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ABSTRACT: We investigate the onset of strong coupling in the temporal
dynamics of the exciton population at a single emitter interacting with
symmetry-broken plasmonic nanocavities. These structures consist in pairs
of metallodielectric elements separated by a nanometric gap, with different
degrees of asymmetry imposed on their geometric or material character-
istics. In order to describe the emergence of plasmon-exciton-polaritons in
these systems, we extend and generalize a transformation optics method
previously applied to dimers of identical particles. This approach provides a
natural decomposition of the spectral density in terms of a well-defined set
of plasmonic resonances, as well as an insightful description of the coupling
strength dependence on the emitter position. On the one hand, we shed
light into the low sensitivity of plasmon-exciton interactions to geomet-
ric asymmetry in cavities such as nanoparticle-on-a-mirror configurations.
On the other hand, our findings reveal that a more complex spatial and spectral dependence of the strong-coupling pheno-
menology takes place in systems with material asymmetry, such as two-metal and metal-dielectric dimers.
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The interaction between quantum emitters (QEs), such as
molecules or quantum dots, and surface plasmons (SPs)

has attracted much attention lately as a key mechanism for the
control of light through matter, and matter through light, at the
nanoscale.1,2 This interest originates from the ability of SPs to
confine and amplify electromagnetic fields well below the dif-
fraction limit of classical optics.3 When the interaction between
QEs and SPs enters the strong-coupling regime, both subsys-
tems exchange energy within time scales shorter than their
respective lifetimes. This leads to the emergence of plasmon−
exciton−polaritons4,5 (PEPs), hybrid states whose properties
can be tuned through their light and matter content.
In the last number of years, much research efforts have focused

on the theoretical6−8 and experimental9−13 investigation of PEPs
at the macroscopic level (in systems involving large QE ensem-
bles). This development has led to proposals for their exploita-
tion in applications such as lasing,14 catalysis,15,16 and charge
and energy transport.17,18 Furthermore, plasmon−exciton
interactions have been also thoroughly explored at the single
emitter level,19−21 although experimental evidence of PEPs in
microscopic systems was not reported until very recently in
nanoparticle-on-a-mirror22 and bowtie23 cavities. From a theo-
retical perspective, the coupling of SPs and single QEs has been
addressed in simple geometries such as planar surfaces,24 single
nanospheres,25,26 and distant particles.27,28 Recently, we devel-
oped a transformation optics29 (TO) approach for the description

of PEPs in symmetric nanogap cavities.30 This method allowed
us to reveal that QE-SP coupling was strongly enhanced at
highly asymmetric positions, far from the gap center.
In this Article, we extend our TO approach to further explore

the role that asymmetry plays in the plasmon-exciton strong-
coupling phenomenology. Specifically, we generalize it in order
to investigate symmetry-broken nanocavities, in which asymmetry
is imposed on geometry or material characteristics. Our method
does not only account for the full richness of the plasmonic
spectrum supported by the cavity, but also for the complex
dependence of QE-SP interaction strength on the emitter
position. This tool makes possible a quasi-analytical description
of these systems, which naturally yields a self-consistent decom-
position of the spectral density in terms of a complete set of SP
resonances. The investigation of structures such as nanoparticle-
on-a-mirror (NPoM) configurations allows us to gain insight into
the low sensitivity of plasmon-exciton interactions to geometric
asymmetry. On the other hand, we find that a more complex
spatial and spectral dependence of QE-SP coupling takes place
in cavities presenting material asymmetry, such as two-metal
and metal-dielectric dimers.
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The text is organized as follows: First, we introduce our TO
approach, which is subsequently applied to the calculation of
spectral densities and exciton population dynamics. Next, we
study PEP systems in which the asymmetry resides in the dif-
ferent sizes of the metal elements involved (including NPoM
configurations). Finally, material asymmetry, specifically dimers
composed of different metals and a metal and a dielectric medium,
is investigated.

■ TRANSFORMATION OPTICS APPROACH
TO was initially conceived as a theoretical tool for controlling
electromagnetic fields in the context of metamaterial science
and technology.29 Lately, this elegant framework was suc-
cessfully applied to the description of SP-assisted phenomena
such as light harvesting by nanoantennas,31 Casimir forces
between nanoparticles,32 or the emergence of nonlocal effects
in acute metallic geometries.33 Importantly, the nanometric size
of plasmonic systems allows their description within the quasi-
static approximation. Here, we outline how TO ideas can be also
used to treat the interaction between QEs and the SP spectrum
supported by gap nanocavities. Figure 1 sketches the general

system considered in this work: a single QE, modeled as a two
level system with transition frequency ωE, is placed at posi-
tion rE within the gap between two nanospheres of different
frequency-dependent permittivities ϵ1(ω) and ϵ2(ω) and radii
R1 and R2. The QE transition dipole moment μE is parallel to
the dimer axis (z-direction) and the whole system is embedded
in a medium with dielectric constant ϵD.
Under an inversion of the form34
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where nonprimed (primed) coordinates correspond to the orig-
inal (transformed) frame, the gap nanocavity can be mapped
into the spherical concentric geometry depicted in the top
right corner of Figure 1a. Whereas Λ is an arbitrary length-
scale constant, the mapping requires the appropriate choice
of the inversion point in the plasmonic cavity, R0 = R0z ̂ with
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The spherical symmetry of the primed geometry allows
solving Laplace’s Equation in a quasi-analytical form, although
the geometric convenience of the mapping also brings the
complexity of spatially dependent transformed permittivities,
ϵ′(ω,r′) = Λ2ϵ(ω,r(r′))/|r′ − R0′|2. It can be proven35 that the
quasi-static potential in the inverted system can be written as
Φ′(r′) = |r′ − R′0|ϕ′(r′), where ϕ′(r′) is a solution of Laplace’s
Equation in the primed frame. Thus,Φ′(r′) retains the azimuthal
independence of the original quasi-static potential, and we can
write
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where Yl0(·) denote spherical harmonics with m = 0. Equation 2
reduces the calculation of the scattered fields in the original
frame to obtaining the expansion coefficients al

± within the three
spherical regions in the transformed structure. This is done by
imposing the appropriate boundary conditions at the spherical
interfaces. The continuity equations acquire a convenient tridi-
agonal form, where the coupling among coefficients with differ-
ent l originates from the |r′ − R′0| factor in Φ′(r′) (see ref 34).
Once the coefficients are known, the quasi-static potential in
the original frame can be calculated as Φ(r) = Φ′(r′(r)). In the
Supporting Information (SI), specific details on the TO approach
for nanocavities presenting material asymmetry are provided.
The continuity equations discussed above need to be fed

with the coefficients corresponding to the source of excitation.
For a dipole source describing the QE located within the gap

cavity, Φ = − μ
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where η = Δ/(rE−R0),Δ = 2( + R1 − R0)(2R1 + R2 − R0)/
[2 − R0 − δ]. Figure 1b demonstrates the fast convergence of
the expansion for the QE potential in absence of the nano-
cavity. We find that ΦE(r) is converged at 1.5 nm distance with
l ≤ lmax = 10, whereas lmax = 60 is required to describe the
potential at 0.2 nm. Throughout this article, we take ϵD = 2.13,
which corresponds to silica, used as a host dielectric in various
plasmonic applications.36 In order to analyze in detail and gain
insights into the dependence of the strong coupling phenom-
enology on the complex plasmonic spectrum supported by the
nanocavities, we consider a simple, idealistic model for the QEs:
First, we take a rather large transition dipole moment, μE =
1.5 e·nm, a value in agreement with recent experimental reports
on 10−100 nm sized semiconductor quantum dots.37 Second,
we assume that the transition frequency, ωE, can be swept
across the optical regime. Finally, we neglect nonradiative decay
in the excitonic dynamics (the QE quantum yield is set to 1).

Figure 1. (a) Left: Sketch of the system under study: a single QE
with transition dipole moment μE = μEz ̂ and frequency ωE is placed
at z = rE within the gap between two nanospheres. Right: Sketch of
the geometry obtained from the inversion of the original system
under eq 1. (b) QE source potential along the z-axis. The black
dashed line plots the exact profile. Color lines correspond to the
spherical harmonic expansion of the dipole potential up to differ-
ent lmax.
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■ SPECTRAL DENSITY AND POPULATION
DYNAMICS

The calculation of the expansion coefficients in eq 2 gives us
access to the scattered electric field, Esc(r) = −∇Φsc(r), in any
position of the original frame. Through the evaluation of the
z-component of the scattered electric field at r = rE, we can
calculate the Purcell enhancement experienced by the z-oriented
QE at the gap of the nanocavity,38
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scattered Dyadic Green’s function at the QE position (note that
for clarity, we have made explicit the dependence on frequency
of the electric field). As we show below, the spectral density,
J(ω), is the physical magnitude that controls QE-SP coupling
and, therefore, the dynamics of the excitonic population at the
emitter. This can be expressed in terms of the Purcell factor as
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Contrary to P(ω), J(ω) depends on the QE characteristics.
It scales as μE

2, which makes QEs with large transition dipole
moments convenient for strong coupling applications. More-
over, ω3 factor in eq 5 increases the weight of the high fre-
quency SPs with respect to P(ω).
Once the spectral density is known, the Wigner-Weisskopf

problem39 for the QE at the gap of the nanocavity can be solved.
It establishes that the dynamics of the exciton population,
n(t) = |c(t)|2, at an initially excited QE [n(0) = 1] is given by
the integro-differential equation
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Equation 6 accounts for the emergence of reversible dynamics
in the excitonic population, characterized by the presence of
oscillations in n(t). This is the fingerprint of the onset of
plasmon-exciton strong coupling and the emergence of PEPs in
the system, which requires highly structured J(ω). Note that
if the cavity presents a flat (unstructured) spectral density,
J(ω) ≃ J(ωE), eq 6 yields n(t) = e−2πJ(ωE)t, which recovers the
Purcell-enhanced monotonic decay characteristic of the weak
coupling regime.
TO does not only provide an efficient method for the solu-

tion of eq 6. In ref 30, we showed that in the limit of vanishing
gap, the continuity equations in the transformed frame can be
written in diagonal form. This way, and using the high quality
resonator approximation,40 J(ω) for a pair of Drude metal
spheres separated by a small gap can be expressed as a sum of
Lorentz-like terms, each corresponding to a SP resonance sus-
tained by the structure. Thus, this approach also allows for a
convenient and efficient electromagnetic field quantization
in lossy, open nanostructures.41−43 Here, we extend this pro-
cedure to symmetry-broken cavities, and obtain quasi-analytical
expressions for the frequencies, damping rates and the QE
coupling strengths for the SPs supported by nanocavities with
geometric and/or material asymmetry.
In order to illustrate the accuracy and to set the range of

validity of our TO predictions, we use our approach to assess
the performance of the same plasmonic dimer as a nanocavity,
see Figure 2a, and as a nanoantenna, see Figure 2b. The structure

consists in two identical spheres of radius R separated by a gap

R/15. Their Drude permittivity is given by ωϵ = ϵ −
ω

ω ω γ∞ +( )
i( )

p
2

,

with ϵ∞ = 4.6, ωp = 9 eV, and γ = 0.1 eV (fitted values for
silver8). In both panels, quasi-static TO results (black solid
line) are compared against full electromagnetics COMSOL
Multiphysics simulations (color dots) for particle radii rang-
ing from 7.5 to 240 nm. Figure 2a plots the spectral density,
J(ω) for an emitter at the gap center, and Figure 2b shows the
absorption cross section, σabs, under z-polarized illumination.
Note that, in order to carry out a meaningful comparison
between different R’s, and taking into account the different
scaling of both magnitudes, J(ω) is normalized to the inverse of
the cavity volume (R−3), and σabs to the cavity volume itself
(R3). We find that TO predictions for both quantities are in
excellent agreement with simulations for small radius. As R
increases, radiative effects become relevant, but they manifest in
a very different way in both panels, being their impact on σabs
much larger than in J(ω).
The contrast in the sensitivity to radiative losses of J(ω) and

σabs is a consequence of the different plasmonic modes that play

Figure 2. Spectral density (a) and absorption cross section (b) for
pairs of identical silver spheres of various radii R separated by a gap δ =
R/15 (see insets). The cross-section (spectral density) is normalized
to the (inverse of the) particles volume, R3. Black lines plot TO quasi-
static predictions (identical for all sizes), and color lines show full
electromagnetics simulations. Insets: Color saturated surface charge
maps (obtained via numerical simulations) for the three modes
indicated in (a).

ACS Photonics Article

DOI: 10.1021/acsphotonics.7b00616
ACS Photonics 2018, 5, 177−185

179

http://dx.doi.org/10.1021/acsphotonics.7b00616


a relevant role in each magnitude. The three bottom panels in
Figure 2 display color-saturated induced-charge density maps
for the three lowest-frequency SP modes. These are the brigh-
test (most radiative) ones, and their associated Ez

sc-fields are
even with respect to the gap center. The spectral position of
these modes is indicated in Figure 2a,b, which clarifies their
contribution in each case. They show that σabs is governed by
these low frequency SP resonances, greatly affected by radiation
damping with increasing R. On the contrary, J(ω) presents a
prominent maximum at frequencies well above these modes.
This peak is extremely robust to radiation effects, which in turn
are apparent around the lowest SP frequencies (the corre-
sponding peaks red-shift, broaden and collapse as R increases).
This high-frequency maximum in J(ω) can be considered as a
pseudomode (PS) that, as we show below, originates from the
spectral overlapping of a number of high-order, dark, SP reso-
nances. In the following, we will see that J(ωPS) sets the intensity
of plasmon-exciton interactions taking place in the nanocavity.

■ NANOCAVITIES WITH GEOMETRIC ASYMMETRY
In this section, we investigate symmetry-broken nanocativies at
the geometric level. Specifically, we consider structures com-
posed by elements of the same metal but different sizes, with
special attention to the limiting case of NPoM. Figure 3a plots
J(ω) evaluated at the center of the 2 nm gap between two
spheres of different radii, R1 and R2 = 120 nm. As shown in
Figure 2a, this particle size is beyond the validity of the quasi-
static approximation at low frequencies. However, we anticipate
that the accuracy of TO predictions around the pseudomode
enables us to employ this framework to describe QE-SP coupl-
ing in ∼100 nm radius nanospheres. Taking the symmetric case
(R1 = R2) as the reference, we find that J(ω) is considerably
robust against variations in R1/R2. On the one hand, by decreas-
ing R1 the spectral maxima for the lowest-frequency SP reso-
nances blue-shift. However, the PS maximum at high frequen-
cies remains insensitive to this geometric asymmetry (a direct
consequence of the localized nature of the SP modes forming
it). It only decreases slightly for R1/R2 = 0.01. In this configura-
tion, R1 < δ and the spectral distance of the dipolar SP peak
[labeled as (1) in Figure 2] and the PS is comparable to the
Drude damping, γ = 0.1 eV. In fact, J(ω) in the vicinity of ωPS
resembles the spectral density for a single sphere (R1/R2 = 0).
On the other hand, increasing R1 red-shifts low-frequency
SP resonances only very little, reaching the sphere-plane (or
NPoM, R1 → ∞) limit already for R1/R2 = 10. Note that the
radii of both spheres are at least 2 orders of magnitude larger
than δ in this case.
The inset of Figure 3a displays J(ω) versus frequency and

gap size for the NPoM geometry in the main panel. We focus
on this cavity configuration because of its relevance in recent
advances on the experimental probing of plasmon-exciton
strong coupling.22 The contour plot shows that J(ω) increases
with decreasing δ, while the contributions from different SP modes
red-shift and become discernible. For large gaps (δ/R2 ∼ 0.1),
all maxima merge at the PS position. Figure 3b,c renders the
exciton population as a function of time and δ for a QE at
resonance with the lowest SP mode (left) and with the PS
(right). The population dynamics obtained from eq 6 reveals
that the onset of QE-SP strong coupling takes place at δ ∼ 3 nm
in both cases, and Rabi oscillations become apparent below
this gap. Note that these gap sizes are comparable or smaller
than the typical sizes of QEs with ∼1 e·nm transition dipole
moments.37 In a similar way as symmetric cavity configurations,30

the resemblance between both panels allows us to infer that the
mechanism controlling n(t) is the same irrespective of ωE. The
analytical decomposition of J(ω) that follows indicates that this
mechanism is the coupling to the PS maximum (see Figure 5),
and that the small variations in the monotonic decay and the
Rabi oscillation contrast originate from the different detunings
(ωE − ωPS). Note that, as expected from the main panel of
Figure 3a, the dependence of n(t) with gap size for NPoM and
symmetric cavities is rather similar.30

Next, we explore in detail the spectral density at the PS peak.
Figure 4a plots J(ωPS) versus QE position along the cavity gap
(rE − R)/δ (for simplicity, we make R2 = R = 120 nm). Main
panel (inset) corresponds to a NPoM (symmetric dimer) cavity
with δ = 2 nm. Two different normalizations are considered.
The black dashed line renders the ratio between J(ωPS) at z = rE
and its value at the gap center. The spectral density increases in
the same way as the QE approaches the nanosphere (rE = R)
and the flat metal surface (rE = R + δ), giving rise to a ∼102
enhancement factor. To prove that this amplification is not
due to proximity effects (the QE couples more strongly to the
nearest metallic element), the red solid line plots J(ωPS) now
normalized to the sum of the spectral densities for sphere and
plane isolated. Three-orders of magnitude enhancements are
found this way, which reveals that plasmonic hybridization
amplifies greatly J(ωPS). The asymmetry in the spectral density
profile in this case indicates that the contribution of SP hybrid-
ization to QE-SP coupling is slightly larger at the flat metal

Figure 3. J(ω) at the center of the 2 nm gap between Ag nanoparticles
of various relative sizes R1/R2 (R2 = 120 nm). Inset: Spectral density
versus frequency and gap size for R1/R2 ≫ 1 (NPoM geometry). (b, c)
Emitter excited state population versus time and gap size for the
NPoM. The QE (rE = R2 + δ/2) is at resonance with the lowest-
frequency SP mode in panel (b) and with the PS in panel (c).
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surface, which compensates for the fact that the planar surface
performs worse than a single metal sphere as a cavity by itself.
The comparison between the main panel and the inset evi-
dence again a clear similarity between the spatial dependence of
J(ωPS) in NPoM and dimer geometries.
Figure 4b presents the same analysis as panel (a) but for a

bigger gap size, δ = 8 nm. This is a more realistic configura-
tion for the realization of plasmon-assisted strong coupling
phenomena, as QEs with large dipole moment could be placed
in the nanocavity. We can observe that, in comparison with the
2 nm case, higher spectral density enhancements (relative to
the gap center) can be achieved by displacing the QE position.
Similarly, the asymmetry in the contribution of SP hybrid-
ization to J(ωPS) is also larger. Therefore, we can conclude that
the impact that the emitter position has on QE-SP interactions
increases with δ. In order to illustrate this effect, Figure 4c plots
n(t) for ωE = ωPS at three different positions for the structure in
panel (b). While the QE is only weakly coupled to the SPs at
the gap center, it enters in the strong-coupling regime when
displaced a distance 0.4δ = 3.2 nm. Despite the asymmetric
geometry of the cavity, the exciton dynamics is exactly the
same if the QE approaches the flat surface or the spherical
particle.
As discussed above, our TO approach enables us to express

the spectral density as a sum of Lorentzian contributions. For
the case of a NPoM cavity, this decomposition reads

∑ ∑ω
π

γ
ω ω γ

=
− +σ

σ

σ=
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J
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( )
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where the index l is inherited from eq 2 and refers to the
multipolar order of the SPs. Furthermore, the index σ arises
from the manipulation of the scattering coefficients. In the case
of single metal nanocavities, it emerges naturally and can be
associated with the even (+1) or odd (−1) character of the SPs.
The spectral width of all the terms in eq 7 is given by the Drude
damping γ. The SP frequencies have the form

ω
ω

=
ϵ + ϵ

σ ξ σ
ξ σ∞

+
−

l ,
p

D
l
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with ξl = [2 + δR/(R2 − R0
2)]l+1/2. Finally, the QE-SP coupling

constant, gl,σ, is a complex function of rE, δ, and R, which scales
with cavity size as Δ3.30

In Figure 5, we apply eq 7 NPoM cavity with R = 120 nm
and δ = 8 nm, and three different QE positions: gap center

(green), 2.4 nm (orange), and 1.2 nm (dark blue) away from
the flat surface. Note that J(ω) is identical when evaluated at
the same distances but measured from the particle surface.
Panel (a) plots the spectral density for the three configurations,
which increases as the QE moves away from the gap center in a
similar way as J(ωPS) in Figure 4. The Lorentzian contributions

Figure 4. Spectral density at the pseudomode for sphere-plane (main
panel) and symmetric sphere−sphere (insets) configurations (in both
cases, R2 = R = 120 nm) with δ = 2 nm (a) and δ = 8 nm (b). Black
dashed lines plot J(ωPS) normalized to its value at the gap center. Red
solid lines, J(ωPS) normalized to the sum of the sphere and plane
isolated (both spheres in the insets). (c) n(t) at ωE = ωPS for the three
different rE’s indicated by vertical arrows in panel (b).

Figure 5. (a) J(ω) for a NPoM geometry with R = 120 nm and δ =
8 nm. Three emitter positions are considered: 4 nm (green), 2.4 nm
(orange), and 1.2 nm (dark blue) away from the planar metallic
surface. The contribution due to the 3 lowest-l even (dotted line) and
odd (dashed line) SP modes are shown. Insets: Induced charge map
for the odd SPs. (b) Normalized coupling constant squared for even
(circles) and odd (squares) modes vs l for the three emitter positions.
Inset: SP resonant frequency vs l.
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due to the three lowest-l even (σ = 1) and odd (σ = −1) SP
modes are plotted in dotted and dashed lines, respectively. The
former red-shift with increasing l and virtually overlap for
the three emitter positions. On the contrary, the latter barely
shift with increasing SP angular momentum, and show a clear
dependence on rE. The inset displays induced-charge density
maps for the three lowest-l odd SPs.
Figure 5b provides deeper insights into the weight of the

different terms in eq 7. It plots the coupling constants squared
for the three QE positions in panel (a): circles (squares) cor-
respond to even (odd) SPs. We can identify three mechanisms
which explain the enhancement of J(ω) away from the gap
center. Due to symmetry constraints, gl,−1 vanishes at this posi-
tion [the corresponding Lorentizans are absent in panel (a)].
By displacing rE, plasmon-exciton coupling takes place for the
set of odd SP modes too. As the QE approaches the gap end,
the maxima of both gl,−1 and gl,+1 increases drastically and
become similar. Moreover, the maximum coupling strength for
both parities shifts toward higher l (darker and more confined
SPs). Therefore, we can infer that the amplification of light−
matter interactions due to the asymmetric positioning of the
QE occurs through the PS. This conclusion is in agreement
with the fact that the Lorentzian contributions for σ = +1 in
Figure 5a do not depend on rE. The differences in J(ω) at low
frequencies therefore originate from the tail of the PS peak. The
coupling strength phenomenology in Figure 5b reveals that the
suppressed quenching recently reported in NPoMs44 takes only
place if the QE is placed in a very particular position: the center
of the gap. Due to symmetry constraints, the emitter only inter-
acts with even, low-l SPs in this case, which are inherently
radiative (green dots). If the QE is displaced away from this
position, it also couples to odd modes with higher-l (orange
and dark blue dots), which in turn leads to a dramatic enhance-
ment of radiation quenching in the system.
The inset of Figure 5b enables us to identify which SPs can

be considered as part of the pseudomode. It plots ωl,+1 (circles)
and ωl,−1 (squares). Even SPs red-shift significantly with increasing
l, while odd modes only blue-shift slightly. These different
trends originate from the denominator in eq 8, which decreases
(increases) with l for σ = +1 (σ = −1). For large l, ξl ≫ 1, and

we can write ω ∼
ω

ϵ + ϵ∞
PS

p

D
(note that a large ϵD allows red-

shifting the pseudomode away from the metal plasma fre-
quency). Therefore, those SPs whose frequency lies within a
spectral window of width γ centered at ωPS (l ≳ 5 for both
parities) merge together into the broad PS maximum. Finally,
note the similarity between the spectral density decomposition
phenomenology in Figure 5 and those previously reported for a
dimer of identical nanoparticles,30 which illustrates again the
little impact that geometric asymmetry has in the nanocavity
performance.

■ NANOCAVITIES WITH MATERIAL ASYMMETRY

We explore now plasmon-exciton interactions in plasmonic
nanocavities comprising two different materials. First, we study
dimers of metallic particles with two different permittivities: the
Drude silver considered up to here, and a Drude gold with
parameters ϵ∞ = 9.7, ωp = 8.91 eV, and γ = 0.08 eV.45 The SI
discusses specific aspects of the TO description of these
systems. Figure 6a shows the spectral density along the 2 nm
gap of a dimer with R1 = R2 = 120 nm. The sphere at z = 0
(z = 2R + δ), labeled as 2 (1), is made of gold (silver). We can
observe that material asymmetry in this nanocavity leads to the

emergence of two different pseudomodes in the spectral density
map (one associated with each Drude permittivity). Whereas
both PSs have a similar contribution at the gap center, J(ω) is
largely determined by one of the PSs as the QE approaches the
gap ends. On the contrary, and due to their bright, weakly
localized nature, the low-frequency SP peaks below the lowest
PS maximum (note that there are no SP peaks between the two
pseudomodes) do not exhibit any dependence on the QE
position.
The asymmetry in the spatial profile of J(ω) in Figure 6a can,

in principle, be used to tune the dynamics of the exciton
population at the QE in space. This possibility is explored in
Figure 6b, which displays n(t) obtained from the numerical
solution of eq 6 as a function of time and rE. In order to inves-
tigate the interplay between both PSs, we set ωE = 3 eV, which
is in between ωPS,Au = 2.6 eV and ωPS,Ag = 3.4 eV. The contour
plot shows that reversible dynamics becomes apparent when
the QE approaches the metallic particles. Contrary to n(t) in
cavities with geometric asymmetry, the period of these oscilla-
tions varies when swapping the QE between symmetric positions

Figure 6. (a) Normalized J(ω) of Au−Ag nanocavity vs frequency and
QE position (rE − R)/δ (R = 120 nm, δ = 2 nm). (b) Exciton popula-
tion vs time and QE position for ωE = 3 eV. The colors render n(t) in
linear scale from 0 (dark blue) to 1 (red). (c) n(t) for (rE − R)/δ = 0.1
(red), 0.5 (dark blue) and 0.9 (green).
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with respect to the gap center. At the center, n(t) undergoes a
more complex strong-coupling-like evolution. Figure 6c plots
cuts of Figure 6b at three different rEs. Red and green lines are
evaluated at a distance 0.1δ away from the Au and Ag sphere
surfaces, respectively. They exhibit periodic Rabi oscillations,
which are faster close to the silver sphere (due to the larger
value of J(ωPS,Ag)). Interestingly, when the QE is at the gap
center, two different beating frequencies are discernible in n(t).
These emerge as a result of the similar plasmon-exciton coupl-
ing strengths to the two pseudomodes supported by the cavity.
The SI provides a detailed derivation of the Lorentzian

decomposition of J(ω) for cavities with asymmetric material
characteristics. Contrary to homogeneous structures, the splitt-
ing of the spectral density contribution for a given l (which
leads to the introduction of index σ) can no longer be carried
out in an analytical fashion. Instead, the calculation of the SP
resonant frequencies, ωl,σ must be performed iteratively. Once
these are known, we can write

∑ ∑ω
π

γ
ω ω γ

=
− +σ

σ σ

σ σ=

∞

=

J
g

( )
/2

( ) ( /2)l

l

l0 1

2
,
2

,
2 2

(9)

Note that σ does not range from −1 to 1 now. This index still
reflects the parity of the SP modes with respect to the gap
center. However, in our description of material asymmetry, the
two possible values of σ appear closely linked to the two per-
mittivities involved, ϵ1(ω) and ϵ2(ω). Therefore, borrowing the
notation introduced in Figure 1a, we have made σ = 1, 2.
Importantly, whereas the width of all Lorentzians were the
same in eq 7, two different widths, γσ, are present in eq 9. These
are given by the Drude damping rates of the two metals
involved in the cavity. Once the SP complex frequencies are
known, the coupling strengths can be calculated using the high-
quality resonator limit.40

Figure 7a plots J(ω) at the gap center for the nanocavity in
Figure 6. The spectral density decomposition given by eq 9 is
plotted in black solid line, showing an excellent agreement with
the exact TO calculation, in gray dashed line. The Lorentzian
contributions for 0 ≤ l ≤ 2 and for σ = 1 (odd modes, linked to
Ag permittivity) and σ = 2 (even modes, linked to Au permit-
tivity) are shown in orange and blue dashed lines, respectively.
In order to unveil the fingerprint of the PSs corresponding
to both metals in J(ω), orange and blue solid lines render
the spectral densities for single Ag and Au particles. We can
observe that while even modes are significantly red-shifted with
respect to ωPS,Au, odd modes are located in the vicinity of
ωPS,Ag. Figure 7b,c render SP resonant frequencies and coupling
strengths, respectively, as a function of index l. Solid dots plot
fully converged ωl,σ and gl,σ

2 (∼10 iterations), whereas empty
dots correspond to their zero-order approximation, see SI for
more details. For large l, both quantities are correctly described
without the need of any iteration in our calculations (note that
the seed for the SP-frequencies is set at the PS of the spheres
isolated). Only for low l, SP fields extend far from the nano-
particles. This gives rise to strong plasmonic hybridization
effects across the gap, whose description requires a number of
iterations in our approach. Remarkably, Figure 7c demonstrates
that, contrary to geometric asymmetry, the introduction of mate-
rial asymmetry in the nanocavity leads to a nonvanishing coupl-
ing strength between low-l, odd (σ = 1) SPs and QEs placed at
the gap center.
Our TO approach can also be applied to metal-dielectric cav-

ities, in which the dielectric constant of the nonmetallic sphere,

ϵ2, is large enough to avoid significant radiative losses. In this
configuration, as discussed in the SI, the cavity supports only
one set of SP modes. This makes the index σ in eq 9 redundant.
Importantly, as in the case of single metal dimers, the SP fre-
quencies in a metal-dielectric nanocavity, ωl, can be calculated
analytically without any iterative procedure. Thus, we obtain an
expression for the SP resonant frequencies of the form of eq 8

evaluated at σ = 1 and ξ ξ= ϵ = ϵ + ϵ
ϵ − ϵ

+ Δ
− Δ

+

( )( )( )l l

l

2
1
1

1/2
2 D

2 D

2

1
.

In Figure 8, we investigate the spectral density at the center
of the 2 nm gap between silver and dielectric spheres of 120 nm
radius. Four different values of ϵ2 are shown: 4 (orange),
6 (green), 9 (red), and 15 (dark blue). For comparison, the
spectral density for a single silver sphere is plotted in gray solid
line (ϵ2 = ϵD = 2.13). On the one hand, it is evident that the
presence of the dielectric sphere does not modify J(ωPS), which
is extremely similar in the five configurations considered.
On the other hand, we can observe that by increasing the dielectric
permittivity, low frequency maxima emerge in J(ω). These peaks
grow and red-shift with larger ϵ2. Thus, we can infer that the
neighboring dielectric particle only enhances the QE coupling
to low frequency SPs. This conclusion is supported by the left
top inset of Figure 8, which plots gl

2 (obtained from the decom-
position of the spectra in the main panel) versus l. It shows that
only the coupling strengths for l < 10 increase (up to a factor
∼ 2) with larger dielectric constant. Finally, the right bottom
inset displays a color-saturated induced charge density map for

Figure 7. (a) Exact spectral density (gray dashed line) and its ana-
lytical decomposition (black solid line) at the gap center of a Au−Ag
nanocavity (R = 120 nm, δ = 2 nm). Dotted lines plot the contribution
for the 3 lowest even (dark blue) and odd (orange) SP modes. J(ω)
for a single Au (Ag) sphere is shown in dark blue (orange) solid line.
(b) SP frequencies as a function of the mode index. (c) Coupling
constant squared as a function of the mode index. Empty and solid
dots in these two panels show zero-order iteration calculations and
fully converged results, respectively.
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ϵ2 = 15 evaluated at ω = 2.2 eV. We can identify the SP mode
responsible for the lowest frequency maximum in J(ω) with the
dipole SP sustained by the isolated Ag nanoparticle. The pre-
sence of the dielectric sphere only modifies the spatial profile of
the SPs quantitatively, but they remain qualitatively the same.

■ CONCLUSION
In conclusion, we have presented a transformation optics
description of plasmon-exciton strong coupling in symmetry-
broken nanocavities at the single emitter level. We have inves-
tigated plasmonic systems presenting geometric asymmetry,
such as nanoparticle-on-a-mirror configurations, and material
asymmetry, such as metal−metal and metal-dielectric dimers.
Our method provides a quasi-analytical description of the spec-
tral density across the gap of these cavities, and allows for its
convenient decomposition as a sum of Lorentzian-like terms.
This fact allows us to shed insights into the role that asymmetry
plays in the interaction between emitter and cavity, largely gov-
erned by the high-frequency pseudomode supported by the
latter. On the one hand, our findings reveal that plasmon-exciton
interactions exhibit a remarkably low sensitivity to geometric
asymmetry. On the other hand, they show that the introduc-
tion of material asymmetry can lead to relevant variations in the
spatial and spectral strong-coupling phenomenology, which
opens new ways for tailoring the properties of plasmon-exciton-
polaritons.
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Gonzaĺez for fruitful discussions.

■ REFERENCES
(1) Tame, M. S.; McEnery, K. R.; Özdemir, S. K.; Lee, J.; Maier, S.
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