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ABSTRACT: The coupling between a molecular emitter and an
optical cavity is often addressed theoretically with the molecule
regarded as a point dipole, thus lacking any information on chemical
structure. This approximation usually works well because the spatial
extent of the electromagnetic ﬁelds considered is typically spread
over a larger volume than the size of the molecule. However, in
extreme plasmonic structures as those used in state-of-the-art
nanophotonics, the local electric ﬁeld is much more conﬁned,
producing an inhomogeneous spatial distribution of photonic states
reaching 1 nm or less, comparable or even smaller than the molecular size. In such a situation, it is necessary to consider the spatial
distribution of the electronic transitions in the molecule to properly describe plasmon-exciton coupling. By introducing the concept
of electronic transition current density to describe the excitonic emission from a single molecule, we are able to account for the
inhomogeneity of the plasmonic ﬁeld in the process of light emission and analyze its properties. With the use of this formalism, we
address the modiﬁcation of light emission from a molecule placed at a subnanometer distance from an atomic-scale feature of a
plasmonic structure, indicating the failure of the point−dipole approximation and the importance of considering the spatial
distribution of both photonic and electronic states.

■

INTRODUCTION
The spontaneous emission rate of a quantum emitter located
in an optical resonator can be either enhanced or suppressed
depending on the speciﬁc location of the emitter, as this
emission rate depends on the photonic local density of states
(LDOS). This enhancement of the spontaneous emission is
known as the Purcell eﬀect.1,2 The spatial variation of the
LDOS usually shows a larger extension than the size of the
quantum emitter, and thus the embedded atom, molecule, or
quantum dot emitter located in the resonator can be usually
regarded as a point dipole.3−6 This point−dipole approximation is applicable in most conditions when the emitter is
located nearby diﬀerent optical resonators such as Fabry−
Perot cavities,7 microresonators,8 and photonic crystals
cavities.9 However, recent developments in plasmonic nanoantennas have allowed the local electric ﬁeld to be conﬁned at
the nanoscale,10 giving rise to the emergence of a new type of
optical resonators, so-called “optical nanocavities”.11−14
Furthermore, when light localization occurs even at the atomic
scale, concentrated at the subnanometer scale around a few
metallic atoms, these structures are referred to as “picocavities”.15 The extension of the light conﬁnement in these
extreme nanoantennas and cavities are often comparable to the
size of a molecule.16−21 Under those conditions, the molecule
© 2020 American Chemical Society

cannot be considered as a point dipole because each distinctive
region of the molecule experiences diﬀerent local ﬁelds at their
particular position in the cavity, and therefore, the properties of
the molecule−cavity coupled system requires one to consider
the spatial distribution of both the photonic states in the
plasmonic nanoantenna and the excitonic states in the
molecule.16,22−27
In this context, the light emission from a molecule can be
described as the transition between diﬀerent electronic states
which can be accurately calculated within quantum chemistry
theory. The spatial distribution of such transition can be
addressed through the electronic transition density.28,29 This
transition density provides an electrostatic description that
allows for addressing the exciton−polariton coupling including
light excitation and emission properties;27 however, such a
description is limited to describe the radiation properties of the
molecule−nanoantenna system for situations where retardation in the electromagnetic interaction does not play a relevant
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role. To overcome this issue, and to fully account for
retardation in the interaction with the nanoantenna structure,
in this work, we introduce the concept of electronic transition
current density, complementary to the transition (charge)
density. As an example, we apply this formalism to describe the
properties of molecular emission from a typical dye molecule,
zinc phthalocyanine (ZnPc), close to a spherical metallic
nanoantenna whose plasmonic response can be described
analytically within Mie theory. By tuning the nanoantenna size
and the distance of the molecule to the particle’s surface, as
well as the relative position between the molecule and the
nanoparticle, we ﬁnd that when the particle size and/or the
molecule-particle separation distance are comparable to the
size of the molecule, the properties of light emission from the
full quantum description introduced here are diﬀerent from
those obtained within the point−dipole approximation.
Furthermore, the ZnPc molecule contains two equivalent
transition dipoles along two orthogonal directions with the
same magnitude, so that if the transition dipole moment is
regarded as a point dipole, its associated molecular emission
misses the anisotropic features associated with the molecular
chemical structure. Recent experimental work on coherent
coupling between a single ZnPc molecule and a plasmonic
nanocavity, however, reveals that the ﬂuorescence contains
information about the symmetry of the molecular structure,24
an eﬀect that we reproduce here within our full quantum
chemistry description of the molecular emitter. This clearly
indicates the importance of considering the spatial distribution
of the excitonic states when the size of the plasmonic
localization is comparable to the size of the molecule. We
verify this inﬂuence of the molecular structure in a variety of
light emission properties including excitation/emission rate,
Purcell factor, Lamb shift, and light emission patterns. These
results show the importance of a proper combination of
quantum chemistry methods with electromagnetic calculations
to theoretically address the properties of excitonic emission
from molecules in nanoscale plasmonic antennas and cavities.

transition dipole moment can thus be obtained as μeg =
−e⟨ψe|r̂|ψ g⟩ = −e∫ rρeg(r) d3r = (ie/ωeg) ∫ jeg(r) d3r where e is
the electron charge. The deﬁnition of the electronic transition
current allows to obtain the radiative properties of the
molecular transition in the presence of a nanoantenna.
Interestingly, the electromagnetic coupling (g) of the
molecular dipole to the nanoantenna plasmonic ﬁeld, can be
obtained with the use of the current density, as g = (−ie/ωeg)
∫ jeg(r)·E(r) d3r. This expression of g diﬀers from that based
on the transition density,27 where g is expressed as g = ∫ ρeg(r)
ϕ(r) d3r, with ϕ the scalar potential of the electric ﬁeld E =
−∇ϕ (without a well-deﬁned absolute value), and ρeg is usually
expressed in terms of electrostatic charges. Compared to the
latter, the expression of the electromagnetic coupling, g, based
on the current density shows several advantages, since it
involves the direct value of the electric ﬁeld with no ambiguity,
as well as the transition current density itself (or equivalent
dipole), which describes the dynamical behavior of the
molecular transition. For practical implementation, this current
density can be considered to be constituted from conveniently
distributed radiating local dipoles, as we discuss below.
As an example of application of this formalism, we consider
the electronic structure of the ZnPc molecule which belongs to
the D4h point group with “four-lobe” symmetry. Figure 1a

THEORETICAL MODEL
The light emission from an exciton in a molecule can be
related to the dipolar transition between the many-body
highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO). This electronic
transition density ρeg can be deﬁned from the wave functions
of the ground and excited states as ρeg = Ψe*(r)Ψg(r), where
Ψ*e (r) is the space-dependent wave function of the excited
state, and Ψg(r) is the wave function of the ground state. The
spatial distributions of these wave functions Ψe(g) can be
calculated within the density functional theory (DFT) (see
section S1 of Supporting Information for details). To address
the optical properties of the coupled molecule-nanoparticle
system, we can deﬁne a molecular electronic transition current
density, jeg,28,29 also related to the wave functions of the ground
and excited states following

Figure 1. (a) Chemical structure of ZnPc molecule. (b) Energy level
diagram of the two degenerated transitions of the ZnPc molecule. (c)
Isosurface of the electronic transition densities corresponding to the
S0 → S1 and S0 → S2 transitions. (d) Arrow plot of the electronic
transition currents of the same transitions as in part c in a plane 0.1
nm above the central molecular plane.

■

jeg (r) = −

iℏ
[Ψ*e (r)∇Ψg (r) − Ψ*g (r)∇Ψe(r)]
2me

shows the chemical structure of this molecule. Two nearly
degenerated transitions from the ground electronic state S0 to
two equivalent excited states S1 and S2 are found, as
schematically shown in Figure 1b, with a transition energy of
2.26 eV. In Figure 1c, the isosurface plots of the electronic
transition densities corresponding to these two degenerated
transitions are shown based on the DFT calculations (see
section S1 of Supporting Information for details). It can be
observed that the spatial distributions of S0 → S1 and S0 → S2
transitions are equivalent and the only diﬀerence between
them is a 90° rotation. Figure 1d shows the spatial distribution
of the electronic transition current in a plane above the
molecule (red arrows). The ﬂow of the transition current
generally follows the direction of the corresponding transition
dipole for the two cases considered. In contrast to the
electrostatic charge distribution of the transition density, ρeg,
the transition current, jeg, behaves as a radiation source that can
interact with the nanoantenna fully considering retardation

(1)

where ℏ is the Plank constant and me is the mass of the
electron. The relationship between the transition density ρeg
and the transition current jeg is given by the continuity
equation30 ∇·jeg(r) = −∂ρeg(r)/∂t = iωegρ eg(r), where ωeg is the
angular frequency associated with the excitonic transition. The
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Figure 2. (a) Schematic of the molecule-plasmon coupled system composed by a gold nanoparticle of radius R and a ZnPc molecule at a distance d
away from the metal surface. (b) Local electric ﬁeld distribution for the gold nanoparticle of radius R = 1 nm in the yz plane of the molecule at a
distance d = 0.5 nm, excited by a plane wave of energy ℏω = 2.26 eV with polarization perpendicular (along x-axis) to the molecular plane. (c)
Extinction spectrum of a gold nanoparticle of radius of R = 1 nm. The transition frequency of the ZnPc molecule is denoted with a dashed line. (d)
Real part of the polarizability components Re{αyy(zz)} and Re{αxx} of the ZnPc molecule. (e, f) Extinction spectra of the molecule−nanoantenna
system for the point dipole (e) and full molecule (f) descriptions, respectively. The molecular position is d = 0.5 nm away from the sphere surface,
and shifted along the z axis by δz = 0 and 0.1 nm corresponding to the blue and red curves. The molecular transition energy is indicated with the
dashed lines.

those present in picocavities,15,19 for instance. For this reason,
nanoparticles as small as 1 nm will be often considered in our
study. The extinction spectrum of such an isolated gold
nanoparticle of radius R = 1 nm, shown in Figure 2c, exhibits a
broad localized dipolar surface plasmonic resonance, centered
at around 2.4 eV, typical of gold nanoparticles. Figure 2b
shows the local electric near-ﬁeld distribution Eloc in the yz
plane, at a distance d = 0.5 nm from the metallic nanoparticle,
excited by a plane wave of frequency ω = 2.26 eV with incident
polarization prependicular to this plane, i.e., along the x-axis.
As observed, in such a conﬁguration, the local electric nearﬁeld resulting from the scattering of the gold nanoparticle
exhibits an isotropic distribution in the yz plane (pointing
mainly along the x axis). Within this illumination, the molecule
is located with its dipole moments μy and μz lying on this
plane, and then the interaction between the nanoantenna local
ﬁeld and any of the two possible molecular dipoles is weak, as
plasmonic ﬁeld and molecular dipoles are almost perpendicular
to each other. If the polarization of the incident ﬁeld, and thus
that of its corresponding induced ﬁeld, were along one of the
molecular lobes (for example the transversal z-axis), the S0 →
S1 transition in the molecule would be more strongly coupled
(with dipole moment μz).
Let us consider now the excitation of the ZnPc molecule
within the point dipole approximation. The frequency of the
incident light is nearly resonant with the electronic transition
energy of the molecule. The polarizability tensor of the
molecule can be written as31

eﬀects in the interaction. To implement this scheme in the
numerical calculations, we further deﬁne a set of local dipole
moments, δμ(j)
eg , that play the role of local sources of the
transition current jeg in a small unit volume Vj around position
3
rj at the molecule, as δμ(j)
eg = (ie/ωeg)∫ Vj jeg(r) d r. In this way,
the molecular transition can be described as a collection of
local dipole moments, which can interact with the plasmonic
antenna, capturing the main features of this coupling. To show
the potential of the method, in the following we address the
modiﬁcation of the properties of excitation and radiation of the
ZnPc molecule in the presence of a single metallic nanoparticle
acting as a nanoantenna.

■

RESULTS
Optical Absorption of the Coupled Antenna-Molecule System. Let us consider the ZnPc molecule close to a
gold spherical nanoparticle, as shown in Figure 2a, where an
eﬀective molecular exciton−plasmon coupling can be
produced. The ZnPc molecule shows a planar conﬁguration,
assumed to lie in the yz plane. The center of the spherical gold
nanoparticle of radius R is located along the x-axis with a
separation distance d between the center of the molecule and
the particle surface, as depicted in Figure 2a. The optical
response of the isolated gold nanoparticle can be calculated
using Mie theory, where we apply a maximum angular
momentum of lmax = 100 in the expansion of the electric
ﬁeld in the vector spherical harmonics (VSHs). We will study
here very small metallic nanoparticles, as good representative
examples of the class of nanoantennas and nanocavities which
show strong ﬁeld conﬁnement at nanometric and subnanometric scales.5 In this context, these extremely small particles
can be understood as key substructures of larger systems which
focus local ﬁelds at atomic-scale regions (“hot spots”), such as

̂ =
αmol

∑
n = 1,2

4676

{2ωeng μge μe g /[ℏ(ωe2ng − ω 2 − iωγn)]}
n

n

(2)

https://dx.doi.org/10.1021/acs.jpcc.9b10256
J. Phys. Chem. C 2020, 124, 4674−4683

The Journal of Physical Chemistry C

pubs.acs.org/JPCC

Article

Figure 3. (a, b) Local electric ﬁeld distributions on the surface of the spherical nanoparticle with diﬀerent radius: R = 1, 5, and 10 nm excited by a
full molecular dipole (a) and by a point dipole (b) at a distance d = 0.5 nm. (c, d) Imaginary part of the corresponding scattering (self-interaction)
ﬁelds for the point dipole (c) and the full molecular dipole (d) on a molecular plane at a distance d = 0.5 nm. The schematics of the point dipole
and the full molecular structure are superimposed to show the relative size of the molecule.

where ωeng is the electronic transition frequency, μeng(gen) the
transition dipole moment and γn the decay rate of the nth
excited state (n = 1 for S0 → S1 and n = 2 for S0 → S2). The
real part of the molecular polarizability is shown in Figure 2d.
The excitation rate of a molecule within the point-dipole
approximation can be obtained by evaluating the electric ﬁeld
experienced by the molecule at that point, as31
̂ ·E 0loc] /2ℏ
γexc = Im[E 0loc* ·αmol

a certain position (denoted by the index m) acts back on the
molecule itself after interacting with the spherical nanoparticle.
This interaction induces a self-consistent molecular dipole
moment, which can be expressed via the self-interaction Green
tensor G⃡ mm , as
ppol =

(3)

̂ E 0loc
αmol
̂ G⃡ mm
I ⃡ − αmol

(4)

with I ⃡ the unit matrix tensor (see section S2 of the Supporting
Information for details). The modiﬁed self-consistent local
electric ﬁeld acting on the molecule can then be obtained from

where E0loc is the local ﬁeld at the central position of the
molecule (point-like), and Im{x} stands for the imaginary part
of {x}. For the full description of the molecular transition,
however, the description of the excitation rate, γexc, in the
above equation is replaced by an overall integral in space of the
local transition dipoles (explicit expressions can be found in
section S2 of Supporting Information).
We analyze now the modiﬁcation of the excitation rate of
the molecule due to the interaction between molecule and
nanoantenna. The ﬁeld radiated from the polarized molecule at

E loc = E 0loc + G⃡ mmppol

(5)

We consider next the spatial extension of the molecule in the
buildup of the electronic dipolar transition. As described in the
previous section, the key point is that the molecular electronic
transition can be described as a summation of local dipole
moments, δμ(m)
eg , thus we need to consider the diﬀerent local
electric ﬁelds, E(m)
loc , at the mth position of each of the local
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these higher-order plasmonic modes decreases, and the relative
weight of the dipolar plasmonic mode recovers its strength.
We compare now the induced plasmonic ﬁelds at the
nanoparticle when a full molecule and when a point dipole is
considered. One can observe that the ﬁeld distribution at the
particle for the point-dipole excitation is more concentrated
than that of the full molecular dipole, particularly when the size
of the nanoparticle is comparable to the size of the ZnPc
molecule (1−2 nm), as shown in parts a and b of Figure 3 for
R = 1 nm (left panels). This is reasonable considering that the
spatial distribution of the molecular transition dipole is much
more spread than for a point dipole, indicating the limitation of
the point−dipole approximation to describe this situation, and
the importance of considering simultaneously the spatial
distribution of photonics states, as well as that of the electronic
states. Such a diﬀerence is more pronounced for smaller
molecule−surface distance (see for example Figure S2 in
section S3 of the Supporting Information). Even for a relatively
large nanoparticle (R = 10 nm), the higher-order plasmonic
ﬁelds induced at the particle are larger in the molecular point−
dipole approximation, compared to the full molecular
transition dipole, as shown in parts a and b of Figure 3
(right-hand panels).
In order to visualize the self-interaction in real space, we
further plot the imaginary part of the self-consistent scattered
ﬁeld Es at the molecular plane (yz-plane at a distance d = 0.5
nm away from the metal surface) in Figures 3, parts c and d for
the same sizes of the nanoantenna considered above (R = 1
nm, 5 and 10 nm). As we discuss in the next section, the
imaginary part of the scattered ﬁeld determines the Purcell
factor. The point dipole only interacts with the scattered ﬁeld
in the central point [upper panel of Figure 3c], whereas for the
full molecular transition dipole, the spatial distribution of the
electronic transition spreads over the atomic positions of the
molecule [Figure 3d], determining the strength and extension
of the self-interaction.
Purcell Factor and Lamb Shift. The enhancement of the
molecular spontaneous emission, i.e., the Purcell factor, and
the energy shift produced in the emission by the interaction
with the plasmonic ﬁeld, i.e., the Lamb shift, are important
properties of an emitter located inside or near an optical
resonator. Both quantities are only determined by the selfinteraction of the molecule with the gold nanoparticle,
regardless of the polarization conditions of the incident light.
For a typical description of the emitter as a point-dipole, the
imaginary part of the self-interaction, or interaction energy,
given by the local ﬁeld acting on the dipole as μ·Es, determines
the total spontaneous decay rate of the emitter:

dipole moments to account for the full electromagnetic
interaction. It is worthwhile to note that in order to account
for the electromagnetic coupling of the molecular local dipoles
with the antenna, the mutual interaction between dipoles is
mediated exclusively via the nanoantenna, as the direct
interaction between them is naturally accounted for within
the ab initio calculations (the details can be found in section
S2 of the Supporting Information).
The extinction spectra of the coupled system can be
obtained from the coherent polarizations of nanoparticle and
molecule, and are shown in parts e and f of Figure 2. We
compare the results based on the assumption of a molecular
point dipole (e), with those obtained with the use of the full
quantum chemistry information on the molecular electronic
states (f). When the molecular dipole is located at the center of
the yz plane (δz = 0) at a distance d from the particle surface,
the electromagnetic coupling between the local ﬁeld and
molecular dipole is negligible, therefore only the absorption
from the metallic nanoparticle can be observed (blue line). As
the molecule moves transversely (along the z direction, with δz
= 0.1 nm), a clear Fano-like feature appears in the spectrum, as
a consequence of an increasing coupling strength between the
molecular dipole and plasmonic ﬁeld. One can observe that
although the spectral features are qualitatively similar for both
the point-dipole description and the full quantum calculation,
substantial quantitative diﬀerences emerge: the actual position
of the Fano proﬁle is shifted about 50 meV to a larger energy
when the full quantum description of the molecule is
considered, as a consequence of the spread of the electronic
transition within the local ﬁeld of the plasmonic nanoparticle.
The contrast of the Fano spectral feature also diﬀers in
magnitude between the two approaches, becoming 2-fold
larger for the full quantum description. These results point out
the importance of considering the full quantum distribution of
the electronic dipole at the molecule for an accurate and
quantitative description of the spectral absorption of the
coupled system.
Emission Properties of the Coupled Antenna-Molecule System. Once excited, the molecule acts as a radiative
source and spontaneously emits to the surrounding environment. The nearby gold nanoparticle will play the role of a
nanoantenna and will inﬂuence the spontaneous emission of
the molecule by scattering the molecular dipolar emission and
then reacting back on the molecular dipole, in a self-interaction
process.32,33 Following the procedure outlined in the previous
section and in the Supporting Information, we apply our model
of polarization of the full molecule to analyze this situation.
The panels in Figure 3a show the distribution of the scattered
ﬁeld on the surfaces of the gold nanoparticle corresponding to
the molecular transition S0 → S1, at a ﬁxed separation distance
(d = 0.5 nm), with the molecule parallel to the closest particle
surface, and for particles of diﬀerent radius (R = 1, 5, and 10
nm). The panels in Figure 3b show the same situation for a
molecular transition described within the point dipole
approximation. Diﬀerent from the situation of planewave
illumination, as shown in Figure 2b, where mainly a dipolar
surface plasmon is excited at the nanoparticle, when a dipole is
located near the particle as a localized source of light, higherorder plasmonic modes are induced at the surface of the
particle, particularly for large nanoparticles. The excited local
plasmon mode is no longer a dipolar plasmon but a collection
of multiple polarizations, also called “pseudomode”.6,34 As the
size of the nanoparticle becomes smaller, the contribution of

γtot =

2
Im{μ·Es}
ℏ

(6)

and hence, the enhancement of the emission rate, or Purcell
factor, FP, can be estimated as31
FP =

γtot
γ0

=1+

6πε0c 3 1
Im{μ·Es}
ω3 |μ|2

(7)

where γ0 is the spontaneous emission in vacuum, ε0 is the
vacuum permittivity, and c is the speed of light in vacuum.
The real part of the self-reaction results in a shift of the
resonant frequency of the molecule, δωL, so-called the
photonic Lamb shift. The Lamb shift is given by24,35,36
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δωL = − Re{μ·Es}
(8)
ℏ
To account for the spatial extension of the molecular electronic
transition, the value of μ·Es is replaced by the sum of the
contribution of each local dipole, ∑j δμeg(j) ·E(sj) in the
expressions above.
We compare the values of the Purcell factor FP and Lamb
shift δωL of a molecular emitter in the presence of the spherical
nanoantenna in parts a and b of Figure 4, respectively, as a
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As the size of the gold nanoparticle becomes larger, the
inhomogeneity of the self-interaction ﬁeld is smoothed and the
molecular dipole can eﬀectively be regarded as a point dipole
(see the convergence of red squares and red lines for larger
radius). Furthermore, if the distance between the molecule and
the nanoparticle is increased (d = 1 nm, blue squares and
lines), the diﬀerence between the full molecular dipole and the
point dipole becomes negligible because the ﬁeld experienced
by the molecule is more homogeneous, independently of the
particle size.
The dependence of the Purcell factor FP and the Lamb shift
δωL as a function of separation distance between molecular
emitter and nanoparticle is studied in more detail in Figure 4,
parts c and d, respectively. For large separation distances (d >
1 nm), the values of both FP and δωL obtained from the full
molecular model nicely coincide with those obtained within
the point-dipole approximation for all the sizes of the
plasmonic particles considered. This result clearly shows that
a typical organic molecular emitter of about 1−2 nm in size
can be accurately regarded as a point dipole for separation
distances larger than its own size. However, considerable
diﬀerences appear when the separation distance becomes
shorter (d < 1 nm, as shown for d = 0.5 nm in Figure 4, parts a
and b (red lines and squares)). The closer the distance
between the molecule and the nanoparticle, the more the
Purcell factor and Lamb shift depart from the values obtained
with the point-dipole approximation. Consistent with the
results in Figure 4, parts a and b, this diﬀerence for short
separation distances is particularly pronounced for smaller
nanoantenna sizes (R = 0.5 nm and R = 1 nm). The physical
origin of the diﬀerence in the results between both models is
ultimately related to the activation of either the plasmonic
dipolar mode or higher-order modes in the nanoantenna, as
discussed in the comparison of the ﬁelds scattered by the
molecule on the particle surface (Figure 3, parts a and b). For a
point dipole source, higher-order multiple modes are excited as
long as the distance is close enough. For a full molecular
dipole, because of the spatial extent of the molecular dipole, if
the size of nanoparticle is comparable to the size of the
molecule, then higher-order modes are less eﬀectively excited
even if the particle is very close to the molecule.
Total Light Emission Rate. The radiation rate γrad of the
molecule-antenna system can be obtained from the calculation
of the far ﬁeld, integrated over all directions, as obtained for
instance from Mie theory. Based on the radiation rate and on
the excitation rate, the total light emission rate can be obtained
as γem = γexcQ = γexc(γrad/γtot), where Q = γrad/γtot is deﬁned as
the quantum yield. Here we consider a situation of resonant
excitation of the system, thus a frequency of 2.28 eV is chosen
for both excitation and emission processes.
We ﬁrst consider the excitation rate γexc for a polarization of
the incident light with the electric ﬁeld along the z-axis parallel
to the dipole moment of the molecular transition S0 → S1. The
value of γexc shows a diﬀerent tendency with separation
distance for a central position of the molecule (Figure 5a), and
for a displaced lateral position with respect to the gold
nanoparticle (Figure 5b). If the nanoparticle is located on top
of the center of the molecule (z = 0 nm) and approaches to the
molecule from d = 3.0 to 0.2 nm, the induced scattering ﬁeld
becomes stronger as the distance decreases, but the excitation
rate decreases for R < 1 nm because of a cancellation between
the incident and scattered ﬁelds (red and green lines and dots
in Figure 5a). However, if the gold nanoparticle is shifted 1 nm

Figure 4. (a) Purcell factor of a ZnPc molecule in the presence of a
spherical gold nanoparticle as a function of the nanoparticle size
(radius R from 0.5 to 50 nm). Two diﬀerent molecule−surface
distances are considered, d = 0.5 nm (red) and 1.0 nm (blue). (b)
Lamb shift for the same conditions as in (a). In parts a and b, the
point−dipole description is displayed with solid lines, and results from
the full chemical description of the molecule are displayed with
squares. (c) Purcell factor and (d) Lamb shift of a ZnPc molecule as a
function of the separation distance between molecule and particle
surface. Diﬀerent sizes of the nanoparticle are shown, with radius R =
0.5 nm (red), 1 nm (green), 5 nm (blue), and 10 nm (black). In parts
c and d, the point−dipole description is displayed with solid lines, and
results from the full chemical description of the molecule are
displayed with dots.

function of the nanoparticle size (radius R from 0.5 to 50 nm).
Two diﬀerent molecule−surface separation distances are
considered to activate diﬀerent orders and strengths of
plasmonic modes (d = 0.5 and 1.0 nm). For the shortest
separation distance (d = 0.5 nm, red lines and symbols), the
Purcell factor and Lamb shift obtained within the full quantum
description of the molecule (squares) are generally smaller
than those obtained within the point-dipole approximation
(solid line). The full molecular dipole is more spread in space
than the point dipole; therefore, the average electric ﬁeld
experienced by the entire molecule is smaller than for a point.
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nanoantenna.3 This tendency can be observed in parts c and d
of Figure 5 for diﬀerent radii of the metallic nanoantenna, both
for a position of the particle at the center of the molecule
(Figure 5c) and for one displaced laterally on top of a
molecular lobe (Figure 5d). The point−dipole approximation
(solid lines) works very well for relatively large separation
distances (d > 1 nm) and for the largest particles, whereas the
full quantum description of the molecular structure (dots)
provides diﬀerent results for short separation distances and
small particles. In such a situation, and for light excitation
parallel to the molecule, as in this case, the full quantum
description provides values of the quantum yield which could
be even 1 order of magnitude larger. This behavior can be
extrapolated to the emission rate of the molecule (see Figure 5,
parts e and f), which is given by the product of the quantum
yield and the excitation rate, as described above. These results
show that the properties of emission of a molecular emitter can
be often correctly captured by a point-dipole approximation,
particularly in the presence of a homogeneous plasmonic ﬁeld,
however inhomogeneous ﬁelds with localizations below 1 nm,
for example due to atomic protrusions, emphasize the
importance of the chemical structure of the molecular emitter,
in modifying relevant emission rates.
Fluorescence Microscopy. The chemical structure of a
molecule is expected to inﬂuence the spatial symmetry of the
properties of its light emission, even though often this
connection might not be straightforward. The spatial
distribution of the electronic states of the molecule can
produce an asymmetry in the light emission process because
the interaction between the molecule and nanoparticle is not
isotropic, i.e., it changes as the plasmonic antenna moves
around the molecule at a ﬁxed distance from the center of the
molecule. This asymmetry has been experimentally shown for
the case of the ZnPc molecule24 when a metallic tip is located
around the molecule. In order to conﬁrm the importance of
the molecular chemical structure in the mapping of the
molecule-antenna interaction, we consider the incident light
polarized perpendicular to the molecular plane (along the x
direction), as in typical STM conﬁgurations, and move the
gold nanoparticle laterally over the ZnPc molecule while ﬁxing
the separation distance along the x axis at d = 0.5 nm. In this
way, we analyze the spatial distribution of the radiation
properties determined by the interaction with the nanoantenna. In all the calculations herein, both degenerate
transition dipoles in the y and z directions of the ZnPc
molecule have been taken into account. As shown in Figure 1c,
the ZnPc molecule shows two degenerated orthogonal
transition dipoles. Parts a−c of Figure 6 show the spatial
maps of the normalized excitation rate, γexc/γ0exc , Purcell factor,
FP, and the total emission rate, γem, for the ZnPc molecular
emitter coupled to the metallic nanoparticle located at the
diﬀerent positions. The upper panels show the results when the
molecule is described as a point dipole, and the lower panels
show the calculation of the same properties when the chemical
structure of the molecule is properly considered. When the
molecule is considered to be a point dipole, the overall
radiation properties exhibit isotropic features in the yz plane.
The Purcell factor reaches up to 105 in the center, while the
maps of excitation and the emission rates show a doughnut-like
structure resulting from the in-plane orientation of the
transition dipoles. However, when the molecular structure of
the molecule is properly accounted for, the rotational
symmetry of the interaction with the emitter is broken and a

Figure 5. (a, b) Normalized excitation rate, (c, d) quantum yield, and
(e, f) total emission rate of the ZnPc molecule as a function of
molecule-particle surface separation distance for diﬀerent nanoparticle
radii, R = 0.5 nm (red), 1 nm (green), 5 nm (blue), 10 nm (black). In
parts a, c, and e, the particle is on top of the center of the molecule,
and in parts b, d, and f, the nanoparticle is displaced laterally 1 nm (δz
= 1 nm) with respect to the center of the molecule. Results obtained
with the point−dipole description of the molecule are displayed with
solid lines, and those with the use of a full quantum chemistry
description of the molecule are displayed with solid dots.

laterally, along the z-axis, which leaves the nanoparticle
approximately on top of one of the lobes of the ZnPc
molecule, the values of γexc generally increase as the molecule−
surface separation distance d decreases (see Figure 5b). This
occurs because the position of the nanoparticle, laterally
displaced, breaks the symmetry of the system and in such a
conﬁguration, a more intense interaction of the molecular
dipolar polarization and the particle local ﬁeld is favored. For
large nanoantennas and large molecule−particle surface
distances, the results from the point−dipole approximation
agree very well with those from the full quantum description of
the molecular transition (compare solid lines and dots,
respectively in Figure 5, parts a and b). However, for
nanoantennas smaller than 1 nm, or separation distances
smaller than 1 nm, which is approximately the size of the
molecule, the two approximations provide diﬀerent results.
Depending on the actual size of the plasmonic nanoantenna,
and the separation distance to the molecule, this diﬀerence can
increase or reduce the value of the excitation rate (see
additional calculations of excitation rates in Figure S3, section
S4 of the Supporting Information).
Some of these trends can also be observed in the results of
the quantum yield for the same conﬁguration. The quantum
yield of an emitter close to a spherical antenna is known to
quench as the emitter gets closer to the surface of the
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Figure 6. (a−c) Spatial maps of (a) normalized excitation rate γexc/
γ0exc, (b) Purcell factor (FP), and (c) total emission rate γem of a
molecule close to a metallic nanoparticle within the point dipole
model (top) and within the full molecule model (bottom),
respectively. The dipole degeneracy in the x and y directions has
been considered in all the maps. (d) Nanoparticle position-dependent
excitation rate (left), Purcell factor (middle), and Lamb shift (right)
for the gold nanoparticle located around the ZnPc molecule at a
distance d = 0.5 nm and lateral distance of 1 nm, are shown for
diﬀerent gold nanoparticle radii: R = 0.5 nm (red), 1 nm (green), 5
nm (blue), and 10 nm (black) . The solid lines (−) represent the
results within point dipole approximation and the dots (•) represent
those within the model of the full molecular dipole.

Article

Figure 7. Evolution of the extinction spectra of the moleculenanoantenna system for the point dipole approximation (a) and for
the full molecule (b), respectively. The radius of the nanoparticle is R
= 1 nm and the molecular position is d = 0.5 nm away from the
surface on the yz plane. A relative lateral displacement between the
nanoparticle and the dipole/molecular center along the transversal zaxis from δz = 0 to 5 nm is used to show the evolution of the spectral
line shape. The molecular transition energy is indicated with dashed
lines.

the molecule along the z-axis, with δz varying from 0 to 5 nm.
As the particle moves away from the molecule, the position of
the sharp Fano feature shifts with respect to the molecular
frequency due to the Lamb shift. As shown in parts a and c of
Figure 4, the point−dipole approximation overestimates the
Lamb shift compared to the more accurate description of the
dipole within the full quantum chemistry. On the other hand,
because the full molecule has a more spread spatial distribution
of electron densities than that given by the point dipole, in the
case of a displaced lateral position of the nanoparticle with
respect to the molecular dipole, the spectral signal and the
apparent Fano line shape are enlarged when the particle is on
top of the lobe of the molecule (see Figure 7b), as the
interaction between molecule and plasmonic antenna ﬁeld will
be more eﬀective in that position (see the enlargement of the
Fano-feature and the maximum Lamb shift at δz = 0.5 nm in
Figure 7b) than for a point dipole, which shows no spread of
the electronic states when the particle is away from the center
(see the smaller contrast of the Fano proﬁle in Figure 7a).
Moreover, if the nanoantenna is moved more than 3 nm away
from the molecule (red lines in Figures 7, parts a and b), the
point dipole and full molecular descriptions exhibit no
signiﬁcant diﬀerences, as the ﬁeld distribution over the
molecular structure becomes less inhomogeneous.

“four-lobe” symmetry of the excitation γexc rate, Purcell factor,
and emission γem rate of the ZnPc molecule can be observed.
Figure 6d shows the dependence of the excitation rate, the
Purcell factor, and the Lamb shift on the size and position of
the nanoantenna around the molecule. In this case, the gold
nanoparticle is located on top of the molecule at a distance of d
= 0.5 nm in the x direction, and at a ﬁxed lateral distance of 1
nm from the center of the molecule. The variations of γexc, FP,
and δωL with a rotation angle from 0 to 2π around the
molecule are consistent with the features shown in the spatial
maps of Figure 6a−c. Within the point-dipole approximation,
there is no observable change as the gold nanoparticle moves
around the molecule, while for the full quantum chemical
description of the molecule, periodic features related with the
structural geometry of the ZnPc molecule can be observed.
The spatial modulation of the excitation, Purcell factor, and
Lamb shift is particularly relevant for gold nanoparticles of
small size (red dots in Figure 6d). The corresponding values of
the Purcell factor and Lamb shift (FP ∼ 104, δωL ∼ 8−9 meV,
varying within 2 meV) are consistent with the values of
experimental results,24 including the emergence of the
modulation. These results show the importance of considering
the chemical conﬁguration of the molecule to address
molecular spectroscopy in real space.
Spectroscopy of the Coupled System. Last, we address
the spectral information on the molecule-antenna system, as a
function of the nanoantenna lateral position on top of the
molecule. Figure 7 shows the variation of the extinction spectra
of the coupled nanoantenna−molecule system when the
nanoantenna is displaced laterally away from the center of

■

CONCLUSIONS
In summary, we have studied the importance of considering
the chemical structure of a molecule in the correct description
of its radiation properties when coupled to a small metallic
particle acting as a nanoantenna. We have shown this with the
canonical example of a molecular emitter such as ZnPc, located
near a gold spherical nanoparticle. In most conditions, when
the size of the nanoparticle and the distance between the
molecule and the nanoantenna surface are larger than the size
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of the molecule, the molecular transition dipole can be
accurately regarded as a point dipole. However, if the distance
between molecular emitter and nanoantenna surface is smaller
than about 1 nm, or the size of the nanoantenna is comparable
to the spatial extent of the molecule, a more complete
description of the molecular dipole within a quantum
chemistry methodology is necessary. This description results
in smaller values of the Purcell factor and Lamb shift as
compared to the point−dipole description. Furthermore, a
connection between the spatial distribution of the optical
properties of the molecule and its chemical structure is found
when the gold nanoparticle moves around the ZnPc molecule,
revealing its “four-lobes” conﬁguration. This information
cannot be captured within the simpler point−dipole
approximation. Our study provides a comprehensive review
of the properties of radiation of a single molecular emitter in
the presence of a plasmonic nanoantenna, and it shows the
importance of considering the spatial structure of the
molecular electronic states together with the distribution of
the plasmonic states to properly address light emission from a
molecule−nanoparticle system at the submolecular level.
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(34) Li, R. Q.; Hernángomez-Pérez, D.; García-Vidal, F. J.;
Fernández-Domínguez, A. I. Transformation Optics Approach to
Plasmon-Exciton Strong Coupling in Nanocavities. Phys. Rev. Lett.
2016, 117, 107401.
(35) Yao, P.; Van Vlack, C.; Reza, a.; Patterson, M.; Dignam, M. M.;
Hughes, S. Ultrahigh Purcell Factors and Lamb Shifts in Slow-Light
Metamaterial Waveguides. Phys. Rev. B: Condens. Matter Mater. Phys.
2009, 80, 195106.
(36) D’Agostino, S.; Alpeggiani, F.; Andreani, L. C. Strong Coupling
between a Dipole Emitter and Localized Plasmons: Enhancement by
Sharp Silver Tips. Opt. Express 2013, 21, 27602.

4683

https://dx.doi.org/10.1021/acs.jpcc.9b10256
J. Phys. Chem. C 2020, 124, 4674−4683

