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Strong light—matter interactions: a new direction
within chemistry

Manuel Hertzog, 2 + Mao Wang, "= 1 Jurgen Mony 2 and Karl Bérjesson 2 *

It is possible to modify the chemical and physical properties of molecules, not only through chemical
modifications but also by coupling molecules strongly to light. More intriguingly, strong coupling
between molecules and light is possible even without the presence of a photon. The phenomenon that
makes this possible is called vacuum fluctuations, which is the finite zero point energy of the quantized
electromagnetic field inside an optical cavity. The light—matter coupling, which can be as large as 1 eV
(100 kJ mol™), leads to the formation of new hybrid states, called polaritons. The formed hybrid states
can be viewed as a linear combination of light (vacuum field) and matter (molecules), thus completely
changing the energy landscape of the system. Using vacuum fluctuations, strong light—matter interactions
have for instance been used to change chemical reactivity, charge conductivity, excited state relaxation
pathways and rates of chemical reactions of organic molecules. In this review a brief history of the field is

given, followed by a theoretical framework, methods of analysis, and a review of accomplishments.
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1. Introduction

For centuries, scientists and philosophers have described matter as
an independent and isolated component in nature. This reductionist
vision has led to an approach to science where scientists analyzed
phenomena based on the individual components of the system.
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Finally, a personal reflection on the future perspectives and applications within this field is given.

Modifying the chemical and physical properties of molecules by
chemical synthesis is therefore ubiquitous throughout science.
In the classical hypothesis, the properties of a system are the
trivial sum of the properties of their individual components. In
1972, Anderson published a seminal paper ‘More is different’ in
which he described a distinction, in a conceptual way, between
the properties of isolated constituents and the qualitative
properties of a macroscopic system, a phenomenon defined as
emergence." In molecular science, emergent properties are
often due to intermolecular interactions. Exciton coupling is
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an example of how intermolecular interactions can affect molecular
properties. Organic dyes can self-aggregate at high concentrations.
If the distance between molecules is small enough, Coulomb
interactions between the transition dipole moments on different
molecules will be significant. This results in the resonant transfer
of excitation energy from one molecule to another within the
aggregate, Le., there is a delocalization of the excitation. The
strength of the exciton-exciton coupling depends on the magnitude
of the transition dipole moment, the relative orientation between
monomers (transition dipole moments), and the intermolecular
distance. The coupling can be regarded as “strong” if the time scale
of excitation energy transfer is faster than other decay pathways of
the molecule (spontaneous emission, dephasing, etc.).” The system
is now characterized with new eigenstates resulting from the
coupling, giving a significant modification of the optical properties
of the aggregate as compared to the isolated molecular case.? Thus,
the absorption spectrum of the aggregate is either red shifted
(J-aggregates) or blue shifted (H-aggregates) depending on the
relative orientation of the transition dipole moments between
molecules in the aggregate.*

Similar to exciton coupling, molecular properties can be
affected by other types of surroundings. Until the beginning of
the 20th century, light and matter have been treated as different
entities, with their own specific properties (Fig. 1). The development
of quantum mechanics has enabled the theoretical description of
the interaction between light-quanta and matter.> An experimental
demonstration of this interaction is, e.g. the modification of the
radiative decay of a molecule in the vicinity of a metallic
surface,® or the Purcell effect.” These two experiments have
shown that molecules can be affected by the surrounding
electromagnetic environment. However, only the radiative rate
constants are affected and the system is in the so-called weak
coupling regime. The first experimental demonstration of strong
exciton-photon coupling (where not only radiative decay rates
are affected, but new energy levels are formed) was reported by
Yakovlev et al. in 1975.° Likewise, in 1982, Pockrand et al.
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Fig. 1 Historical evolution of the approach to explain light—-matter
interactions.

reported exciton-surface plasmon strong coupling of Langmuir-
Blodgett monolayer assemblies on a silver surface.” The
theoretical description of these phenomena was first provided by
Jaynes and Cummings™® and the coupling to surface plasmons by
Agranovich and Malshukov.'" Over the following 20 years a
tremendous interest arose in the field of strong coupling using
inorganic semiconductors’*** (quantum wells) or Rydberg
atoms™*® in high finesse Fabry-Pérot resonators at low temperature
with remarkable realizations, e.g. polariton Bose-Einstein con-
densates,"”** and superfluidity.”>*° The Nobel Prize in physics
2012 was awarded to Serge Haroche and David J. Wineland for
their seminal work within strong light-atom coupling. Despite
the considerable amount of literature published based on
inorganic materials, as well as organic materials in microcavities
in the weak coupling regime,” " strong exciton-photon coupling
using organic molecules was only introduced theoretically®* by
Agranovich et al. in 1997 and demonstrated experimentally one
year later by Lidzey et al. in a pioneering paper.** Following those
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milestones, it has been an ever-growing increase of interest in
using organic molecules (Frenkel excitons) due to their large
transition dipole moments providing a larger coupling strength
as compared to inorganics (Wannier-Mott excitons).**™** In fact,
organic molecules enable, due to their large transition dipole
moments and large binding energy, the possibility to explore the
effect of strong coupling on the physical and chemical properties
of organic molecules at room temperature.

2. Theoretical considerations when
going into the strong coupling regime

Despite its common usage, the term strong coupling is used in
different disciplines to mean different things. We will introduce
the basics of strong light-matter interactions by starting with the
classical analogy of two coupled harmonic oscillators. When two
harmonic oscillators are uncoupled, they behave independently.
By this, they display their own measurable parameters (e.g
frequency). However, when the coupling between them is strong
enough, the two oscillators start to exchange energy periodically
and the system behaves as one single entity. Thus, the energy
spectrum of the system is modified, leading to an avoided
crossing (Fig. 2a). Let’s consider two undamped harmonic
oscillators with masses M, and Mg and spring constants ks
and kg, coupled together with a spring constant k¢ (Fig. 2b).
Newton’s second law describes the motion for the system:

MpJia + kaxp + kc(xa — x5) =0 (1)
MgiXp + kpxg — ko(xa — xg) = 0 (2)

Solving the differential equations yields two new normal modes:

Wy = %(wA + wp + \/(wA — wB)2 + 492) (3)

where w, and wg are the frequencies of the two oscillators, 2 is
the frequency splitting and w. are the two new frequencies of
the system. At resonance, i.e. when w, = wg = , eqn (3) reduces
to wy = w £ Q. The energy separation between the two new
modes is called normal mode splitting (Fig. 2a). The phenomenon
depends on the strength of the coupling spring constant k¢
compared to the strength of the other spring constants.
Eqn (1) and (2) do not take damping into account, which can
be introduced with a frictional term (ya%a in eqn (1), and ypip

(b)

kA MA /\'(' MB kB

Frequency

Detuning

Fig. 2 (a) Anticrossing behavior of two classical oscillators coupled
together. Detuning is defined as the frequency difference between wa
and wg. (b) Schematic figure of two harmonic oscillators coupled together.
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in eqn (2)). Two different regimes can be defined: the weak and
the strong coupling regime. When Q > (ya/my + yp/mg), i.e. the
dissipation is smaller than the coupling strength, the system is
in the strong coupling regime, leading to a shift of the eigen-
frequencies and a characteristic frequency splitting (symmetric
and anti-symmetric) of the system.*> These normal mode-splitting
and avoided crossing phenomena are commonly observed in
macroscopic systems, e.g. classical harmonic oscillators,*® acoustic
waves”” or quantized mechanical oscillators.*® It is instructive to
have the coupled oscillator model in mind when reading the
following sections describing the underlying quantum aspects of
strong light-matter interactions.

2.1 Vacuum fluctuations

Having defined what strong coupling means from a classical
perspective, we will now move on to discuss the quantum
description of the phenomenon. The classical description cannot
explain all the signatures of strong coupling due to the presence of
the vacuum field. Vacuum fluctuations, or zero-point energy, first
appeared in Planck’s second theory of blackbody radiation and
Einstein’s theory of molecular agitation at zero temperature in
1911 and 1913, respectively.*>*° In 1916, Nernst emphasized that
the zero point energy exists in a field mode,”" which was later
confirmed through the quantum theory of the electromagnetic
field. Vacuum fluctuations are described as the ground state
energy of the quantized electromagnetic field. The fundamental
commutation relation [X,p] = i7i avoids simultaneous vanishing
of the kinetic and potential energy, and the energy of the ground
state is a compromise between those two energies due to the
Heisenberg uncertainty relation. This pure quantum effect is
mostly known to explain the Casimir effect’ and the Lamb shift
in the atomic spectra of the hydrogen atom when particles
interact with the fluctuations of the quantized vacuum field,
leading to small energy shifts.>® Mulliken used vacuum fluctuations
to explain the vibrational spectrum of Boron monoxide in
1924,>* a year before the quantum formalism. More recently,
vacuum fluctuations were directly measured.>® In the case of an
optical cavity (see Section 3.1 for definition), the strength of the
vacuum electric field (Eyac) is given by

howe

Evac = 260V

4)

where w, is the cavity frequency, ¢, is the vacuum permittivity,
and V is the mode volume of the cavity.

2.2 The interaction between light and matter

In order to describe light-matter interactions as coupled quantized
harmonic oscillators, we need to make approximations. Many
theoretical approaches rely on the long-wavelength limit, also
called the dipole approximation, which assumes that the wave-
length of the electromagnetic field is much larger than the
molecular length scale. The coupling is therefore only described
by the total transition dipole moment of the molecule and a
uniform electric field. Furthermore, molecules remain with a
high probability in their ground state, and the excited state

Chem. Soc. Rev., 2019, 48, 937-961 | 939
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energy level is modelled as a harmonically bound particle,
excited by the light field. This approximation is called the
Thomson-Lorentz model of the atom, and represents an atomic
ensemble as a collection of oscillators. In addition, an electro-
magnetic field can also be described as a collection of indepen-
dent oscillators.>® Before introducing a quantum description of
strong coupling, we need to emphasize on the notion of the
transition dipole moment. It is the key parameter that deter-
mines the light-matter interaction using a dipole-dipole inter-
action. The transition dipole moment (;i) defines the strength of
interaction that causes a transition between an initial state ¥;
and a final stateW:

czﬂf = <gjf‘62|l}’i> = JTf*12T1d3F [5)

This explains why some molecules absorb and/or emit more
than others. The coupling V between light and matter is
described by a dipolar coupling:

V=-—d& (6)

where £ the electric field operator. The scalar product in eqn (6)
implies that the relative orientation between d and £ is of

importance as recently shown experimentally.’”*® Fermi’s
golden rule describes the transition rate (I') between two states:

r=27-& (e %

T h

where p(E) is the density of states (DOS) at energy E. Fermi’s
golden rule states that the rate of spontaneous emission
depends on the DOS of the coupled electromagnetic field. Thus,
a change in the electromagnetic DOS can drastically change the
rate of spontaneous emission, which is the so-called Purcell
effect.” An experimental demonstration of this effect at optical
frequencies was first reported by D. J. Heinzen et al. in 1987.>°
Inside a cavity, the spontaneous rate of emission is enhanced
when the molecule is in resonance with a field mode, because
the photon DOS is increased inside the cavity with respect to the
free space DOS.

Intuitively, when a molecule emits inside a cavity, the photon is
reflected by the mirrors and subsequently remains inside the
cavity. Therefore, the probability of reabsorption by the molecule
is enhanced. If this probability is higher than the probability of
photon leakage through the mirror and the non-resonant decay
rate of the molecule, then the system enters the strong coupling
regime, which we will explore further in this review.

2.3 A quantum description of the strong coupling regime

In the following section, we will introduce the concept of strong
coupling in the framework of cavity quantum electrodynamics
(cQED), which describes the properties of a quantized electro-
magnetic field and an atomic system coupled together. A
simple model in cQED consists of a two-level atom interacting
with a single mode of the electromagnetic field. In this case, the
system is described by the well-known Jaynes-Cummings
Hamiltonian,'® which describes the system as the sum of the

940 | Chem. Soc. Rev., 2019, 48, 937-961
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molecule, the electric field, and the molecule—field interaction
within the rotating frame approximation:
PAIJC = Flmol +Flcav + I:Iint
I o TP )

= Ehw&: + hw, (&'Zz + 5) + figo(a'e + ac")
where 6,, ¢ and 6" are Pauli matrices for inversion, raising and
lowering, respectively, @ and 4" are creation and annihilation
operators for the field mode, w and . are the transition
frequencies of the molecule and the cavity, respectively, and
go is the magnitude of the light-matter coupling strength. In
the interaction Hamiltonian (eqn (8)), the terms 46 correspond
to the transition from the ground state of the molecule to an
excited state, simultaneously annihilating a photon in the
cavity (46" is the reverse process). This model can be extended
to N molecules using the Tavis-Cummings Hamiltonian, by
taking the limit of a large number of molecules and a small
number of photons. This is done with the Holstein-Primakoff
transformation,®® which changes the collective spin operator

A~ N . A o+
S =36 into a bosonic operator, b, for each (,,6,67). The
i=1

collection of molecular two-level systems now acts like a giant
quantum oscillator, which can be expressed with the following
Hamiltonian:*"%?

~ N PN ~ ~
H ~ ho (—3 + bTb) + liwedta + hg(fﬂb T abt ) 9)

where g = gyv/N is the collective coupling. The collective
coupling is of fundamental importance and implies that the
light-matter coupling strength is enhanced by a factor v/N.
Thus the molecular concentration is the relevant figure of merit
for achieving a large g, since the coupling also depends on the
field volume /(1/V) (eqn (4) and Fig. 3e).

The Jaynes-Cummings Hamiltonian can be diagonalized via
the Hopfield-Bogoliubov method yielding the two eigenstates
of the system.®® The two eigenstates are linear combinations
of light and matter, also called polaritonic states or polaritons.
Polaritons are dressed states of the molecule-field system
given by

{Pﬂ = ale,0) + flg, 1)
(10)

[P7) = Ple,0) —alg, 1)

where |g), |e) represent, respectively, the ground and excited
state of the molecule, and |0), |1) are the Fock states of the cavity
(¢.e. the number of photons). From eqn (8) and (9) we can extract
the ratio between the optical and material character of the
polariton, the Hopfield coefficient, defined as |«|> and |f|>. At
resonance, i.e. when the transition frequency of the molecule
matches the frequency of the cavity, the polariton is a hybrid
state of half-light and half-matter (Fig. 3b). We define the
detuning of the cavity as red (or negative) when the frequency
of the cavity is smaller than the molecular transition and
as blue (positive) in the other case. The energy difference
between the upper and lower polariton is called the vacuum

This journal is © The Royal Society of Chemistry 2019
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Fig. 3 (a) Polariton dispersion at resonance and (b) corresponding Hopfield
coefficients, where |of> + B> = 1. (c) Jablonski diagram of a coupled
molecule—cavity (electronic or vibrational transition) system showing the
new hybrid polaritonic states with Rabi splitting 7#Qg. (d) Angle resolved
transmission spectra of erythrosine B inside an optical cavity. (e) Absorption
spectra of erythrosine B inside an optical cavity as a function of concentration
(from 0.01 M to 0.54 M). Reproduced from ref. 184 with permission from
Springer Nature, copyright 2018.

Rabi-splitting (7Qg; Fig. 3c). It can be expressed as a function of
coupling strength, g:

haoe

hQg = 2hg = 2dvV/N
R = 2hg = 2dVN 260V

(11)
An important feature of polaritonic states is their dispersive
behavior inherited from their photonic component. The cavity
photon modes have a strong in-plane dispersion, and the
energy for an optical cavity is

he mm\
Ee(ky) = (L ) + kP

(12)
cav

where 7. is the background refractive index, ¢ the speed of light,

L.,y the cavity thickness and m the cavity mode number. The

in-plane wavevector k| is related to the wavelength and angle of

incidence 0 through

2
ky == sin0

- (13)

The energy of the exciton is wavevector independent, whereas
the cavity photons show a strong in-plane dispersion. Thus, the
resulting cavity polaritons also show a strong in-plane dispersion as
shown in Fig. 3a and d. This strong angle dependence of the cavity

This journal is © The Royal Society of Chemistry 2019
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mode energy implies that one can tune the resonance frequency by
simply varying the angle of incidence when measuring.

This section has introduced the basics of the quantum
description of strong light-matter interactions. One should
remember the key parameters to increase the coupling: the
transition dipole moment of the molecule, the number of molecules,
the mode volume and the relative orientation between the transition
dipole moment of the molecule and the electric field. However, the
transition between weak and strong coupling is not clearly
defined in the Jaynes-Cummings Hamiltonian. The next section
describes the conditions to characterize a system in the strong
coupling regime.

2.4 The strong coupling limit

At resonance the relative strength of the coupling is governed
by three parameters: the photon decay rate of the cavity, x, the
non-resonant decay rate of the molecule, y, and the coupling
strength, g. These three parameters define, in the time domain,
the dynamics of the system. When g « (k,y) the system is in the
weak coupling regime. Conversely, when g > (k,y) the system is
in the strong coupling regime. In the strong coupling regime,
the light-matter interaction is faster than dissipation processes.
Therefore, the molecule interacts coherently with the cavity and
can emit and again absorb cavity photons several times before
the cavity photon is lost. In other words, there is a delocalization of
the energy in the system. Both x and 7 are related to experimental
measurable parameters, that is the linewidth of the cavity and the
linewidth of the molecular absorption band, respectively. Strong
coupling occurs when the splitting (at resonance) is larger than the
transmission linewidths, ie. 2¢ > (y + x)/2.°*% The transition
between weak and strong coupling occurs when both polaritonic
branches are spectroscopically resolved, i.e. the splitting (Qr) must
be larger than the full width at half maximum (FWHM) of the bare
molecule absorption (Awy) and the cavity mode (Aw,).

Awc + Awx

Qr > 3

(14)
However, the aforementioned criterion is not sufficient to char-
acterize the system as being in the strong coupling regime. In the
weak coupling regime, splitting can for example occur because of
inhomogeneous broadening,*® cavity induced transparency,”*° or
Fano resonance in plasmonic structures.”””> Therefore, the
dispersive nature of the polaritonic states should always be
measured, as to visualize the anticrossing between the cavity
mode and the exciton (Fig. 3d).

The relative strength of the coupling can be measured by the
ratio between the frequency (or energy) of the cavity mode and
the Rabi frequency (or energy). When this ratio is greater than
0.1 to 0.2 the system is in the so-called ultra-strong coupling
(USC) regime.>® In the USC regime, the energy of the coupling is
significant as compared to the energy of the molecular transition.
This causes the rotating wave approximation to break down and
needs to be described within the framework of the Dicke
Hamiltonian.”>”* Eqn (8) must therefore be modified to take
anti-resonant terms into account.”” In the USC regime, new
phenomena appear, e.g. photon blockades,”®”” superradiance,”®

Chem. Soc. Rev., 2019, 48, 937-961 | 941
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ground state modifications,”%°

molecules® ®” to achieve ultra-efficient light emission.

and more recently using organic
88-90

2.5 Modelisation of strong coupling phenomena

The following section will discuss the modelisation of hybrid
light-matter systems. In order to fit and extract parameters from
experimental data, the coupled harmonic oscillators (CHO)
model is a common and simple approach.”* The CHO model
treats the cavity and the exciton as coupled oscillators with a
coupling element 1/2/Q%. This method has the advantage to be
solvable analytically, yet captures most of the essential underlying
physics. When dealing with one exciton and one cavity photon,
the coupling is described by a 2 x 2 matrix Hamiltonian:

hQr
2 o o
=K
Ex(ky) | P b
where E( is the cavity energy, Ex is the exciton energy, and /¢y, is
the Rabi-splitting. Diagonalization of this Hamiltonian leads

to the eigenvalues of the Hamiltonian, which represent the
polariton energies and in-plane dispersion (Fig. 3a).

_ Fe(ky) + Ex(ky)
2

(15)

/() + (Ec (k) — Ex (ky))”
(16)

E*(ky)

Eqn (15) (or (16)) can be used to fit the Rabi splitting (Ex and E¢
are then fixed values taken from independent measurements),
using spectra taken at different angles of incidence. Furthermore,
one can extract the Hopfield coefficients through the eigenvectors:

|(x|2 = % 1 AEi(k!) (17)
AE(kH) +4g?
) P—li) 18)

AE(/{H)Z + 4g2

where AE(k) = Ex(k|) — Ec(kj). Eqn (15) can be extended to an
N x N matrix to include more molecular transitions.

Another method to model experimental data is to use a pure
electromagnetic approach based on Maxwell’s equations. Both
the Transfer Matrix Method (TMM) and the Finite-Difference
Time-Domain method (FDTD) are widely used. The TMM approach
can simulate the transmission/reflection spectra and the electrical
field amplitude of a one-dimensional multi-layered structure. It
calculates the electrical field in each layer and boundaries using
Fresnel coefficients.”** This approach is very practical for Fabry-
Pérot cavities. For plasmonic systems, the FDTD method is widely
used and we refer interested readers to reviews from Gray for details
on this method.”*” Both these approaches take accurate account
of the ‘light’ part of the strong coupling phenomenon but do
not provide accurate information on the ‘matter’ part. While
traditional approaches from quantum chemistry, such as the
Born-Oppenheimer approximation, Hartree-Fock method,”®

942 | Chem. Soc. Rev., 2019, 48, 937-961
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density functional theory’>'%° (DFT), coupled-cluster theory™**
or time dependent density functional theory'®> (TDDFT), are
able to describe the quantum nature of the matter they cannot
account for the quantized nature of the electromagnetic field.
To include the quantized electromagnetic field into TDDFT and
have an ab initio description of light-matter interactions,
quantum-electrodynamical density-functional theory (QEDFT)
was introduced to unify light and matter approaches,'**™% and
used, for example, to construct both electronic and photonic
observables of an azulene molecule in an optical cavity."*® For
more complete theoretical and computational descriptions of
light-matter interactions, we refer interested readers to recent
reviews.'?7 1%

To conclude, simple analytical models are often used to
describe strong light-matter interactions with good agreements to
fit data and extract parameters (e.g: coupling energy, cavity energy,
etc.). Recent years have seen a rapid development of ab initio
description of strongly coupled light-matter systems, which can
describe strong light-matter interactions more fundamentally.

3. Experimental methods to reach the
strong coupling regime

The prerequisite condition to reach the strong coupling (SC)
regime is a reversible exchange of energy, between an emitter
(organic dye, quantum dot, etc.) and an electromagnetic mode
of a cavity, on a faster timescale than energy dissipates from the
system. The major function of the cavity is to confine the
electromagnetic field, and thus enhance its interaction with
the emitter. For the reversible exchange of energy to take place,
the electromagnetic mode needs to be close to the resonant
energy of a molecular transition (electronic or vibrational). In
general, there are mainly two categories of cavities used in
coupling organic molecules strongly to light: the optical cavity
and the plasmonic cavity. In this section, we will go through the
basic concepts of these two types of cavities, and discuss their
properties in relation to strong coupling with organic materials.

3.1 The optical cavity

An optical cavity containing an arrangement of mirrors forms a
standing-wave resonator for electromagnetic waves."'® We shall
restrict our discussion here to the simplest case, namely a
planar cavity, also called Fabry-Pérot cavity (Fig. 4a). The cavity
consists of two plane mirrors separated by an adjustable length.
The mirrors are aligned parallel to each other so that light can
bounce back and forth between the mirrors forming standing
waves. The cavity is considered to be on-resonance when the
light is in phase after one round trip, giving a maximum of the
transmitted light through the cavity. Assuming no light penetration
into the cavity mirrors, the resonance condition occurs when the
cavity length, L.,,, is equal to an integer number of intracavity
half wavelengths (Fig. 4a):

A
Loy =m (ﬂ)
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Fig. 4 (a) The structure of a Fabry—Pérot cavity. The cavity length L, is equal
to an integer number of intracavity half wavelengths (1/2) between two mirrors
(M1 and M2). (b) A typical transmission spectrum of a Fabry—Pérot cavity. The
quality factor (Q-factor) is defined as the ratio between the resonant frequency
(w,) and the linewidth (w) of the cavity mode. (c) A common structure of
optical cavities used for strongly coupled organic materials, in which the active
material is sandwiched between two mirrors. (d) A schematic of a typical DBR
cavity. The DBR mirror contains multiple layers of alternating materials with
high and low refractive index. The photon field penetrates a certain distance
into the mirror. (e) Surface plasmon polaritons (SPPs) at a metal-dielectric
interface. The electric field decays exponentially away from the interface.
Because of this high spatial confinement, SPPs usually have a high local
electromagnetic field intensity. (f) Typical plasmonic cavities including
plasmonic nanoparticles, plasmonic gap and (g) surface plasmonic lattice.

where /, n and m are the wavelength of light, the refractive
index of the material inside the cavity, and an integer number,
respectively. The energy dissipation from a cavity (from absorption,
scattering or leakage through the imperfect mirrors) is characterized
by the quality factor (Q-factor):

Wy
Aw

0= (20)
where o, and Aw, are the resonant frequency and the linewidth
(FWHM) of the cavity mode, respectively (Fig. 4b). Generally, a
high Q-factor cavity is achieved by improving the reflectivity of
the mirrors. For reaching the SC regime, the Q-factor should be
as high as possible to reduce the energy dissipation from the
cavity. However, there is no reason why the Q-factor should be
much higher as compared to the linewidth of the molecular
transition being coupled. This is because it is the total dissipation
from the system (cavity + molecule) that should be slower than the
exchange of energy between the molecules and the cavity. As a rule
of thumb, a cavity with a FWHM roughly equal to the FWHM of
the molecular transition being coupled offers a good compromise
between Q-factor and transparency (the cavity needs to have a
finite transparency to be probed).

A commonly used cavity structure for strong coupling with
organic materials consists of (Fig. 4c) (1) a bottom mirror usually
supported by a transparent substrate (e.g. glass, quartz, CaF,,
ZnSe in the infrared, etc.); (2) an active layer, which normally
consists of thin films of organic materials. It is common to
disperse the chromophores into an inert matrix (e.g. polymer)
for better film quality and/or to adjust the coupling strength (the
coupling strength depends on the chromophore concentration);
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(3) a top mirror supported by the active layer. Thus, the thickness
of the solid active layer governs the resonance frequency of the
cavity (eqn (19)). It is also possible to make cavities using liquid
medium as the active layer. However, this is technologically
difficult for electronic transitions due to the nanometric scale
of the cavity."'" For strong coupling to molecular vibrations, it
is more easily achievable to have an active liquid medium, as it
requires a cavity length at the micrometer scale."*

In the early reports of strong coupling with organic materials,
distributed Bragg reflector (DBR) mirrors were mainly adopted
because of the high quality factor (10°-10%) of the formed
cavities.*>™>"™* A typical DBR mirror contains multiple layers
of alternating materials with high and low refractive indexes
(Fig. 4d). The constructive interferences from the reflections from
each layer add together to act as a high-quality reflector at a
specified wavelength range. The Q-factor of the cavity depends on
the number of pair repeats and the refractive index contrast
between the two dielectric materials. The thickness (/) of each
dielectric layer is about a quarter of the desired center wavelength
(7) of reflection:

A

l= n (21)

The resonant field of the DBR cavity reaches a maximum at the
dielectric interfaces and there is a significant penetration of light
into the mirrors. Materials such as SiO, and LiF are often used as
low refractive index layers, while the high index material usually
is SiN,, HfO,, or TiO,."** The inorganic oxide dielectric layers are
usually deposited using plasma enhanced chemical vapor deposition
(PECVD), which requires high substrate temperatures, preventing
deposition directly on organic materials. For top DBR mirrors,
LiF and SiO,, which can be deposited by high vacuum thermal
evaporation without damaging the underlying organic film, are
often the first layers to be deposited.

The fabrication of DBR mirrors requires advanced deposition
methods like chemical vapor/atomic layer deposition, which are
commonly expensive and time demanding. In contrast, metallic
mirrors are much easier to fabricate. Metallic mirror based
cavities have, therefore, become more popular in recent years.
Ag, Al and Au are the common metals used as mirrors because
of their high reflectivity and easy fabrication process. Metals can
conveniently be deposited on the surface of organic materials
with low or no damage using DC magnetic sputtering or thermal
evaporation. However, in our experience it is easier to make
high quality mirrors made of Au and Ag as compared to Al,
when depositing on very soft organic materials. Metallic mirror
based microcavities have a relatively low Q-factor (10-100),
which is limited by the intrinsic reflectivity (R) of the metals
(in the visible range: Ra; = 88-92%, Rag = 95-99% and Ry, = 98-
99% at 4 > 550 nm). However, since molecular transitions in
the condensed phase are broad (high rate of energy dissipation),
the small Q-factor of metallic mirror based cavities does not
pose a limitation when coupling organic molecules. The plasmonic
effects from the metal are often ignored when making metal mirror
based cavities. As the active materials are in direct contact with
the metal mirror, the plasmon from the metal can cause
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distorted mode dispersion curves and lead to inaccurate evaluation
of SC’s effect on material properties."*® A thin protection layer is
therefore advised to be inserted between the metal mirror and
the active material, as to avoid plasmonic effects from the metal
mirrors.

The boundary conditions for reflection of light at a metal
imply that the optical field intensity is nearly zero at the mirrors.
Thus, the penetration depth of light into the metal mirror (on
the order of 10 nanometers) is much smaller as compared to
DBR mirrors (on the order of hundreds of nanometers)."*” The
effective cavity volume is therefore much larger when using
metallic as compared to DBR mirrors. The coupling strength
between light and matter depends on the number of molecules
in the cavity mode volume (eqn (11)), and a larger collective Rabi
splitting can therefore be achieved when using metallic as
compared to DBR mirrors, because the larger available space
in the mode volume allows for a larger number of molecules in
the cavity volume. Today, the metal mirror based Fabry-Pérot
cavity is probably the most extensively used system to explore
the collective behavior of molecular materials in the strong
coupling regime.

3.2 Plasmonic cavities

Surface plasmons (SPs) are coherent delocalised electron oscil-
lations that exist at the interface between any two materials
where the real part of the dielectric function changes sign
across the interface (e.g. a metal-dielectric interface, Fig. 4e).
The charge motion of a surface plasmon can create electro-
magnetic fields outside (as well as inside) the metal. The surface
plasmon polaritons (SPPs) are hybrid modes between light and the
SP localised around the metal-dielectric interface."**"" Because of
the confinement effect from SPs, a SPP has a shorter wavelength
than the incident free-space light."** The confined volume of SPPs
usually leads to a high local electromagnetic (EM) field intensity,
which decays exponentially away from the metal/dielectric inter-
face. SPPs preserve their bosonic photonic character, acting as
confined photons. When coupled to organic molecules, the
small volume as well as the high intensity of the EM field from
SPPs allows reaching the strong coupling regime using a few or
even a single molecule.'*""'**> However, it should be noted that
the coupling strength depends on the number of emitters (N)
and the cavity volume (V), and thus it is the molar concentration

(hQ x/N/V = ﬁ) in the mode volume that dictates the

coupling strength, regardless of which type of cavity is used.
The metal surface can be structured in order to tune the
resonance frequency and further confine the cavity volume.**!
These structures are generally divided into three categories
(Fig. 4f and g): (1) plasmonic nanoparticles or nanovoids
(including spheres, disks, rods, shells, etc.) having a length
scale of tens of nanometers, which can confine the electric field
in all three dimensions and act as localized surface plasmons;
(2) plasmonic gaps such as bowtie nanoantennas, nanorod
dimers, and the gap between nanoparticles and planar metal
surfaces. When two metal surfaces are located at a close distance
(a couple of nanometers or even smaller) a plasmonic gap
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is formed. The electric field inside the gap is significantly
enhanced because of the extreme confinement of the field volume;
(3) plasmonic lattices, which are periodic arrays of nanoparticles.'*
They support the hybridization of localized plasmonic resonances
and the diffractive modes of the array, which are referred to as
surface lattice resonances (SLRs). It offers advantages like a
high quality factor due to Fano interference of the plasmon and
the diffractive modes, and dispersion of the modes due to the
two-dimensional geometry.

In summary, owing to the fast development of nanotechnology
and nanofabrication in the past few decades, it is possible to
fabricate almost any kind of optical or plasmonic cavity imagin-
able. Optical cavities offer ease of fabrication of large area systems,
suitable when probing collective strong coupling using spectro-
scopy. Plasmonic cavities on the other hand are nanoscale objects
often requiring microscopy techniques to be probed, but offer the
possibility of direct contact with the formed polaritons due to
the open nature of the cavity. In conclusion, the fabrication of
cavities will not act as a fundamental obstacle for exploring
strong light-matter coupling in the field of chemistry and
materials science.

4. Polaritonic chemistry

Although strong light-matter coupling has been known for
about 50 years, and strong coupling to organic molecules for
20 years, it is only during the last 10 years that the chemical
aspects of the coupling have started to be explored. The realization
that the chemical properties of molecules can be changed in a
reversible manner by strong coupling to light is therefore a
relatively new one. Strong coupling of molecules to the vacuum
field provides a way of modifying molecular properties without
structural modifications, offering a completely new tool to tweak
matter. Considering changes of molecular properties under strong
coupling, two different aspects need to be taken into account.
Firstly, the energetics of the system is changed. The potential
energy surface (PES) of the coupled state can be changed with up
to 0.5 eV (~48 k] mol™"). Thus, it is not only possible, but also
likely, that intramolecular processes that happen in the excited
state, such as emission of a photon or photoisomerisation, are
affected. Furthermore, it is not only the energy of the coupled
excited state that is altered by the coupling, but also the ground
state is perturbed. The perturbation of the energy of the ground
state is not as large as for the excited state. However, for two
molecules in rapid equilibrium where one of them is coupled to
the vacuum field and the other is not, the change of the energy
of the ground state is enough to change the equilibrium.
Secondly, strong coupling is a collective phenomenon. Classi-
cally, the transition dipole moments on different molecules in
the strong coupling regime can be viewed as being oscillating in
phase. Energy is emitted from one molecule, bouncing back and
forth in the cavity, and then reabsorbed by another molecule.
Information on the phase of the transition dipole moment is
therefore transferred between molecules. Quantum mechanically,
the polaritonic states can instead be viewed as delocalized over a
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vast number of molecules. Communication in-between molecules
far apart is hence increased, which is of great importance when
considering applications such as charge or energy transfer. It
should be noted that these two effects are only present inside
the cavity. The changes of the molecules are thus reversible; if
a molecule is removed from the cavity, the properties of the
molecule will be the same as before being placed inside the cavity.
In theory, it is consequently possible to use a cavity as a catalyst
(one should keep in mind that the standard Gibbs free energy of
the reactant or product is modified, see Section 4.3, the term
catalyst is therefore not completely accurate as per definition),
allowing a chemical modification to be performed inside the
cavity, which afterwards is removed.

Strong light-matter interactions have been demonstrated in
many different systems, including molecules coupled to single
plasmonic cavities,">*™?° and a single molecule coupled to a
single plasmonic structure."** In addition to organic molecules
and inorganic structures in the solid state, some more exotic
materials have shown hybridization with light. For example,
different kinds of polymers,>>®*”13%13% molecules in liquid
phases,®>''>13¢ 138 greanic liquid crystals,®”"**'*® organic
crystals, 421437145 panocrystals in various
geometries, nano-wires,">”**" nanographene,'®
proteins,'®*®* light-harvesting complexes,"®® and photosyn-
thetic bacteria have been hybridized with light."*”'®® In the
following sections, a review of accomplishments within the
strong coupling regime is made. We will start with strong
coupling to electronically excited states (Section 4.1). The
section will cover the properties of polariton emission, changes
in excited state quantum yields, and the effect on photochemical
reactions. This is followed by sections on vibrational strong coupling
(Section 4.2) and the effects on the ground state (Section 4.3).
Finally, intermolecular communications (Section 4.4) and
energy transfer (Section 4.5) in the strong coupling regime are
covered.

44141142 gyantum dots,

124-126,146-156

4.1 The effect of the electronically excited state

After photoexcitation of an organic molecule to an electronically
excited state, the energy is generally rapidly relaxed to the first
excited singlet state (S;). Due to this fast intramolecular relaxation,
the photochemistry and physics of organic molecules is governed
by the properties of the S, state. In the strong coupling regime, the
hybridized molecular state is replaced by two hybrid light-matter
states, in energy located around the original molecular state. If the
coupled molecular state also is the first excited singlet state (S;),
then the photochemistry and/or photophysics of the system can be
dramatically changed.

4.1.1 Emission from polaritonic states. In the strong coupling
regime, N molecules and one cavity mode hybridize, forming N + 1
new hybrid states.’® Two of these new states are the upper and
lower polaritons, which are separated in energy by the Rabi
splitting. The other N — 1 states are optically inactive states,
located at Ex, having more or less no cavity contribution (being
orthogonal to the two polaritons), and are often referred to as the
exciton reservoir or exciton bath. However, these dark states have
an important influence on the relaxation pathways in a strongly

This journal is © The Royal Society of Chemistry 2019

View Article Online

Review Article

coupled system. After initial excitation to the upper polaritonic
state, relaxation down to the exciton reservoir (at the time scale of
150 fs)'"® is faster than the emissive process. The reason for the
fast relaxation is the large (N — 1) density of states in the exciton
reservoir, which according to Fermi’s golden rule results in a fast
decay. Only one lower polaritonic state exists, and thus, the density
of states is low and the rate of relaxation from the exciton reservoir
down to the lower polaritonic state is therefore slow. In fact, the
rate of relaxation down to the lower polaritonic state is expected to
be much slower as compared to the rate of emission from the
lower polaritonic state (which should be very fast due to the
photonic contribution to that state).>* The observed polariton
lifetime can therefore be seen as being dominated by the rate of
relaxation from the exciton reservoir down to the lower polariton
(Fig. 5)."”'”> Experimentally, the observed polariton lifetime is in
some cases even exceeding the lifetime of the uncoupled
molecule.”>'”* However, some experimental observations cannot
be explained by an exciton reservoir model, but instead suggest a
longer intrinsic lifetime of P~.'”* Electronically excited states of
molecules contain vibrational energy levels. These vibrations have
been shown to assist in the relaxation from the exciton reservoir to
the lower polariton."”> The exciton reservoir theory is indirectly
confirmed by the experimental observation that the lifetime of
emission, in contrast to the envelope of emission, is not showing a
dispersive behavior, even though the photonic/excitonic ratio of
the lower polariton is angle dependent (eqn (17) and (18))."”>
Besides emission from the lower polaritonic state, excitonic
emission (and absorption) is still observed in many cases but
at a much lower relative intensity."”® Also emission from the
upper polariton is observed in a few cases,'”” e.g. in the case of a
small Rabi splitting where the thermal energy was high enough
to repopulate the upper polariton'’® or by a radiative pumping
mechanism dominant at low temperatures.'”®

As already mentioned, the emission from a strongly coupled
light-matter system has a few characteristic properties. The
envelope of emission from the lower polariton shows a dispersive
behavior, in which the emission is blue shifted with increasing
angle. This is explained by the fact that the lower polariton is a
linear combination of a photonic mode and a molecular exciton.
With increasing angle the energy of the photonic mode increases

Excit
b>5 PT) reggrlvglilr
%3 /
= ~
= Y
|P) Vibrational
scattering
>
ki

Fig. 5 Vibrationally assisted relaxation processes from the exciton reservoir
to the lower polaritonic branch. y represents the dissipation of energy from
the exciton to the environment (exciton decay, bimolecular quenching, etc.).
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79 In addition, also the

(eqn (12)), causing a blue shifted emission.
intensity of emission shows a dispersive character, which depends
on the relative rates of P~ emission and relaxation of the exciton
reservoir (Fig. 5). Another characteristic feature of polariton emis-
sion is narrowing of the emission bandwidth as compared to the
corresponding exciton emission. It was theoretically proposed for
inorganic semiconductors (quantum wells) in 1996 showing the
narrow bandwidth for a hybrid state with an equal photonic/
excitonic contribution to the lower polariton."®® Another inter-
esting property that arises in the strong coupling regime is
spatial coherence of the emission, which we will explain in more
detail in Section 4.4.

In conclusion, polariton emission is dispersive by nature,
from both photon energy and photon intensity perspective. It
has a narrow bandwidth and emission from molecules micro-
meters apart can be coherent. The lifetime of emission is governed
not by the intrinsic lifetime of the lower polariton, but rather by the
rate of populating the lower polariton from dark decoherent states.

4.1.2 Quantum yield of photophysical processes. The
quantum yield (QY) of a photophysical process is defined as
the number of occurred events divided by the number of
possible events. The quantum yield of emission is thus defined
as the number of emitted photons divided by the number of
absorbed photons. For an optical cavity containing squaraine
in a NPB (N,N'-di(1-naphthyl)-N,N’-diphenyl-(1,1’-biphenyl)-
4,4’-diamine) matrix, the photoluminescence quantum yield
increased from 0.01% to 0.03% when going into the strong
coupling regime. When the system was excited resonantly at the
energy of the upper polariton, it even reached a photoluminescence
quantum yield of 0.2%."®" BODIPY-Br strongly coupled to an optical
microcavity on the other hand showed similar emission quantum
yield in the weak and strong coupling regime.'® In another study,
the position of J-aggregated TDBC ((5,6-dichloro-2[3-[5,6-dichloro-1-
ethyl-3-(3-sulfopropyl)-2(3H)-benzimidazolidene]-1-propenyl]-1-ethyl-
3-(3-sulfopropyl)benzimidazolium hydroxide, inner salt, sodium
salt)) inside a Fabry-Pérot cavity was considered. The photo-
luminescence quantum yield for molecules positioned at the
antinode of the 4/2 and 42 mode was determined to be 0.8% and
1%, respectively. Both values are lower as compared to a bare film
having a QY of 2%."% Not only investigations on the emission
quantum yield from solid-state Fabry-Pérot cavities exist, but also
liquid cavities have been explored. The emission quantum yield of
Chlorin e6 dissolved in dimethylformamide was determined
using low (weak coupling regime) or high (strong coupling
regime) concentrations of Ce6.""" The quantum yield was deter-
mined relative to a dilute solution of Ce6. The QYs in the weak
and strong coupling regime were 15% and 3%, respectively. It
was concluded in the study that the difference in the emission
QY between the weak and strong coupling regime is due to self-
quenching at high concentrations rather than an effect of strong
coupling.

A competing process of fluorescence is intersystem crossing
(ISC) where the excited singlet state passes to an excited triplet
state. The triplet state is lower in energy than the singlet state
and further transition to the singlet ground state is quantum
mechanically forbidden. Heavy atoms enhance the rate of ISC
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because of the increased spin-orbit coupling. The first investigations
on how the rate of ISC is affected by strong coupling were made
using a platinum porphyrin (2,3,7,8,12,13,17,18-octaethyl-21H,23H-
porphyrin platinum(u)) inside an optical cavity.'®* The system
showed a green polaritonic emission as well as red emission due
to phosphorescence from uncoupled molecules. At resonant
excitation of the polariton, the uncoupled phosphorescence as
well as the polaritonic emission was observed. Furthermore,
comparing the ratio of polaritonic to phosphorescent emission
for resonant and non-resonant excitation, no significant changes
were observed, leading to the conclusion that ISC from the
polariton itself to the triplet excited state is indeed possible.

The Rabi splitting depends on the transition dipole moment
associated with the state being coupled (eqn (11)). Strong
coupling can therefore be used to modify the relative energy
differences between excited states. The rate of reversed intersystem
crossing (RISC) depends on the energy difference between the first
excited triplet state and the first excited singlet state. The first
excited singlet state of erythrosine B has been strongly coupled to a
cavity, leaving the energy of the triplet state unperturbed.'®* By
comparing the phosphorescence lifetime of the system in the
strong coupling regime with one in the weak coupling regime it
was found that the rate of RISC is enhanced by a factor of four due
to a reduced energy gap between the lower polariton and the triplet
state (Fig. 6a and b).

In conclusion, various photophysical properties have been
shown to be modified in the strong coupling regime. Depending
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Fig. 6 (a) Energy diagram showing the kinetics of triplet state depopulation

by reversed intersystem crossing (krisc), phosphorescence (kp) and non-
radiative decay (knr), and the energy difference (AEtp) between the lower
polariton (P7) and the triplet state (Ty). (b) Plot of the average triplet state
depopulation rate (k79) as a function of the energy difference E1p. The rates
outside and inside of a cavity are compared. Reproduced from ref. 184 with
permission from Springer Nature, copyright 2018. (c and d) Diagrams of the
energy landscape connecting the two isomers spiropyran (SPI) and merocyanine
(MP) with different rates of excitation and relaxation. The case of modified MC
states by strong coupling (d) is compared to the unmodified case (c) and the
introduction of an energy barrier from the lower polariton (P~) to the ground
state of SPI (process (2)) is clearly seen. Reproduced from ref. 185 with
permission from John Wiley and Sons, copyright 2012.
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on the system, emission quantum yields can be either suppressed
or enhanced. In addition, intersystem crossing from polaritonic
states to an uncoupled triplet state is possible, and the rate of
reversed intersystem crossing can be enhanced. Thus, strong
coupling offers the possibility to tune the rates and yields of
excited state relaxation processes.

4.1.3 Photochemical reactions. Strong coupling completely
modifies the potential energy surface of the excited state. Two
new polaritonic states, having higher and lower energy, replace
the uncoupled molecular excited state. These new states, not
surprisingly, influence light-driven reactions.

The kinetics of the photoisomerization of spiropyran to
merocyanine has been investigated in a Fabry-Pérot cavity.®"'*>
It was observed that the reaction rate decreased in the strong
coupling regime. The reason for this observation is that the lower
polariton has a lower energy as compared to the uncoupled
molecular state. To photoisomerize, the system now needs to
overcome a larger transition state energy, thus slowing down the
reaction (Fig. 6¢ and d). This observation shows that it is possible
to alter the chemical energy landscape in terms of reaction rate
and yield by the introduction of molecules into the strong
coupling regime. Also, plasmonic arrays have been used for
photoswitchable strong coupling.®®

For theoretical considerations of polaritonic chemistry, the
concept of polaritonic potential energy surfaces (PoPES) was
introduced by Feist et al. in 2017. PoPES is a combination of
potential energy surfaces (PES) and quantum electrodynamics
(QED), taking the electronic, nuclear and photonic degrees of
freedom fully into account.’®”'®¥ The concept was applied to
study the suppression of photoisomerization reactions. Three
stabilising effects of the initial molecule towards the photo-
isomerization were found. First of all, the reaction barrier increases
due to the lower energy level of the lower polariton compared to the
bare molecular excited state. In addition, the Franck-Condon factor
for a large number of molecules becomes approximately diagonal,
suppressing the transition from the overall ground state to the
vibronically excited states of the lower polariton. Finally, the POPES
has a narrow avoided crossing at the position where the hybridized
collective state is changing to the excited singlet state of a single
molecule, which is stabilizing the lower polariton even further.'®® In
another consideration, POPES was used to demonstrate that only
one photon is needed to photochemically convert many molecules.
This is because molecules hybridized to a single photon in the
strong coupling regime behave like a single polaritonic super-
molecule, thus enabling apparent photoisomerization quantum
yields higher than 1."%°

Not only the modified energy landscape of a molecule in the
strong coupling regime influences its photochemical reactions, but
also the changed rates between excited states are of importance. The
photobleaching of the J-aggregated TDBC has been shown
to be suppressed when strongly coupled to a silver nanoprism.
Photobleaching is a photooxidative process that contains several
steps. In the first step, the photoexcited molecule undergoes
intersystem crossing from the singlet to the triplet excited state.
Molecules in the triplet state can react with triplet oxygen,
generating singlet oxygen, which is unstable and therefore
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chemically damages the fluorophore. However, in the strong
coupling regime the polaritonic lifetime is shorter, thus
reducing the yield of ISC. Therefore, the system is unable to
populate the triplet state efficiently and photobleaching is
avoided.'”*

Strong coupling can theoretically also modify the nuclear
dynamics of individual molecules in an ensemble."®* The time
scale of energy exchange between electronically excited states
can be faster than the time scale associated with nuclear motions,
leading to a suppression of nuclei reorganization upon excitation—so
called polaron decoupling. This phenomenon can be utilized to
control the rate of electron transfer. The rate of intramolecular
electron transfer was calculated to be enhanced by orders of
magnitude. Besides intramolecular electron transfer, it was
argued that the cavity-induced polaron decoupling has the
potential to control other electron or energy transfer processes
that involve nuclear arrangements in excited electronic states,
which will be discussed in more detail in Section 4.5.

4.2 SC to the vibrationally excited state

Strong coupling is not limited to electronic transitions. When
the cavity field is in resonance with a vibrational transition, it is
expected that the vibrational level will split into two polaritonic
modes, separated by the vibrational Rabi splitting (Fig. 7a).
Conceptually, there is no difference between strong coupling of
light to electronic and vibrational transitions. However, the
effects on the molecule by the coupling are different because
electronic transitions are “high-energy” (from ~1 eVto ~3¢eV)
transitions involving electrons delocalized over the entire molecule,
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Fig. 7 (a) Schematic picture of strong coupling between a molecular

vibration and a cavity mode. (b) The silane deprotection reaction of
1-phenyl-2-trimethylsilylacetylene studied in ref. 189. TBAF refers to tetra-n-
butylammonium fluoride. (c) The ratio of the reaction rate inside (VSC) and
outside of the cavity as a function of Rabi splitting. The inset shows the linear
dependence of the Rabi splitting on the square root of the concentration of
PTA (1-phenyl-2-trimethylsilylacetylene). (d) The reaction rate ([PTA] = 253 M
giving a Rabi splitting of 98 cm™) as a function of temperature for reactions
inside (VSC) and outside of the cavity. Reproduced from ref. 197 with permis-
sion from John Wiley and Sons, copyright 2016.

Chem. Soc. Rev., 2019, 48, 937-961 | 947


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c8cs00193f

Open Access Article. Published on 21 January 2019. Downloaded on 2/12/2026 8:28:09 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review Article

whereas vibrations are localized and have lower energy (from
~37 meV (300 cm ') to ~434 meV (3500 cm ‘). The first
example of vibrational strong coupling (VSC) was reported
in 2015."*' The (C=0) bond of polyvinyl acetate located at
1740 cm ™' (215 meV) was coupled to the vacuum field using a
~2 pm thick Fabry-Pérot cavity. Due to the extremely high
concentration of (C—O0) bonds inside the cavity, the collective
Rabi splitting reached 170 cm™" (21 meV), exceeding the dis-
sipation rate of the system. Using transmission spectroscopy, an
avoided crossing between the upper and lower polaritons was
clearly observed as the angle of incidence was increased. Later in
the same year, liquid-phase VSC for a variety of functional groups
(C=0, C=C) of different molecules was demonstrated."** So far, a
variety of VSC systems using molecules in liquid and solid states
haVe been reported,57’85’130’134—138’164’193_198 inCluding polymers,130‘131
organometallic complexes'*” and protein vibrational modes.'** Even
liquid crystals have been strongly coupled to an electromagnetic
mode inside a combined cavity/liquid crystal cell.’” A brushed
polyimide layer was included in the cavity, providing a boundary
condition for the liquid crystal to orient. By applying a voltage over
the cell, the liquid crystal was reorienting, changing the magnitude
of light-matter interactions and thus providing a voltage control of
the Rabi splitting in the strong coupling regime. Moreover, strong
coupling between molecular vibrations and surface plasmon
polaritons has been achieved,'”® and a quantum mechanical
formalism to treat interactions between molecular vibrations
and an electromagnetic mode in the strong coupling regime has
been developed.'®

By changing the vibrational energy of a chemical bond, the
ground potential energy surface of chemical reactions involving
this bond is perturbed. In 2016, the change of ground-state
chemical reactivity under vibrational coupling to the vacuum
EM field was demonstrated.™” By strongly coupling a vibration
along a carbon-silyl bond of a simple alkynylsilane (1-phenyl-2-
trimethylsilylacetylene) to the vacuum EM field of a resonant
infrared (IR) microfluidic cavity, the rate of Si-C bond breakage
was affected (Fig. 7b). The reaction rate decreased by a factor of
up to 5.5 when the Si-C vibrational stretching mode of the
reactant was strongly coupled. The relative change in the
reaction rate outside a cavity (uncoupled condition) and inside
a cavity (strongly coupled) was found to depend on the Rabi
splitting energy, which was controlled by the concentration of
the reactant (7Qg  v/C) (Fig. 7¢). The temperature’s effect on
the reaction rate was further studied and the thermodynamic
parameters associated with the transition state were extracted
using the Eyring equation (Fig. 7d):

T
k= kB—exp(

A A—SI> (22)

“RT TR

where H is the enthalpy and S is the entropy of activation. The
change of H and S was found to be significant. At a Rabi
splitting of 98 cm ™', H increased from 39 to 96 k] mol *, while
S increased from —171 to 7.4 J K~' mol~". The change of the
sign of the entropy and the large change of the enthalpy of
activation indicate that the transition state was modified from
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an associative to a dissociative type. However, in the report, the
bond strength of Si-C in the reaction was about 3.30 eV and the
Rabi splitting was about 90 cm ™" (12 meV), which was almost
negligible compared to the bond strength itself (0.36%). Although
the VSC does not affect the bond strength so much, it still has a
significant effect on the chemical reaction. The exact mechanism
is still not clear, and more studies are needed to uncover the
effects of VSC on chemical reactions. Although the reaction in the
report is one of the simplest chemical reactions, it opens a new
way to control chemistry. It is easily envisioned that strong
coupling could act as a promoter of chemical reactions. However,
it requires an increase instead of decrease of reaction rate in
the strong coupling regime, and preliminary results suggest on
this possibility.**?

4.3 The effect of strong coupling on the ground state

The energetic landscape of a molecule changes when entering
the strong coupling regime. However, not only the energy of the
excited state changes by the formation of two new hybrid states,
but also the energy of the ground state alters due to strong
coupling to the electromagnetic field. This change occurs even
in the absence of light (due to the vacuum field); therefore, a
manipulation of chemical reactivity and thermodynamics is
possible by placing molecules inside an optical cavity, even
without applying an external electromagnetic field. The shift of
the ground level of the coupled system was first predicted (planar
microcavity-intersubband transition of a semiconductor)”® and
later observed (LC resonator magnectically coupled to a super-
conducting qubit)*®® for systems in the ultrastrong coupling
regime. For organic molecules, the first experimental observation
of the modification of ground state thermodynamics happened in
2013."7° The thermodynamics of a planar cavity-molecules coupled
system was studied by regarding the system as an equilibrium
state between coupled (C) and uncoupled (U) molecules. Based on
the fluorescence and absorption spectra, the equilibrium constant
(K = [C]/[U)) of the system could be estimated. The standard Gibbs
free energy difference (AG¢) between the ground states of coupled
and uncoupled molecules was further obtained using

AGY = —kgTInk (23)

where kg and T are Boltzmann’s constant and temperature,
respectively. By plotting AG¢ against the Rabi splitting (Fig. 8),
a direct relationship between the Rabi splitting and the ground
state energy difference between the coupled and uncoupled
molecules was confirmed. The temperature effects on systems with
different coupling strengths were further investigated, showing
changes in the standard entropy ASc and the standard enthalpy
AH_ associated with the coupling to the vacuum field through

AGE = —kBrlng = AH. — TASY

0] (24)

It was found that the entropy (ASc) is positive and dominates the
final AG; at room temperature, while the enthalpy (AH() is
extremely small. The positive entropy going from uncoupled states
to coupled states suggests that the driving force for going into the
strong coupling regime is the delocalization effect. It is worth
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Fig. 8 Standard Gibb's free energy and the fraction of coupled molecules
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trione) and merocyanine, respectively. The curves are linear or quadratic fits
of the data points. The correspondence with the proportion of coupled
molecules is given on the right side. Reproduced from ref. 176 with
permission from John Wiley and Sons, copyright 2013.

noting that the fraction of the coupled molecules in these experi-
mental systems was over 60%. This large attainable fraction of
coupled molecules opens the door to tune molecular and material
propetties in the bulk. Furthermore, it was shown that the larger
the Rabi splitting the larger the free energy difference between the
coupled and uncoupled ground states. A free energy difference
between the coupled and uncoupled ground states of 70 meV
(7 kJ mol™") was measured, thus large enough to affect the
chemical equilibrium.

Many theoretical studies have been devoted to investigate
the effects on molecules’ ground state under strong or ultra-
strong coupling.®®'®” %21 Egpecially in the ultrastrong cou-
pling regime, the rotating wave approximation for the
molecule-light interaction becomes invalid. Instead of treating
molecules as simple two-level systems, in 2015, Feist et al
investigated a first-principles model that fully takes into
account both electronic and nuclear degrees of freedom.'®®
They and later others have found that some molecular proper-
ties could be affected by the collective coupling strength (7iQg),
e.g. the energy shift of the ground-state. However, the effects on
other properties such as bond length only depend on the single-
molecule coupling g, which is very small."®*?°* Later, a similar
conclusion was also reported with a model system of many
molecules coupled to a surface-plasmon field.*® Thus, it seems
that the prospects of ultrastrong coupling to change ground-
state chemical reactions by directly affecting the bond-length
are limited.

Although bond length modifications of molecules are small
even in the ultrastrong coupling regime, the chemical energy
landscape in the ground state can be manipulated by strong
coupling to the vacuum electromagnetic field and holds pro-
mise to affect ground-state chemical reactions. The larger the
Rabi splitting, the lower the free energy of the coupled state
relative to the uncoupled state. Especially when the Rabi
splitting accounts for a large ratio of the coupled transition
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energy, strong coupling will pose a non-trivial effect on the
ground state energy landscape, making changes in chemical
reaction rates and yields possible.

4.4 The effect of strong coupling on intermolecular
interactions

Excitons and charge carriers in films of organic molecules
localize at individual molecules because of the strong exciton
binding energy. At room temperature, charge carriers/excitons
are usually transported between molecules through the so-called
“hopping mechanism”—the charge carrier “jumps” from one
molecule to another.>*® In contrast, as a hybrid state of photon
and exciton, the polariton inherits properties from the photon
and delocalizes over the length scale of light (several hundreds of
nanometers), corresponding to ~10° molecules. Compared to
the localized exciton, the transport of polaritons across organic
systems is therefore expected to be much more efficient and
relies less on the microscopic structure of the system. Thus,
strong exciton-photon coupling has the prospect of increasing
the transport efficiency of excitons and charge carriers in organic
systems. As already briefly mentioned, the spatial coherent
emission over a macroscopic distance from a J-aggregated dye
film induced by strong coupling was first observed in 2012.>%*
The diffusion and the spatial coherence of the emission of TDBC
on a silver substrate were investigated using Young-type inter-
ferometric experiments. When in the strong coupling regime, a
clear interference pattern (Fig. 9b) was observed between emitters
separated by several microns, suggesting macroscopic in-phase
emission. The coherence is absent in systems in the weak-coupling
regime or in the absence of a plasmonic field (Fig. 9a), demon-
strating the key role of the hybridization of the molecules with
the plasmon. In another study, the behavior of the coherence of
emission at the crossover from weak to strong coupling was
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Fig. 9 (a) Emission pattern for a TDBC layer on a glass substrate and
(b) interference pattern for a TDBC layer on top of a flat silver layer.
Reproduced from ref. 204 with permission from American Physical Society,
copyright 2012. (c) Interference pattern with white areas representing
the transmission maximum using different concentrations of DiD inside a
polymer layer. Reproduced from ref. 205 with permission from American
Physical Society, copyright 2014.
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examined. A system having a periodic silver nanoparticle array
covered by DiD (1,1’-dioctadecyl-3,3,3',3'-tetramethylindodicarbo-
cyanine 4-chlorobenzenesulfonate) in a PMMA matrix was used.
The change from weak to strong coupling regime was controlled
by increasing the concentration of DiD inside the polymer matrix.
In dispersion, the low concentration samples (weak coupling
regime) showed a linear increase of the energy when increasing
the in-plane wave vector k. However, at higher concentrations
(strong coupling regime) the dispersion showed a bending and an
anticrossing at the energy of the absorption maximum of DiD. The
spatial coherence was investigated by inserting a double slit in
the position of the image plane of the sample. For the sample in
the strong coupling regime, the interference pattern showed the
same bending as for the dispersion plot, and thus the inter-
ference fringes can be interpreted as replicas of the dispersion
(Fig. 9¢).* By treating the exciton-vibrational coupling and
exciton—-photon coupling on an equal footing, it was later shown
theoretically that the optical microcavities can enhance the
exciton coherence length and eliminate vibronic coupling in
J-aggregates.®®

A direct observation of long-range (over several microns)
transport of cavity polaritons in J-aggregates by ultrafast time-
resolved microscopy was reported in 2018.>%” It was shown that
strong coupling between molecules and a cavity field induces
long-range transport of excitons in the molecular system, and a
propagation over several microns was observed. The propagation
velocity of polaritons was found to be surprisingly slow (0.2-
0.4 um ps~ ") as compared to the value predicted by polariton
dispersion, suggesting that the transport of cavity polaritons in
organic microcavities is not purely ballistic. The discrepancy is
larger when the excitonic component of the polaritons is higher,
which indicates that the relatively slow polariton migration
originates from the disorder of the molecular system.

As for the cavity-enhanced transport of excitons, two groups
reported the theoretical aspects of polariton transport in organic
systems separately in 2015.2°*?%° The exciton-type transport in
certain materials was found to be modified by strong coupling
to the electromagnetic vacuum. A large increase in the transport
for excitonic wave packets through a cavity was reported, as
well as enhancement of steady-state exciton currents under
incoherent pumping. The delocalized polariton modes were
shown to be responsible for the exciton transport enhancement.
Thus, strong coupling can help overcome the exponential
suppression of exciton transport caused by disorder and other
imperfections in a molecular system. These theoretical and
experimental results have clearly shown that the migration of
cavity polaritons in organic systems can be long-range and
extend to the micrometer scale. This cavity-enhanced exciton/
charge transport of organic systems is promising to improve the
relatively poor efficiency of exciton/charge transport in organic
materials. It holds promise to boost many applications including
organic electronics and catalysis, which critically rely on the
exciton/charge transport in the organic components.

Orgiu et al. reported the first experimental realization of
enhancement of conductivity in the strong coupling regime in
2015.%'° The conductivity of organic semiconductors by strong
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Fig. 10 (a) Illustration of the configuration used to measure conductivity.
The active materials were deposited on top of the Ag film with a hexagonal
array. The current was measured through the electrodes at the end. (b) I-V
curves as a function of systems in strong coupling regimes (blue, red and
green) with metallic films with different periodic arrays. The black circles
represent the data from the reference sample. (c) Three-terminal gating
device geometry (transistor) used in the study. (d) Transfer curves of the
transistors in the strong (left) and weak (right) coupling regimes. Reproduced
from ref. 210 with permission from Springer Nature, copyright 2015.
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coupling to surface plasmons on metal hole arrays was enhanced.
The conductivity and carrier mobility of two diimides were
reported to increase by one order of magnitude following strong
exciton-photon coupling. In the study, Ag or Al films with a
periodic hexagonal array of holes were used (Fig. 10a). The
surface plasmon resonance of the metal film is a function of
hole periodicity, which was tuned to couple or decouple with the
electronic transition of the diimides deposited directly on top.
The conductivity of thin films of the organic semiconductor was
evaluated by recording current-voltage (I-V) curves. The current
was shown to increase by over one order of magnitude when the
organic semiconductor was strongly coupled with a surface
plasmon mode of the underlying metal hole array (Fig. 10b).
Control experiments with no holes or random arrays of holes
were also performed, showing no current increase. To further
assess the electronic properties of the coupled system, a field-effect
transistor structure was integrated together with the surface
plasmon metal film and the charge carrier mobility was found
to increase by an order of magnitude when the system was
on-resonance (Fig. 10c and d). Thus, the increased carrier mobility
in the coupled system accounts for most of the enhanced
conductivity. However, the authors also noticed that the con-
ductivity of thin films of similar molecules had no obvious
enhancement effect, despite being strongly coupled, indicating
that the disorder (thus smoothness of the energy landscape) in
the organic system played a vital role in the charge transport
even in the strong coupling regime. Later in 2017, Pupillo et al.
theoretically demonstrated that light-matter coupling can lead
to an enhancement of charge conductivity in a mesoscopic
one-dimensional system.?** Importantly, they showed that the
charge conductivity enhancement can reach orders of magnitude
under experimentally realistic conditions.

These experiments clearly show that it is possible to utilize
strong coupling to increase the conductivity of organic semi-
conductors, if the optical properties of the molecules are suitable
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for strong exciton—-photon coupling. Other resonators like metal
or dielectric Fabry-Pérot cavities could also potentially be
integrated with organic systems to enhance their electrical
performance, although no experimental demonstration of this
kind of system has been reported yet. Expanding to other types
of cavities will allow studying the enhancement effect in more
detail, and show the generality of the concept using more
straightforward cavity structures.

4.5 The effect of strong coupling on energy transfer

The reports above deal mainly with cases in which a transition
in one kind of molecule is strongly coupled to the cavity mode,
thus forming two polaritonic states. When different species, e.g.
a donor and an acceptor molecule, simultaneously couple to
the same cavity mode and undergo optically driven mixing, a
cascade of hybrid polaritonic states is formed. These quantum
mechanically entangled hybrid states provide an effective path
for energy transfer between molecules far apart to occur. The first
realization of polariton enhanced energy transfer was reported in
2014.>" Two different J-aggregates (TDBC and NK-2707) were
mixed in a supporting matrix and sandwiched into a cavity,
supporting a confined 3//2 mode (Fig. 11a). The length scale of
phase separation was sufficiently large to prevent direct dipole-
dipole interactions and thus direct energy transfer between the
two molecules. Angle-dependent photoluminescence (PL) emission
revealed three branches (Fig. 11b), an upper (UPB), a middle (MPB)
and a lower polariton branch (LPB). Analyzing these three branches
using a coupled oscillator model, there is a clear mixing between the
optical transitions of the two molecules. Moreover, the population
of polaritons in the LPB is significantly greater than in either the
UPB or MPB at all angles, providing qualitative evidence for an
efficient energy relaxation pathway that depopulates both the UPB
and MPB. Based on the photoluminescence study, it was argued
that the MPB presents a channel that facilitated energy transfer
between the two molecules. The energy transfer efficiency is
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Fig. 11 (a) The cavity structure used in ref. 203. (b) The angle-dependent
photoluminescence from the microcavity. It clearly shows three polaritonic
states, the upper, the middle and the lower polariton branches. Reproduced
from ref. 212 with permission from Springer Nature, copyright 2014.
(c) Energy diagram showing the cascade of energy levels formed when the
donor and acceptor molecules are strongly coupled with the cavity photon.
(d) The cavity structure adopted in ref. 205, showing the inert polymer spacer
inserted between the donor and the acceptor molecules. Reproduced from
ref. 214 with permission from John Wiley and Sons, copyright 2017.
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dependent on the exciton mixing present in the MPB. Such a
process represents a new non-radiative energy-transfer mechanism
that can transfer energy between molecules separated by length
scales much larger than the Forster transfer radius. Later, similar
results showing a seven times increase of energy transfer between
two different dyes when strongly coupled to the vacuum field were
demonstrated.>" In the following report, the polariton enhanced
energy transfer was further confirmed even for spatially separated
(by an inert PMMA layer) donor and acceptor cyanine dyes
(Fig. 11d).>"* Because of the energy cascade of the delocalized
polaritonic states (Fig. 11c), the transfer efficiency at donor-
acceptor distances of over 100 nm can approach 37% (far longer
than the distances reached with the FRET mechanism). It is
worth noting that the energy transfer process is independent of
the distance as long as the coupling strength is maintained,
which is consistent with the entangled and delocalized nature
of the polaritonic states. Later, it was found that the cavity
detuning also plays an important role in the energy transfer
efficiency and negative detuning can lead to a more efficient
transfer to the lower polaritons.>'®

Two different groups reported the theoretical aspects of
polariton assisted energy transfer almost at the same time.
The Garcia-Vidal group adopted a Fabry-Pérot cavity, which is
exactly the same configuration as used in the earlier experi-
mental reports.*'® The phenomenon was addressed numerically
by means of the Bloch-Redfield theory, allowing the effect of
complex vibrational reservoirs characteristic of organic molecules
to be reproduced. The delocalized middle polariton was revealed
to play a key role as the delocalized intermediary in the energy
transfer process. The major conclusion was that the polariton
assisted energy transfer is controlled by the coupling strength
and does not depend on the particular arrangement of the
molecules inside the cavity or the electromagnetic mode spatial
profile. They also provide specific recipes to optimize the energy
transfer process based on their analytical approach. Yuen-Zhou
et al. presented a comprehensive theory of polariton-assisted
remote energy transfer (PARET) based on the strong-coupling
of donor and/or acceptor chromophores to surface plasmons.*”
Application of the theory demonstrates that PARET up to one
micrometer is indeed possible. The conditions were highlighted
under which coherence enhances or deteriorates the PARET
processes. Particularly, strong-coupling to acceptors can shift
energy levels in a way that energy transfer can happen from an
acceptor to a donor molecule, thus resulting in a chromophore
role-reversal. Both theories demonstrate the potential for strong
coupling to control energy transfer in organic systems with both
optical and plasmonic cavities.

To conclude, polariton-assisted energy transfer has been
clearly demonstrated both experimentally and theoretically.
The delocalized nature of the formed polaritons enables an
efficient and ultrafast energy-transfer pathway between donor
and acceptor molecules. As long as the strong coupling regime
is reached, the efficiency of energy transfer does not depend on
the physical separation between the molecules inside the cavity.
Thus, the delocalized polariton allows energy transfer to occur at
much larger distances as compared to the Forster dipole-dipole
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interaction or the Dexter electronic exchange mechanisms. The
possibility of polaritons to transfer energy between molecules at
considerably larger distances than before was confirmed, which
has important implications for molecular energy transfer related
processes, such as light-harvesting and organic electronics.

5. Beyond polariton chemistry

The promise of engineering molecular properties with light has
so far led to a plethora of potential applications. Especially
novel spectroscopy techniques based on hybrid molecular
systems having modified optical responses could emerge.”*"
For example, the Raman scattering cross-section area of vibrational
groups demonstrates orders of magnitude enhancement in the
strong coupling regime,'”**'**'° as well as second and third
harmonic generation.*>**" Furthermore, organic light emitting
devices in the strong coupling regime exhibit interesting properties,
such as directed emission and extended responsivity,5*8°0:2227226
Recently, Shi et al. demonstrated a many-fold increase in the photon
to current conversion efficiency and an increase in the quantum
efficiency of water splitting in the strong coupling regime.**”
Other aspects including coherent light harvesting®®® and
polariton-assisted singlet fission®*° were also predicted theoretically.
The following sections cover some recent advances and applications
of strong light-matter interactions such as polariton lasing and
room temperature Bose-Einstein condensates. Strong light-matter
interactions of two dimensional materials and carbon nanotubes, of
high relevance in optoelectronic devices, are also covered.

5.1 Bose-Einstein condensation and lasing

A Bose-Einstein condensate (BEC) is an aggregation state that
has a high density of bosonic particles in the lowest quantum
state, leading to spatially overlapping wave functions of the
particles.”*° The overlapping wave functions give rise to macro-
scopic quantum phenomena such as interference between the
wave functions of the particles. Polaritons formed in the strong
coupling regime can be used to produce room temperature
BECs and lasing systems. Due to their low effective mass and
high binding energy of organic excitons, polaritons have the
possibility to produce BECs at higher temperatures as com-
pared to atoms, which require cryogenic conditions. Kasprazak
et al. demonstrated the first polariton BEC using a CdTe-based
microcavity.”® Inorganic based exciton-polariton BECs have
since been used to demonstrate thermal equilibrium below the
threshold,”** threshold corresponding to onset of degeneracy,'® '
narrowing of the linewidth,***! long-range spatial coherence,***"*3!
temporal coherence,”**** spontaneous polarization®** and polariton
accumulated coherence.?** However, a controversial issue is
whether the exciton-polariton BECs are BECs or polariton
lasers.>*> 238

Polariton lasing using organic molecules was demonstrated
before organic molecule based polariton condensates. In the
first example of polariton lasing, an anthracene single crystal placed
between two DBR mirrors was used."*' At room temperature the
lasing threshold was at Py, = 320 puJ cm™ 2, a lower value as compared
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to the best-case estimates of the threshold (430 pJ cm™?) for
conventional photonic lasing using this system. The characteristic
properties after reaching the threshold were spatial modulation of
the pump spot, a change in the polariton distribution function, a
collapse of the emission lifetime and spectral narrowing. In
another study, a plasmonic lattice was used instead of an optical
cavity.”*® As emitter a perylene bisimide derivative inside a PMMA
matrix, spin-coated on top of the plasmonic structures, was used.
It was found that the lasing threshold of the system depends on
the concentration of the dye inside the polymer matrix; the higher
the concentration the lower the lasing threshold value. Polaritonic
lasing has also been demonstrated for a hybrid organic-inorganic
system inside an optical cavity.*® A J-aggregate forming cyanine
dye and a GaAs quantum well were hybridized to a cavity mode.
The energy exchange between the organic and inorganic layers was
efficient and polariton lasing was demonstrated up to a temperature
of 200 K with a threshold of 16.1 pJ cm™>. These findings show that
it is possible to achieve polariton lasers using organic molecules,
and that lasing starts at very low thresholds.

The conditions for polariton condensation in organic cavities
were theoretically predicted in 2012.>*' Around one year later,
two different groups demonstrated organic based exciton-polariton
BECs experimentally. Plumhof et al. used a poly(p-phenylene)
derivative (MeLPPP) sandwiched between two DBR mirrors.>*
The optically active polymer layer was prepared by spin coating,
leading to an amorphous film. The condensate was observed
when the excitation density was increased to the threshold
density of Py, ~ 500 + 200 pJ cm™> (8 ps long). Kéna-Cohen
et al. used the organic semiconductor TDAF (2,7-bis[9,9-di(4-
methylphenyl)-fluoren-2-y1]-9,9-di(4-methylphenyl)fluorine) in a
microcavity.”*> The optical properties of the condensates differ
substantially from those of the polaritons. The emission peak at
k; = 0 was blue shifted, indicating a repulsive interaction between
polaritons, and a nonlinear increase in emission intensity as a
function of pumping intensity was observed as well as a sudden
decrease in bandwidth (Fig. 12a—c). In addition, the emission was
polarized like the pump beam and showed a long-range phase
coherence, which was proven by the use of a Michelson inter-
ferometer. In a further investigation, the same changes in the
optical properties in a polariton condensate were observed.** The
difference between these studies was that the small molecule
BODIPY-Br (emitting at 565 nm) in a polystyrene matrix was now
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the threshold and (c) above the threshold measured by momentum-resolved
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(b and c), and the emission intensity increases nonlinearly. Reproduced from
ref. 23 with permission from Springer Nature, copyright 2013.
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used instead of the polymer MeLPPP (emitting at 450 nm). These polaritonic optoelectronics and lead to novel phenomena related
findings indicate that many different dyes can be used to form to exciton physics in condensed matter.”*”

polariton condensates, spanning condensates in the visible to near Single-walled carbon nanotubes (SWCNTs) usually show
infrared regime of the electromagnetic spectrum. The possibilityto  narrow linewidth emission (full width at half maximum, FWHM,
reach room temperature exotic matter phases offers a way to  ~20 meV),>*® a large oscillator strength®>'® and high exciton
explore new chemistry.>*® Furthermore, electrically pumped binding energies.”>® Furthermore, semiconducting SWCNTs
polariton lasers open the door to engineer devices being orders  possess extremely high charge carrier mobility>®" and emit in
of magnitude more energy efficient due to the low lasing the near infrared.**> Strong exciton-photon coupling of SWCNTSs
threshold.>**?%3 was realized in metallic Fabry-Pérot microcavities as well as
plasmonic cavities of a periodic gold nanodisk array in 2016.>°**>*
A Rabi splitting over 110 meV was achieved, and both angle-
One dimensional (e.g. carbon nanotubes) and two dimensional dependent reflectivity and photoluminescence spectra showed clear
(e.g- graphene, perovskites or transition metal dichalcogenides) anti-crossing behaviour and agreed well with simulations based on
materials generally have strong interactions with light. Some of  the coupled oscillator model and the transfer-matrix model. In the
them have been identified as semiconductors with band gaps following paper, electrically pumped near-infrared exciton—-polariton
in the infrared and visible spectral region, making them suitable emission was demonstrated using a SWCNT-based ambipolar
for a variety of applications in optics and optoelectronics.**®  light-emitting field-effect transistor that was embedded in a
Because of the strong geometrical confinement and the weak metallic Fabry-Pérot microcavity (Fig. 13a).>> The dispersive
dielectric screening, different types of excitons can be formed, behaviour of the lower polariton agrees well with each other in the
including optically allowed and forbidden dark excitons, and angle- and spectrally resolved reflectivity, photoluminescence and
excitons with coupled spin and valley degrees of freedom. Strong  electroluminescence (Fig. 13b). The electrically pumped polariton
coupling of these materials will extend their applications as emission and the efficient polariton relaxation (to the P~ state) of the
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Fig. 13 (a) Schematic geometry of a bottom-contact/top gate light emitting field-effect transistor integrated into an optical cavity. (b) Angle- and
spectrally resolved reflectivity (left), photoluminescence (middle) and electroluminescence (right) of the channel area in the device. The emission from
both the photoluminescence and electroluminescence agrees with the reflectivity spectra and can be fitted well using a coupled oscillator model.
Reproduced from ref. 255 with permission from Springer Nature, copyright 2017. (c) The polarization-dependent absorption spectra of an aligned
SWCNT film, showing the first and second interband exciton peaks, Eq; and Ex;. (d) Experimental transmittance spectra at zero detuning for various
polarization angles (from 0° to 90°) for a device working in the E; region using SWCNT films having different thicknesses (d). Reproduced from ref. 58
with permission from Springer Nature, copyright 2018. (e) Dispersion relation extracted from the angle-resolved reflectivity spectra of the cavity based on
the MoS, monolayer. The two black solid curves correspond to theoretical fits of the polariton branches using a coupled oscillator model. Reproduced
from ref. 261 with permission from Springer Nature, copyright 2015. (f) Schematic showing the valley-dependent optical selection rules at inequivalent K
and K’ valleys at the edges of the Brillouin zone. (g) Emission polarization for bare excitons (MoS, excitons), upper polariton (UP) and lower polariton (LP)
branches as a function of temperature. Reproduced from ref. 271 with permission from Springer Nature, copyright 2017.
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system were realized even at very high current densities. The
narrow-band polariton electroluminescence from 1060 nm to
1530 nm could be achieved by simple adjustments in the cavity
thickness without modifying the active materials inside. The
coupling strength in the light-emitting field-effect transistor
could be reversibly tuned by unipolar charge carrier accumulation,
with the resulting reduction in the oscillator strength of the
SWCNTs. Charged excitons are usually termed trions and consist
of a neutral exciton and an additional hole or electron. Trion-
polariton formation in SWCNTs has also been observed in a later
report, which has implications for the realization of polaritonic
charge transport.>*® In a more recent work, aligned SWCNTSs inside
a Fabry-Pérot microcavity were tuned from the weak to the strong
and ultrastrong coupling regimes through simple polarization
rotation, taking advantage of the strong anisotropic absorption
of SWCNTSs (Fig. 13c and d).*® Tuning of the light-matter coupling
strength was shown both for the first interband exciton-polaritons
(E11) in the near-infrared range and for the second interband
exciton-polaritons in the visible range (E,,) (Fig. 13c). The
maximum Rabi splitting observed was 329 meV (for the second
interband exciton-polaritons), the highest value ever reported
for a Wannier exciton. Continuous mapping of the polariton
dispersion surfaces revealed two pairs of exception points,
where the lower and upper polaritons meet in energy. The two
exception points are bounded together with an equal-energy arc,
forming a line in momentum space where the system is not in
the strong coupling regime any more. These anisotropic SWCNT-
based polaritons in the strong and ultrastrong coupling regime
can lead to novel phenomena and devices, including room-
temperature polariton condensation and 1D laser diodes.

Two dimensional materials, especially transition-metal dichalco-
genides (TMD) which possess a direct bandgap, have emerged as a
new class of materials that demonstrate strong interactions with
light>****2%° TMD is a group of naturally abundant materials
having an empirical formula of MX,, where M is a transition-metal
from group VI (M = Mo, W) and X is a chalcogen (X = S, Se, Te).
These atoms form a hexagonally coordinated structure with the
metal atom layer sandwiched between top and bottom chalcogen
layers, leading to a trigonal prismatic crystal structure. One of
the most intriguing features of TMDs is the emergence of
fundamentally distinct electrical and optoelectrical properties
when comparing the bulk material and the two-dimensional
limit (monolayer). TMDs provide a mostly disorder-free two-
dimensional system, while keeping a reasonably large exciton
binding energy, enabling the possibility to observe non-linear
polariton interactions at room temperature as well as new features,
such as valley polarization, introduced by TMD excitons.

The first report of strong coupling of two-dimensional exciton—
polaritons was based on a MoS, monolayer embedded in a
dielectric microcavity.*®* The angle-resolved reflectivity and the
photoluminescence from the microcavity clearly exhibited an
anti-cross behaviour and a Rabi splitting of 46 meV was obtained
based on fitting to a coupled oscillator model (Fig. 13e). The
spectral half width for excitons and cavity photons was 30 and
9 meV respectively, thus satisfying the criteria of emergence into
the strong coupling regime (eqn (14)). Ever since this work,
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strong coupling based on different TMDs and cavity systems
has been reported, e.g. MoSe,/h-BN quantum well-dielectric
microcavity,>*> MoS,-plasmonic arrays,*** WS,-metallic planar
cavity,”®* and WS,/WSe,-plasmonic nanoparticles.>”2¢>72¢7

Beyond just reaching the strong coupling regime, novel
intriguing phenomena related to TMDs strongly coupled to
cavity photons have been studied, including polariton fluids,>*®
electric field gating effects,**® second harmonic generation,>”°
and valley polarization.?”*™”* In particular, 2D excitons in TMD
monolayers showed spin-valley coupling arising from the
combination of the unique properties of the hexagonal
crystal.”’**”” The peculiar crystal structure of TMDs introduces a
degeneracy in the exciton energy: opposite spins are unambiguously
associated to different valleys in the momentum space, allowing
direct optical initialization with opposite circular polarization of the
exciton spin in the non-equivalent valleys (Fig. 13f). However, the
need for cryogenic operation limits the practical applications. In
2017, three different groups reported simultaneously in Nature
Photonics that spin-valley locking persists in the strong coupling
regime at room temperature, showing that valley polaritons can be
coherently excited by helical cavity fields and can spatially
coexist in separate regions of momentum space.”’'>”* The
interplay of intervalley depolarization and cavity-modified exciton
dynamics in the high-cooperativity regime leads to valley-polarized
exciton-polaritons to persist at room temperature, distinct from
the vanishing polarization in bare monolayers (Fig. 13g). The
realization of valley polaritons in 2D semiconductor microcavities
presents the first step towards engineering valley-polaritonic
devices.**®

Two-dimensional materials are a promising class of materials,
whose properties can be further tuned by strong exciton-photon
coupling, as to enhance and extend their applications. Exciting
phenomena have already been achieved including the above-
mentioned valley-polarized coupling at room temperature. There
are other intriguing phenomena and applications waiting to be
explored, such as lasing and controlled polariton flow.

6. Future perspectives and concluding
remarks

Strong exciton-photon coupling started as a subfield within
atomic physics. About 25 years ago, the solid state physics
community started using the concept on inorganic semi-
conductors. 20 years ago, organic molecules were strongly coupled
to light for the first time. 10 years ago, the idea emerged that
strong coupling can be used to change molecular properties, and
thus to change the energy landscape and the energy transfer/
relaxation pathways of molecules, which can be used within broad
areas ranging from organic chemistry to cold atom physics. The
big breakthrough from an application perspective is yet to be
realized, but to foresee, we expect the first application using
strong exciton-photon coupling (using organic molecules) to
take advantage of either the enhanced charge conductivity or
the ability to channel excitation energy. Channeling of excitation
energy can for instance be due to a rearrangement of energy levels.
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It has been shown that it is possible to increase the rate of reversed
intersystem crossing due to lowering of a singlet state (i.e. lower
polariton) without modifying a triplet state located relatively close in
energy. This is of practical importance within organic electronics,
where excited singlet states are much preferred over triplet states.
Channeling of excitation energy can also be the energy dispersion
dispersivity of the lower polariton, giving a driving force for
polariton condensation and lasing. This allows for collimated and
coherent emission, which are of practical importance for both
lasers and general light-emitting applications. Furthermore,
strong coupling is not only limited to electronic transition.
Coupling vibrational bands to light can open the possibility to
a new approach within chemistry. Recent breakthroughs in the
field have shown that strong coupling to a vibrational transition
can induce site-selectivity in a chemical reaction®”® and order of
magnitude increase in the reaction rate of hydrolysis.'*®

For in-depth understanding of the strong coupling phenomena,
a solid theoretical framework is of importance. The coupled
oscillator model has served the community well, and will continue
to be used to provide information on coupling strength and
Hopfield coefficients, two of the most important parameters when
characterizing a strongly coupled system. However, organic mole-
cules are vastly more complex than atoms. Theoretical description
of the excited state dynamics of a single organic molecule in a
cavity is challenging, since such system cannot be described with
only quantum chemistry and quantum optics concepts. It is thus
naive to expect that the coupled harmonic oscillator model will
accurately simulate excited state processes in a strongly coupled
system containing organic molecules. The new development of
quantum electrodynamic DFT and cavity Born-Oppenheimer
approximation is therefore very promising and can help to design
novel experiments.?”*"*%¢ Having access to both robust and simple
theoretical tools (the coupled oscillator model) and ab initio theory
(QEDFT) where intricate questions can be asked and answered is
vital for future progress of the research field.

As seen throughout this review article, the exciting research
field of strong light-matter coupling is still in its infancy, but
today researchers from various disciplines are starting to set
their eyes on the concept. This influx of new viewpoints is an
insurance of a continuation of the rapid development seen
within the field, but also offers the prospect that the concept
may be used in fundamentally different research areas than
conceivable today, such as sensing®®”**® and chemistry quantum
information.”® It is only the imagination that will put a limit on
where strong light-matter coupling can be exploited: why not do
photochemistry without the need of light?

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

K. B. acknowledges the European Research Council (ERC-2017-
StG-757733), the Swedish Research Council (2016-03354) and

This journal is © The Royal Society of Chemistry 2019

View Article Online

Review Article

the Wallenberg Foundation for financial support. The authors
would like to acknowledge the following researchers for providing
high-resolution figures: Prof. Joel Bellessa, Prof. Thomas
W. Ebbesen, Prof. James Hutchison, Prof. Junichiro Kono,
Prof. David Lidzey, Prof. Vinod Menon, Prof. Emanuele Orgiu,
Prof. Nathaniel Stern, Prof. Thilo Stoferle, Prof. Pdivi Torma4,
and Prof. Jana Zaumseil.

Notes and references

1 P. W. Anderson, Science, 1972, 177, 393-396.

2 W.T. Simpson and D. L. Peterson, J. Chem. Phys., 1957, 26,
588-593.

3 M. Kasha, H. R. Rawls and M. Ashraf El-Bayoumi, Pure
Appl. Chem., 1965, 11, 371-392.

4 T. Kobayashi, J-aggregates, World Scientific, 2012.

5 P. A. M. Dirac, Proc. R. Soc. London, Ser. A, 1927, 114, 243-265.

6 K. H. Drexhage, in Progress in Optics, ed. E. Wolf, Elsevier,
1974, vol. 12, pp. 163-232.

7 E. M. Purcell, H. C. Torrey and R. V. Pound, Phys. Rev.,
1946, 69, 37-38.

8 V. A. Yakovlev, V. G. Nazin and G. N. Zhizhin, Opt. Commun.,
1975, 15, 293-295.

9 I. Pockrand, A. Brillante and D. Md&bius, J. Chem. Phys.,
1982, 77, 6289-6295.

10 E. T. Jaynes and F. W. Cummings, Proc. IEEE, 1963, 51,
89-109.

11 V. M. Agranovich and A. G. Malshukov, Opt. Commun.,
1974, 11, 169-171.

12 C. Weisbuch, M. Nishioka, A. Ishikawa and Y. Arakawa,
Phys. Rev. Lett., 1992, 69, 3314-3317.

13 R. Houdré, R. P. Stanley, U. Oesterle, M. Ilegems and
C. Weisbuch, Phys. Rev. B: Condens. Matter Mater. Phys.,
1994, 49, 16761-16764.

14 R. Houdré, C. Weisbuch, R. P. Stanley, U. Oesterle, P. Pellandini
and M. Ilegems, Phys. Rev. Lett., 1994, 73, 2043-2046.

15 Y. Kaluzny, P. Goy, M. Gross, J. M. Raimond and S. Haroche,
Phys. Rev. Lett., 1983, 51, 1175-1178.

16 M. G. Raizen, R. J. Thompson, R. J. Brecha, H. J. Kimble
and H. J. Carmichael, Phys. Rev. Lett., 1989, 63, 240-243.

17 S. Haroche and D. Kleppner, Phys. Today, 1989, 42, 24-30.

18 R. J. Thompson, G. Rempe and H. J. Kimble, Phys. Rev.
Lett., 1992, 68, 1132-1135.

19 H. Deng, G. Weihs, C. Santori, J. Bloch and Y. Yamamoto,
Science, 2002, 298, 199-202.

20 ]. Kasprzak, M. Richard, S. Kundermann, A. Baas, P. Jeambrun,
J. M. J. Keeling, F. M. Marchetti, M. H. Szymanska, R. André,
J. L. Staehli, V. Savona, P. B. Littlewood, B. Deveaud and
L. S. Dang, Nature, 2006, 443, 409-414.

21 R. Balili, V. Hartwell, D. Snoke, L. Pfeiffer and K. West,
Science, 2007, 316, 1007-1010.

22 H. Deng, H. Haug and Y. Yamamoto, Rev. Mod. Phys., 2010,
82, 1489-1537.

23 J. D. Plumhof, T. Stoferle, L. Mai, U. Scherf and
R. F. Mahrt, Nat. Mater., 2013, 13, 247-252.

Chem. Soc. Rev., 2019, 48, 937-961 | 955


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c8cs00193f

Open Access Article. Published on 21 January 2019. Downloaded on 2/12/2026 8:28:09 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review Article

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45
46

47

48

956

T. Cookson, K. Georgiou, A. Zasedatelev, R. T. Grant,
T. Virgili, M. Cavazzini, F. Galeotti, C. Clark, N. G.
Berloff, D. G. Lidzey and P. G. Lagoudakis, Adv. Opt. Mater.,
2017, 5, 1700203.

A. Amo, D. Sanvitto, F. P. Laussy, D. Ballarini, E. del Valle,
M. D. Martin, A. Lematre, J. Bloch, D. N. Krizhanovskii, M. S.
Skolnick, C. Tejedor and L. Vifia, Nature, 2009, 457, 291-295.
I. Carusotto and C. Ciuti, Rev. Mod. Phys., 2013, 85, 299-366.

T. Tsutsui, N. Takada, S. Saito and E. Ogino, Appl. Phys.
Lett., 1994, 65, 1868-1870.

N. Takahiro and K. Atsushi, jpn. J. Appl. Phys., 1995, 34,
L1234-L1236.

R. H. Jordan, A. Dodabalapur and R. E. Slusher, Appl. Phys.
Lett., 1996, 69, 1997-1999.

N. Tessler, G. J. Denton and R. H. Friend, Nature, 1996,
382, 695-697.

D. G. Lidzey, D. D. C. Bradley, M. A. Pate, J. P. R. David,
D. M. Whittaker, T. A. Fisher and M. S. Skolnick, Appl.
Phys. Lett., 1997, 71, 744-746.

V. Agranovich, H. Benisty and C. Weisbuch, Solid State
Commun., 1997, 102, 631-636.

D. G. Lidzey, D. D. C. Bradley, M. S. Skolnick, T. Virgili,
S. Walker and D. M. Whittaker, Nature, 1998, 395, 53-55.
D. G. Lidzey, T. Virgili, D. D. C. Bradley, M. S. Skolnick,
S. Walker and D. M. Whittaker, Opt. Mater., 1999, 12,
243-247.

D. G. Lidzey, D. D. C. Bradley, A. Armitage, S. Walker and
M. S. Skolnick, Science, 2000, 288, 1620-1623.

P. Schouwink, H. V. Berlepsch, L. Didhne and R. F. Mahrt,
Chem. Phys. Lett., 2001, 344, 352-356.

D. G. Lidzey, D. D. C. Bradley, M. S. Skolnick and S. Walker,
Synth. Met., 2001, 124, 37-40.

P. A. Hobson, W. L. Barnes, D. G. Lidzey, G. A. Gehring,
D. M. Whittaker, M. S. Skolnick and S. Walker, Appl. Phys.
Lett., 2002, 81, 3519-3521.

V. M. Agranovich, M. Litinskaia and D. G. Lidzey, Phys. Rev.
B: Condens. Matter Mater. Phys., 2003, 67, 085311.

R. J. Holmes and S. R. Forrest, Phys. Rev. Lett., 2004, 93, 186404.
J. Dintinger, S. Klein, F. Bustos, W. L. Barnes and T. W.
Ebbesen, Phys. Rev. B: Condens. Matter Mater. Phys., 2005,
71, 035424.

K. Hennessy, A. Badolato, M. Winger, D. Gerace, M. Atatiire,
S. Gulde, S. Filt, E. L. Hu and A. Imamoglu, Nature, 2007, 445,
896-899.

J. Wenus, S. Ceccarelli, D. G. Lidzey, A. I. Tolmachev,
J. L. Slominskii and J. L. Bricks, Org. Electron., 2007, 8,
120-126.

S. Kéna-Cohen, M. Davanco and S. R. Forrest, Phys. Rev.
Lett., 2008, 101, 116401.

L. Novotny, Am. J. Phys., 2010, 78, 1199-1202.

A. B. Lockhart, A. Skinner, W. Newman, D. B. Steinwachs
and S. A. Hilbert, Am. J. Phys., 2018, 86, 526-530.

W. Newman, A. Skinner and S. A. Hilbert, Am. J. Phys.,
2017, 85, 844-849.

K. R. Brown, C. Ospelkaus, Y. Colombe, A. C. Wilson,
D. Leibfried and D. J. Wineland, Nature, 2011, 471, 196-199.

| Chem. Soc. Rev., 2019, 48, 937-961

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

View Article Online

Chem Soc Rev

M. Planck, Verh. Dtsch. Phys. Ges., 1911, 13, 138-148.

A. Einstein and O. Stern, Ann. Phys., 1913, 345, 551-560.
W. Nernst, Verh. Dtsch. Phys. Ges., 1916, 18, 83-116.

H. B. Casimir, On the attraction between two perfectly
conducting plates, 1948.

W. E. Lamb and R. C. Retherford, Phys. Rev., 1947, 72,
241-243.

R. S. Mulliken, Nature, 1924, 114, 349-350.

C. Riek, D. V. Seletskiy, A. S. Moskalenko, J. F. Schmidt,
P. Krauspe, S. Eckart, S. Eggert, G. Burkard and
A. Leitenstorfer, Science, 2015, 350, 420-423.

C. Cohen-Tannoudji, J. Dupont-Roc and G. Grynberg,
Photons and Atoms-Introduction to Quantum Electrodynamics,
Wiley-VCH, 1997.

M. Hertzog, P. Rudquist, J. A. Hutchison, J. George, T. W.
Ebbesen and K. Borjesson, Chem. - Eur. J., 2017, 23,
18166-18170.

W. Gao, X. Li, M. Bamba and J. Kono, Nat. Photonics, 2018,
12, 362-367.

D. J. Heinzen, J. J. Childs, J. E. Thomas and M. S. Feld,
Phys. Rev. Lett., 1987, 58, 1320-1323.

T. Holstein and H. Primakoff, Phys. Rev., 1940, 58,
1098-1113.

B. M. Garraway, Philos. Trans. R. Soc., A, 2011, 369, 1137-1155.
P. Tormé and W. L. Barnes, Rep. Prog. Phys., 2015, 78, 013901.
J. ]. Hopfield, Phys. Rev., 1958, 112, 1555-1567.

G. Khitrova, H. M. Gibbs, M. Kira, S. W. Koch and
A. Scherer, Nat. Phys., 2006, 2, 81-90.

V. M. Agranovich, Y. N. Gartstein and M. Litinskaya, Chem.
Rev., 2011, 111, 5179-5214.

R. Houdré, R. P. Stanley and M. Ilegems, Phys. Rev. A: At.,
Mol., Opt. Phys., 1996, 53, 2711-2715.

P. R. Rice and R. J. Brecha, Opt. Commun., 1996, 126,
230-235.

H. Tanji-Suzuki, W. Chen, R. Landig, J.
V. Vuleti¢, Science, 2011, 333, 1266-1269.

W. Zhao, S. Wang, B. Liu, L. Verzhbitskiy, S. Li, F. Giustiniano,
D. Kozawa, K. P. Loh, K. Matsuda, K. Okamoto, R. F. Oulton
and G. Eda, Adv. Mater., 2016, 28, 2709-2715.

A. E. Miroshnichenko, S. Flach and Y. S. Kivshar, Rev. Mod.
Phys., 2010, 82, 2257-2298.

B. Luk’yanchuk, N. I. Zheludev, S. A. Maier, N. ]J. Halas,
P. Nordlander, H. Giessen and C. T. Chong, Nat. Mater.,
2010, 9, 707-715.

N. J. Halas, S. Lal, W.-S. Chang, S. Link and P. Nordlander,
Chem. Rev., 2011, 111, 3913-3961.

C. Ciuti, G. Bastard and 1. Carusotto, Phys. Rev. B: Condens.
Matter Mater. Phys., 2005, 72, 115303.

M. A. Bastarrachea-Magnani, S. Lerma-Hernandez and
J. G. Hirsch, Phys. Rev. A: At., Mol., Opt. Phys., 2014, 89, 032101.
S. Agarwal, S. M. H. Rafsanjani and J. H. Eberly, Phys. Rev.
A: At., Mol., Opt. Phys., 2012, 85, 043815.

A. Ridolfo, M. Leib, S. Savasta and M. J. Hartmann, Phys.
Rev. Lett., 2012, 109, 193602.

C. Hamsen, K. N. Tolazzi, T. Wilk and G. Rempe, Phys. Rev.
Lett., 2017, 118, 133604.

Simon and

This journal is © The Royal Society of Chemistry 2019


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c8cs00193f

Open Access Article. Published on 21 January 2019. Downloaded on 2/12/2026 8:28:09 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Chem Soc Rev

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99
100

101

102

103
104

A. Vasanelli, Y. Todorov and C. Sirtori, C. R. Phys., 2016, 17,
861-873.

T. Jaako, Z.-L. Xiang, J. J. Garcia-Ripoll and P. Rabl, Phys.
Rev. A: At., Mol., Opt. Phys., 2016, 94, 033850.

L. A. Martinez-Martinez, R. F. Ribeiro, J. Campos-Gonzalez-
Angulo and J. Yuen-Zhou, ACS Photonics, 2018, 5, 167-176.
T. Schwartz, J. A. Hutchison, C. Genet and T. W. Ebbesen,
Phys. Rev. Lett., 2011, 106, 196405.

S. Kéna-Cohen, S. A. Maier and D. D. C. Bradley, Adv. Opt.
Mater., 2013, 1, 827-833.

S. Gambino, M. Mazzeo, A. Genco, O. Di Stefano, S. Savasta,
S. Patane, D. Ballarini, F. Mangione, G. Lerario, D. Sanvitto
and G. Gigli, ACS Photonics, 2014, 1, 1042-1048.

J. George, S. Wang, T. Chervy, A. Canaguier-Durand,
G. Schaeffer, J.-M. Lehn, J. A. Hutchison, C. Genet and
T. W. Ebbesen, Faraday Discuss., 2015, 178, 281-294.

J. George, T. Chervy, A. Shalabney, E. Devaux, H. Hiura,
C. Genet and T. W. Ebbesen, Phys. Rev. Lett., 2016, 117, 153601.
F. Todisco, M. De Giorgi, M. Esposito, L. De Marco,
A. Zizzari, M. Bianco, L. Dominici, D. Ballarini, V. Arima,
G. Gigli and D. Sanvitto, ACS Photonics, 2018, 5, 143-150.
M. Held, A. Graf, Y. Zakharko, P. N. Chao, L. Tropf,
M. C. Gather and J. Zaumseil, Adv. Opt. Mater., 2018, 6, 1700962.
C. R. Gubbin, S. A. Maier and S. Kéna-Cohen, Appl. Phys.
Lett., 2014, 104, 233302.

E. Eizner, ]J. Brodeur, F. Barachati, A. Sridharan and
S. Kéna-Cohen, ACS Photonics, 2018, 5, 2921-2927.

A. Genco, A. Ridolfo, S. Savasta, S. Patane, G. Gigli and
M. Mazzeo, Adv. Opt. Mater., 2018, 6, 1800364.

M. S. Skolnick, T. A. Fisher and D. M. Whittaker, Semicond.
Sci. Technol., 1998, 13, 645-669.

C. C. Katsidis and D. 1. Siapkas, Appl Opt., 2002, 41,
3978-3987.

S. A. Dyakov, V. A. Tolmachev, E. V. Astrova, S. G. Tikhodeev,
V. Y. Timoshenko and T. S. Perova, Numerical methods for
calculation of optical properties of layered structures, SPIE, 2010.
E. Hecht, Optics, Pearson, 2012.

M. M. Jason, L. Tae-Woo and K. G. Stephen, J. Phys.:
Condens. Matter, 2008, 20, 323201.

A. Taflove and S. C. Hagness, Computational electrody-
namics: the finite-difference time-domain method, Artech
House, 2005.

S. K. Gray, J. Phys. Chem. C, 2013, 117, 1983-1994.

E. J. Baerends, D. E. Ellis and P. Ros, Chem. Phys., 1973, 2,
41-51.

W. Kohn and L. J. Sham, Phys. Rev., 1965, 140, A1133-A1138.
E. K. Gross and R. M. Dreizler, Density functional theory,
Springer Science & Business Media, 2013.

R. ]J. Bartlett and M. Musial, Rev. Mod. Phys., 2007, 79,
291-352.

M. A. Marques and E. K. Gross, Annu. Rev. Phys. Chem.,
2004, 55, 427-455.

I. V. Tokatly, Phys. Rev. Lett., 2013, 110, 233001.

M. Ruggenthaler, J. Flick, C. Pellegrini, H. Appel, I. V.
Tokatly and A. Rubio, Phys. Rev. A: At., Mol., Opt. Phys.,
2014, 90, 012508.

This journal is © The Royal Society of Chemistry 2019

105

106

107

108

109

110

111

112

113

114

115

116

117
118

119

120

121

122

123

124

125

126

127

128

129

130

131

View Article Online

Review Article

J. Flick, M. Ruggenthaler, H. Appel and A. Rubio, Proc.
Natl. Acad. Sci. U. S. A., 2015, 112, 15285-15290.

J. Flick, C. Schifer, M. Ruggenthaler, H. Appel and
A. Rubio, ACS Photonics, 2018, 5, 992-1005.

J. Flick, N. Rivera and P. Narang, Nanophotonics, 2018, 7, 1479.
R. F. Ribeiro, L. A. Martinez-Martinez, M. Du, J. Campos-
Gonzalez-Angulo and J. Yuen-Zhou, Chem. Sci., 2018, 9,
6325-6339.

F. Herrera and F. C. Spano, ACS Photonics, 2018, 5, 65-79.
K. J. Vahala, Nature, 2003, 424, 839-846.

H. Bahsoun, T. Chervy, A. Thomas, K. Borjesson, M. Hertzog,
J. George, E. Devaux, C. Genet, J. A. Hutchison and T. W.
Ebbesen, ACS Photonics, 2018, 5, 225-232.

J. George, A. Shalabney, J. A. Hutchison, C. Genet and
T. W. Ebbesen, J. Phys. Chem. Lett., 2015, 6, 1027-1031.
D. G. Lidzey, D. D. C. Bradley, T. Virgili, A. Armitage, M. S.
Skolnick and S. Walker, Phys. Rev. Lett., 1999, 82, 3316-3319.
L. G. Connolly, D. G. Lidzey, R. Butte, A. M. Adawi,
D. M. Whittaker, M. S. Skolnick and R. Airey, Appl. Phys.
Lett., 2003, 83, 5377-5379.

R. J. Holmes and S. R. Forrest, Org. Electron., 2007, 8,
77-93.

S. Hayashi, Y. Ishigaki and M. Fujii, Phys. Rev. B: Condens.
Matter Mater. Phys., 2012, 86, 045408.

F. Ma and X. Liu, Appl. Opt., 2007, 46, 6247-6250.

J. Bellessa, C. Bonnand, J. C. Plenet and ]J. Mugnier, Phys.
Rev. Lett., 2004, 93, 036404.

T. K. Hakala, J. J. Toppari, A. Kuzyk, M. Pettersson,
H. Tikkanen, H. Kunttu and P. Térmé, Phys. Rev. Lett.,
2009, 103, 053602.

L. B. William, J. Opt. A: Pure Appl. Opt., 2006, 8, S87.

J. T. Hugall, A. Singh and N. F. van Hulst, ACS Photonics,
2018, 5, 43-53.

R. Chikkaraddy, B. de Nijs, F. Benz, S. J. Barrow, O. A.
Scherman, E. Rosta, A. Demetriadou, P. Fox, O. Hess and
J. J. Baumberg, Nature, 2016, 535, 127-130.

A. 1. Vikevdinen, R. J. Moerland, H. T. Rekola, A. P.
Eskelinen, J. P. Martikainen, D. H. Kim and P. Torm4,
Nano Lett., 2014, 14, 1721-1727.

G. Zengin, G. Johansson, P. Johansson, T. J. Antosiewicz,
M. Kill and T. Shegai, Sci. Rep., 2013, 3, 3074.

M. Wersill, J. Cuadra, T. J. Antosiewicz, S. Balci and
T. Shegai, Nano Lett., 2017, 17, 551-558.

G. Zengin, M. Wersill, S. Nilsson, T. J. Antosiewicz, M. Kill
and T. Shegai, Phys. Rev. Lett., 2015, 114, 157401.

M. Stiihrenberg, B. Munkhbat, D. G. Baranov, J. Cuadra,
A. B. Yankovich, T. J. Antosiewicz, E. Olsson and T. Shegai,
Nano Lett., 2018, 18, 5938-5945.

A. E. Schlather, N. Large, A. S. Urban, P. Nordlander and
N. J. Halas, Nano Lett., 2013, 13, 3281-3286.

L. Efremushkin, M. Sukharev and A. Salomon, J. Phys.
Chem. C, 2017, 121, 14819-14825.

J. P. Long and B. S. Simpkins, ACS Photonics, 2015, 2,
130-136.

A. Shalabney, ]J. George, J. Hutchison, G. Pupillo, C. Genet
and T. W. Ebbesen, Nat. Commun., 2015, 6, 5981.

Chem. Soc. Rev., 2019, 48, 937-961 | 957


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c8cs00193f

Open Access Article. Published on 21 January 2019. Downloaded on 2/12/2026 8:28:09 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review Article

132 M. Muallem, A. Palatnik, G. D. Nessim and Y. R. Tischler,
J. Phys. Chem. Lett., 2016, 7, 2002-2008.

133 O. Kapon, R. Yitzhari, A. Palatnik and Y. R. Tischler,
J. Phys. Chem. C, 2017, 121, 18845-18853.

134 W. Ahn, I. Vurgaftman, A. D. Dunkelberger, J. C. Owrutsky
and B. S. Simpkins, ACS Photonics, 2018, 5, 158-166.

135 T. Chervy, A. Thomas, E. Akiki, R. M. A. Vergauwe,
A. Shalabney, ]J. George, E. Devaux, J. A. Hutchison, C. Genet
and T. W. Ebbesen, ACS Photonics, 2018, 5, 217-224.

136 B. S. Simpkins, K. P. Fears, W. J. Dressick, B. T. Spann,
A. D. Dunkelberger and J. C. Owrutsky, ACS Photonics,
2015, 2, 1460-1467.

137 S. R. Casey and J. R. Sparks, J. Phys. Chem. C, 2016, 120,
28138-28143.

138 V. F. Crum, S. R. Casey and J. R. Sparks, Phys. Chem. Chem.
Phys., 2018, 20, 850-857.

139 T. Sakata, M. Suzuki, T. Yamamoto, S. Nakanishi, M. Funahashi
and N. Tsurumachi, Phys. Rev. E, 2017, 96, 042704.

140 S. Betzold, S. Herbst, A. A. P. Trichet, J. M. Smith, F. Wiirthner,
S. Hofling and C. P. Dietrich, ACS Photonics, 2018, 5, 90-94.

141 S. Kéna-Cohen and S. R. Forrest, Nat. Photonics, 2010,
4, 371.

142 Y. Tsuchimoto, H. Nagai, M. Amano, K. Bando and
H. Kondo, Appl. Phys. Lett., 2014, 104, 233307.

143 J. P. Reithmaier, G. Sek, A. Loffler, C. Hofmann, S. Kuhn,
S. Reitzenstein, L. V. Keldysh, V. D. Kulakovskii, T. L.
Reinecke and A. Forchel, Nature, 2004, 432, 197-200.

144 Y. Todorov, A. M. Andrews, R. Colombelli, S. De Liberato,
C. Ciuti, P. Klang, G. Strasser and C. Sirtori, Phys. Rev. Lett.,
2010, 105, 196402.

145 H. Grof3, J. M. Hamm, T. Tufarelli, O. Hess and B. Hecht,
Sci. Adv., 2018, 4, eaar4906.

146 G. A. Wurtz, P. R. Evans, W. Hendren, R. Atkinson, W. Dickson,
R.]J. Pollard, A. V. Zayats, W. Harrison and C. Bower, Nano Lett.,
2007, 7, 1297-1303.

147 N. T. Fofang, N. K. Grady, Z. Fan, A. O. Govorov and
N. J. Halas, Nano Lett., 2011, 11, 1556-1560.

148 T. J. Antosiewicz, S. P. Apell and T. Shegai, ACS Photonics,
2014, 1, 454-463.

149 B. G. DeLacy, O. D. Miller, C. W. Hsu, Z. Zander, S. Lacey,
R. Yagloski, A. W. Fountain, E. Valdes, E. Anquillare,
M. Soljaci¢, S. G. Johnson and J. D. Joannopoulos, Nano
Lett., 2015, 15, 2588-2593.

150 L. C. Flatten, S. Christodoulou, R. K. Patel, A. Buccheri,
D. M. Coles, B. P. L. Reid, R. A. Taylor, I. Moreels and
J. M. Smith, Nano Lett., 2016, 16, 7137-7141.

151 D. Melnikau, R. Esteban, D. Savateeva, A. Sanchez-Iglesias,
M. Grzelczak, M. K. Schmidt, L. M. Liz-Marzan, J. Aizpurua
and Y. P. Rakovich, J. Phys. Chem. Lett., 2016, 7, 354-362.

152 K. Santhosh, O. Bitton, L. Chuntonov and G. Haran, Nat.
Commun., 2016, 7, 11823.

153 H. Wang, Y. Ke, N. Xu, R. Zhan, Z. Zheng, J. Wen, J. Yan,
P. Liu, ]J. Chen, ]J. She, Y. Zhang, F. Liu, H. Chen and
S. Deng, Nano Lett., 2016, 16, 6886-6895.

154 A. L. Rodarte and A. R. Tao, J. Phys. Chem. C, 2017, 121,
3496-3502.

958 | Chem. Soc. Rev., 2019, 48, 937-961

155

156

157

158

159

160

161

162

163

164

165

166

167

168

169

170

171

172

173

174

175

176

View Article Online

Chem Soc Rev

Q. Ruan, N. Li, H. Yin, X. Cui, J. Wang and H.-Q. Lin, ACS
Photonics, 2018, 5, 3838-3848.

F. Stete, P. Schof3au, M. Bargheer and W. Koopman, J. Phys.
Chem. C, 2018, 122, 17976-17982.

L. K. van Vugt, S. Riihle, P. Ravindran, H. C. Gerritsen, L. Kuipers
and D. Vanmaekelbergh, Phys. Rev. Lett., 2006, 97, 147401.

G. Beane, B. S. Brown, P. Johns, T. Devkota and G. V. Hartland,
J. Phys. Chem. Lett., 2018, 9, 1676-1681.

W. Du, S. Zhang, J. Shi, J. Chen, Z. Wu, Y. Mi, Z. Liu, Y. Li,
X. Sui, R. Wang, X. Qiu, T. Wu, Y. Xiao, Q. Zhang and
X. Liu, ACS Photonics, 2018, 5, 2051-2059.

Q. Shang, S. Zhang, Z. Liu, J. Chen, P. Yang, C. Li, W. Li,
Y. Zhang, Q. Xiong, X. Liu and Q. Zhang, Nano Lett., 2018,
18, 3335-3343.

X. Wang, M. Shoaib, X. Wang, X. Zhang, M. He, Z. Luo,
W. Zheng, H. Li, T. Yang, X. Zhu, L. Ma and A. Pan, ACS
Nano, 2018, 12, 6170-6178.

D. M. Coles, Q. Chen, L. C. Flatten, J. M. Smith, K. Mullen,
A. Narita and D. G. Lidzey, Nano Lett., 2017, 17, 5521-5525.
C. P. Dietrich, A. Steude, L. Tropf, M. Schubert, N. M.
Kronenberg, K. Ostermann, S. Hofling and M. C. Gather,
Sci. Adv., 2016, 2, €1600666.

R. M. A. Vergauwe, J. George, T. Chervy, J. A. Hutchison,
A. Shalabney, V. Y. Torbeev and T. W. Ebbesen, J. Phys.
Chem. Lett., 2016, 7, 4159-4164.

C. P. Dietrich, A. Steude, M. Schubert, J. Ohmer, U. Fischer,
S. Hofling and M. C. Gather, Adv. Opt. Mater., 2017, 5, 1600659.
A. Tsargorodska, M. L. Cartron, C. Vasilev, G. Kodali,
O. A. Mass, J. J. Baumberg, P. L. Dutton, C. N. Hunter,
P. Torma and G. J. Leggett, Nano Lett., 2016, 16, 6850-6856.
D. M. Coles, Y. Yang, Y. Wang, R. T. Grant, R. A. Taylor,
S. K. Saikin, A. Aspuru-Guzik, D. G. Lidzey, J. K.-H. Tang
and J. M. Smith, Nat. Commun., 2014, 5, 5561.

D. Coles, L. C. Flatten, T. Sydney, E. Hounslow, S. K. Saikin,
A. Aspuru-Guzik, V. Vedral, J. K.-H. Tang, R. A. Taylor,
J. M. Smith and D. G. Lidzey, Small, 2017, 1701777.

J. del Pino, J. Feist and F. ]J. Garcia-Vidal, New J. Phys., 2015,
17, 053040.

D. M. Coles, P. Michetti, C. Clark, A. M. Adawi and D. G. Lidzey,
Phys. Rev. B: Condens. Matter Mater. Phys., 2011, 84, 205214.

D. G. Lidzey, A. M. Fox, M. D. Rahn, M. S. Skolnick,
V. M. Agranovich and S. Walker, Phys. Rev. B: Condens.
Matter Mater. Phys., 2002, 65, 10.

M. Coles David, P. Michetti, C. Clark, C. Tsoi Wing,
M. Adawi Alj, J. S. Kim and G. Lidzey David, Adv. Funct.
Mater., 2011, 21, 3691-3696.

S. Wang, T. Chervy, J. George, J. A. Hutchison, C. Genet and
T. W. Ebbesen, J. Phys. Chem. Lett., 2014, 5, 1433-1439.
D. M. Coles, R. T. Grant, D. G. Lidzey, C. Clark and
P. G. Lagoudakis, Phys. Rev. B: Condens. Matter Mater. Phys.,
2013, 88, 121303.

J. Mony, M. Hertzog, K. Kushwaha and K. Borjesson,
J. Phys. Chem. C, 2018, 122, 24917-24923.

A. Canaguier-Durand, E. Devaux, J. George, Y. Pang, J. A.
Hutchison, T. Schwartz, C. Genet, N. Wilhelms, J. M. Lehn
and T. W. Ebbesen, Angew. Chem., 2013, 125, 10727-10730.

This journal is © The Royal Society of Chemistry 2019


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c8cs00193f

Open Access Article. Published on 21 January 2019. Downloaded on 2/12/2026 8:28:09 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Chem Soc Rev

177

178

179
180

181

182

183

184

185

186

187

188

189

190

191

192

193

194

195

196

197

198

199

200

J. Yuen-Zhou, S. K. Saikin and V. M. Menon, J. Phys. Chem.
Lett., 2018, 9, 6511-6516.

P. Schouwink, J. M. Lupton, H. von Berlepsch, L. Didhne
and R. F. Mahrt, Phys. Rev. B: Condens. Matter Mater. Phys.,
2002, 66, 081203.

T. W. Ebbesen, Acc. Chem. Res., 2016, 49, 2403-2412.

D. M. Whittaker, P. Kinsler, T. A. Fisher, M. S. Skolnick,
A. Armitage, A. M. Afshar, M. D. Sturge and J. S. Roberts,
Phys. Rev. Lett., 1996, 77, 4792-4795.

D. Ballarini, M. De Giorgi, S. Gambino, G. Lerario,
M. Mazzeo, A. Genco, G. Accorsi, C. Giansante, S. Colella,
S. D’Agostino, P. Cazzato, D. Sanvitto and G. Gigli, Adv.
Opt. Mater., 2014, 2, 1076-1081.

T. Grant Richard, P. Michetti, J. Musser Andrew, P. Gregoire,
T. Virgili, E. Vella, M. Cavazzini, K. Georgiou, F. Galeotti,
C. Clark, J. Clark, C. Silva and G. Lidzey David, Adv. Opt. Mater.,
2016, 4, 1615-1623.

S. Kena-Cohen and S. R. Forrest, Phys. Rev. B: Condens.
Matter Mater. Phys., 2007, 76, 075202.

K. Stranius, M. Hertzog and K. Borjesson, Nat. Commun.,
2018, 9, 2273.

J. A. Hutchison, T. Schwartz, C. Genet, E. Devaux and
T. W. Ebbesen, Angew. Chem., Int. Ed., 2012, 51, 1592-1596.
L. H. Lin, M. S. Wang, X. L. Wei, X. L. Peng, C. Xie and
Y. B. Zheng, Nano Lett., 2016, 16, 7655-7663.

J. Feist, J. Galego and F. ]J. Garcia-Vidal, ACS Photonics,
2018, 5, 205-216.

J. Galego, F. ]J. Garcia-Vidal and J. Feist, Phys. Rev. X, 2015,
5, 041022.

J. Galego, F. J. Garcia-Vidal and J. Feist, Nat. Commun.,
2016, 7, 13841.

J. Galego, F. J. Garcia-Vidal and ]. Feist, Phys. Rev. Lett.,
2017, 119, 136001.

B. Munkhbat, M. Wersill, D. G. Baranov, T. J. Antosiewicz
and T. Shegai, Sci. Adv., 2018, 4, eaas9552.

F. Herrera and F. C. Spano, Phys. Rev. Lett., 2016, 116, 238301.
A. Shalabney, J. George, H. Hiura, J. A. Hutchison,
C. Genet, P. Hellwig and T. W. Ebbesen, Angew. Chem.,
Int. Ed., 2015, 54, 7971-7975.

A. D. Dunkelberger, B. T. Spann, K. P. Fears, B. S. Simpkins
and J. C. Owrutsky, Nat. Commun., 2016, 7, 13504.

M. Muallem, A. Palatnik, G. D. Nessim and Y. R. Tischler,
Ann. Phys., 2016, 528, 313-320.

P. Saurabh and S. Mukamel, J. Chem. Phys., 2016, 144,
124115.

A. Thomas, J. George, A. Shalabney, M. Dryzhakov, S. J.
Varma, J. Moran, T. Chervy, X. Zhong, E. Devaux, C. Genet,
J. A. Hutchison and T. W. Ebbesen, Angew. Chem., Int. Ed.,
2016, 55, 11462-11466.

H. Memmi, O. Benson, S. Sadofev and S. Kalusniak, Phys.
Rev. Lett., 2017, 118, 126802.

H. Hiura, A. Shalabney and J. George, 2018, DOI: 10.26434/
chemrxiv.7234721.v1.

P. Forn-Diaz, J. Lisenfeld, D. Marcos, J. J. Garcia-Ripoll,
E. Solano, C. J. P. M. Harmans and ]J. E. Mooij, Phys. Rev.
Lett., 2010, 105, 237001.

This journal is © The Royal Society of Chemistry 2019

201

202

203

204

205

206
207

208

209

210

211

212

213

214

215

216

217

218

219
220

221

222

223

224

View Article Online

Review Article

M. Ruggenthaler, N. Tancogne-Dejean, J. Flick, H. Appel
and A. Rubio, Nat. Rev. Chem., 2018, 2, 0118.

J. A. Cwik, P. Kirton, S. De Liberato and J. Keeling, Phys.
Rev. A, 2016, 93, 033840.

Z. Shuai, H. Geng, W. Xu, Y. Liao and J.-M. Andre, Chem.
Soc. Rev., 2014, 43, 2662-2679.

S. A. Guebrou, C. Symonds, E. Homeyer, J. Plenet, Y. N.
Gartstein, V. M. Agranovich and J. Bellessa, Phys. Rev. Lett.,
2012, 108, 066401.

L. Shi, T. Hakala, H. Rekola, ]J.-P. Martikainen, R. Moerland
and P. Tormé, Phys. Rev. Lett., 2014, 112, 153002.

F. C. Spano, J. Chem. Phys., 2015, 142, 184707.

G. G. Rozenman, K. Akulov, A. Golombek and T. Schwartz,
ACS Photonics, 2018, 5, 105-110.

J. Schachenmayer, C. Genes, E. Tignone and G. Pupillo,
Phys. Rev. Lett., 2015, 114, 196403.

J. Feist and F. J. Garcia-Vidal, Phys. Rev. Lett., 2015, 114,
196402.

E. Orgiu, J. George, J. Hutchison, E. Devaux, J. Dayen,
B. Doudin, F. Stellacci, C. Genet, J. Schachenmayer and
C. Genes, Nat. Mater., 2015, 14, 1123-1129.

D. Hagenmiiller, J. Schachenmayer, S. Schiitz, C. Genes
and G. Pupillo, Phys. Rev. Lett., 2017, 119, 223601.

D. M. Coles, N. Somaschi, P. Michetti, C. Clark, P. G.
Lagoudakis, P. G. Savvidis and D. G. Lidzey, Nat. Mater.,
2014, 13, 712-719.

X. Zhong, T. Chervy, S. Wang, ]J. George, A. Thomas,
J. A. Hutchison, E. Devaux, C. Genet and T. W. Ebbesen,
Angew. Chem., Int. Ed., 2016, 55, 6202-6206.

X. Zhong, T. Chervy, L. Zhang, A. Thomas, J. George,
C. Genet, A. Hutchison James and W. Ebbesen Thomas,
Angew. Chem., 2017, 129, 9162-9166.

K. Georgiou, P. Michetti, L. Gai, M. Cavazzini, Z. Shen and
D. G. Lidzey, ACS Photonics, 2018, 5, 258-266.

R. Saez-Blazquez, J. Feist, A. I. Fernandez-Dominguez and
F. ]J. Garcia-Vidal, Phys. Rev. B, 2018, 97, 241407.

M. Du, L. A. Martinez-Martinez, R. F. Ribeiro, Z. Hu, V. M.
Menon and J. Yuen-Zhou, Chem. Sci., 2018, 9, 6659-6669.
J. del Pino, J. Feist and F. ]J. Garcia-vidal, J. Phys. Chem. C,
2015, 119, 29132-29137.

A. Strashko and J. Keeling, Phys. Rev. A, 2016, 94, 023843.
T. Chervy, J. Xu, Y. Duan, C. Wang, L. Mager, M. Frerejean,
J. A. W. Miinninghoff, P. Tinnemans, J. A. Hutchison,
C. Genet, A. E. Rowan, T. Rasing and T. W. Ebbesen, Nano
Lett., 2016, 16, 7352-7356.

F. Barachati, J. Simon, Y. A. Getmanenko, S. Barlow,
S. R. Marder and S. Kéna-Cohen, ACS Photonics, 2018, 5,
119-125.

J. R. Tischler, M. S. Bradley, V. Bulovi¢, J. H. Song and
A. Nurmikko, Phys. Rev. Lett., 2005, 95, 036401.

N. Christogiannis, N. Somaschi, P. Michetti, M. Coles David,
G. Sawvidis Pavlos, G. Lagoudakis Pavlos and G. Lidzey David,
Adv. Opt. Mater., 2013, 1, 503-509.

M. Mazzeo, A. Genco, S. Gambino, D. Ballarini, F. Mangione,
O. Di Stefano, S. Patane, S. Savasta, D. Sanvitto and G. Gigli,
Appl. Phys. Lett., 2014, 104, 233303.

Chem. Soc. Rev., 2019, 48, 937-961 | 959


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c8cs00193f

Open Access Article. Published on 21 January 2019. Downloaded on 2/12/2026 8:28:09 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review Article

225

226

227

228

229

230

231

232

233

234

235
236
237
238

239

240

241

242

243
244

245

246
247

248

249

960

S. Gambino, A. Genco, G. Accorsi, O. Di Stefano, S. Savasta,
S. Patane, G. Gigli and M. Mazzeo, Appl. Mater. Today,
2015, 1, 33-36.

D. Chastanet, J. M. Manceau, T. Laurent, A. Bousseksou,
G. Beaudoin, I. Sagnes and R. Colombelli, Appl. Phys. Lett.,
2017, 110, 081108.

X. Shi, K. Ueno, T. Oshikiri, Q. Sun, K. Sasaki and
H. Misawa, Nat. Nanotechnol., 2018, 13, 953-958.

G. Groenhof and J. J. Toppari, J. Phys. Chem. Lett., 2018, 9,
4848-4851.

L. A. Martinez-Martinez, M. Du, R. F. Ribeiro, S. Kéna-Cohen
and J. Yuen-Zhou, J. Phys. Chem. Lett., 2018, 9, 1951-1957.

M. H. Anderson, J. R. Ensher, M. R. Matthews, C. E.
Wieman and E. A. Cornell, Science, 1995, 269, 198-201.
H. Deng, G. S. Solomon, R. Hey, K. H. Ploog and
Y. Yamamoto, Phys. Rev. Lett., 2007, 99, 126403.

A. P. D. Love, D. N. Krizhanovskii, D. M. Whittaker,
R. Bouchekioua, D. Sanvitto, S. A. Rizeiqi, R. Bradley,
M. S. Skolnick, P. R. Eastham, R. André and L. S. Dang,
Phys. Rev. Lett., 2008, 101, 067404.

J. J. Baumberg, A. V. Kavokin, S. Christopoulos, A. J. D.
Grundy, R. Butté¢, G. Christmann, D. D. Solnyshkov,
G. Malpuech, G. Baldassarri Hoger von Hogersthal, E. Feltin,
J. F. Carlin and N. Grandjean, Phys. Rev. Lett., 2008, 101, 136409.
C. Schneider, A. Rahimi-Iman, N. Y. Kim, J. Fischer,
I. G. Savenko, M. Amthor, M. Lermer, A. Wolf, L. Worschech,
V. D. Kulakovskii, I. A. Shelykh, M. Kamp, S. Reitzenstein,
A. Forchel, Y. Yamamoto and S. Hofling, Nature, 2013, 497,
348-352.

L. V. Butov, Nature, 2007, 447, 540-541.

L. V. Butov and A. V. Kavokin, Nat. Photonics, 2011, 6, 2.
B. Deveaud-Plédran, Nat. Photonics, 2012, 6, 205.

T. Byrnes, N. Y. Kim and Y. Yamamoto, Nat. Phys., 2014,
10, 803-813.

M. Ramezani, A. Halpin, A. I. Fernandez-Dominguez,
J. Feist, S. R. K. Rodriguez, F. J. Garcia-Vidal and ]. G.
Rivas, Optica, 2017, 4, 31-37.

G. G. Paschos, N. Somaschi, S. I. Tsintzos, D. Coles, ]J. L.
Bricks, Z. Hatzopoulos, D. G. Lidzey, P. G. Lagoudakis and
P. G. Savvidis, Sci. Rep., 2017, 7, 11377.

E. R. Bittner and C. Silva, J. Chem. Phys., 2012, 136, 034510.
K. S. Daskalakis, S. A. Maier, R. Murray and S. Kéna-Cohen,
Nat. Mater., 2014, 13, 271-278.

M. G. Moore and A. Vardi, Phys. Rev. Lett., 2002, 88, 160402.
H. Deng, G. Weihs, D. Snoke, J. Bloch and Y. Yamamoto,
Proc. Natl. Acad. Sci. U. S. A., 2003, 100, 15318.

J. Wang, P. Da, Z. Zhang, S. Luo, L. Liao, Z. Sun, X. Shen,
S. Wu, G. Zheng and Z. Chen, Nanoscale, 2018, 10, 10371-10376.
T. Mueller and E. Malic, npj 2D Mater. Appl., 2018, 2, 29.
D. N. Basov, M. M. Fogler and F. J. Garcia de Abajo, Science,
2016, 354, aag1992.

A. Graf, Y. Zakharko, S. P. Schief3l, C. Backes, M. Pfohl],
B. S. Flavel and J. Zaumseil, Carbon, 2016, 105, 593-599.
F. Schoppler, C. Mann, T. C. Hain, F. M. Neubauer, G. Privitera,
F. Bonaccorso, D. Chu, A. C. Ferrari and T. Hertel, J. Phys.
Chem. C, 2011, 115, 14682-14686.

| Chem. Soc. Rev., 2019, 48, 937-961

250

251

252

253

254

255

256

257

258

259

260

261

262

263

264

265

266

267

268

269

270

271

View Article Online

Chem Soc Rev

J. Maultzsch, R. Pomraenke, S. Reich, E. Chang, D. Prezzi,
A. Ruini, E. Molinari, M. S. Strano, C. Thomsen and
C. Lienau, Phys. Rev. B: Condens. Matter Mater. Phys.,
2005, 72, 241402.

X. Zhou, J.-Y. Park, S. Huang, J. Liu and P. L. McEuen, Phys.
Rev. Lett., 2005, 95, 146805.

R. B. Weisman and S. M. Bachilo, Nano Lett., 2003, 3,
1235-1238.

A. Graf, L. Tropf, Y. Zakharko, J. Zaumseil and M. C.
Gather, Nat. Commun., 2016, 7, 13078.

Y. Zakharko, A. Graf and J. Zaumseil, Nano Lett., 2016, 16,
6504-6510.

A. Graf, M. Held, Y. Zakharko, L. Tropf, M. C. Gather and
J. Zaumseil, Nat. Mater., 2017, 16, 911-917.

C. Mohl, A. Graf, F. J. Berger, ]J. Liittgens, Y. Zakharko,
V. Lumsargis, M. C. Gather and J. Zaumseil, ACS Photonics,
2018, 5, 2074-2080.

K. F. Mak, C. Lee, J. Hone, J. Shan and T. F. Heinz, Phys.
Rev. Lett., 2010, 105, 136805.

A. Splendiani, L. Sun, Y. Zhang, T. Li, J. Kim, C.-Y. Chim,
G. Galli and F. Wang, Nano Lett., 2010, 10, 1271-1275.

L. C. Flatten, Z. He, D. M. Coles, A. A. P. Trichet, A. W.
Powell, R. A. Taylor, J. H. Warner and J. M. Smith, Sci. Rep.,
2016, 6, 33134.

J- Yuen-Zhou, S. K. Saikin, T. Zhu, M. C. Onbasli, C. A. Ross,
V. Bulovic and M. A. Baldo, Nat. Commun., 2016, 7, 11783.
X. Z. Liu, T. Galfsky, Z. Sun, F. N. Xia, E. C. Lin, Y. H. Lee,
S. Kena-Cohen and V. M. Menon, Nat. Photonics, 2015, 9,
30-34.

S. Dufferwiel, S. Schwarz, F. Withers, A. A. P. Trichet, F. Li,
M. Sich, O. Del Pozo-Zamudio, C. Clark, A. Nalitov, D. D.
Solnyshkov, G. Malpuech, K. S. Novoselov, J. M. Smith,
M. S. Skolnick, D. N. Krizhanovskii and A. I. Tartakovskii,
Nat. Commun., 2015, 6, 8579.

W. Liu, B. Lee, C. H. Naylor, H.-S. Ee, J. Park, A. T. C.
Johnson and R. Agarwal, Nano Lett., 2016, 16, 1262-1269.
S. Wang, S. Li, T. Chervy, A. Shalabney, S. Azzini, E. Orgiu,
J. A. Hutchison, C. Genet, P. Samori and T. W. Ebbesen,
Nano Lett., 2016, 16, 4368-4374.

J. Wen, H. Wang, W. Wang, Z. Deng, C. Zhuang, Y. Zhang,
F. Liu, J. She, J. Chen, H. Chen, S. Deng and N. Xu, Nano
Lett., 2017, 17, 4689-4697.

D. Zheng, S. Zhang, Q. Deng, M. Kang, P. Nordlander and
H. Xu, Nano Lett., 2017, 17, 3809-3814.

X. Han, K. Wang, X. Xing, M. Wang and P. Lu, ACS
Photonics, 2018, 5, 3970-3976.

F. Barachati, A. Fieramosca, S. Hafezian, J. Gu, B. Chakraborty,
D. Ballarini, L. Martinu, V. Menon, D. Sanvitto and S. Kéna-
Cohen, Nat. Nanotechnol., 2018, 13, 906-909.

B. Chakraborty, J. Gu, Z. Sun, M. Khatoniar, R. Bushati,
A. L. Boehmke, R. Koots and V. M. Menon, Nano Lett.,
2018, 18, 6455-6460.

J. K. Day, M.-H. Chung, Y.-H. Lee and V. M. Menon, Opt.
Mater. Express, 2016, 6, 2360-2365.

Y.-J. Chen, J. D. Cain, T. K. Stanev, V. P. Dravid and
N. P. Stern, Nat. Photonics, 2017, 11, 431-435.

This journal is © The Royal Society of Chemistry 2019


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c8cs00193f

Open Access Article. Published on 21 January 2019. Downloaded on 2/12/2026 8:28:09 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Chem Soc Rev

272 S. Dufferwiel, T. P. Lyons, D. D. Solnyshkov, A. A. P.
Trichet, F. Withers, S. Schwarz, G. Malpuech, J. M. Smith,
K. S. Novoselov, M. S. Skolnick, D. N. Krizhanovskii and
A. 1. Tartakovskii, Nat. Photonics, 2017, 11, 497-501.

273 Z. Sun, J. Gu, A. Ghazaryan, Z. Shotan, C. R. Considine,
M. Dollar, B. Chakraborty, X. Liu, P. Ghaemi, S. Kéna-
Cohen and V. M. Menon, Nat. Photonics, 2017, 11, 491-496.

274 A. Krasnok and A. Alu, Appl. Sci., 2018, 8, 1157.

275 T. Chervy, S. Azzini, E. Lorchat, S. Wang, Y. Gorodetski,
J. A. Hutchison, S. Berciaud, T. W. Ebbesen and C. Genet,
ACS Photonics, 2018, 5, 1281-1287.

276 K. F.Mak, K. He, J. Shan and T. F. Heinz, Nat. Nanotechnol.,
2012, 7, 494-498.

277 H. Zeng, J. Dai, W. Yao, D. Xiao and X. Cui, Nat. Nano-
technol., 2012, 7, 490-493.

278 A. Thomas, L. Lethuillier-Karl, K. Nagrajan, R. M. A. Vergauwe,
J. George, T. Chervy, A. Shalabney, E. Devaux, C. Genet, J. Moran
and T. W. Ebbesen, 2018, DOI: 10.26434/chemrxiv.7160789.v1.

279 M. A. Sentef, M. Ruggenthaler and A. Rubio, 2018,
arXiv:1802.09437.

This journal is © The Royal Society of Chemistry 2019

280

281

282

283

284

285

286
287

288

289

View Article Online

Review Article

J. Flick, D. M. Welakuh, M. Ruggenthaler, H. Appel and
A. Rubio, 2018, arXiv:1803.02519.

C. Schifer, M. Ruggenthaler and A. Rubio, 2018, arXiv:
1804.00923.

S. Mahmoud Ashrafi, R. Malekfar, A. R. Bahrampour and
J. Feist, 2018, arXiv:1810.09130.

J. Galego, C. Climent, F. J. Garcia-Vidal and J. Feist, 2018,
arXiv:1807.10846.

J. Flick, M. Ruggenthaler, H. Appel and A. Rubio, Proc.
Natl. Acad. Sci. U. S. A., 2017, 114, 3026-3034.

M. Kowalewski, K. Bennett and S. Mukamel, J. Phys. Chem.
Lett., 2016, 7, 2050-2054.

O. Vendrell, Chem. Phys., 2018, 509, 55-65.

M. Li, S. K. Cushing and N. Wu, Analyst, 2015, 140,
386-406.

K. E. Dorfman and S. Mukamel, Proc. Natl. Acad. Sci. U. S. A.,
2018, 115, 1451-1456.

J. Olson, Y. Cao, ]J. Romero, P. Johnson, P.-L. Dallaire-
Demers, N. Sawaya, P. Narang, I. Kivlichan, M. Wasielewski
and A. Aspuru-Guzik, 2017, arXiv:1706.05413.

Chem. Soc. Rev., 2019, 48, 937-961 | 961


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c8cs00193f



