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ABSTRACT: Strongly coupled light−matter systems are becom-
ing a ubiquitous platform for investigating an increasing number of
physical phenomena from modifying charge transport, altered
emission, and relaxation pathways to selective or enhanced
chemical reactivity. Such systems are investigated across a large
length scale from few-nanometer-sized particles to macroscopic
cavities encompassing many interacting moieties. Describing these
numerous and varied physical systems is attempted in various ways
from classical coupled harmonic oscillator models through
quantum Hamiltonians to ab initio modeling. Here, by combining
time-dependent density functional theory modeling and analysis
with macroscopic models, we elucidate the origin of modifications
of effective interaction parameters in terms of microscopic changes
to the electronic density and Kohn−Sham transitions of the plasmonic particle and its coupled molecular counterpart. Specifically,
we demonstrate how the emergence of mixed metal-molecular states and transitions modifies the effective resonances of the
underlying plasmon and molecule in the regime of strong coupling and how these changes subsequently lead to the formation of
mixed light−matter polaritons.

■ INTRODUCTION
Strong coupling between light and matter has received a lot of
interest in the last years due to the prospects for modifying
physicochemical properties of such strongly coupled sys-
tems.1−3 When the energy exchange rate between photonic
modes and optical transitions exceeds the losses in the system,
the strong light−matter coupling regime is achieved, and the
emergent hybrid light−matter states, polaritons, form. These
can give rise to modified properties such as altered solvent
polarity4 or chemical reactivity,5 enhanced conductivity6,7 or
modified emission/relaxation pathways,8−10 to name a few.
One of the simpler systems capable of reaching the strong

coupling regime are plasmonic-molecular assemblies.1,3 When
resonantly excited, plasmonic nanoparticles (NPs) support
collective oscillations of conduction electrons in the material,
giving rise to the so-called localized surface plasmon resonance
(LSPR). The LSPR energy depends on the shape of the NP
and can be red-shifted by enlarging its corresponding
dimension.11 At the LSPR, the electric field is greatly enhanced
in the vicinity of the NP, i.e., such resonators can serve as
tunable optical cavities, confining light to small volumes.12

Such confined and enhanced electric fields13 greatly enhance
rates of processes occurring in those volumes. If an emitter,
e.g., a molecule or a quantum dot, tuned to the resonance

energy of the cavity, is added to such a plasmonic system, the
strong light−matter interaction regime can be reached.14,15

Focusing on plasmonic systems, strong coupling has been
observed for ensembles of emitters15−18 as well as for single
emitters19−21 coupled to various types of modes supported by
metal nanostructures. Recent theoretical studies show how
strong light−matter coupling can be achieved already at the
single molecule level22,23 and how such relatively small systems
consisting of a few hundred atoms can be tackled by first-
principles methods, such as density functional theory (DFT)/
time-dependent density functional theory (TDDFT). Full
electronic TDDFT calculations enable capture of atomistic
scale effects and interactions between various electronic states,
bright or dark, which are crucial to understand the
modifications of the coupled system. Furthermore, ab initio
approaches are presently being augmented, e.g., by quantum
electrodynamics24 or via a discrete interaction model/quantum
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mechanical method,25 to bridge the length scale differences
inherent in modeling interactions between molecules and light
in macroscopic cavities. Hence, these endeavors pave the way
for studying the fundamental plasmon-exciton coupling
mechanisms.
An interesting avenue of research is the excited state

dynamics and energy transfer processes between metal NPs
and adsorbed molecules under various conditions.26−28 In this
context, the strong coupling regime is especially promising,
since the initial eigenstates become thoroughly mixed, which
leads to the formation of new energy states and potentially
favorable electron transition possibilities.29 These changes of
the electronic landscape yield modifications of reaction
pathways,30−33 allowing for modified chemistry,24 catalytic
applications,34 or enhanced selectivity.35 When two moieties
are placed in close proximity and are energetically tuned to
each other’s transitions, as is the case in the strong coupling
regime, resonance energy transfer occurs,36 which can aid in
the extraction of hot carriers generated during plasmon decay
in plasmonic-molecular systems.37,38 This macroscale coupling
thus becomes an important tool in tailoring excited-state
properties, such as hot carrier transfer across metal−semi-
conductor interfaces26,39 or to an adsorbed molecule.40,41

Polariton modification of energy transport is also observed at
lower energies in the vibrational regime by coupling molecules
to macroscopic Fabry−Perot cavities. This is enabled by the
additional photonic degrees of freedom which mediate
interactions between molecules, leading to additional elec-
tron−electron correlations over large distances.42 The result of
such modifications is altered, distance-independent charge-
transfer properties with selectively improved efficiency.
Numerous modeling efforts have gone into unraveling the
interplay between the light and electronic/vibrational modes to
propose rational design approaches for cavity-molecule systems
to realize coherent exciton transport,43 modify chemical
reactions,44 or tune triplet electroluminescence.45 It is thus
rather clear that modification of the energy landscape and
delocalization of the wave functions formed by strong coupling
to a specifically designed photonic environment can facilitate
and enable tailoring of energy transfer processes, opening
possibilities for a new class of nanoscale devices.

■ METHODS: MODELING NANOSCALE MOLECULAR
POLARITONS

The interaction between plasmonic NPs and molecules is
modeled using TDDFT.46 Due to the relatively large number

of considered electrons, we utilize the real-time TDDFT (RT-
TDDFT) approach, which is selected because of its superior
scaling for large numbers of electrons in comparison to the
Casida approach. In this approach, the ground state electron
density is perturbed by a weak, spatially uniform electric field
(the δ-kick technique47) within the dipole approximation and
the temporal evolution of the electronic density is recorded.
Subsequently, the time dependence of the dipole moment is
Fourier-transformed to obtain the photoabsorption spectrum
S(ω) of the system:

= [ ]S d t( )
2

Im ( ( ))
(1)

where [ ]d t( ) is the Fourier-transformed ν-coordinate of the
time-dependent dipole moment d(t).
The analysis is further extended in terms of transitions

between individual Kohn−Sham (KS) states which contribute
to photoabsorption:48

= [ ]*S ( )
4

Im ( )ia ia ia (2)

where i and a indices numerate occupied and unoccupied KS
states, respectively, μia is the dipole moment of the i → a
transition, and δρia(ω) is the Fourier-transformed KS density
matrix. The KS decomposition offers insights into the
individual single-electron transitions occurring in the system
and their associated wave functions, which constitute the
microscopic perspective.
Simultaneously, it is insightful to investigate the properties

(e.g., photoabsorption) of interacting systems from a macro-
scopic point of view utilizing simplified models. Often used is
the coupled oscillator model,1 which recasts potentially
complex interactions standing behind the interacting elements
as a number of coupled harmonic oscillators. Under the
assumption that the driving force of the molecular oscillator is
negligible, the photoabsorption spectrum of the system can be
expressed as22
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mol
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(3)

where = +L ( ) ( i /2)x x x
2 2 are the denominators of

Lorentzian-like functions corresponding to the molecular (x =
mol) and the plasmonic (x = pl) oscillators, and ωx and γx are,
respectively, the resonant energy and width. The coupling
strength between the oscillators is g. Because the molecular

Figure 1. (a) Photoabsorption spectra of the studied system for various gaps between nanoparticle (NP) and tetracene (Tc). The reference spectra
of the isolated NP and molecule are plotted with black lines. The inset shows the NP−molecule complex. (b, c) Parameters obtained by fitting the
coupled oscillator model, eq 3, to photoabsorption spectra. The gray dashed lines in (b) mark the resonance energies of the isolated NP and
molecule.
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oscillator is assumed to be driven only by the coupling with the
plasmonic oscillator, in the limit of g → 0, the molecular
contribution to the absorption vanishes. By definition, the
model treats the NP and the molecule uniformly; i.e., all the
electronic transitions in an object are unified into a single
oscillator. Nevertheless, this approach is ubiquitous in the
analysis of experimental and numerical results obtained at
different levels of theory,14,22 allowing a facile estimation of the
coupling strength and an intuitive picture of the modifications
of the system. Indeed, analysis even at such relatively simple,
classical levels can yield fundamental insights into critical
aspects of polaritonic systems under various conditions.49

Hence, our aim in this work is to bridge the two perspectives
and pinpoint the atomistic effects that contribute to the
observed modifications of the effective properties of the
coupled system.
Here, we study a model system consisting of a plasmonic NP

and an organic molecule whose resonances are tuned to
overlap with each other spectrally to facilitate an efficient
interaction. The nanoparticle is a hexagonal magnesium
nanoplatelet of approximately 250 atoms and supports a
strong LSPR at 4.48 eV. Its molecular counterpart is tetracene
whose electronic transition of 4.36 eV matches well the LSPR
of the Mg NP (Figure 1a). The two elements are placed in a
linear manner, reminiscent of J-aggregates, with the long axis of
the molecule along the applied electric field kick (see the inset
in Figure 1a). The NP−molecule systems studied here are
modeled using the RT-TDDFT method as implemented in the
GPAW package50−52 with a total simulation time of 30 fs, a
time step δt = 15 as, and the Perdew−Burke−Ernzerhof
(PBE)53 exchange−correlation functional.

■ RESULTS AND DISCUSSION
Photoabsorption spectra of the coupled system (Figure 1a)
show two clear peaks separated by the so-called Rabi splitting,
which increases as the molecule and NP are brought closer
together. This behavior is indicative of the formation of two
polaritonic branches, the lower polariton (LP) and the upper
polariton (UP), and is a characteristic feature of a system in a
strong coupling regime. Interestingly, one can observe a
gradual widening, a decreasing amplitude, and a red shift of the
LP with a shrinking gap. Conversely, UP exhibits only a small
blue shift. We analyze this behavior at the macroscopic level by
fitting the coupled oscillator model to the absorption spectra in
Figure 1a. The fitted parameters (Figure 1b,c) indicate that the
resonance energies of both oscillators are modified when
changing the separation distance; i.e., a change in coupling
strength alone is not enough to explain the spectra. The
changes are especially large for tetracene. When the molecule
approaches the NP, its resonance energy is lowered, reaching
4.18 eV at a gap of 2 Å, an approximately 300 meV red shift
versus the isolated molecule. Simultaneously, the fitted width
demonstrates a significant increase of the oscillator width,
exceeding even the line width of the plasmonic NP at a gap of
2 Å. On the contrary, the NP resonance exhibits a smaller red
shift, which additionally appears to be arrested at small gaps. It
is noteworthy that for the largest gaps, when g → 0, the
molecular resonance is no longer driven and cannot be directly
detected with the coupled oscillator model in use; it
approaches an energy slightly higher than the resonance of
the isolated tetracene. Simultaneously, for large gaps, the
plasmonic oscillator approaches the resonance of the isolated
NP. Overall, the observed oscillator changes are at odds with

the commonly used models (e.g., Jaynes−Cummings, Hop-
field) in which the new polaritonic modes are composed of
unaltered, original eigenmodes. Hence, in the following, we
utilize the microscopic analysis to substantiate this apparent
inconsistency.
Impact of Kohn−Sham State Hybridization on

Photoabsorption. To explain the modifications the system
undergoes at small gaps, we turn to the microscopic model and
begin the analysis with the atom-projected density of states
(pDOS). The nanoparticle/molecular weight is assigned based
on the Voronoi decomposition of atomic orbitals with which a
given state is expressed on the simulation grid, i.e., the wave
functions are divided into the atoms of the NP and the
molecule with weights wNP and wmol, respectively, such that
wNP + wmol = 1 for each state. For better visibility, we select
only states with at least a 1% molecular contribution to filter
out the numerous Mg states that do not interact with the
molecule. As can be seen in Figure 2a, the plotted states, which
initially for large gaps are purely molecular, extend to Mg
atoms when the gap decreases. This effect is much stronger for
the more weakly bound and spatially more extended lowest
unoccupied molecular orbital (LUMO) states above the Fermi
level of the molecule, which is in agreement with recent
findings.54 In contrast, the initially molecular highest occupied

Figure 2. (a) Atom-projected density of states (DOS) with minimum
1% molecular contribution showing increasing modification with
decreasing gap. Shades of red correspond to projection onto NP
atoms, and shades of blue to molecule atoms. The reference DOS of
an isolated tetracene molecule is plotted with black dotted lines. The
vertical line is the Fermi level of the molecule. (b) Contributions of
each type of transitions to the photoabsorption (absolute values) of
the system at the lower polariton energy as a function of gap show an
enhancement of molecular absorption with decreasing gaps and a
significant rise of mixed transitions below 6 Å. (c) Normalized
molecular absorption spectrum for varying gaps shows the in- and
out-of-phase polaritons as well as their increased separation and
broadening for decreasing separation.
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molecular orbital (HOMO) states remain confined to the
molecule, even for small gaps. Hence, charge transfer can occur
when a molecule is excited and electrons instead of occupying
a higher molecular energy level transfer to the NP. This
tendency is elucidated by an analysis of the different types of
Kohn−Sham transitions in the coupled system. We divide
them into purely molecular (mol → mol), purely metallic (NP
→ NP), or mixed originating from or transferring to the
molecule (mol → NP, NP → mol, respectively). For this
division, see Figure 2b, here presented at the peak of the lower
polariton, where the division utilizes the previously introduced
NP/molecular weights. The contribution to photoabsorption
from each transition (see eq 2) is multiplied by the
corresponding weights, e.g., for NP → mol type, the
multiplication term is wNP

i ·wmol
a , and the absolute value is used.

The dominant contributions to photoabsorption, irrespec-
tive of the gap, are transitions occurring in the NP since it
contains about six times as many electrons as the molecule.
However, as the separation decreases, absorption in the
molecule becomes enhanced by nearly a factor of 2 when
moving from a 20 to a 5 Å gap. For even smaller gaps, a sudden
drop in the molecular absorption is observed with a
simultaneous emergence of mixed transitions with the mol
→ NP ones being dominant, as indicated by the pDOS. The
observed quenching of electron generation in tetracene is
characteristic of many systems with molecules in close
proximity to plasmonic NPs, such as the fluorescence
quenching observed in Raman spectroscopy.55 Here, we
directly show how the energy transfer between the molecule
and the NP, as evidenced by the mixed transitions, contributes
to molecular absorption quenching, even though the sum of all
transitions involving the molecule increases monotonically
with a diminishing gap (Figure 2b).
Changes of purely molecular absorption caused by a varying

gap are seen in detail in the full spectra plotted in Figure 2c.
When the molecule is brought closer to the NP, broadening of
the molecular absorption is observed, which is in agreement
with broadening of the molecular oscillator given by the
macroscopic coupled oscillator model. Additionally, a negative
contribution to absorption at energies corresponding to the
upper polaritonic branch develops, being in line with the
formation of an antisymmetric dipole arrangement. On the
contrary, at the lower polariton, a symmetric dipole arrange-
ment is observed with positive molecular absorption. Negative
photoabsorption can be observed already for the 20 Å gap,
which would suggest that strong coupling is already present for
such large distances. However, when applying the commonly
used criterion for reaching the strong coupling regime, i.e.,

>g mol pl ,
22 to the coupled oscillators fit, it is satisfied only

for gaps ≤6 Å. The threshold is, however, partially dependent
on the arbitrary choice of the broadening parameter used in
obtaining the photoabsorption spectrum. This is an evident
limitation of TDDFT calculations in which line width
broadening for molecules is applied in postprocessing and
thereby does not directly affect the coupling mechanisms.
Furthermore, partial photoabsorption spectra (Figure 3a)

show that most of the NP, molecular, and mixed absorptions
occur around both polaritons. The phase change at the UP is
visible not only for molecular absorption but also for the
prominent mixed mol → NP transitions. This, combined with
the pDOS, suggests that it is mainly the molecular transitions
that turn into the mixed mol → NP ones due to hybridization

of the excited states. In contrast, the NP → mol transitions
remain in phase with the intra-NP ones but are overall much
weaker. The insets in Figure 3a depict the induced electron
density for both polaritons, demonstrating the switch to an
asymmetric dipole configuration caused by inverting the phase
of the molecular transitions at the UP. The gradual shift from
mol → mol to mol → NP transitions that occurs below 5 Å
means that the LUMO and LUMO + 1 states of tetracene get
less populated as the gap decreases, contrary to the regime
between 5 and 20 Å where they get more populated with
decreasing gap. At the same time, the HOMO and HOMO −
1 states become increasingly depopulated with decreasing gap
in the entire range. In the broader context of polaritonically
modified chemistry, we would expect chemical transformations
that rely on the population of LUMO-states to exhibit a
maximum activity around gaps of 5 Å, while transformations
relying on the depopulation of the HOMO-states should keep
increasing with decreasing gap.
Selected wave functions of initial and final states involved in

the optically active mixed mol → NP transitions are plotted in
Figure 3b. The transitions in the coupled system resemble
those of the isolated molecule (Figure 3c), especially in the
molecular parts with the initial wave functions being practically
identical. However, the excited states are distributed over the
whole system, including the furthest parts of the NP; this again

Figure 3. (a) Contributions of each type of transition to the total
photoabsorption of the system with a 3 Å gap. The NP → NP
contributions are multiplied by 0.1 for better visibility. Insets show the
induced electron density at LP and UP energies. The decomposed
spectrum sums to the full one. (b) Wave functions of the Kohn−
Sham transitions between mixed states active in the strongly coupled
system selected for a gap of 3 Å. The energies are given with reference
to the Fermi level of the coupled system. (c) Wave functions of the
states taking part in the two strongest transitions in the isolated
tetracene molecule for reference. The energies are given with respect
to the Fermi level of the tetracene molecule.
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shows the hybridized light−matter nature of the strongly
coupled polaritonic states. Such a spatial extension of the final
states of the molecular transition over the metal NP is also
consistent with the red shift of the molecular resonance energy
given by the coupled harmonic oscillator. Interestingly, while
there are, in principle, multiple/many transitions that
contribute to absorption from/to the molecule, the majority
of the strength is contributed by only a few KS transitions.
Qualitatively, it leads to a lengthening of the dipole resulting in
a red shift, as is typically observed when elongating metal NPs,
molecules (e.g., benzene, naphthalene, ...), or more generally J-
aggregates. A smaller gap causes greater hybridization of the
final molecular states and ultimately leads to a very strong red
shift of what in the macroscopic coupled harmonic oscillator
model is referred to as the molecular resonance energy ωmol
and is plotted in Figure 1b.
Properties of the Plasmonic Nanoresonator. Up to this

point, we have focused mainly on modifications of the
molecular part. Due to the size difference, it is expected to
experience more pronounced changes than its plasmonic
counterpart. The NP modes are, however, not indifferent to
the presence of the molecule either. Specifically, the electrons
present in the molecule screen the plasmon resonance, which is
commonly exploited in plasmon-based biosensors56−58 and is
measured as a red shift of the LSPR (Figure 1b). The dipolar
contribution to the screened plasmon resonance energy ωpl can
be expressed as

=r a r( ) /pl Mg
3

(4)

where ωMg is the resonance energy of an isolated Mg NP, a is
the screening coefficient, and r is the distance between the
interacting dipoles. In the case of the systems studied here, r =
gap + Δx = gap + (xmol + xNP)/2, where xmol and xNP denote
the lengths (in the x-direction) of the molecule and the NP,
respectively. The screening effect is visible after fitting a
coupled oscillator model to the photoabsorption spectra, which
allows for extraction of the screening coefficient. For screening
by one tetracene (Tc), we obtain ΔETc = aTc/Δx3 ≈ 0.14 eV,
the theoretical energy shift of the plasmon resonance for a
vanishing gap. However, the results in Figure 1b show a
plateau for gaps smaller than 3 Å, which can be attributed to
interactions between the surface atoms of the NP and the
nearby atoms of the molecule.
Moreover, even though the plasmon resonance is a coherent

collective response of electrons in the NP, especially for small
NPs, such as the one studied here consisting of about 250
atoms, the atomic structure of the object affects the
distribution of the electric field in its vicinity. To assess the
influence of the inhomogeneous structure of the plasmonic NP
on the vacuum electric field Evac experienced by the molecule,
and consequently the coupling strength g = dmolEvac (where
dmol is the transition dipole moment of the molecule), we
evaluate the quasinormal mode (QNM) of the NP. To that
end, we replace the NP with an ellipsoidal Mg nanoresonator
of matching dimensions and an effective Drude permittivity
function which together match the TDDFT-calculated photo-
absorption spectrum. Next, we perform a classical electro-
magnetic calculation to find the complex eigenfrequencies of
the QNMs and obtain the QNM field distribution at the
LSPR.59 Finally, we evaluate the interaction of a point dipole at
the position of the molecule with the QNM to obtain the

mode volume VQNM and the resulting expected coupling
strength gQNM

= =g d E d
h

V2QNM mol vac
QNM

mol
QNM

0 QNM (5)

Here, h denotes the Planck constant, ϵ and ϵ0 are the
permittivities of the surrounding medium and vacuum,
respectively, and νQNM is the QNM eigenfrequency. As seen
in Figure 4a, the coupling strength obtained from fitting the

TDDFT photoabsorption exceeds the QNM predictions. The
induced electric field at the plasmon resonance energy exhibits
clear hot spots near the molecule position (Figure 4b) as the
vertices protruding toward the molecule result in locally higher
values of the vacuum electric field experienced by the
molecule, effectively increasing the coupling strength. Simulta-
neously, the molecule itself modifies the decaying electric field
by localizing it within its volume. At both polaritons in a
strongly coupled system, on the other hand, the electric field is
enhanced in the gap between the NP and the molecule and in
the molecule itself (Figure 4c,d).
Impact of Moiety Number and Type on System

Coupling. The geometry of the system influences the
coupling and the degree of modification of the properties of
both the NP and the molecule. We compare the initial system
(gap 3 Å) with two new ones (identical NP−mol gap): one
consisting of a Mg NP and two tetracene molecules and the
second consisting of two NP and a single tetracene molecule

Figure 4. (a) The coupling strength obtained from quasinormal mode
(QNM) predictions and TDDFT calculations fitted with the coupled
oscillator model as a function of NP−molecule gap. The point-dipole
used in QNM calculations is placed at ≈40% of the molecule length
(see the inset for schematic illustration) to account for the decay of
the electric field of the plasmon. (b) Electromagnetic field
enhancement in an isolated Mg NP at the plasmon resonance. (c,d)
Electromagnetic field enhancement in the strongly coupled system of
Mg NP and tetracene for 3 Å gap at the (c) lower and (d) upper
polaritons.
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(see the inset in Figure 5). In general, modifications of the
plasmonic oscillator are larger when the ratio of molecules per
NP increases. Namely, the additional tetracene increases ΔEpl
(the screening), whereas adding another NP decreases ΔEpl,
where both shifts are relative to the system without the
molecule(s). Similarly, an additional NP results in a larger
Δωmol and an additional tetracene molecule decreases Δωmol
(Figure 5a). However, the above trade-offs in the relative
plasmon and molecule resonance shifts do not transfer when
analyzing coupling between the Kohn−Sham states of the
systems. Specifically, for mol → NP transitions, an additional
molecule or a NP increases the possibility of hybridization
between electronic states owing to a large density of states in
the NP. Consequently, this yields a larger contribution of mol
→ NP transitions. On the other hand, more NP → mol
transitions are observed only for the case with two tetracene
molecules. Due to a limited amount of available molecular
states (as compared to the NP), the tetracene molecule is the
limiting factor and hybridization of the electronic states
between a NP dimer and one molecule gives the same
contribution of NP → mol mixed transitions to photo-
absorption as for a single NP coupled to one tetracene
molecule.
As an alternative avenue to extend our understanding of the

role of strong coupling in the observed phenomena, we extend
our analysis to systems that incorporate molecules expected to
exhibit weak coupling with the Mg NP. Replacing tetracene
with a different molecule or adding another molecule to the
system enables a quantitative comparison of the systems and
presents a more realistic instance in which strong and weak
couplings are simultaneously present. The molecule of choice
is naphthalene, which supports an electronic transition at 5.9
eV that is detuned from the LSPR of the Mg NP and has a
dipole moment smaller than that of tetracene. However, it
simultaneously has an atomic structure similar to that of
tetracene, which allows for a nearly invariant atomistic
environment in the immediate vicinity of the NP−molecule
gap.
In the Mg NP−naphthalene system, Rabi splitting is not

observed, but the presence of the molecule is manifested in the
red shift of the photoabsorption spectrum of the LSPR (Figure
6a). When naphthalene is added to the strongly coupled Mg
NP−tetracene system, Rabi splitting is still visible, but the UP
branch is red-shifted due to screening. Equation 4 can be
rewritten in the case of two different screening molecules as

= +r a r a r( ) ( / / )pl Mg Ntl Ntl
3

Tc Tc
3

(6)

where the subscripts Tc and Ntl denote, respectively, tetracene
and naphthalene. By fitting the above, we obtain ΔETc−Ntl ≈
0.18 eV, which is approximately the sum of the individual red
shifts of the NP−tetracene and NP−naphthalene systems

Figure 5. (a) Theoretical plasmon resonance energy shift for gap = 0: ΔE = a/dx3 for three geometries in question (up) and the shift of molecular
oscillator resonance energy (down) obtained from the coupled oscillators model. (b) Summed contribution of mixed transitions in the coupled
system with a gap of 3 Å for various geometries. The contribution is normalized with respect to the total photoabsorption of the system. The inset
shows the investigated geometries.

Figure 6. (a) Photoabsorption spectra in (I) the naphthalene−Mg
NP−tetracene, (II) Mg NP−tetracene, (III) Mg NP−naphthalene,
and (IV) isolated Mg NP systems for a gap of 3 Å. (b) Fitted
resonance energies of the oscillators in systems I−IV. (c) Hopfield
mixing coefficients of the Mg moiety for polaritonic branches in
systems I and II. (d) Photoabsorption related to mixed and molecular
transitions in systems I−III for a gap of 3 Å summed over 3−6.5 eV
energy range.
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(ΔETc ≈ 0.14 eV and ΔENtl ≈ 0.05 eV, respectively).
Irrespective of the plasmon shift, the fitted molecular oscillator
resonance remains similar for both systems (Figure 6b).
Another modification introduced by naphthalene is the

change in the relative amplitudes of the polaritons, visible in
the photoabsorption spectrum and manifested in the Hopfield
mixing coefficients (Figure 6c), which for the NP−tetracene
case (system II) show a slightly unequal contribution of the
Mg and molecular moieties to both polaritons. As expected,
the additional presence of naphthalene increases the level of
screening experienced by the Mg NP. Interestingly, the
resulting red shift of the plasmon and thus the smaller
detuning between the NP cavity and tetracene cause greater
light−matter mixing of the two moieties in both polaritonic
branches. However, this does not affect the coupling strength.
This increased mixing is also visible at the level of single
Kohn−Sham transitions, manifesting in greater contributions
of mixed transitions to photoabsorption (Figure 6d).
Transitions involving naphthalene (i.e., Ntl → Ntl, Ntl →
NP, and NP → Ntl) are of almost identical intensity in both
the Mg NP−naphthalene and naphthalene−Mg NP−tetracene
systems (here separated by a gap of 3 Å). Transitions involving
tetracene, however, are modified by the presence of
naphthalene. Specifically, adding naphthalene to the Mg
NP−tetracene system increases the magnitude of contributions
of mixed tetracene/NP transitions (especially for tetracene →
NP transitions) and simultaneously lowers the contribution of
purely molecular intratetracene transitions.
Finally, we divide the molecular absorption in the

naphthalene−Mg NP−tetracene system into contributions
from molecules of both types (Figure 7a). The main difference
between tetracene and naphthalene is that the strongly coupled
tetracene molecule experiences much more absorption
enhancement when it is brought closer to the NP than the

weakly coupled naphthalene molecule. Analogously to the Mg
NP−tetracene system studied initially, absorption quenching is
observed for small gaps (≤4 Å). By accounting for both
transitions to and from the molecule, monotonous growth of
the absorption with a diminishing gap is observed. However, in
comparison to that of tetracene, the naphthalene enhancement
is approximately 10 times smaller. The much smaller
absorption enhancement in the weakly coupled molecule
means that the mixed transitions, being the result of molecular
Kohn−Sham transitions coupling to NP ones, will as a
consequence not have a significant contribution to the
photoabsorption but are in principle present for small gaps.
Differences between the naphthalene and the tetracene
interactions with the NP are also seen in the electric field
enhancement in the system (Figure 7b). Most of the field is
focused near the tetracene molecule, especially on the gap side.
Naphthalene lacks such focusing, and there is no significant
enhancement in the induced field in its surrounding,
irrespective of the considered energy.

■ CONCLUSIONS
Through a TDDFT investigation of a system composed of a
metallic particle nanocavity and an organic molecule, we
elucidate the relations between the macroscopic and micro-
scopic observables used to describe effects occurring during the
transition from weak to strong light−matter interactions. The
macroscopic description, centered around the ubiquitously
used coupled harmonic oscillator-based model, determines the
physical changes in the system for a decreasing gap as a
predictable increase of the coupling strength, which is
accompanied by nontrivial modifications of the parameters of
the constituent elements. Specifically, the effective resonance
positions and widths of the plasmon and molecule change with
the separation distance. These changes, namely the red shifts of
both resonances and the increasing width of the molecular
transition are tied to microscopic changes of the electronic
density and evolution of hybridized plasmon-molecule Kohn−
Sham states.
We find that the cause of the increase of the molecular line

width, which is inversely proportional to the gap size, is the
increased mixing of the nominal molecular KS states with those
of the Mg NP. At the microscopic level, such mixing increases
the decoherence probability of the excited states into single
electron−hole pairs, which is visible in the increased mixed
transitions and leads to a macroscopic increase of γmol.
Simultaneously, the molecular transition exhibits a significant
red shift from about 4.4 eV at a gap size of 6 Å to less than 4.2
eV for smaller gaps. This effect is likewise connected to the rise
of hybridized KS states and the emergence of mixed transitions
at a gap of 6 Å. The excited molecular KS states acquire an
increasing magnesium contribution which causes a spatial
enlargement of the dipolar transition and a concomitant red
shift. This effect can be thought of as an analogue of a
plasmonic red shift due to the elongation of a metal NP or
alternatively J-aggregate stacking. Finally, the magnesium NP
red shift is caused by electrostatic screening by the “body of
the molecule”, i.e., the remaining electrons involved in higher
energy KS transitions in the molecule. At very small gaps, the
red shift is slightly arrested by partial charge transfer to the NP.
These findings offer insights into modifications of the strongly
coupled systems and pave the way to deeper understanding of
the strong light−matter coupling mechanisms, as well as the
possibilities of tailoring the material properties they create.

Figure 7. (a) Photoabsorption related to mixed and molecular
transitions in the naphthalene−Mg NP−tetracene system for a gap of
3 Å, summed over 3−6.5 eV energy range. (b) Electric field
enhancement in the naphthalene−Mg NP−tetracene system for a gap
of 3 Å at the LP energy, i.e., 3.90 eV; side view. There is a hot spot
visible between the Mg NP and tetracene.
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