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ABSTRACT: We present a classical description of the interaction
between localized surface plasmon resonances and excitons which
can occur in molecular or solid state systems. Our approach consists
of adopting a semianalytical description of the surface plasmon
resonances in metal nanoparticles and a semiclassical description of
the electronic transitions related to the excitonic material. We
consider three plasmon-exciton coupling configurations, namely a
(or a set of) metal nanoparticle(s) uniformly coated with an
excitonic material, a set of metal nanoparticles placed in the vicinity
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of a sub-wavelength-sized “patch” containing the active material, and

the limiting case of a single point dipole coupled to a metal nanoparticle. Our key result is the derivation of the conditions
required to achieve strong plasmon—exciton coupling as evidenced by polaritonic splitting. We apply our results to describe
recent experimental studies on these hybrid systems. Our study provides a simple, yet rigorous prescription to both analyze and
design systems that exhibit strong light—matter interactions as mediated by localized surface plasmon resonances (i.e., particle

plasmons).

S urface plasmon resonances in metallic nanoparticles have
attracted a significant amount of research due to the sub-
wavelength confinement of light that is possible with these
collective excitations. When a surface plasmon field interacts
with electronic excitations such as excitons, two interaction
regimes are possible, one of which (the strong coupling regime)
results in the formation of plasmon—exciton hybrid states or
plexcitons." These hybrid states are characterized by avoided
crossings in dispersion diagrams of the coupled system that are
manifest in scattering or reflectivity spectra as spectral doublets.
To date, plexcitons have been experimentally achieved in many
conﬁgurations,l_31 including thin metal films with thin
excitonic layers,z’g’lz’ls’lg’28 monolayer coatings on nano-
particles,”®**** and homogeneous thin films covering nano-
particles.””

Plexcitons are Bosonic quasi-particles half exciton, half
plasmons which possess the lightest to-date reported effective
masses, a feat that could make possible the observation of
Bose—Einstein condensation at room temperature.27 Plexcitons
are also promising candidates for demonstrating polariton
lasing at the nanoscale with highly reduced thresholds as
compared to conventional lasers, and unlike conventional
polariton devices that have required the use of micron-sized
optical cavities,”** plexciton states can readily occur in single
metal nanoparticles which are inherently sub-wavelength sized.

In order to create structures that support plexciton states, the
obvious requirement is that these structures should be
composed of a surface plasmon supporting element that
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interacts strongly with an excitonic material. Aside from this
simple requirement, here we investigate what are the specific
material requirements needed when the plasmonic structures
consist of single or coupled metallic nanoparticles which
interact with an excitonic material in the form of (a) a uniform
coating around the plasmonic elements, (b) a nanostructured
“patch”, and (c) a single emitter positioned in the near-field of
the plasmonic nanostructures, as depicted in the diagram of
Figure 1. To this end, we develop a semianalytical model based
on the Electrostatic Eigenmode Method (EEM)** that is
employed for describing the surface plasmon resonance in
metal nanoparticles and a semiclassical description of the
electronic transitions related to the excitonic material. Our
results provide a guide that is useful in designing plexcitonic
systems.

In the EEM one solves Maxwell’s equations for metal
nanoparticles assuming that these are much smaller than the
wavelength of light. Within this approximation, the optical
properties of particles are described in terms of eigenmodes,
which are self-sustained surface charge oscillations that occur at
the surface of the particles.>> According to this approximation,
the optical properties of coupled nanoparticles can be thought
as originating from linear superpositions of the eigenmodes of
the noninteracting nanoparticles.>® This permits a description
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Figure 1. Configuration of plasmon—exciton coupling. g is the
coupling strength, I',, is a rate representing the losses in the plasmon
mode m and I the losses in the excitonic system. e(w) is the
permittivity of the metal, ,(w) the permittivity of the excitonic
system, and ¢, that of the surrounding dielectric medium. Here, we
consider the cases where the nanoparticles are homogeneously coated
with the “excitonic” material or when they interact with “patches” of
emitters and single emitters, as depicted in this figure.

of the optical properties of complex arrays of nanoparticles by
using group theoretical analysis.>’ In spite of its approximate
nature, the EEM can explain several experimental observations,
including the effect of the substrate on the resonances of metal
nanoparticles,®® the optical modes of nanoparticle chains,”*°
the optical response of 3D nanostructures,*’ the generation of
optical chirality,**** and the optical excitation of collective dark
modes.

According to the EEM, optical excitation of nanoparticles
results in oscillating charge densities ¢ at the surface of metal
nanoparticles which can be decomposed into superpositions of
the normal modes of the nanoparticles 6,,, where each mode m
of particle p is associated with an eigenvalue 7, that dictates
the resonance wavelength (a real-valued quantity) of the
surface plasmon mode through the following relationship:

Re{(]/pm — l)e(a)pm) + (1 + ypm)eh} =0 (1)

with &(w) the (complex) metal permittivity and ¢, the
permittivity of the surrounding medium. For the case of an
ellipsoid, 7,,, can be related to the depolarization factors.>® This
very simple relationship can be used to describe the resonances
of metal nanoparticles when these interact with uniform and
spatially homogeneous media containing an exciton transition.

In the experiments of Schlather et al,?® Au nanodisks were
embedded in a PVA matrix doped with J-aggregates of a
cyanine dye, and under certain experimental conditions, they
observed doublets in the measured scattering spectra of the
nanoparticles, a characteristic of the formation of plexciton
states in this system.

Within the EEM, the observation of spectral doublets in a
configuration consisting of metal nanoparticles in a uniform
and infinite medium containing J-aggregates (the excitonic
material) can be fully accounted for by using eq 1. To this end,
the permittivity €, of the excitonic material is described by

fo;
Ee(w) =& T T3 :

o — cua2 + ilw (2)

where &, is a parameter describing the permittivity at
wavelengths above the resonance frequency ,. I' is the line
width of the transition, f is its reduced oscillator strength, and
the permittivity of the metal is described by a Drude model:
e(w) = ) — wi/(0® + iol,).

Using eq 1 with the Drude model for £(w) near a plasmon
resonance @,, [as done in ref 3S; see Supporting Information
section, eq S3], eq 2 is combined for ¢, assuming that @ ~ w,,
which leads to
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where the value of the plasmon resonance w,, is obtained as
[see section S2, eq SS]:

+7 w2

pm D P

E(a)m)= 1 — Eoozoo__z
Yom @ (4)

To simplify notation, we introduce the following complex
frequencies @, = w, — iI'/2 and ®,, = ®,, — iI,,/2. It is
straightforward to show that the equation for the resonance
frequency of the metal particles in the excitonic medium is

1+ ypm fwoa)ri

Yom

(0 —a)w-a, =

m

2
=1 4wp (5)

which leads to a quadratic equation whose two roots w, are
given by

o+, iTC+T,) \/z (cbm—cbo)2
@, = + + g8+ [

* 2 + 2
(6)
where we have defined the plasmon—exciton coupling constant
as

V4 Vow | 0 fo

¢ = —F 2 x=
PN Yy = L2052 )

According to eq 6, the condition required for observing two
distinct (real valued) resonances when @, = w,, is gﬁm > (T, —
I')%/16, which is the “strong coupling condition”, a result
consistent with studies of strong coupling in microcavities.*>~*’
The splitting in this case is given by 2[g}, — (T, — I')*/ 1612,
which in order to result in clearly resolvable spectral doublets
must additionally exceed the value of the average line widths (I’
+T,,)/4.

The most significant aspect of this result is that this strong
coupling condition has no dependence on the magnitude of the
electric near-field around the nanoparticle. More explicitly,
resonance splitting in these plasmon—exciton systems does
not depend on the presence of hot spots in the metallic
nanostructures when these are homogeneously coated with the
excitonic material. Instead, in this case the coupling strength as
written in eq 7 depends on the material properties of the
excitonic material through f and @, and those of the metal
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Figure 2. (a) Plasmon—exciton coupling constant g* [eq 7] vs particle plasmon resonance frequency w,, for ., = 2.5. In these calculations, w, = 9.04
eV for Ag and ) = 8.62 eV for Au. (b) Evolution of 2¢*/(fw,) vs the localized surface plasmon resonance w,, with the value of &, for Au. (c) g
calculated vs w,, and @, for £, = 2.5 and f = 0.4. (d) Intrinsic line width of a localized surface plasmon resonance plotted vs particle plasmon

resonance frequency ,, for €, = 2.5. for Au and Ag.

through the value of the plasma frequency wp, the eigenvalue
Ypm (Ypm > 1) which is a shape-dependent parameter, and the
localized surface plasmon resonance ®,,, which is an implicit
function both of the &, of the excitonic medium and y,,,, as of
eq 4 (see also, Figure S1). Clearly, when g, < (I',, — I')*/16,
the plasmon resonance is only weakly perturbed and one would
expect to observe a red shift in the position of the plasmon
resonance with an increase in its line width. Equation 7
quantifies the plasmon—exciton coupling strength for a
plasmon mode m characterized by a surface charge distribution
Cpm which, through its associated dipole moment, dictates how
the mode interacts with light.*®

Let us now examine in more detail the dependence of g, on
the material properties of the metal. In Figure 2a, we show how
& (as normalized to the properties of the excitonic material,
ie., divided by fw,/2) changes as a function of localized surface
plasmon frequency (energy) for Au and Ag in a medium with
€5 = 2.25. In this case, the eigenvalue y,,, is allowed to vary,
and according to eq 4, there is a one-to-one mapping between
the eigenvalue and the localized surface plasmon resonance
frequency (w,, increases with increasing y,,, as shown in Figure
S1 of the Supporting Information). This situation therefore
corresponds to the case of having a fixed excitonic medium and
metal nanoparticles of different shapes or different resonance
frequencies. Figure 2a shows clearly that Ag exhibits the
strongest coupling strength across the entire spectrum.
Additionally, g, seems to peak for either metal at a particular
frequency: 1.83 eV for Au and 2.58 eV for Ag. g* decreases
strongly when ®,, approaches either the interband transitions
of the metals or the near-infrared. Figure 2b shows that the
(normalized) value of gﬁm also decreases with increasing the
value of &, of eq 2, indicating that strong coupling can be more
easily observed for excitonic materials with a low background
permittivity, which is typically the case for organic semi-

23965

conductors. At the peak value shown in Figure 2a, one would
therefore expect to obtain the strongest coupling which will
manifest as a large spectral splitting. Figure 2c shows how the
coupling constant g, varies with the localized surface plasmon
frequency (energy) ,, for Au and the resonance frequency
(energy) w, of an excitonic medium described by eq 2 with &,
=225 and f = 0.4 typical values for thin polymer films doped
with J-aggregates.>** Similar to the case shown in Figure 2a, the
highest values for g,,, are obtained when the localized plasmon
resonances ®,, are in the spectral region between 1.5 and 2 eV,
but these high values also occur when the resonance frequency
of the excitonic medium , is slightly detuned (blueshifted)
from the plasmon resonance. This is partly due to the fact that

eq 7 for g, has different dependencies on @, (g, \/ ®,) and

0 (G  (@3)"7)

The predictions of Figure 2b however do not completely
specify the conditions for strong coupling, since as previously
stated, in order to achieve this regime, g, has to exceed the
losses in the coupled system.

For Au nanoparticles, the losses can be decomposed into
three contributions:* intrinsic bulk damping mechanisms,
surface scattering, and radiative losses. The first mechanism is
due to electron inelastic scattering by phonons, impurities, and
defects and is generally a process described by the dielectric
permittivity of the metal which contributes to the surface
plasmon line width as indicated in Figure 2d. The contribution
of surface scattering to the line width is given by** T, = Avy/
L.s with A as a constant of the order of unity, vy the Fermi
velocity, and L. the effective path length of the electrons.
Radiative damping on the other hand is approximately given
by*** T, = 2V, with « as a phenomenological constant and V
the volume of the nanoparticle. The net effect of the
appearance of L.s and V in these two expressions is that the
contribution of these two damping mechanisms to the total
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surface plasmon line width I',, depends on the geometry of the
nanoparticles, setting thus the dashed lines shown in Figure 2¢
as the lower limits to the total surface plasmon mode line
width.

Armed with a description of the plasmonic contribution to
the coupling strength g and to the losses in the coupled
systems, our attention is now focused on the excitonic materials
and their material properties, as described by eq 2, which are
required to achieve strong plasmon—exciton coupling. To this
end, we proceed first by drawing an example from the literature
and consider in Figure 3 the attainable coupling strengths g,,,
for an excitonic medium described with eq 2, namely: DPDC
(2,2'-dimethyl-8-phenyl-5,6,5',6'-dibenzothiacarbocyanine
chloride) J—aggregates,29 for which e, = 2.5, f = 04, ®, = 1.79
eV, and A" = 52 meV.
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Figure 3. Plasmon—exciton coupling constant g,, calculated for
DPDC J-aggregates plotted vs localized plasmon resonance frequency
®,, for Au and Ag. Also shown (dotted and dashed lines) are the lower
limits to the line width of the surface plasmon resonance. The gray
lines correspond to the calculated coupling constant with the
minimum values of f that would still result in strong coupling.

Figure 3 clearly shows that, for both Ag and Au nanoparticles
uniformly coated with DPDC, g, is always larger than the
average line widths (I" + I,,)/4 (discontinuous lines in Figure
3) and thus the observation of a strong plasmon—exciton is
very likely in this case, in agreement with the results of
Schlather et al.* For the case presented by Schlather et al,*
our model predicts a splitting of 590 meV which is larger than
the one experimentally measured (230—400 meV). Our
estimate ignores radiative damping, the effect of which is to
decrease this value. By artificially decreasing the value of f and
evaluating eq 7 (only f and @, describe the J-aggregates in this
equation), our simple model predicts that in order to realize
strong coupling to localized surface plasmon resonances, the
minimum value of the reduced oscillator strength required for
Au in the 1.5 to 2 eV spectral region is f > S X 107> and for Ag
this is f 2 S X 107 (see gray lines in Figure 3; in the
Supporting Information, we give details on how these f values
translate into absorption cross sections). One question that
naturally arises: is it possible to improve the coupling by
nanostructuring both the plasmonic and excitonic elements?
We consider this in the following section.

A single dipole emitter/absorber can be modeled as a
polarizable dielectric sphere with a complex dielectric function
e,(w) given by that of eq 2.

For a single or set of coupled metal nanoparticles proximal to
this excitonic material, the surface plasmon excitations can be
written as’® ¢ = X, d,0,, where the index m indicates the
surface plasmon mode (ie, for a spherical particle, m can

indicate modes such as the dipole-like, quadrupole-like mode,
etc.). The coefficients 4, are the excitation amplitudes for the
coupled system, which according to the EEM can be written in
terms of the “uncoupled” excitation amplitudes 4, of its
constituents. a,, for a metallic nanoparticle is approximately
given by* a,, & fm(a))f)m-]_é, where f, (@) is a frequency and
shape dependent function describing the spectral properties of
the plasmon resonance (more details in section S4), p,, is the
dipole moment of the m-th surface plasmon mode, and E is the
total electric field incident of the particle. For a single plasmon
mode interacting with a single emitter, the total electric field
that drives the localized surface plasmon mode consists of the
applied field E, plus the field originating from the single
emitter: ﬁjs. In this case, the excitation amplitude is modified
to d,, and is given by (more details in section S4)

i, =f, (0)p -(E, + aE,)
=a, +f (o) E)d = a, + f (0)G,g, (8)

Similarly, the excitation amplitude of the single emitter is also
expressed as**"!

i, =f(0)p-(E, + a,E,)
=a, +f(0)(5‘E,)a, = a, + £.(0)G,,4, ©)

with p; as the induced dipole moment on the dielectric sphere
and G, as the sphere-to-metal coupling coeflicient. It is worth
noting here that both E, and E,, are the electric fields produced
by the eigen-modes of the dielectric sphere (a three-fold
degenerate dipolar mode®**") and the m-th surface plasmon
eigenmode of the metallic nanoparticles, and that furthermore
() denotes a spatial average of these fields in either the metal
nanoparticle or the dielectric sphere (more details in section D
of the Supporting Information).
These two linear equations can be combined as follows:

dm 1 _fmes _l(am)
) |-fG, 1 a

_af b G (m)
A fGu 1

QN

4

(10)
where we have introduced the (implicitly defined) coupling
coefficients G,,; and G, dimensionless quantities that quantify
the nanoparticle-to-sphere coupling and which only depend on
the relative orientations and separation distances between these
objects and not on the frequencies.” In this equation, A is the
determinant of the coupling matrix which for this simple case is
given by A=1- fm(w) f;(CU) GmsGsm‘

The scattering spectrum of this simple coupled system is
proportional to 1a* « 1/1AI%*® meaning that the resonances of
this coupled system occur for frequencies @ which satisfy 1 =
fml®) f(®) G,,G,,. In order to obtain closed analytical forms
that predict the values of these frequencies, we employ the
following approximate forms of f(w) for both the single emitter
and the metallic nanoparticle, which have been derived in the
Supporting Information [eqs S11 and S12]:
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With these, the resonance condition leads to the following
quadratic equation for the resonance frequencies of the coupled
system:

(0 — @,)|0 — o, — +i—|=g

g, 2] (12)

fwo F) 2

where we have defined the plasmon—exciton coupling constant
as

2, o) fo
2 pm m 0 2
=—— X—XgG,G
gpm (}’pm _ 1)2 a); 2 b YmsTsm
fa)o 2
= gp X 2 X & GmsGsm (13)

which we have conveniently written as a product of three
factors: the first one depends on the properties of the metal
nanoparticle(s) through the eigenvalue Ypm (fixed by the shape
and geometrical properties of the particle(s)), the resonance
frequency of the plasmon mode w,, which is fixed by both y,,,,
and the dielectric constant of the surrounding medium (g,),
and wp the bulk plasma frequency of the metal. The second
term depends solely on the properties of the single emitter,
namely the magnitude of its oscillator strength f and resonance
frequency w,. The last term depends on the near-fields around
the particle and emitter in addition to the their relative
orientations. Thus, unlike the case of a homogeneous and infinite
coating around the metal nanoparticles, the magnitude of the
coupling strength depends critically on the placement of this emitter
in relation to the electric near-field produced by the localized
surface plasmon resonance (implicit in G,,G,,). Again, in this
case, the strong coupling condition also reads (at resonance)
gﬁm > ([ —T,,)*/16 in agreement with our previous derivation.
This simple derivation can be easily extended to account for the
case where the excitonic material is not uniformly distributed
around the metal nanoparticle nor in the form of a single
emitter but, instead, is distributed in a specific shape or “patch”
with a dimension comparable to the nanoparticle. Under the
assumption that this patch contains N nonmutually interacting
dipoles, f is simply scaled by this number density, and trivially
one substitutes f for Nf in the expression shown above for gZW
bearing in mind that E, represents the collective electric field
produced by the patch acting on the metal nanoparticle. The
resulting expression for gﬁm correctly predicts the scaling of the
coupling strength with the number of oscillators (N) as
calculated by more complex approaches.*>*®

With these derivations, we can now address the important
question as to how, in the most general instance, one could
design a plasmon—exciton coupled system that exhibits strong
coupling. To this end, we consider each of the three terms
contributing to the coupling constant of eq 13. In Figure 4a we
show how the plasmonic contribution evolves as a function of
localized surface plasmon resonance frequency. The most
salient feature of this graph is that, for both Au and Ag, the
magnitude of this contribution is almost an order of magnitude

(A)

(B)
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Figure 4. (A) Plasmonic contribution to the coupling constant of eq
13 plotted as a function of localized surface plasmon resonance w,, in a
medium with ¢, = 2.25. The inset shows the value of (gP X ((fw,)/
2))'2. (B) Calculated scattering spectra of the isolated rod and the
coupled system for &, =2.25, Au and assuming that the parameters of
DPDC describe the dielectric sphere. Inset: Diagram of a coupled
system consisting of a nanorod of 20 nm in diameter and 48 nm in
length separated by 2 nm from a dielectric sphere of S nm radius. The
colors indicate the relative surface charge densities. G,,, and G, are the
geometrical coupling coefficients discussed in the text.

bigger than those obtained in Figure 2a. Furthermore, unlike
the case shown in that figure, the plasmonic contribution to the
coupling strength is predicted to increase with decreasing
frequency of the localized surface plasmon resonance. The
second contribution to gf,m of eq 13 is simply fw,/2, stating that
excitonic materials with a high value of f are required for
achieving strong coupling. In the inset of Figure 4a we show
how the value of [g, X ((fo,)/ 2)]2 evolves vs the localized
plasmon frequency for Au and Ag nanoparticles, along with the
intrinsic plasmon line width (dashed lines) for the case of @, =
1.79 eV (like the DPDC J—aggregateszg) but with f= 4 X 1073
for the case of Au nanoparticles, whereas for Ag f = 4 X 107*.
These correspond to the minimum values for which [g, X
((fw,)/2)]"* remains above the intrinsic plasmon line width
(dashed lines in inset of Figure 4a).

However, one also needs to account for the last term of eq
13, which involves the product of the geometrical coupling
factors €G,.G,,>>>"" In order to assess the order of
magnitude of these geometrical coupling constants, one must
evaluate these quantities for a specific case. As an example, we
show in Figure 4b a single metal nanorod (diameter = 20 nm,
length = 48 nm, dimensions chosen to represent a chemically
synthesized Au nanorod) separated by 2 nm from a dielectric
sphere of radius of S nm (size chosen to approximate a typical
colloidal QD). The geometry is chosen in such a way that the
dielectric sphere is positioned very close to the points of
maximum electric near-field created by the longitudinal
plasmon resonance of the rod, this with the aim of increasing
the values of G,,G,, For this configuration a numerical
evaluation of the geometric coupling constants (using
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Matlab®®) yields €}G,,G,, ~ 0.19, which implies a further
decrease in the total value of the coupling constant shown in
Figure 4a. Other conﬁgurations can lead to higher values (such
as a nanorod dimer®">?).

The key results of this manuscript are the expressions for the
plasmon—exciton coupling strengths given by eqs 7 and 13,
each expressing the contributions of the plasmonic and
excitonic material to their interactions in addition to factors
that arise from the geometry of the coupling. Our approach is
different from previous analytical studies of plasmon—exciton
coupling,**** which have relied on purely phenomenological
models of (classical) coupled oscillators. In these phenomeno-
logical models, the magnitude of the coupling strength is
introduced as a free parameter not explicitly connected to the
plasmonic, excitonic, or geometrical properties of the coupled
system.

Our formalism is limited to those plasmon-supporting
structures that are sub-wavelength sized where implicitly
retardation effects are not included.®>® Furthermore, all the
derivations that led to these results are semiclassical: the
electromagnetic fields were solely described by using Maxwell’s
equations (no field quantization) whereas the quantum
mechanical nature of the electronic transitions in the active
medium are taken into account implicitly in the expressions for
the permittivities of the excitonic materials. Only properties
beyond a semiclassical approach, such as photon statistics or
higher order correlations, require a quantum mechanical
treatment (such as the one presented by Manjavacas et al.>%).

Our results make a number of key predictions which are very
important for designing strongly coupled plasmon—exciton
systems. In particular, we have found, for the case when the
excitonic material uniformly covers the plasmon supporting
structures, the following: (i) strong coupling occurs when the
plasmonic and excitonic elements resonate in the spectral
region between 1.5 to 2 eV (Figure 2a); (i) the coupling
strength is highest when the excitonic transition frequency is
slightly higher than that of the uncoupled localized surface
plasmon resonance; and (iii) strong coupling can only be
achieved for excitonic materials with reduced oscillators
strengths f (eq 2) larger than 4 X 107>,
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