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ABSTRACT: We present a detailed Mie theory, finite-difference time-domain,
and quasi-static study of plasmon—exciton interactions in a spherical core—shell
geometry. In particular, we report absorption, scattering, and extinction cross
sections of a hybrid core—shell system and identify several important interaction
regimes that are determined by the electromagnetic field enhancement and the
oscillator strength of electronic excitations. We assign these regimes to enhanced-
absorption, exciton-induced transparency and strong coupling, depending on the
nature of the observed spectra of the coupled plasmon—exciton resonances. We
also show the relevance of performing single-particle absorption or extinction
measurements in addition to scattering to validate the interaction regime.
Furthermore, at relatively high, yet realistic oscillator strengths we observe
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emergence of a third mode, which is not predicted by a classical coupled harmonic oscillator model and is attributed to the

geometrical resonance of the structure as a whole.
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Interaction of localized surface plasmons in metallic
nanostructures and electronic excitations in quantum-sized
objects such as organic chromophores or quantum dots has
been a subject of intense research on both the theoretical' ™
and experimental®>* level recently. This is in part motivated by
similarities between these plasmon—exciton systems and
atomic, photonic, and quantum optics systems for which truly
quantum effects such as electromagnetically induced trans-
parency (EIT), cavity quantum electrodynamics, and photon
blockade have been reported.”*~>® The hope is that these exotic
quantum effects may be observed in hybrid plasmon—exciton
structures at relatively nondemanding experimental conditions
such as room temperature, atmospheric pressure, and a large
number of chromophore molecules due to the fact that
plasmons are inherently fast and allow focusing of electro-
magnetic modes into deep subwavelength volumes. On the
other hand, many reported plasmon—exciton systems are
topologically similar to various surface-enhanced Raman,
infrared absorption, and enhanced-fluorescence structures
studied previously.”*™>” These similarities further motivate
studies of plasmon—exciton interactions in relation to light
harvesting,3’8’39 sensing,40 ultrafast dynamics, and nonlinear
effects.>**! Strikingly, interactions between plasmons and
excitons can be described rather well by a purely classical
coupled harmonic oscillator model and indeed were demon-
strated to show EIT-like or even strong coupling behavior.”
Despite very intense research, however, there still remain
several points to be clarified. These include, for example,
confident assignment of interaction regimes based on
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comparison between scattering and absorption cross sections
and mode anticrossing.

Here, we perform theoretical analysis of spherical core—shell
nanostructures using Mie theory, the finite-difference time-
domain (FDTD) method, and the quasi-static approximation as
a function of geometrical parameters of the system, oscillator
strength of the absorbing medium, and line width of electronic
excitations. In particular, we show that these structures can be
found in several distinct interaction regimes ranging from
enhanced absorption to strong coupling depending on the exact
conditions. By investigating very large dye permittivities, which
can be found experimentally in molecular J-aggregates that have
very high oscillator strength or at low temperatures where the
exciton line width becomes very narrow, we demonstrate
emergence of three peaks in both absorption and scattering, a
scenario strongly deviating from a coupled-oscillator model. To
our knowledge, there have been only a few examples where this
kind of behavior was reported.®

This paper is structured as follows. We begin by introducing
the employed methodology, focusing in particular on the
Lorentzian permittivity of a model dye and sketching a brief
quasi-static analysis of the optical properties of a plexciton in a
core—shell nanostructure. Next, we show how the size of a
metal core affects the optical properties of the nanostructure
and discuss it in the context of absorption in constituent
elements, separately in the core and in the shell. Subsequently,
we demonstrate how coupling depends on the strength of the
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dye resonance and that for large oscillator strengths the core—
shell geometry is characterized by a three-peaked spectrum.
Finally, we discuss consequences of interband absorption in the
metal on the optical spectra of strongly coupled nanostructures.

B THEORETICAL CONSIDERATIONS

As depicted in Figure la, we consider a layered sphere with a
core radius of r and a shell of thickness i immersed in a
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Figure 1. (a) Core—shell nanoparticle used to study plasmon—exciton
coupling: silver core radius r and dye shell thickness h. (b) Real and
(c) imaginary parts of permittivities of dye layers centered at ~1.8 eV
with oscillator strength f, damping y.,, and background permittivity .
The first four curves show permittivities used in this work. The black
dotted line shows for comparison the permittivity used to model the
optical properties of J-aggregates in a poly(vinyl alcohol) solution.”®
(d) Real and (e) imaginary parts of silver measured by Johnson and
Christy42 (squares) and the Drude fit used here (line).

medium with a refractive index of 1.3. The core is made from
silver described by the Drude model, £.(@) = &, — w,”/(w(w +
iy)), neglecting any interband absorption at short wavelengths.
The parameters are calculated by fitting measurements
obtained by Johnson and Christy*” in the 400—600 nm range
(note the spectral position of the plasmon resonances in
subsequent figures) and are &, = 3.7, hw, = 8.55 eV, and Ay =
65 meV (see Figure 1d,e).*

The permittivity of the dye layer is modeled using a single
Lorentzian function in terms of a dimensionless oscillator
strength f, a resonance width y,, and its position ®,, and is
modified by the large-frequency permittivity &, according to
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At resonance (w = ®,,) the above equation simplifies to
fwex
Tex )

Note that the imaginary part of the permittivity for a given
oscillator strength depends on the resonance frequency, leading

gex(wex) = 800 + i
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to a change in permittivity when the resonance of the exciton
changes. Thus, the permittivities depicted in Figure 1b,c are
valid only for 7w, = 1.8 eV, and for calculations in which the
dye resonance coincides with a variable resonance frequency of
the metal core (variable r) this would lead to unwanted
changes. Therefore, we recast the oscillator strength as f = fQ/
@,y where 7€ = 1.8 eV at which f is defined. This means that
when we quote f values we refer directly to values shown in
Figure 1, while the actual f value used in the equations is the
rescaled one. As a result, the span of the real and imaginary
parts of the permittivity is preserved. The optical response of
the metal—dye structure is strongly dependent on the
permittivity of the dye; we thus restrict the possible values to
be not larger than reported in recent literature, with a few
exceptions to illustrate trends. The limiting reference
permittivity we choose is reported for J-aggregates in a
poly(vinyl alcohol) solution®® (black dotted line in Figure
1b,c), and all dye material values are smaller (in terms of
absolute values). This is especially important for the real part of
the permittivity, since very large negative values over a broad
wavelength range may turn the dye into a metal-like material.
Optical scattering and absorption calculations are performed
using Mie theory for a coated sphere.** Additionally, we use the
FDTD method to verify the accuracy of the implementation of
the Mie code, to supplement the results with surface charge
distributions, and perform additional simulations for non-
spherical objects to help in explaining observed characteristics.
Quasi-static Analysis. Before presenting detailed Mie
theory and FDTD calculations we briefly sketch an outline of
expected results (for a detailed derivation, refer to the
Supporting Information, SI). Bohren and Huffman give the
expression for the quasi-static polarizability of a coated
ellipsoid,** which serves as the basis of the current argument.
In a simple case of a coated sphere when the geometrical
factors L are the same and the ratio of the core volume to that
of the total structure is s, the modes of the structure occur when
the denominator of the polarizability becomes zero,
€alp + &) +qle — &)(1 = &) =0 (3)
where p + 1 = L', we have introduced a coupling term g = (1
—5)(1 — L), and the permittivity of the surrounding medium is
1 (equivalent to measuring all £ in units of the outside
permittivity). With g = 0, i.e, no shell, there is only one real
mode defined by the relation p + €. = 0. Solving this equation
with a Drude permittivity yields the well-known resonance
condition of a localized surface plasmon at ; = @,/ (e, + )2
With g very small (thin shell limit) the second term in eq 3 is
only a small correction, and we can write, remembering that &,

~ —p,
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We can now recast p as p’ = p + q(€o + p)(€ex — 1)/€. with
the coupled resonance shifted to @, = wp/(ep + p’)l/z.

Equation 3 can also become zero when &, & 0 provided that
its second term is indeed small; with a nonzero g this mode is
no longer spurious. To solve this in a straightforward way, we
first look for solutions of Re(e,) = 0, which are given by
solving
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Depending on the discriminant, there may be no, one, or two
solutions as defined by the relations between the constant term,
the line width, and oscillator strength. When the discriminant A
of eq § is zero, there is only one mode; however, also for A <0
a mode is present due to a nonzero y.. Thus, in a coupled
core—shell structure one finds two resonances, as was reported
previously, even if the real part of €., is larger than zero. Hence,
we will not focus on these cases.

By choosing appropriate values for e, f, and ¥, the
discriminant can be made positive, and that leads to two
solutions with positive frequencies (see SI for details). When
neglecting losses (7., = 0), they are

W, = o,

ex

1+,
€ (6)

Coupling is introduced in a similar way as before by estimating
the second term of eq 3 at w, ;. This term enters via a rescaled
exciton permittivity €., and the modes become
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Thus, in the limit of negligible shell losses, one resonance
undergoes shifting, while the other remains relatively stable at
the exciton frequency.

The full spectrum of a core—shell structure may consist of up
to three resonances that originate from a shifted plasmon
resonance as well as up to two shifted shell resonances. Below,
we shall use Mie theory and FDTD simulations to go though
various examples of structures and illustrate a wide range of
possible plasmon—exciton interaction results.

B RESULTS AND DISCUSSION

Defining Three Coupling Regimes. The predominant
experimental methods used to analyze the optical properties of
coupled metal—dye composites are scattering measurements
performed on single particles employing dark field microscopy.
Single-particle measurements have the advantage of eliminating
ensemble averaging and the resulting inhomogeneous broad-
ening, giving usually a better signal. A drawback of dark field
measurements is that obtaining extinction of a single particle,
thus also absorption, is difficult. This is also the reason that
many theoretical works also focus mainly on scattering.
However, neglecting absorption means that a lot of information
is not utilized, and we strive to remedy this.

In Figure 2a we present the scattering efficiency (all
efficiencies are calculated as ratios of optical cross sections to
geometrical cross sections) of a core—shell structure in which
the radius of the metal core is varied from 10 to 50 nm. For
each radius we first calculate the position of the extinction
maximum and set the exciton resonance to that value with f =
0.0S and fy,, = 50 meV. The result is a two-peaked spectrum
that blue-shifts with decreasing radii. The dip in between is
indicative of coupling between the exciton in the shell and the
plasmon of the core; however, the strength of this coupling
varies and determines the regime. The coupling strength
depends on a number of factors. Here, by changing the core
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Figure 2. (a) Scattering efficiency of a core—shell nanoparticle—silver
core with a variable #, h = 2 nm, f = 0.05, fiy., = 50 meV, and the
exciton resonance set to the extinction maximum of a bare core of the
same size made of silver. For small r the plasmon—exciton interaction
gives a broad and deep scattering minimum. (b) Plasmon and exciton
line widths, y,, and ., respectively, (}/Spyex)l/ 2 and the plasmon—
exciton coupling rate g extracted from fitting a coupled harmonic
oscillator model to scattering spectra shown in (a). Using the criterion
g > (Y4 Ye) the system is strongly coupled for radii smaller than 20
nm, while for g > (yspyex)l/ % for r < 28 nm. Note that the y-scale is
changed for dephasing rates larger than 0.2 eV (marked with a dotted
line). (c) Extinction, (d) total absorption, (e) core absorption, and (f)
shell absorption. The horizontal lines mark the strong coupling regime
limiting radii obtained from (b). A dip in scattering, extinction, and
core absorption is present in the whole considered range. Total and
shell absorption have only one peak for r > 30 nm. Only for r < 30 nm
(weak criterion) does the coupling begin to affect total absorption
strongly, and for r < 20 nm (strong criterion) an absorption dip
develops indicative of strong coupling.

diameter we vary two of them: the electric field enhancement
near the core and the dye-to-metal volume ratio. The changes
are correlated, and when the former value for r = 10 to 50 nm
goes from ca. 30 to 3, it is accompanied by a volume ratio
change from 0.7 to 0.1. Thus, the coupling strength decreases
with an increasing radius.

We use a coupled harmonic oscillator model to calculate,
based on Figure 2a, the coupling strength g as well as the line
width for the plasmon resonance and the exciton.” The fitted
values are shown in Figure 2b. The coupling strength g shown
by the dashed red line is indeed a decreasing function of r. For
all considered radii the fitted exciton dephasing rate y,, is
smaller than g and almost constant, while the plasmon line
width varies considerably. In the literature the relation for
strong coupling between g and 7., 7, has been given as g > (7.,
)/SP) org> (yexysp)l/ 2 (see, for example, ref 8). When the radius
is large, the plasmon dephasing rate is much larger than the
coupling strength and the system is in a weakly coupled state,
also called energy transfer.” The weaker of the two conditions is
fulfilled only for r < 28 nm, while the stronger for r < 20 nm.
Thus, a question here arises: which of the two inequalities is
required for strong coupling to be identified?

This ambiguity can be solved by considering complementary
measurements of extinction and absorption, including deter-
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mination in which part of the core—shell structure is energy in
fact dissipated. These are gathered in Figure 2c—f. We have also
indicated both critical radii to clearly mark the three regions
with different relations between the dephasing parameters.
While the scattering plot does not provide concise qualitative
information, absorption does, especially when split between the
core and shell contributions. As long as the sphere radius is
greater than 30 nm, total absorption (Figure 2d) is
characterized by a sharp peak over a much broader one. As r
tends to 28 nm, the narrow peak broadens, and for r = 20 nm
splits into two. The contribution from the core in Figure 2e,
similar to scattering, has a two-peaked spectrum. However, the
shell absorption spectrum (Figure 2f) is different. For r > 30
nm it has only one narrow peak, which for 20 < r < 30 nm
undergoes broadening and finally splitting.

These clearly marked trends are exemplified in Figure 3,
where we present cross sections for three representative cases
with r = 45 nm in Figure 3a,b, 25 nm in Figure 3¢,d, and 15 nm
in Figure 3ef. The left column shows extinction and scattering
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Figure 3. Optical cross sections of nanoparticles with silver cores
having (a, b) r = 45 nm, (c, d) 25 nm, and (e, f) 15 nm and a dye shell
2 nm in thickness with f = 0.05, #iy,, = 50 meV, and the exciton
resonance coincides with the plasmon resonance for any given radius.
(a, ¢, ) Comparison of extinction and scattering of core—shell “c-s”
(continuous lines) and bare core “c” (dashed lines) structures. (b, d, f)
Breakdown of absorption in the core—shell nanoparticle compared
with that of a bare core and a bare shell “s” (dotted line). (a, b)
Enhanced absorption: a very small extinction dip with an absorption
peak compensating for reduced scattering. Absorption at resonance is
increased 4-fold. (¢, d) Induced transparency: scattering strongly
reduced, absorption in the dye layer has one peak, but is now
comparable to that of the core and bare core; total absorption shows a
very weak dip. (e, f) Strong coupling: scattering is almost suppressed
at the original resonance position. Both core- and shell-absorption

exhibit peak splitting.
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for a bare core (dashed lines) and a core—shell (solid lines)
structure, while the right one compares core—shell total
absorption with its two components and the bare absorption
core spectrum. For r = 45 nm the dip in scattering is narrow
and weak and is partly offset by an increase in absorption. This
increased absorption is caused by the shell, which feels an
enhanced electric field and contributes more than 80% of the
absorption value at the peak position. Note that total
absorption in the core—shell structure exceeds 4-fold the bare
core value. This behavior is indicative of enhanced absorption,
also called energy transfer.®

In the intermediate radius range, r = 25 nm, scattering is
reduced at the dip to 20% of the bare core value and extinction
to 50%. These considerable changes are now accompanied by
(weak) peak splitting. While in principle strong coupling could
be ascribed to this case, an analysis of the absorption spectrum
indicates that this is not yet the case. At peak total absorption is
only 30% larger than for the bare core, and additionally its
spectrum is also slightly broader; however, most noteworthy are
the beginnings of a dip. The core absorption (for the core—
shell structure) exhibits a deep minimum at the exciton line, but
at the same time the shell absorption exhibits a peak. The
important difference between this case and the previous one is
the fact that the shell absorption is equal to that of the bare
core, so overall absorption remains small.

A further reduction in the particle radius to 15 nm is
accompanied by strong splitting of approximately 30 nm (240
meV). This splitting is observed for both scattering and
absorption, giving in total a deep extinction minimum at the
exciton resonance. Interestingly, at the dip scattering is strongly
suppressed and total absorption is dominant. The individual
contributions to absorption are split unequally between core
and shell (at the original resonance a)sp), with both constituents
exhibiting strong splitting. One difference is that core
absorption is reduced drastically at the resonance due to
coupling, while shell absorption remains relatively strong. Thus,
we show that in a core—shell structure the strong coupling
(vacuum Rabi splitting) is characterized by splitting, visible not
only in the scattering spectrum but also in the absorption
spectrum. While measuring absorption of a single particle is not
easy, a measurement of a part of the extinction will indicate if
the absorption peak is indeed split.® Otherwise, as for r = 25
nm, the state should rather be classified as induced trans-
parency.

Large Oscillator Strengths. Up to this point we have only
considered dye with an exciton line width of 50 meV and an
oscillator strength of f = 0.05. As plotted in Figure 1 the
permittivity range of the dye shell is moderate with the real part
Re(e) € (0.8,2.6) and imaginary part Im(¢) < 1.8. However,
dyes with larger variations of an equivalent permittivity can be
found with Re(e) € (—4,9) and Im(e) < 14 (ref 23). There are
two ways of adjusting the permittivity: one being f and the
other y,. Here we use predominantly the first parameter;
however, for completeness we briefly look into the effect the
width of the exciton has on the coupling; see the SI for details.

Figure 4 shows the optical spectra of a core—shell structure
(r = 20 nm, Ay, = SO meV) for increasing oscillator strengths
from 0 to 0.5. As the oscillator strength increases, the splitting
becomes greater and greater until it finally starts dominating
over the plasmon damping, indicative of the strong coupling
regime at about f > 0.0S. Furthermore, one can clearly see the
emergence of a third peak between the two modes to the blue
and red of the plasmon resonance at f > 0.1. At first, the
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Figure 4. Optical properties of a core—shell structure with a silver core
and the oscillator strength of the dye increasing from 0 to 0.5, r = 20
nm, Ay, = S0 meV. Efficiencies: (a) scattering, (b) absorption, (c)
core absorption, (d) shell absorption. Note the two-peaked spectrum
for small f and the appearance of the third peak at f ~ 0.1. (e) Peak
separation (coupling strength equivalent) for the two high- and low-
energy coupled peaks as well as their separation from the middle peak.

Note the nearly linear dependence as a function of \/} The inset
identifies splitting values g.

presence of this additional resonance is puzzling, since the
coupling between two resonators characterized by an identical
resonance frequency should give two new modes. However, the
third mode is not an artifact and is confirmed by quasi-static as
well as FDTD (see Figure S) calculations. Additionally, in the
SI in Figure S1 we present scattering and absorption spectra
plotted as functions of wavelength and radius for increasing
oscillator strengths to show the different behavior of the
spectra.

Figure 4e shows splitting between various modes of the
system as a function of the square root of the oscillator

strength. All splitting follows nearly a linear relation with \/f, in
agreement with the well-known expression for the Rabi
frequency, ¢ = ~NulEl, taking into account that f scales
linearly with N. Here, N is the number of molecules, y is the
molecular transition dipole moment, and |E| is the electric field
at the position of the molecule(s). This might seem rather

surprising since the origin behind N lies in coherent
oscillations of N dipoles, while Mie theory does not require
any coherence but relies solely on dielectric response of the dye
layer. Nevertheless, incorporation of dye permittivity into the
core—shell structure produces a correct result, indicative of the
applicability of classical electromagnetic approaches to this class
of plasmon—exciton problems. Recalling the quasi-static
analysis, the splitting between the eigenmodes @, — @, indeed
scales approximately as \/}

To understand the nature of the resonances, we focus on one
exemplary value of the oscillator strength (f = 0.3) for one core
radius of 20 nm in Figure Sa. Here, we compare optical cross
sections calculated using Mie theory and the FDTD method,
which give very similar results. The three-peaked structure is

458

440

NS L
400 420
wavelength [nm]
A =399 nm

374 nm

A= 425 nm

absorption, log;,Z

charge

Figure S. (a) Coupling of the plasmon and exciton in a core—shell
nanostructure with a silver core and dye parameters fy,, = S0 meV, f =
0.3, h = 2 nm, and r = 20 nm gives a three-peaked spectrum in all cross
sections. The FDTD and Mie spectra show excellent agreement. (b)
For the three peaks marked in (a) we plot absorption and charge
distributions for the above parameters, however, which are
representative for any similar strongly coupled core—shell structure.
In all cases absorption in the dye is enhanced considerably by the
strong electric near-field of the plasmon. The distribution of surface
charges for peaks 1 and 3 indicates those resonances are the bonding
and antibonding combinations of the plasmon and exciton resonances.
The middle peak, which has surface charges localized predominantly at
the outer dye interface, is a collective mode that screens the metal
core; this is also evident in a uniform electric field. The numbers
indicate factors by which the amplitudes of surface charges were
multiplied to use the same scale.

visible in both absorption and scattering, as well as in both the
core and shell absorption. This indicates that, indeed, the
structure is strongly coupled, as can be expected for a large
oscillator strength, strong field enhancement, and a large dye—
metal volume ratio.

The coupling of the exciton to the plasmon is illustrated in
Figure Sb with the distributions of absorption log;,(I(¢)IE?)
and surface charges. The imaginary part of the dye permittivity
at the left- and right-most peaks is relatively small, yet
absorption at those wavelengths in the thin 2 nm shell is
comparable to or greater than that in the core. The type of
mode is clearly visualized by the polarization of the surface
charges at the inner and outer interfaces. At the short
wavelength (high-energy) peak interfaces located on the same
side of the structure have opposite signs, while starting at the
middle peak, they are the same. Thus, qualitatively the first
resonance is different from the remaining ones. Despite a
similar polarization of the interfaces, the middle and long
wavelength peaks are considerably different. At 399 nm the
charge is concentrated at the outer interface and the inner one
is in comparison almost charge free. This is consistent with a
uniform electric field in the particle (see Figure 6b and
subsequent paragraphs for a discussion on electric fields) and
suggests that the middle peak is qualitatively similar to a
resonance of a homogeneous sphere. Finally, the long
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Figure 6. Scattering and absorption efficiencies for a core—shell
structure (Ag core) as a function of & for r = 20 nm, Ay, = SO meV, f =
0.3, and the exciton resonance is at the core resonance. (a) Plasmon—
exciton coupling yields two modes above and below 400 nm with a
separation that saturates for an increasing h. Additionally, a third mode
at the exciton resonance is present. (b) The electric field plots show a
core plasmon interacting with the exciton in the shell at the short- and
long-wavelength modes (note the antiparallel fields in the core and
shell). At the exciton resonance the third mode is characterized by an
in-phase field distribution in the core and shell. (c) For f = 0.05 the
splitting is weaker, but a weak third mode appears only for & > 10 nm.
The larger h is, the larger the amount of dye that is weakly interacting
with the plasmon and causes a background-like signal.

wavelength peak at 4 = 425 nm shows strong surface charge
densities at both interfaces, indicating strong coupling between
the shell and the core, similar to that at A = 374 nm. We note
here that for a strongly coupled core—shell structure with a
two-peaked spectrum the surface charge polarization of the
peaks is the same as for the high- and low-energy resonances
(peaks 1 and 3).

We further investigate the nature of the three modes, and in
Figure 6 show the spectral dependence for an increasing shell
thickness h that has f = 0.3. The three-peaked spectrum of the
metal—dye structure is characterized by strong splitting of the
outer two modes for small thicknesses and saturates at about 15
nm. This is expected, as the plasmon of the metal core has a
short decay length and only weakly interacts with dye that is far
away from the core—shell interface. The middle peak is virtually
not affected by the scaling of the shell thickness, which is
unexpected if the resonance is plasmon-like.

To understand the core—shell modes, it is necessary to look
at the optical properties of Lorentz-material spheres and shells.
Dye spheres and shells have for f < 1 one or two resonances,*
respectively, although the second resonance for the shell
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appears when the real part of the permittivity becomes negative
enough (see Figure S2). For the shell, one resonance remains at
the exciton position (slight blue-shift) and the second weak one
blue-shifts with increasing f. One resonance is a void mode, and
the other is related to the exciton; moreover, these peaks shift
only slightly when the shell thickness h increases (see Figure
S3). When a shell is placed around a metal core such that g, =
@, the two shell modes interact with the plasmon resonance.
This results in three coupled modes visible in scattering as well
as both core and shell absorption. The coupled high- and low-
energy modes are qualitatively identical to their equivalents for
a two-peaked spectrum; however, the middle peak has a new
character. Interestingly, the plot in Figure 6b for the middle
peak reveals that the electric field is almost homogeneous,
which would occur in a homogeneous sphere. Indeed, this is
almost the case, as both the dye and core permittivities are
negative. An important difference is that the magnitude of the
dye’s imaginary part is much larger than the core’s, and
expectedly absorption in the shell is dominant (cf. Figure S). It
is important to note that such a resonance can thus be observed
only when the permittivity of the dye is negative enough, which
is the onset of the second mode in a Lorentz shell. In our case
this occurs at approximately f = 0.1, which is the threshold for
the emergence of this third mode. An illustration of the pure
dye core and shell resonances can be found in Figures S2 and
S3.

Negative permittivity of a dye with a Lorentz dispersion
relation is not the only condition that begets a three-peaked
spectrum. Figure 6c presents scattering and absorption
efficiencies of a core—shell structure with r = 20 nm and f =
0.05 for shell thicknesses & < 40 nm. In this case a weak peak at
the exciton resonance is also observed, although it appears for h
~ 10 nm, a thickness greater than for f = 0.3 (Figure 6a). The
middle peak for f = 0.05 is much more pronounced for
absorption than scattering, similar to what happens for a dye
shell, in contrast to Figure 6a, where they are of comparable
amplitudes. This means that the nature of this resonance is
different for f = 0.05 and 0.3. Indeed, the permittivity is always
positive in the former case and a shell mode cannot be excited.
Instead, there is a weakly polarized metal core (off resonance
due to mode splitting) that enhances the electric field in the
dye, resulting in enhanced absorption. Also, when the dye shell
is thick enough it may act as a “background” medium for the
core and the middle peak will be dominated by the spectrum of
dye uncoupled to the core. For a comparison of the electric
fields for f = 0.05 and 0.3 see Figure S4, while Figure SS shows
an exemplary plot detailing the split of absorption into core and
shell contributions for a three-peaked spectrum for small f.

Avoided Crossing. By keeping one of the resonances at a
constant wavelength and varying the second it is possible to
obtain characteristic spectra that indicate the coupling regime.
In Figure 7 we plot scattering and absorption spectra of a core—
shell structure in which the core radius is constant, giving a
fixed plasmon resonance, but the exciton resonance is varied
from —100 to +100 nm relative to @,,. We perform this for the
four distinct coupling regimes starting with enhanced
absorption in Figure 7ab (core radius 40 nm, f = 0.05). The
scattering plot indicates coupling of the core and shell;
however, the peak splitting is small. To demonstrate that the
strong coupling regime is not achieved, we inspect the
absorption spectrum. There a clear crossing of the plasmon
and exciton is observed. For a larger field enhancement (r = 25
nm) the dip in scattering grows larger; however, the absorption
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Figure 7. Emergence of anticrossing behavior in scattering and
absorption for transition from (a, b) absorption enhancement via (c,
d) induced transparency and (e, f) strong coupling to (g, h) three
peaks. Anticrossing is observed in all cases for scattering; thus for
complete analysis one also needs to investigate absorption spectra. For
enhanced absorption the absorption spectra cross; for induced
transparency the anticrossing behavior is very weak and only clearly
appears for strong coupling. (i, j) For thick shells and low oscillator
strength a three-peaked spectrum may be observed when the exciton
and plasmon resonances overlap; however, the third mode exhibits
crosses (joins) of the two coupled modes. The scaling factors indicate
by how much individual spectra had to be multiplied to normalize
their maximum values; that is, plot (f) displays the most intense
spectrum.

plot still indicates a crossing behavior despite a small dip
appearing at the center of the spectrum when the exciton and
plasmon resonances match.

Definite anticrossing of both scattering and absorption is
observed in Figure 7e,f when the radius is reduced to 15 nm,
leading to an increase of the field enhancement. In this case the
branches of scattering and absorption do not cross. The most
interesting case occurs when the spectra are characterized by
three peaks. The outermost plasmon/exciton branches avoid
crossing; however, the third peak behavior is also interesting.
Let us recall Figure S2, which shows the optical properties of a
dye shell, which in addition to a peak at w, exhibits an
additional blue-shifted resonance, a void mode (cf. Figure S3b).
When the plasmon and exciton resonances are far apart, those
two dye modes are undisturbed and the spectrum shows the
two of them either far to the blue or to the red of @, (Figure
7gh). When @, tends to wy, from the blue side, the resonances
couple and the dye void mode (the short-wavelength mode)
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turns to the plasmon resonance, while the plasmon turns into
the bulk dye absorption peak. This means that the middle
mode, which starts off at w,,, is converted into the void mode
as the exciton resonance passes Wy,

Linking this three-peaked spectrum to the arrangement of
the dye suggests that in a different geometry a three-peaked
spectrum might not be observed for similar oscillator strengths.
Indeed, Schlather et al.* in a dimer structure did not report it,
although their Lorentz dispersion spanned a greater range of
permittivities than for f = 0.3 in this work. On the other hand,
Salomon et al. did observe the third peak for an increasin%
molecule density in a dye layer deposited on top of a grating.
To assess the influence of geometry on the spectra, we have
conducted FDTD simulations for a dimer geometry (two silver
ellipses with semiaxes of 60, 30, and 30 nm, a separation of 20
nm, and with a 40 nm dye sphere between them with the
overlapping volume occupied by silver; results not shown) with
the oscillator strength up to 3. It turns out that a very weak
third peak (much weaker than in the dye-shell case) appears,
although at much larger (f & 0.6) values than in the shell
structure. This is connected with the fact that a dye core (here
20 nm in radius) exhibits a blue-shift of the optical resonances
with increasing oscillator strengths and develops a second, very
weak peak at the exciton resonance. Thus, a careful analysis of
modes supported by the dye structure (no metal) is necessary
to identify its inherent optical resonances, which then interact
with the plasmon. This is consistent with the observation that a
reduced dimensionality (a thin shell vs a sphere) gives rise to
efficient coupling.® However, also very thick shells around a
metal core exhibit a three-peaked spectrum, as shown in Figure
6, although the middle peak is not coupled to the other two.

This last case is illustrated in Figure 7ij, in which we present
optical spectra for a core—shell structure with a core radius of
25 nm, shell thickness of 30 nm, and oscillator strength f = 0.0S.
In scattering the avoided crossing is evident; however, the two
coupled resonances are accompanied by a third weak one at 4.,
= Ay Where 4, and A, are the exciton and plasmon resonance
wavelengths, respectively. A similar situation occurs for
absorption. The low- and high-energy peaks do not cross, but
are joined (much stronger than for scattering) by a third
absorption band. This clearly demonstrates that the third peak
occurring for thick shells is simply a footprint of dye not
coupled to the plasmon. Moreover, three peaks are present only
when the exciton resonance is close in frequency to the
plasmon; otherwise only two peaks are visible. This is in
contrast to the strongly coupled three-peak case for f = 0.3.

Coupling to Metals with Interband Absorption. Up to
this point we have been using a Drude model of silver for the
core. However, a number of works make use of gold to support
a plasmon. The significant difference between those two metals
is a strong interband absorption regime in part of the optical
range for Au with an onset just below 650 nm, while for Ag it
starts below 350 nm. One outcome of this is a limit to the blue-
shift of the plasmon resonance of Au nanoparticles due to
shrinkage, where this limit is a consequence of damping losses.
A similar process occurs when plasmon resonances hybridize
and two new bonding and antibonding modes appear.
Depending on the position of interband absorption either or
both of these modes may be damped or shifted.***”

Such mode damping and shifting may also be observed when
a Drude—Lorentz metal is covered by a dye featuring an exciton
at the surface plasmon resonance. In Figure 8 we show
scattering and absorption efficiencies of a Drude—Lorentz core
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absorption, ie., the Lorentz contribution, causes a red-shift of the
plasmon resonance and damping of the high-frequency coupled peak.
As a result for large f only two peaks remain, but only one is a coupled
plasmon—exciton resonance and the other is the shell mode.

(r = 20 nm) strongly coupled to a 2 nm dye layer with a
variable oscillator strength and line width of iy, = 50 meV.
The Lorentz contribution that mimics interband absorption is
arbitrarily chosen to resemble that of gold and be located to the
blue of the plasmon resonance. Total permittivity is given by
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where A, = 0.05, Ay, = 130 meV, and Aoy, varies from 3.16 to
3.95 eV with 65.8 meV steps (in terms of angular frequency @y
varies from 4800 Trad/s to 6000 Trad/s with 100 Trad/s
steps). This extra dissipation makes a profound change in the
scattering and absorption spectra.

The first change of the spectrum in relation to a Drude metal
core is a red-shift of the plasmon resonance to 446 nm, at
which we also set the exciton absorption line. For small
oscillator strengths there is no qualitative change (cf. Figure
4a,b), and first two (f < 0.1) and then three peaks are present.
The major difference is the rapid decay of the high-frequency
mode, especially in scattering, which is the usual quantity to be
measured. For f = 0.5 the scattering spectrum exhibits only two
peaks, and when the exact nature of the two remaining
resonances is not analyzed, strong coupling may be incorrectly
identified. The reason for this is the fact that the middle mode
is the dye-shell resonance that is not affected greatly by the
plasmon. The strongly coupled modes are the left- and
rightmost ones, and one of them is damped by the interband
absorption. It is important to note, however, that an evaluation
of the coupling strength based on the splitting of the two
remaining modes will underestimate its value. Hence, the
structure will be definitely in the strong coupling regime, as
three peaks are observed for core—shell structures only in that
regime. This is confirmed by optical spectra and distributions of
the electric field, absorption, and surface charges for two cases
with f = 0.3 (still three peaks visible) and 0.6 in Figure S6.

Finally, we would like to note that these observations are, in
principle, equally applicable to both gold and silver. The key
difference between these metals in the context of interband
absorption is its onset: below ~620 nm in Au vs below ~320
nm in Ag. Its effect on LSPR spectra of gold nanoparticles is
readily noticeable, and in order for the resonance to be moved
away from it, either large particles, prolate or oblate in shape, or
hollow shells made of gold have to employed. For silver
nanoparticles the corresponding effect is less of an issue: the
real part of permittivity of silver (Re(g,,)) is —2 at about 350
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nm, still above the onset of interband absorption, and Re(gAg)
= —2 is the condition for the surface plasmon resonance of a
sphere placed in a vacuum in the quasi-static approximation.
Thus, we do not expect interband absorption to be as
important a factor for silver as it is for gold. It should be
mentioned that for such small particles other effects become
important, namely, size quantization and surface screening,
which may blue-shift the LSPR.** Thus, coupling between very
small Ag nanoparticles and molecules will be affected by
interband absorption, although such investigations require tools
such as time-dependent density functional theory and are
outside the scope of the present work.

B CONCLUSIONS

In conclusion, we have studied plasmon—exciton interaction in
a spherical core—shell geometry as a function of geometrical
parameters and oscillator strength of the shell layer (for a brief
discussion on the effect of the line width see Figure S7 and the
accompanying discussion). We have shown that scattering
spectra under the investigated parameter range always comprise
dips at the exciton resonance. However, the absorption cross-
section may have both peaks and dips depending on the
particle size and the oscillator strength. Furthermore, we have
decomposed the absorption into core and shell contributions
and shown that the core absorption always has a dip as a result
of shell screening, while the shell contribution may vary
between a peak-like and a dip-like behavior. On the basis of
these results we classify interaction regimes as enhanced
absorption (peak in total absorption), induced transparency
(dip in total absorption but splitting weaker than plasmon
width), and strong coupling (splitting larger than plasmon
width in both scattering and absorption). We show that to
confidently assign the interaction regime, it is more instructive
to follow mode anticrossing in absorption rather than in
scattering, as the latter shows anticrossing even for the
enhanced-absorption case. It is important to note, however,
that the difference between enhanced-absorption and induced-
transparency regimes is determined not only by the oscillator
strength but also by the width of exciton transition y,. A
smaller particle and a higher oscillator strength of the shell lead
to stronger coupling, in agreement with the well-known scaling
for the vacuum Rabi splitting that is proportional to the field
enhancement and square root of the number of molecules
(oscillator strength). Moreover, at high oscillator strength,
when the permittivity of the dye reaches negative values, we
observe the emergence of three peaks in both scattering and
absorption, a scenario strongly deviating from a simplified
coupled harmonic oscillator analogy. On the basis of field and
charge distribution around the nanostructures, we assign those
peaks to strong coupling and geometrical resonance of the
system as a whole. This is further confirmed by the mode
anticrossing behavior seen for the three-peaked spectra. Finally,
we should point out that classical electrodynamics methods
presented in this study give an adequate description of the
static optical properties of core—shell structures, and in general
good agreement between our results and previously reported
experimental®'*'*'”'® and theoretical”® observations is found;
however, when it comes to dynamic properties, such as ultrafast
oscillations, beats, and revivals, as well as saturation effects, fully
quantum mechanical or quantum optics approaches are more
appropriate.‘m41
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