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has recently attracted considerable experimental effort for potential applications in quantum-mechanical and classical

optical information processing and for fundamental studies of light-matter interaction. Here, we review the theory behind

strong plasmon-exciton coupling and provide analytical expressions that can be used for fitting experimental data,

particularly the commonly measured scattering spectra. We re-analyze published data using these expressions, providing a

uniform method for evaluating and quantifying claims of strong coupling that avoids ambiguities in distinguishing between

Rabi splitting and exciton-induced transparency (or Fano-like interference between plasmons and excitons).

Introduction and theory

There has recently been a surge of interest in strong coupling
between plasmons in metal nanostructures and excitons in
molecular or semiconductor materials. %34 Strong coupling, in this
case, means that the coupling strength between excitons and
plasmons exceeds damping rates in the coupled system, so that the
excitons and plasmons form new, hybrid normal modes. The
elementary excitations of the coupled system are then no longer
excitons or plasmons, but combinations of the two. In particular,
there has been a push to realize strong coupling at the level of single
excitons coupled to single plasmonic nanostructures.

This represents a significant challenge. Not only is it a challenge
to fabricate and optically probe single strongly-coupled
nanostructures, but it is also not trivial to understand the often
complex experimental spectra that result. In this Feature Article, we
review published results for excitons coupled to single plasmonic
and determine which results correspond
unambiguously to the strong-coupling regime. In order to explain
how we examine the results, we first review the background and
theory of plasmon-exciton coupling.

nanostructures

Weak coupling: the Purcell effect.

The motivation for observing strong plasmon-exciton coupling
comes from the much longer-standing observation of enhanced
luminescence from optical emitters coupled to plasmonic
structures. The first such observations were made by Drexhage
in the late 1960s, who measured increased in emission rates
from layers of dye molecules at nanometer-scale distances from
metal films.>® The first widespread interest in metal-enhanced
luminescence, however, came about a decade later, following
the observation of surface-enhanced Raman scattering
(SERS).”8 It was quickly understood that the massive signal
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enhancements in SERS were due to localization of optical fields
through their coupling to plasmon resonances in roughened
metal surfaces.® This same field localization was observed to
enable the enhancement of other optical processes, including
luminescence.l91! Although both increases and decreases in
luminescence signal were observed in different experiments,
the decay rate of the emitting species was uniformly observed
to increase.213

Since these observations were first made by chemists, they
were first described in their language of energy transfer.1? In
analogy to Forster resonant energy transfer (FRET), plasmon-
enhanced emission can be understood as energy transfer from
an excited excitonic state to plasmon resonances followed by
radiative and non-radiative decay of the plasmons. Shortly
afterwards, electrical engineers became interested in the
phenomenon, and adopted the language of optical antennas.*
This description, first developed in the context of near-field
scanning optical microscopy (NSOM),1516 sees the plasmonic
metal nanostructure as the optical-frequency analogue of a
radio-wave or microwave antenna, broadcasting optical energy
from an exciton to the far field.

In order to understand the connection between
luminescence enhancement and strong coupling, perhaps the
most useful description is in the physicist’s language of cavity
quantum electrodynamics (QED). At the same time as chemists
were modifying the emission rate of molecules next to metal
surfaces, physicists were modifying the emission rates of atoms
in microwavel” or optical'® cavities. They explained the
modification of emission rates as being due to a modification in
the density of states, p(Aw), available to the emitted photon:
according to Fermi’s golden rule,’® the spontaneous emission
rate is

2m 2
y1=H1Val’p(hw), (1)

where Vi is the dipole transition matrix element between the
initial and final states of the emitter and w is the frequency of
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the emitted photon. A cavity increases the density of
electromagnetic states at the frequencies of its optical modes,
leading to an increase in the emission rate for emitters resonant
with the cavity modes. For a narrow-linewidth emitter on
resonance with a single-mode optical cavity, located at the
maximum of the optical field in this mode and aligned with the
polarization of the field, the emission rate is increased by the
following Purcell factor compared to its emission rate in free
space:?0
304
= 4%V, ’ (2)

where Q is the quality factor of the cavity, 4 is the optical
wavelength, and V, is the cavity mode volume.

In this picture, a metal nanostructure can be seen as an
optical resonator, and modification of spontaneous emission
from materials next to the nanostructure is a result of
localization of optical energy.?! Compared to conventional
optical cavities, plasmonic resonators have much lower quality
factors; however, they can also have much smaller mode
volumes, because they are not restricted by the diffraction
limit.22 The nanoscale mode volumes more than compensate
for the small quality factors, so that plasmonic nanostructures
have produced the largest observed enhancements of
spontaneous emission.?t

Strong coupling: Rabi splitting.

The cavity-QED description of plasmon-enhanced luminescence
suggests the possibility of increasing the strength of plasmon-
exciton coupling to the point where spontaneous emission into
the plasmon modes is no longer irreversible, but energy is instead
exchanged coherently back and forth between the exciton and
plasmon before being radiated to free space or damped due to
losses (see Figure 1a). The coherent oscillations of energy in the
time domain (known as vacuum Rabi oscillations, see Figure 1b)
correspond to the splitting of the emission peak into two (known
as vacuum Rabi splitting, see Figure 1c).?> The two peaks
correspond to normal modes of the coupled plasmon-exciton
system; that is, the new resonances correspond to hybrid
plasmon-exciton states known as polaritons (or plexcitons). The
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Figure 1: (a) lllustration of a strongly coupled plasmon-exciton system. The
excitonic system undergoes dephasing and decay at a rate .. The plasmonic
system decays radiatively at a rate y,.. and non-radiatively at a rate p.n,
resulting in a total decay rate y,. Energy oscillates between the plasmon and
the exciton at the Rabi frequency (g, as illustrated in (b). These Rabi
oscillations lead to splitting of the spectrum into hybrid modes, as illustrated
in (c).
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formation of polaritons occurs in which is known as the strong-
coupling regime of cavity QED, in contrast to the weak-coupling
regime of modified spontaneous emission.

Strong coupling between an emitter and a plasmonic metal
nanostructure can be modelled by treating the emitter as a two-
level system and by considering a single resonant mode (or quasi-
normal mode)? of the plasmonic nanostructure. Quantizing the
plasmon field in terms of boson operators, & @', enables the
system to be described in terms of the Jaynes-Cummings
Hamiltonian:2526

A = hopa'a +hoems 6 +hg(ate +51a),  (3)

where G is the Pauli raising operator for the two-level system, Wy,
is the plasmon resonance frequency, Wem is the emitter transition
frequency, g is the coupling strength between the plasmon and
the emitter, and damping and decoherence of the plasmon and
the emitter have been ignored for the moment. The coupling
strength is given by

Zﬁem ) éo
9="n (4)

where Hem is the transition dipole matrix element of the emitter
and EO is the local electric field produced by the plasmon at the
location of the emitter.?’” For electromagnetic fields confined
within a cavity with mode volume V, the maximum coupling
strength (for an emitter located at the field maximum whose
dipole moment is aligned with the polarization of the field) is

Hem |y
9= (5)

Diagonalization of the Hamiltonian in Eq. (3) gives the mode
frequencies of the polaritons:

1
w4 = E(wpl + wem) + QR, (6)

where the vacuum Rabi frequency is

Qp= \/92 + 1/4'(wpl - wem)z. (7)

Qp is the frequency at which energy oscillates between the
plasmon and the emitter, as illustrated in Figure 1b.

Damping can be taken into account using the Heisenberg-
Langevin approach, where the plasmon and emitter are each
coupled to a reservoir of harmonic-oscillator modes.?82°
Absorption spectra can be calculated directly from the resulting
equations of motion using a Green’s-function approach.3031
Equivalently, the system dynamics can be described using a
Liouville, or master-equation, approach, with Lindblad operators
used to describe the coupling of the plasmon and emitter to
thermal reservoirs.29:32:33.34.3536 Scattering and absorption cross-
sections can be calculated from either the Heisenberg-Langevin
or the Liouville equations, by adding an external electric field, &,
that acts on the plasmon:

I/:Id = _Eﬂpl, (8)

where ﬂpz = dpl(a— + &T) is the plasmon dipole operator and d,, is
the plasmon dipole moment. Direct driving of the emitter by the
external field can be neglected, because the emitter interacts much
more weakly with light than does the plasmonic nanostructure.
(Typically, the optical cross-section of an exciton is 3 — 4 orders of
magnitude smaller than that of a 10 — 100 nm plasmonic metal
nanoparticle.) The optical response can then be obtained by solving
the equations of motion in either the time or frequency domain.

This journal is © The Royal Society of Chemistry 20xx
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This analytical approach involves several assumptions. By
treating the emitter as a two-level system, it ignores the complicated
energy-level structure that is present in any quantum emitter. By
treating the plasmon field in terms of the population of a single
(quasi-)normal mode, it ignores additional modes that may overlap
in frequency as well as any frequency dependence of the plasmon
damping rate. Finally, it treats the emitter as a point dipole, ignoring
any effects that arise as a result of field gradients across the spatial
extent of the emitter. Despite the several simplifications involved,
the model can nonetheless provide a quantitative treatment of
experimental data, as we show below.

Solution of the quantum model requires substantial
computational resources in order to account for all of the plasmon
states that may be occupied. Significant speed-up can be obtained if
the plasmon field can be approximated as classical, i.e., if the effect
of quantum fluctuations in the field can be neglected. In this case,
the Heisenberg-Langevin or Liouville equations reduce to
semiclassical Maxwell-Bloch equations,33 provided these
equations are written in the correct form.?%3° We have verified that
the predictions of the quantum and semiclassical models are nearly
identical in the case of parameters relevant to plasmon-exciton
coupling,3® using the following form of the Maxwell-Bloch
equations:*°

/:lpl + yplllpl + w;ZJI.upl =F, +g(wpldpl/dem)ﬂem, (9)

P = Wemps™ — v2pT"
p5" = — wemp{™ — (g/dpDpips™ — v2p5™,
P = (9/dpdpips™ — v1(p§™ + 1)

(10)

where derm is the transition dipole moment of the emitter, Yplis the
plasmon decay rate, Y1 is the energy decay rate of the emitter, Y2 is
the dephasing rate of the emitter, Pem is the reduced density matrix
of the emitter, p§™ =2 R[po1l, p§" = —23[po1l, P§™ = P11 — Poo,
and Fp = 4wpld;2318. Pure dephasing of the plasmon can be ignored,
because it is slow compared to energy damping. The value of Y1 must
be taken as the value in the presence of the plasmonic metal
nanostructure;3¢ j.e., the free-space decay rate multiplied by the
Purcell factor in Eq. (2).

Differentiation of the first of Eq. (10) with respect to time and
substitution of the second equation into the first gives p5" = Wem
[— Wemp{™ — —(g/dp)tpip3" — Vzp%m] —¥20™. In the case of the
linear response (scattering or absorption) of the coupled system, we
can make the further approximations that coherences between the
ground and excited states of the emitter are negligible and that the
population of the emitter remains nearly entirely in its ground state;
ie., p§" =~ —1and p§™ K 1. Using tem = dempi™, we obtain

ﬁem + Vem/lem + wezzmﬂem = g(wemdem/dpl)ﬂpl, (11)

where we have assumed that dephasing of the emitter is much faster
than energy decay, so the total emitter decay rate Yem = V2. This last
assumption will be valid for all experiments at or near room
temperature.

Egs. (9) and (11) describe a pair of coupled classical harmonic
oscillators, with the displacement of each oscillator corresponding to
the dipole moment of the plasmon and the exciton, respectively, and
with the two oscillators coupled through the electromagnetic near

This journal is © The Royal Society of Chemistry 20xx

Nanoscale

field. The plasmon oscillator is driven by an external field, and the
exciton oscillator is driven only through its coupling to the plasmon.
This coupled-oscillator model provides a simple, intuitive picture of
the coupled plasmon-emitter system.*!

The coupled-oscillator equations can be readily solved in the
frequency domain, in the absence of an external driving field, to
give the normal-mode frequencies of the system. If we assume
that coupling strength, damping rates, and detuning are small
compared to the resonance frequencies
(gﬂyem’)/pblwem - wpl| < wpl), then the normal-mode
frequencies are

1 1,
w4+ = E((’-’pl + wem) - Zl(ypl + yem) + QR, (12)

where now

Qp= \/gz + 1/4'(pr - (Uem)z - 1/16(Vpl - Vem)z. (13)
Comparison to Egs. (6) and (7) shows that the coupled-oscillator
model gives the same results as the Jaynes-Cummings Hamiltonian
in the limit of zero damping and dephasing. The normal modes are
non-degenerate only if Qg is real. For |@em — @pil < ¥pi, and for Yem
<¥pi (both fulfilled in all experiments that have been performed),
this condition reduces to

1
9> 3(pt = Vem). (14)

This transition between the overdamped and the underdamped
cases can be taken to represent the boundary between weak and
strong coupling. However, it is more common to consider strong
coupling to occur only when at least one complete Rabi oscillation
occurs;*? j.e., when

1
g> Z(Vpl + Vem). (15)

In the following, we will use Eq. (15) to determine whether a system
is in the strong-coupling regime. However, it is important to
recognize that this does not represent a sharp threshold: there is no
qualitative change in the behaviour of a coupled plasmon-emitter
system as it crosses this boundary, and a case can be made for a
strong-coupling condition that differs from this one by a numerical
factor.

The coupled-oscillator equations can readily be generalized to
the case where N emitters independently couple to a single
plasmonic mode, each with a different coupling constant g:.*! In this
case, the strong-coupling condition becomes

1
\/Ngrms > Z(Vpl + yem), (16)

N
where grms = (1/N)X,_ ,gi and where we have assumed the same
linewidth, Yem, for all emitters.

Scattering spectra.

The coupled-oscillator equations can also be solved in the
presence of a driving force to give scattering and absorption cross-
sections. For a steady-state driving force at frequency @, the solution
is

Folwln — @? — iwYem)

1 = (17)

PL™ (0B — 0% — 0¥ em) (0B — 0 — i0Y1) — Qemtpig

The scattering cross-section is then given by**

Uscat(w) & w4lﬂpl|2- (18)
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Figure 2: (a-e) Calculated scattering spectra for a coupled plasmon-emitter
system with a plasmon resonance frequency w,, = 2.15 eV, emitter transition
frequency @en, =2.12 eV, plasmon linewidth y, = 0.2 eV, emitter linewidth y.,
=0.06 eV, and varying coupling strength g, as indicated in the labels. Vertical
dashed lines indicate the normal-mode frequencies for the coupled system.
(f-j) Calculated luminescence spectra, for the same parameters as the
corresponding scattering spectra.

Similar expressions can be obtained for the absorption and extinction
cross-sections.** Spectra calculated according to Egs. (17) and (18)
are shown, for typical plasmon and exciton parameters, and for
varying coupling strengths, in Figure 2a-e.

We note that, in a previous publication,** we used a version of
the coupled-oscillator equations with different coupling terms:

{ilpl + Yplﬂpl + w%lﬂpl =Fo— Gllem
Hem + Yemblem + wgmﬂem = gl.lpl (19)
The coupling terms used in Eq. (9) and (11) are preferred, because
they can be derived from quantum-mechanical models under
classical, linear limits. However, if one uses the coupling terms in Eq.
(19), the resulting steady-state solution differs only in the last term
in the denominator:

2

Fo((‘)gm —wt— i("yem)

(20)

‘upl - ((‘)gm —w?— i(‘)'yem)(w%l —w?— iwypl) - w2g2~

This will give nearly identical results to Eq. (17) as long as 9,Yem:Vpl
K w; this has been the case for all reported experimental results.
The success of the coupled-oscillator model makes it clear that
the linear scattering or absorption response of a coupled plasmon-
emitter system is classical and does not require quantum mechanics
for its description. Indeed, scattering and absorption spectra can be
calculated simply in terms of the classical electromagnetic response
of the coupled system, provided the linear absorption and dispersion
of the plasmonic metal nanoparticle and emitter are both taken into
account.”3 Experimental dielectric functions of metals have been
tabulated, and fits to these tabulated values are widely used in
numerical solvers. The dielectric function of the emitter can be
modelled as a Lorentzian with a center frequency @Wem and linewidth
Yem and with oscillator strength adjusted to match experimental
absorption cross-sections.** With these values in hand, the scattering
and absorption spectra can be calculated numerically using one of
the widely employed methods for solving Maxwell’s equations, such
as the finite-difference time-domain (FDTD) method,**** the
discrete dipole approximation (DDA), 3646 the finite-element (FE)

4| J. Name., 2012, 00, 1-3
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method,*” generalized Mie theory,*>484% or transformation optics>.
These numerical approaches can take into account the full geometry
of the coupled system and no longer require the approximation of
frequency-independent damping for the plasmon.

Luminescence spectra.

Although a fully classical treatment can describe
guantitatively light scattered or absorbed by the coupled
plasmon-emitter system, it cannot describe the light emitted by
the system. Since spontaneous emission is a fundamentally
gquantum-mechanical phenomenon, arising from the interaction
between the emitter and the surrounding electromagnetic
vacuum, calculation of luminescence spectra requires a return to
the Heisenberg-Langevin equations. These equations can be
solved explicitly in the time domain for the initial condition of the
emitter being in its excited state and the occupation of the
plasmon mode being zero, using the Wigner-Weiskopf (or
Markov) approximation that the dynamics of the system depend
only on the current time.>! This approximation is equivalent to
the assumption that the reservoirs into which the plasmon and
emitter decay are at zero temperature;®? this is an excellent
approximation for optical transitions at experimental
temperatures.

Two different spectra can be calculated. The spectrum of light
radiated by the emitter is calculated as the Fourier transform of
the autocorrelation function for the excited state of the
emitter:51,5253

Yen| 1/2yp1 = i(@ = wp0) 2

270 [1/4(1p1 + Yem) + 1/ 2(0p1 — Wem) — i@ — ) ]? + 03

Iem(w) = (21)

The spectrum of light radiated by the plasmon is calculated as the
autocorrelation function for the plasmon occupation:

Vol 9/2 K
TN [L/4Grp0+ Yem) + 1/2(@p1 = we) — i@ — 0] + QG

Ip(w) = (22)

Spectra calculated according to (21) are shown, for typical plasmon
and exciton parameters, and for varying coupling strengths, in Figure
2f-.

Intermediate coupling: Exciton-induced transparency.

This journal is © The Royal Society of Chemistry 20xx
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As illustrated in Figure 2, as the coupling strength, g, increases,
the scattering and luminescence spectra of the coupled plasmon-
emitter system each evolve from a single peak, for g <V, to a
pair of well-defined peaks, for g > V. Intermediate to these clear
weak- and strong-coupling regimes, however, there is a range of
values of g for which the luminescence spectrum displays only a
single peak but two maxima are present in the scattering
spectrum. It is thus clear that, in this intermediate-coupling
regime, the two maxima in the scattering spectra do not arise
from Rabi splitting and the formation of hybrid plasmon-exciton
states. Rather, a dip forms in the scattering spectrum at Wem due
to destructive interference between the plasmon and emitter
dipoles. This effect has been known for some time in cavity QED,
and has been termed “dipole-induced transparency,”>* in
analogy to the phenomenon of electromagnetically-induced
transparency.®® In the case of plasmon-exciton coupling, it can be
referred to more specifically as “exciton-induced transparency”
(ExIT).56
The physical origin of this induced transparency can be
understood by observing that the plasmon dipole moment, Eq.
(17), can be written in the form
Hpr  q+e
ARy

(23)

where i is the plasmon dipole moment in the absence of the
emitter and, in general, g and € are complex parameters.>”8 In
the case of intermediate coupling and for emitter linewidth small
compared to the plasmon linewidth, (i.e., for § K Yem <K ¥pi1),

{q ~ Z(C‘)pl - wem)/ypl 24
e~ (w— wem)/]/pl ) (24)
In this limit, the scattering cross-section can be written as

Oscat (qg+ E)Z

0cat = 1+€ (25)

This is the well-known Fano lineshape, with € the reduced
frequency and g the Fano asymmetry parameter.>% The
scattering spectrum in the intermediate-coupling regime can thus
be understood as the result of Fano-like interference between a
narrow emitter resonance and a broad, continuum-like plasmon
resonance.

It is also informative to consider the case of resonant
excitation with the plasmon and emitter also on resonance with
one another, W = Wp; = Wem. In this case, the plasmon dipole
moment, Eq. (17), can be written in the form

Hpr 1

lT;, T1+0 (26)
where the cooperativity factor is defined as

C= gz/(ypl)/em)- (27)

The cooperativity is thus the only factor that determines the spectral
response of the coupled system on resonance.”* In particular, C
determines the degree of induced transparency, and can thus be
considered a figure of merit for the intermediate-coupling regime.

The quest for single-exciton strong coupling to
plasmons

As Eq. (16) shows, the most straightforward route to reaching the
strong-coupling regime is to increase the number of emitters

This journal is © The Royal Society of Chemistry 20xx
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Figure 3: (a) Calculated absorption spectra for continuous-wave illumination
of an assembly consisting of a single quantum dot between a pair of
ellipsoidal gold nanoparticles, for various input power density. This figure has
been reproduced from Ref. 36 with permission from the American Physical
Society. (b) Calculated transmittance through a silicon waveguide as a
function of input power density, with a single assembly on top of or
embedded in the middle of the waveguide. This figure has been reproduced
from Ref. 110 with permission from the Optical Society of America.

coherently coupled to a single plasmon mode. The first reports of
strong plasmon-exciton coupling thus involved macroscopic
numbers of excitons, either in ensembles of molecules or
extended semiconductor structures, coupled to propagating
surface-plasmon polaritons on metal films.61.62 There have been
many subsequent studies that employed this same
configuration,®3.64656667  glthough it is worth noting that the
physics of this two-dimensional system is somewhat different
from the physics of coupling to spatially localized plasmon
resonances.®® Additional experiments involved macroscopic
numbers of excitons coupling to large numbers of localized
surface plasmons, either in patterned metal films,897071.7273
nanoparticle arrays,’47>76,77.78,79,80,81,8283  or ensembles of
hanoparticles.8485,86,87,88,89,90,91,92,93,94

However, qualitatively different behaviour is expected and
new applications are enabled if strong coupling can be achieved
between a single exciton and a plasmon resonance. In particular,
a strongly-coupled cavity-QED system with a single emitter is
expected to exhibit a highly nonlinear response.*? Systems with
single self-assembled quantum dots (QDs) in photonic cavities
have been used to demonstrate this nonlinearity®> and to show
that the state of a single QD can be used to control the amplitude,
phase, and polarization of an optical signal, down to the single-
photon level.?%97.9899 |n addition, the polarization of a photon can
be used to control the state of a single QD;°° combining these
functions enables all-optical switching'®! at the single-photon
level.102

A significant limitation of these experiments, however, is that
they require operation at cryogenic temperatures. The reason for
this is that the diffraction limit restricts the mode volume, V, of a
photonic cavity to be more than approximately (1/2)3, where 1
is the wavelength of light inside the cavity. This, in turn, limits the
maximum value of the coupling strength, g, according to Eq. (5).
In order to achieve the high cooperativity that is required for
these quantum-information applications, it is necessary to have
low Yem and Vpi, according to Eq. (27). The cavity linewidth, ¥pi,
can be made small in photonic cavities, which can have optical
quality factors on the order of 10°. The emitter linewidth, Yem, on
the other hand, can be made small only by cooling the system and
reducing thermal dephasing.

Plasmonic metal nanostructures, by contrast, can confine
optical fields to dimensions well below the diffraction limit,

J. Name., 2013, 00, 1-3 | 5
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enabling much higher values of g. Although a single plasmonic
metal nanoparticle can already achieve sub-diffraction
confinement, even stronger field confinement is achieved in the
gap between a pair of closely spaced nanoparticles.103194 This
localization occurs due to electrostatic coupling between the
plasmons in the nanoparticles; the resulting coupled plasmon
oscillation concentrates surface charge next to the gap, leading to
fields that can be localized on the few-nanometer scale.?21%> A
similar degree of localization can be obtained for nanometer-
scale gaps between a metal nanoparticle and a metal
film;106,107,108 i this case, the coupling can be thought of as
occurring between the nanoparticle plasmon and its image dipole
in the film. Coupling emitters to these gap plasmons thus has the
potential to provide large coupling strengths and enable room-
temperature strong coupling to single emitters, despite the large
linewidths of plasmonic resonances.

Attempts to use coupled plasmon-exciton systems for
quantum-information applications, however, will face the
ultrafast damping of plasmons, which inevitably occurs on time
scales of 10 — 100 fs.1%° |t may be more realistic in the short run
to consider plasmon-exciton coupling for classical information-
processing applications, which can take advantage of the strong
optical nonlinearities without being as sensitive to energy decay
and dephasing. In particular, the nonlinearity provided by ExIT has
the potential to occur at low energy densities, on ultrafast time
scales, and on nanometer length scales, all the factors that are
required for next-generation on-chip all-optical modulation.

In order to quantify the nonlinear response and assess this
potential, it is necessary to go beyond the classical, linear
treatment of the coupled plasmon-exciton system. It is possible
to directly solve the quantum-mechanical Heisenberg-Langevin or
Liouville equations, but an accurate description can be obtained
more easily by solving the semiclassical Maxwell-Bloch equations
(9) and (11). Figure 3a shows the results of these calculations for
a model system of a single colloidal QD between a pair of
ellipsoidal gold nanoparticles under continuous-wave
illumination.3% As the incident optical intensity increases, the ExIT
dip disappears, due to saturation of the QD transition.3° This
saturation-induced nonlinearity is the only nonlinearity active in
these calculations; in particular, the nonlinear Fano effects
predicted in some calculations?’-3856 are not present in this
formalism.3°

The nonlinearity corresponding to the disappearance of the
transparency dip occurs at moderate power densities; however,
since the physical dimensions of the coupled nanoparticle
assembly are so small, the total power required for modulation is
also very small. As well as enabling all-optical modulation, this
nonlinearity has the potential to enable more advanced forms of
optical information processing, such as neuromorphic
computing.’® Neural networks are composed of artificial
“neurons” that combine multiple incoming signals through
weighted addition, apply a nonlinear activation function to the
weighted sum, and transmit the resulting signal to multiple
destination neurons. A coupled plasmon-exciton system can
provide an all-optical nonlinear activation function, as illustrated
in Figure 3b.

Both the classical and potential quantum-mechanical
information-processing applications of coupled plasmon-exciton
systems rely on a strong ExIT dip, and thus require a large
cooperativity, C. Achieving a value of C > 1 is often taken as a
minimum condition for single-photon nonlinearities. However,
like the strong-coupling threshold given in Eq. (15), this does not

6 | J. Name., 2012, 00, 1-3

Figure 4: (a) Left figures show measured extinction cross-sections for
two pairs of gold nanoparticles, for two different polarizations of
incident light. D and g label dipolar and quadrupolar plasmon
resonances. Right figures show transmission-electron-microscope
images of the measured nanoparticle pairs. This figure has been
reproduced from Ref. 114 with permission from the American Chemical
Society. (b) Right figures show measured scattering spectra for single
quasi-spherical gold nanoparticles on a flat gold film. Left images show
dark-field optical microscope and scanning electron microscope images
of the measured particles. This figure has been reproduced from Ref. 112
with permission from the American Chemical Society.

represent a firm dividing line between two qualitatively different
regimes, but rather is a rule of thumb to help evaluate the
promise of a particular configuration.

Distinguishing intermediate and strong coupling
Analysis of scattering lineshape.

Experiments involving propagating surface-plasmon polaritons or
ensembles of plasmonic metal nanostructures often involve
measurements of absorption or extinction. Experiments with
single metal nanostructures, by contrast, most commonly involve
dark-field scattering measurements, because these provide the
most experimentally straightforward way to obtain the spectral
response of individual nanostructures.?>111 A scattering spectrum
with two maxima has often been taken to be a signature of strong
coupling, and the frequency separation between the two maxima
has often been taken to be equal to the coupling strength, g, or
the Rabi frequency, . However, as Figure 2 illustrates,
interference effects can produce a dip in the scattering spectrum,

This journal is © The Royal Society of Chemistry 20xx
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and thus two maxima, when g is below the strong-coupling
threshold. Moreover, even in the strong-coupling regime, the
combination of ExIT and Rabi splitting mean that the maxima in
the scattering spectrum are not located at the normal-mode
frequencies; only for g > ¥sp does the peak separation become a
good approximation of the coupling strength.

Rather, in order to determine the coupling strength
quantitatively and distinguish strong coupling from intermediate
coupling on the basis of a scattering measurement, it is necessary
to fit the full scattering lineshape to the expected spectrum, given
by Eqgs. (17) and (18).

Measurement of photoluminescence spectra.
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Figure 5: (a) lllustration and scanning-electron microscope images of the
preparation of a silver nanoprism coupled to a layer of J-aggregates. This
figure has been reproduced from Ref. 117 with permission from the
American Physical Society. (b) Measured scattering spectrum (points) from
a the nanoprism J-aggregate system (from Fig. 1c of Ref. 117) and fit to
coupled-oscillator model (line). (c) lllustration of a single gold nanorod
coupled to a layer of WS,. This figure has been reproduced from Ref. 125
with permission from the Americal Chemical Society. (d) Data for the
nanorod-WS, system (from Fig. 1d of Ref. 125, bottom curve) and fit.

ExIT is an interference effect that results from the coherence that
is set up by the external driving field. It thus does not affect
luminescence, which does not involve an external field.
Therefore, as can be seen in Figure 2, luminescence spectra
provide the qualitative distinction between intermediate and
strong coupling that is not provided by scattering spectra: the
presence of two peaks in a luminescence spectrum is a definitive
sighature of strong coupling.*®

This qualitative signature of strong coupling can also avoid
mistaking other phenomena that can lead to two peaks in the
scattering spectrum for strong coupling. For example, the
nanostructures that can be synthesized or fabricated
experimentally usually do not have the simple geometries that
are assumed theoretically, but instead have surface roughness,
grain boundaries, and facets. When non-ideal nanoparticles are
used to form gap plasmons, the asymmetries in their structures
can lead to multiple coupled-plasmon modes; these modes, in
turn, can undergo Fano-like interference with one another that
resembles interference between a plasmon mode and an
excitonic transition. Figure 4b illustrates this for the case of quasi-
spherical gold nanoparticles on a gold film.112 In addition, multiple

This journal is © The Royal Society of Chemistry 20xx
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peaks can show up in the scattering spectrum from even an ideal
pair of coupled metal nanoparticles, if the gap between the
particles is on the scale of 1 nm or less (corresponding to typical
molecular dimensions).113114 As illustrated experimentally in
Figure 4a, the additional peaks arise from quadrupolar or higher-
order multipolar modes in the coupled-plasmon system.

It has been proposed that absorption spectra can also avoid
the ambiguities of ExIT and provide a qualitative signature of
strong plasmon-exciton coupling.*® However, the small
absorption cross-sections of typical plasmonic nanostructures
means that measuring the absorption of a single nanostructure is
challenging and requires specialized techniques.?2'1! Provided
the exciton involved emits light with a reasonable efficiency, then,
measurement of a photoluminescence spectrum is the most
experimentally practical way to qualitatively distinguish strong
and weak coupling.

On the other hand, it can be difficult to quantitatively
determine coupling strengths from luminescence spectra. The
simple theory used to derive Egs. (21) and (22) gives formulas for
the spectrum emitted by the exciton and the spectrum emitted
by the plasmon. In conventional cavity QED experiments, these
two spectra can be isolated because of their nearly orthogonal
radiation directions. For plasmon-exciton coupling, on the other
hand, the radiation patterns are complex and overlapping.
Although typical experimental configurations tend to collect
primarily light radiated by the plasmon, the measured spectrum
is a non-trivial combination of light radiated by both components
of the coupled system. Quantitatively comparing theory and
experiment thus requires a challenging numerical simulation. A
more practical experimental procedure is thus to measure both
scattering and luminescence, using the luminescence spectrum to
provide a qualitative signature of strong coupling that eliminates
any potential ambiguities, and fitting the scattering spectrum to
quantitatively determine coupling strength.*’

Critical review of published data
Coupling of multiple excitons to single plasmonic nanoparticles.

We have advocated above for the use of lineshape analysis (i.e.
fitting) according to the coupled-oscillator model to determine
coupling strengths in coupled plasmon-exciton systems. Although
this method has been adopted by some authors, other have used
different methods with varying degrees of rigorous justification.
In order to provide a review of the literature in which all results
are compared on equal footing, we have re-analyzed published
data by fitting reported scattering spectra to Egs. (17) and (18)
and reported photoluminescence spectra to Eq. (22). Since our
focus here is on the quest for strong coupling between single
excitons and single plasmons, we consider only papers where
measurements were made on single plasmonic nanostructures.
We extracted data from published figures of scattering and PL
spectra using GetData Graph Digitizer (version 2.26). Fitting was
performed using a nonlinear least-squares algorithm. When
spectra for the isolated emitters or plasmon resonances were
reported, we fit them separately to obtain corresponding
frequencies and linewidths; when these spectra were not
reported, we used values given in the text of the papers, when
available. Fitted frequencies and linewidths for the coupled
systems were constrained to be close to these known values.
Table 1 summarizes results for experiments in which multiple
excitons were coupled to a single plasmonic nanostructure. In
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most publications, several spectra were reported, for different
nanostructures or under different conditions; the table reports
the fitted parameters for the case that gave the largest value of
the coupling strength, g. The table highlights cases where
photoluminescence spectra were measured, providing a
qualitative verification of strong coupling. Also highlighted are
cases for which the strong-coupling criterion, Eq. (15), is satisfied.
We reiterate that this criterion should be considered only a rule
of thumb to distinguish between the intermediate- and strong-
coupling regimes, and not an abrupt threshold; more important
are the quantitative ratios of coupling strength to linewidths.

Table 1: Fitting results for published data on coupling of multiple emitters to
single plasmonic nanostructures. For each reference, the indicated figure
gave the largest value for the coupling strength g. Green highlighting indicates
references for which photoluminescence (PL) was measured and references
for which the strong-coupling criterion is fulfilled.

Ref. Figure PL? | g (eV) | 4g/(%+Yem)
115 23, pink line No | 0.30 2.84
116 4b No 0.12 1.57
121 2al No 0.24 2.73
117 1c No 0.25 3.51
119 2a,"50 nm" No 0.09 1.37
132 2a, bottom line | No 0.16 1.15
131 4e No 0.12 1.94
118 1 Yes | 0.31 4.30
125 33, purple line No 0.10 1.92
120 4aVi No 0.15 2.04
4al 0.06 1.08
126 2d, "-4v" No 0.05 0.96
122 1d No 0.13 1.90
127 2b No 0.07 0.92
128 2a,"2.80" No 0.07 1.84
129 3¢, "10 nm" No | 0.06 1.27
124 3e Yes | 0.15 1.54
123 2c No 0.11 1.27

The earliest publication in this table, Ref 115, reported results
for J-aggregates deposited on top of microfabricated pairs of gold
disks. J-aggregates have been popular molecular systems for
demonstrating strong coupling, because the aggregates have
narrow excitonic linewidths and large transition dipole moments.

Similar results were reported shortly afterwards, in Ref. 116,
for J-aggregates on top of a silver nanorod. The same group
followed up with measurements of J-aggregates on top of a silver
triangular nanoprism (see Figure 5a-b),''” for which considerably
higher coupling strengths were obtained. Later measurements by
the same group on an equivalent system included measurements
of photoluminescence,® providing the first verification of this
type that strong coupling was indeed occurring at the single
particle level. We note, however, that fits of the
photoluminescence spectra from this paper do not give the same
coupling strengths as fits of the scattering spectra. In the paper,
this discrepancy was discussed in terms of the possibility that the
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Figure 6: (a) lllustration of a single molecule in the gap between a gold
nanosphere and a gold film. This figure has been reproduced from Ref. 131
with permission from Springer Nature. (b) Data (points) for the molecule /
gap-plasmon system (from Fig. 4c of Ref. 131) and fit to a coupled-oscillator
model (line). (c) Scanning-electron-microscope image of a single colloidal
quantum dot in the gap of a gold bowtie nanoantenna. This figure has been
reproduced from Ref. 132 with permission from Springer Nature. (d) Data for
the quantum-dot / bowtie system (from Fig. 2 of Ref. 132, top curve) and fit.

higher-energy peak in the luminescence spectrum arises from
uncoupled excitonic states, but this explanation is not
quantitatively consistent with the measured spectra. More likely,
the discrepancy arises because of the ambiguity, discussed above,
in determining whether the measured spectrum corresponds to
light emitted by the plasmon, the exciton, or both. The
parameters reported in Table 1 are thus obtained by fitting
scattering spectra.

Later experiments have also employed J-aggregates. In Ref.
119, greater control over the plasmon-exciton coupling was
obtained by deterministically placing J-aggregates in the gap
between two gold nanoparticles using DNA origami. In Ref. 120,
cuboidal silver nanoparticles were coated with J-aggregates. In
this experiment, the concentration of J-aggregates was reduced
to the point where the average number of molecules coupled to
a single nanoparticle was expected to be less than one. However,
there was no direct determination of the number of molecules
involved in a particular measurement; we therefore include this
paper in the category of multiple excitons coupling to a single
nanostructure. Reported in Table 1 are fitting results both for the
case with largest g and for the case where the estimated number
of molecules per metal nanoparticle is 0.7.

As well as the experiments involving J-aggregates, several
others have focused on molecules coupled to gap plasmons. Ref.
121 reports results for molecules in the gap between a pair of
silver nanoparticles. Ref. 122 reports results for molecules in the
gap between a gold nanocube and a gold film, and Ref. 123 for
molecules in the gap between a silver nanocube and a silver film.
Ref. 124 reports results for molecules in the gap between a quasi-
spherical gold nanoparticle and a gold film. Although Refs. 121
and 124 discuss their results in terms of single-molecule strong
coupling, no direct evidence is provided that single molecules are
involved.
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Page 8 of 13



Page 9 of 13

Ref. 124 also reports photoluminescence spectra; fitting these
spectra again gives coupling strengths that are different from
those obtained by fitting the scattering spectra. This may again be
due to the difficulty in assigning the emission to the exciton or the
plasmon, although the authors of the paper also point out that
the wavelength of the luminescence spectrum in the case of
strong coupling to plasmons does not correspond to the
wavelength of the luminescence for the bare dye molecules.

Finally, several authors have studied strong coupling between
individual plasmonic metal nanostructures and excitons in two-
dimensional transition metal dichalcogenides. Ref. 125 reported
results for a gold nanorod on top of WS,. (See Figure 5c-d.) Ref.
126 reported results for a gold nanodisk on top of MoS,, Ref. 127
for a triangular gold nanoprism on top of WS,, and Ref. 128 for a
gold bipyramids on top WSe, layers. Ref. 129 employed gap
plasmons, reporting results for WSe, layers between a silver
nanocube and a gold film.

Coupling of single excitons to single plasmonic nanoparticles.

Table 2 summarizes results for experiments in which a single
exciton was coupled to a single plasmonic nanostructure. As well
as the values reported in Table 1, this table reports the
cooperativity, C. Highlighted in the table are results for which C >
1; like the strong-coupling criterion, this should be taken as a
suggestive rule of thumb, rather than a firm boundary between
two different regions.

Table 2: Fitting results for published data on coupling of single emitters
to single plasmonic nanostructures. For each reference, the indicated figure
gave the largest value for the coupling strength g. Green highlighting indicates
references for which photoluminescence (PL) was measured, references for
which the strong-coupling criterion is fulfilled, and references for which the
cooperativity, C, exceeds 1.

Ref. Figure PL? | g (eV) | 4g/(%t+Yem) c
130 | 3d, "30 degrees" No 0.12 0.80 0.2
131 4c No 0.08 0.92 0.5
132 23, top line No 0.13 1.37 0.3
133 1cll No 0.03 0.80 0.5
134 1, top left Yes 0.12 3.01* 3.7*%
0.05 1.38* 0.6*
a7 5a Yes 0.23 3.68 3.5

Nearly all strong-coupling experiments with single excitons
involve gap plasmons, because of their ability to confine fields to
smaller volumes than isolated metal nanoparticles. The only
exception is the earliest paper in the table, Ref. 130, where an
AFM tip was used to place a single QD next to a single quasi-
spherical gold nanoparticle and intermediate coupling was
observed.

Ref. 131 reported measurements on molecules between a
quasi-spherical gold nanoparticle and a gold film. (See Figure 6a-
b.) The cases for which single molecules were involved were
determined based on the measured coupling strengths and
comparison to theory. We note, however, that the coupling
strengths were obtained by fitting measured results to a sum of
two peaks; we obtain different values by fitting to the coupled-
oscillator model. Results that correspond to multiple molecules
are reported in Table 1; we note that we were able to obtain good
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fits to the coupled-oscillator model for only some of the reported
spectra.

Ref. 132 reported results for a single QD in the gap between a
tip-to-tip pair of triangular gold nanoprisms, referred to as a
bowtie nanoantenna. (See Figure 6¢c-d). The QDs were imaged by
scanning electron microscopy, enabling a direct determination of
the number of QDs involved in coupling; results with multiple QDs
are reported in Table 1.

Ref. 133 reported results for single molecules in the gap
between a silver scanning-probe tip and a silver surface. In this
case, individual molecules were directly identified by STM
imaging, and intermediate coupling was observed.

By contrast, strong coupling was reported in another
scanning-probe experiment, using a single QD as the excitonic
system and a gap fabricated on the end of a gold tip as the
plasmonic probe.'3* Single QDs were identified by AFM imaging.
Photoluminescence was measured, and an unexpected four-peak
spectrum was observed. The authors attributed this to emission
from charged and uncharged QD states: the two inner peaks were
interpreted as arising from a charged exciton coupled to the
plasmon, and the two outer peaks were interpreted as arising
from a neutral exciton coupled to the plasmon. The values in
Table 2 are determined by taking this interpretation at face value.
We note, however, that there does not appear to be independent
evidence supporting this interpretation; moreover, fitting the
data in this way requires using QD linewidths that are outside of
the range that would typically be expected. Because of this
ambiguity, the fitted values are labelled with asterisks in Table 2.

A single QD was coupled to the gap plasmon between a quasi-
spherical gold nanoparticle and a gold film in Ref. 47. In this case,
both scattering and photoluminescence were measured. As for
the previous papers discussed above, fits to the scattering and
luminescence spectra give different coupling strengths; because
of the ambiguity in interpreting luminescence spectra, values in
Table 2 are from the fits to scattering spectra.

Concluding remarks

Re-analysis of published results shows that strong coupling has
been clearly demonstrated in several cases when multiple
excitons have been coupled to single plasmonic nanostructures.
On the other hand, there have been only two unambiguous
demonstrations of strong coupling between single excitons and
single plasmonic metal nanostructures, and only one of those
showed high cooperativity. In this case,*” random chance was
relied upon in order to place a QD in the gap between a metal
nanoparticle and a metal film, and the fraction of structures
that exhibited strong coupling or high cooperativity was very
low. There is thus a need to develop synthesis and fabrication
procedures that can, with high yield, produce devices that
clearly show single-exciton / single-plasmon strong coupling.
There is also a need to better model the photoluminescence
spectra from these coupled structures. In all the cases where
both scattering and luminescence spectra were measured, fits
to simple models do not result in the same fitted coupling
strength. This is most likely due to the fact that the emission
from the coupled system cannot be ascribed exclusively to the
exciton or the plasmon but is a combination of the two that
depends on the detailed radiation pattern of the system and the
experimental detection geometry. Models that allow the
calculation of the luminescence spectrum for an arbitrary
detector position have been articulated,’3> and further
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development of these models will allow for quantitative
comparison between theory and experiment. Another
promising theoretical direction is the development of models
that go beyond the point-dipole approximation for the excitonic
system and take into account the variation in the confined
electromagnetic field across the dimensions of the emitter.
136,137,138

In many cases, however, the simple, analytical models
reviewed here allow for quantitative analysis of experimental
data and unambiguous determination of coupling strengths.
The same approach should be directly applicable to other
strongly coupled plasmonic systems, such as coupling at
infrared frequencies between plasmons and molecular
vibrations.139.140141 We thus hope that this review will help
researchers adopt a uniform method of reporting and analysing
results in this rapidly developing field.
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