, Snunit Street 51, Karmiel 2161002, Israel
(3) Present address: Department of Chemistry, IISER Mohali, SAS Nagar, Manauli PO, 140306 Mohali,
India
(4) Present address: Department of Physics, ETH Zurich, Otto-Stern-Weg 1, 8093 Zurich, Switzerland

Vibrational strong coupling (VSC) of molecular materials involves the hybridization of a
vibrational transition to a photonic cavity mode.1-4 It has been shown that it can modify
ground state reactivity which opens the prospect of site selective chemistry within complex
molecules.5-6 We show that the strong coupling of water can modify the activity of an
biological enzyme, which we reported recently as first in the field.7 Our detuning and
dispersion measurement demonstrate that the strong and the ultrastrong coupling regime be
reached with Fabry-Perot cavities for the OH-stretching and OH-bending vibration of water.
Using a custom ratiometric fluorescence-based assay compatible for measurements in
cavities, we are able to study the catalytic activity the digestive enzyme pepsin. Remarkably,
only coupling of the OH-stretching vibration influences a 4.5-fold decrease of the apparent
second order rate constant. No effect could discerned of the OH bending mode. Because of
the dual role of water in this system, two primary effects of VSC on proteins might exist:
modifying chemistry and modifying protein conformation.
Overall, these results open up a new application field of light-matter strong coupling:
modifying biomolecular structure and function. This holds great promise for future advances in
biophysics, biochemistry and bionanotechnology guided by concepts from quantum and
nano-optics.
[1] J. George et al., J. Phys. Chem. Lett. 6 (2015) 1027-1031
[2] A. Shalabney et al., Nat. Commun. 6 (2015) 5981
[3] J. George et al., Phys. Rev. Lett. 117 (2016) 153601
[4] J. P. Long et al., ACS Phot., 2 (2015) 130-136
[5] A. Thomas et al., Angew. Chem. Intl. Ed. 55 (2016) 11462-11466
[6] A. Thomas et al., Science, 363 (2019) 615-619
[7] R. Vergauwe et al., Angew. Chem. Intl. Ed., 58 (2019) 15324-15328

KUIDONG WANG
Large optical nonlinearity enhancement under electronic strong coupling
Kuidong Wang, Marcus Seidel, Kalaivanan Nagarajan, Cyriaque Genet and Thomas Ebbesen
University of Strasbourg, CNRS, ISIS & icFRC, 8 allée Gaspard Monge, 67000 Strasbourg, France

64

Strong coupling of an optical mode with the organic materials paves the way for
understanding the light matter interactions. With the existence of this hybrid light-matter state,
many properties of the material, including the conductivity of the organic semiconductor[1],
the dynamics of the molecule[2] and the energy transfer rate between the molecules[3], are
modified significantly. Besides, recent studies also connected the hybrid light-matter states of
specific organic materials with their nonlinear optical responses. For instance, the second
harmonic generation[4] and the third harmonic generation[5], can be enhanced remarkably
under strong coupling condition. However, the measurements in these works are only focused
on some specific nonlinear optical phenomenons, this limits their generality in other nonlinear
optical processes. In addition, the synthesis of those molecules is quite complicated, which
precludes their practical application.
In our work, we strongly coupled the excitons of J-aggregate cyanine molecules (TDBC) to an
optical mode in a Fabry-Perot cavity, and measured the nonlinear refractive index (n2) and
nonlinear absorption coefficient (β) of the coupled system via Z-scan technique. Under the
hybrid light-matter state, those coefficients can be enhanced more than 2 orders of
magnitude compared with that for the bare molecule film. This finding makes it possible to
study the effect of strong coupling on a series of n2, β-related nonlinear optical phenomenons.
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Fig. 1. Absorption spectrum of the light-matter coupled system.
2.0
1.3

1.6

T

T

1.2

1.1

1.0

0.9
-15

nocavity-10nJ
cavity- 0.5nJ

Closed aperture

nocavity-10nJ
cavity- 0.5nJ

Open aperture

1.2

0.8
-10

-5

0

5

10

15

Z (mm)

-15

-10

-5

0

5

10

15

Z (mm)

Fig. 2. Open and Closed aperture Z-scan measurements at 642nm for the bare molecule film and the
coupled system, respectively.
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