
Plasmonic Activation of Dark Molecular 

Transitions Observable in the Far-Field  
Mhamad Hantro1*, Bjorn Maes2, Gilles Rosolen2, Colin Van Dyck1* 

1Quantum Modeling of Nanosystems Group, Research Institute for Materials Science 

and Engineering, University of Mons, 20 Place du Parc, 7000 Mons, Belgium. 
2Micro- and Nanophotonic Materials Group, Research Institute for Materials Science 

and Engineering, University of Mons, 20 Place du Parc, 7000 Mons, Belgium. 

* mhamad.hantro@umons.ac.be  

* colin.vandyck@umons.ac.be 

ORCID 

Mhamad Hantro: 0009-0000-3889-9750 

Bjorn Maes: 0000-0003-3935-7990 

Gilles Rosolen: 0000-0002-7399-3838 

Colin Van Dyck: 0000-0003-2853-3821 

Abstract:  

The point-dipole approximation is commonly applied to simplify light-matter 

interactions. As previously reported, it is inaccurate near nanoplasmonic 

structures as those may strongly enhance higher-order multipoles. 

However, the enhancement of higher-order effects in the far-field, especially 

for dipole-forbidden molecular emitters, remains largely underexplored. In 

this study, we examine the breakdown of the point-dipole approximation for 

light emitted by four molecular systems, with dipole-allowed and dipole-

forbidden transitions, all near an STM tip-like plasmonic structure. 

Importantly, we demonstrate that effects beyond dipolar and quadrupolar 



orders are observable in both total decay and radiative rates, rendering 

typically dark molecular systems efficiently fluorescent in the far field. 

Radiative rates from the nanoplasmonic cavity exceed those of typical 

dipole-allowed molecular emitters and are thus predicted as observable in 

practical experiments. 

Keywords: plasmonics, TD-DFT, Purcell enhancement, dipole-forbidden 

transitions, far-field, quantum emitters, quadrupole. 

I. Introduction 

Spontaneous emission is the process by which an excited molecule or atom returns to 

its ground state by emitting a photon. This process is commonly described using Fermi’s 

Golden Rule, which links the decay rate to the interaction between the quantum emitter 

(QE) and the local density of photonic states (LDOS). In its simplest form, this interaction 

is modeled by using the point-dipole approximation (also known as the long-wavelength 

approximation1). It assumes that the molecule can be simplified as a point characterized 

by a transition dipole moment2,3. Under this assumption, two types of emitters can thus 

be distinguished, dipole-allowed, where the transition dipole moment is non-zero and 

emission occurs readily, and dipole-forbidden, where the transition dipole moment is 

effectively zero, resulting in extremely weak or suppressed emission (~ 3-4 orders of 

magnitude weaker)4,5. While dipole-allowed transitions dominate most optical 

properties of the molecule, the higher-order multipoles6,4 can still reveal rich but often 

hidden details of the underlying molecular structure7. The latter is relevant in many fields 

such as organic light-emitting diodes8,9, excitonic control10,11, triplet exciton 

harvesting12,13, and enhancing overall molecular sensing14,15. 

While the characteristics of the quantum emitter, as described above, are crucial in 

describing spontaneous emission, the other critical factor influencing the decay rate is 

the LDOS. Recent advancements in various nanoscale structures, such as 

nanospheres16,17, nanoprisms18,19, and 2D materials4,20, all of which supports localized 

surface plasmon resonances, have emerged as powerful tools for strongly enhancing the 



LDOS locally. It is well understood that the confinement results in significant 

amplification of the decay rates, even for weak or forbidden dipole transitions4,21–24. 

However, the emitted light is often strongly absorbed by the nanoplasmonic structure, 

eventually quenching emission in the far-field25–29, i.e. quenching the radiative rate. 

Achieving a balance between confinement and radiative emission is critical and highly 

dependent on the nanoplasmonic architecture. This major concern triggered the interest 

in structures with high radiative efficiency (defined as the percentage of emitted photons 

that are not absorbed). This structural design often relies on the point-dipole 

approximation, which overlooks the complexities of the full molecular structure. Most 

notable structures are Metal-Insulator-Metal (MIM) structures26,30 such as nanoparticles 

on mirrors21, in addition to photonic crystals31, and dielectric antennas32. 

Recently, optical imaging of molecules using scanning tunneling microscopy (STM)-tips 

has provided the ability to closely probe and manipulate molecule emitters: the emission 

of the molecule is observable in the far-field giving access to the Purcell enhancement 

(linewidth broadening). This technique was used in  the context of 

electroluminescence33,34, photoluminescence35,36, manipulation of spin states37,38, in 

addition to vibronic and Raman39–41 spectroscopies. When these studies report the 

enhancement of the total and radiative decay rates of dipole-allowed emitters, it remains 

an open question whether it is possible to observe the enhancement of dipole-forbidden 

emitters, especially the radiative contribution. Previous works6,42,43 have addressed the 

breakdown of the point-dipole approximation and the role of higher-order multipoles 

near nanoplasmonic structures, but the radiative contribution in the far-field for dipole-

forbidden emitters remains less explored. 

In this study, we investigate how plasmonic nanoscale structures influence the 

observation of light-emission in the far-field and reveal the important role played by 

higher-order effects. In particular, we compare point-dipole and point-quadrupole 

approximations with full molecular calculations and show that contributions beyond the 

quadrupolar order can shape both total decay and radiative rates in the STM-tip 

nanocavity. We focus on studying emission from the first excited S1 state of four 

molecular systems under a silver STM-tip, as represented in Fig. 1 and 2, which are 

chosen for their diverse optical properties. The α-quinquethiophene (5T) acts as a long-



conjugated emitter with a dipole-allowed transition. Octadecapentaene (ODP) is dipole-

forbidden and characterized by a linear quadrupole moment. We also characterize two 

different α-quinquethiophene dimers configurations (5T-dimer). Due to excitonic 

coupling, the transition becomes dipole-forbidden and notably features a non-diagonal 

quadrupole. We observe substantial near- and far-field enhancements for dipole-

forbidden emitters, with a prominent role played by higher-order effects. Interestingly, 

we indicate that the tip-substrate environment radiates 5 to 8% of the emitted photons. 

Benefiting from the very large Purcell enhancements, we show that this efficiency is high 

enough for these dipole-forbidden transitions to be observed in the far-field. 

The manuscript is structured as follows. In Section II, we describe the methods and 

parameters used to compute the intrinsic and extrinsic optical properties of the emitters. 

Section III discusses the results and is divided into three subsections: the first focuses 

on the optical properties of the molecular emitters, the second reports the total decay 

rate enhancement, and the third presents the radiative contribution in the far-field. 

Finally, Section IV concludes with a summary of the key findings presented in this 

manuscript. 

II. Methods 

The electronic structure of each molecular system has been calculated with the TD-DFT 

method as implemented in Gaussian1644, using the CAM-B3LYP45 functional. All excited-

state geometries were optimized using the 6-31+G(d,p) basis set. For the two 5T dimers, 

a single-point TD-DFT calculation was conducted by dimerizing the optimized structure 

of 5T, separating the monomers vertically by 3.8 Å, a value that is typical for 𝜋 − 𝜋 

stacked dimer structures46, and further shifting one monomer with respect to the other 

by 0.5 Å along their long axis for the shifted dimer (see Fig. 2). This constitutes a model 

dimer system, representative of common structures that can be found in the literature, 

which usually are slightly shifted in plane47. It is important to note that the 2Ag state of 

ODP, characteristic of the polyene family, has been widely discussed in literature due to 

its double-excitation contribution48,49, which is hard to capture using TD-DFT. For this 

reason, the emission wavelength of ODP was obtained based on experimental data49. 

The molecular structures are positioned under an STM tip made of silver, modeled as a 



nanorod with a protrusion at its end (see Fig. 1). The tip is 1.5 nm above a dielectric 

spacer covering the silver substrate. A fully annotated schematic including all relevant 

distances is provided in Figure 1. . This choice is motivated by recent studies reporting 

the enhancement of light emission for single molecules probed by STM tips at the 

experimental level50,51. It has been shown that the tip with a protrusion model provided a 

reasonable agreement with experiments, explaining the efficient light confinement and 

enhancement of higher-order effects6,52. In line with those previous studies, we do not 

consider the excitation mechanism and assumed the emitters have been populated in 

their dark first excited states. Interestingly, the tunnelling excitation mechanism does not 

depend on the ground to first excited state dipole moment and shall apply equivalently 

to both dipole-allowed or dipole-forbidden emitters. The refractive index of the spacer is 

taken as n=1.5, while the permittivity of silver is described using the Johnson and Christy 

optical constants53. The tip radius is 3 nm. The length is systematically tuned from 𝐿 = 

18.8 to 29.25 nm to ensure that the dipolar plasmonic mode is on resonance with the 

emission wavelength of the probed molecule (see Supplementary Material, Section 5). 

The molecules are placed 0.5 nm above the spacer (for the two dimers, it is the distance 

between the substrate and the lower molecule) in a 1.5 nm tip-spacer gap.  The tip-

spacer gap was kept constant to minimize variability in the plasmonic system. 



 

Figure 1 Molecular placement in STM tip-substrate nanoscale gap.  

A schematic of the plasmonic structure, including dimensions (protrusion radius is 0.5 nm, see 

Supplementary Material, Section 5, for tip lengths), with all molecules assumed to be 

physisorbed at 0.5 nm above the dielectric spacer.  

In the following discussions, the molecules are assumed to lie parallel to the substrate 

(in the XY-plane, see Fig. 1), with their long axis oriented along the X-axis. According to 

Fermi’s Golden Rule, the total rate can be calculated following6: 

  
Γ =

2𝜋

ℏଶ

𝑒ଶℏ

𝜋𝜖଴𝑐ଶ න න dଷ 𝐫 dଷ𝐫ᇱ 𝐽௜(𝐫) ቀIm 𝐺௜௝(𝐫, 𝐫ᇱ, 𝜔଴)ቁ 𝐽௝
∗(𝐫ᇱ) (1) 

where ℏ is the reduced Planck’s constant, 𝜖଴ is the dielectric permittivity of vacuum, 𝜔଴ 

is the emission frequency, 𝑐 is the speed of light, e is the elementary charge, 𝐫 and 𝐫ᇱ are 

the spatial coordinates of an arbitrary electron in the system, 𝐺௜௝  is the i,j-component of 

the Green tensor, and 𝐽௜  is the ith component of the transition current density.  

The rate Γ is calculated here by discretizing the current density of the emitter into a set of 

dipoles leading to (see Supplementary Material, Section 1) 



  
Γ =

2

ℏ
Im ൥෍ 𝝁(௞) ∙

௞

𝐄(𝐫௞)൩ (2) 

where 𝝁(௞) is the kth local dipole moment, and 𝐄(𝐫௞) is the electric field at its position. Eq. 

2 shows that the dipole discretization enables modeling the extended source within 

classical electromagnetic simulation software (here COMSOL) to calculate the rate.  We 

follow this approach and the rate is calculated through the integration of the time-

averaged Poynting vector, S, over a closed virtual surface enveloping all discretized 

dipole moments54. The radiative rate is calculated similarly with the integration taking 

place over the far-field boundaries. Details regarding our code implementation, referred 

as MIRAGE in the following, are explained in the Supplementary Material, Section 1.  

Usually, the light-matter interaction is approximated by the multipolar expansion of the 

minimal-coupling interaction Hamiltonian55,56: 

  
𝐻௜௡௧   = −𝝁 ⋅ 𝐄(𝐫) − 𝐦 ⋅ 𝐁(𝐫) − 𝐐: 𝛁𝐄(𝐫) + ⋅⋅⋅, (3) 

where the emitter is represented in the first orders by a point at position 𝐫 with an electric 

dipole 𝝁, a magnetic dipole 𝐦, and an electric quadrupole 𝐐. 𝐄 (𝐁) is the electric 

(magnetic) field at the position 𝐫 of the emitter. The emission rate is then proportional to 

the square of this Hamiltonian element computed between the ground and excited 

states, according to Fermi golden rule. This multipolar expansion provides an iterative 

model to understand the interplay between the dominant emitter transition moment and 

the electromagnetic modes of the structure. It also simplifies the analysis as the orders 

beyond the dipole term usually are negligible. Indeed, the size of molecular emitters is 

typically small compared to the emission wavelength and, for this reason, all these 

generally neglected terms are at the origin of ‘higher order effects’ in the literature23,24,57,58. 

Close to a nanoplasmonic structure, the effective wavelength and the size of the 

molecular emitter become comparable and we showed that this multipolar expansion 

turns out to be inadequate: it would require many terms going beyond the quadrupolar 

term6. The MIRAGE approach is an alternative that achieves high accuracy, similar to 

other methods6, and accounts comprehensively for the entire set of higher-order 

multipole terms and their interferences without relying on a modal expansion of the 

Green tensor. The rate calculated with MIRAGE will thus be referred to as ‘full’ molecular 



rate. It can be further compared with the multipolar expansion, considering only the 

interaction at the dipole or quadrupole order (which is the lowest non-vanishing moment 

for the dipole-forbidden molecules considered below). These approximations are 

referred to as the point-dipole approximation (PDA) or point-quadrupole approximation 

(PQA) in the following.  

 

To ensure the reliability of our results, we performed comprehensive convergence tests. 

First, we verified the convergence of the meshes used to construct the transition current 

density (see Supplementary Material, Section 2.1). Second, we assessed the 

convergence of the COMSOL mesh refinement, in addition to the size of the inner domain 

(see Supplementary Material, Section 2.2). Noteworthy, our method to calculate the 

radiative rate neglects the quenching that may occur due to direct energy transfer 

between the excited molecule and the metal, without emission of a photon. However, 

Aguilar-Galindo et al.28 showed that introducing a dielectric spacer strongly suppresses 

resonant electron transfer and it becomes negligible for NaCl spacers of about two 

monolayers and thicker. In our simulations, the molecule is located at 2 nm distance 

from the metal substrate, see Figure 1. The tip is kept at a distance from the molecule of 

1 nm for the monomer and 0.62 nm for the dimer , thereby reducing electronic coupling. 

The remaining reduction of radiative emission is therefore electromagnetic in nature and 

is captured by the ohmic losses in the metal in the classical electrodynamics 

simulations. 

 

III. Results and Discussions 
In the following discussion, we start by characterizing the molecular emitters. Next, we 

calculate the total decay rates and finally, we assess the radiative decay rates. 

1. Molecular emitters characterization 

Fig. 2B reports the four studied molecular structures together with isosurfaces of the 

transition density corresponding to the first excited to ground state transition. The 5T 

density reveals that pairs of opposite charges are all contributing to the same direction 

which leads to a significant dipole for 5T, rationalizing the dipole-allowed character of 

the transition. 



 
Figure 2 Molecular emitters. A) The four molecules of interest displayed from top and side 

views, showing their lengths along the main axis. B) A visualization of their transition densities 

(side view only), and their visual analysis correspondence, where opposite colors indicate 

opposite transition charges, creating transition dipoles. This results in a dominant dipole for 5T 

(dipole-allowed), a linear quadrupole for ODP (dipole-forbidden), and two vertically shifted 

dipoles for the two 5T dimers, resulting mainly in a non-diagonal quadrupole. 

 

Conversely, the ODP shows a pattern of a central charge, with opposite charges on the 

edges, leading to two opposed canceling dipoles, rationalizing the dipole-forbidden 

character of the transition. Therefore, the transition is pictured by a linear quadrupole 

oriented along the conjugated backbone. Lastly, the two transition dipoles in the 5T 

dimers couple with opposite directions in the first excited state, leading to a dipole-

forbidden transition (typically seen in H-aggregates59). Relative to their orientation, the 

transversal shift leads to a non-diagonal quadrupole, while the longitudinal shift gives 

rise to an additional linear quadrupole moment parallel to the long molecular axis. In 

Table 1, we present a summary of the main optical properties of the molecular systems. 

 



Property 5T ODP 5T-Dimer 
Shifted 

5T-Dimer 

Emission 

Wavelength 
510 nm 565 nm (exp) 654 nm 630 nm 

Type of Transition Allowed Forbidden Forbidden Forbidden 

Primary Transition 

Moment (in a.u.) 
μx = 5.1 Qxx = 9.36 Qxz = 19.9 

Qxx = 4.8 

Qxz = 19.9 

Secondary 

Transition 

Moment(s) (in a.u.) 

Oxxx = 1960 Hxxxx = 3513 Hxxxz = 4120 
Hxxxx = 2080 

Hxxxz = 4120 

Table 1: Main optical properties of the molecular systems under consideration, including 

emission wavelengths, type of transition, and primary and secondary transition moments.  

μ, Q, O, and H stand for dipole, quadrupole, octupole and hexadecapole, respectively. A.u. 

stands for atomic units. 

Having established the key optical properties of the molecular emitters, we now explore 

the total decay rates enhanced by their interaction with the near-field environment of the 

STM-tip. This system, with its sharp protrusion, serves as an excellent platform for 

studying light-matter interactions due to the intense electromagnetic hotspots and 

strong field gradients it generates. These gradients, shaped by the symmetry of the tip 

nodal planes, allow for enhanced coupling to higher-order multipoles, making it an ideal 

setup for activating forbidden transitions. 

2. Total rates 

We start by computing the total rates of the molecules under the tip as a function of their 

lateral displacement under the tip, along their main axis (assumed as the 𝑥-axis) from 

one exposed edge to the other. The total decay rates are reported in Fig. 3 using the full 

molecular treatment and dipolar or quadrupolar approximation. The translation 

coordinate is defined as 0 when the emitter center of charge is directly beneath the tip 

and as -1/2 when the emitter is shifted half of its length to the left (its right edge is thus 

beneath the tip). The decay rate, 𝛾ଵ௘௔బ

௩௔௖ , is normalized to the decay rate of a one atomic 

unit dipole emitter in vacuum at the emitter wavelength. It is about 107 photons per 

second, a typical value for fluorescent molecular emitters. This normalization choice 

helps to appreciate the strong magnitude of light emission achieved in the systems, 



where dipole-forbidden emitters become 103 times brighter than dipole-allowed emitters 

in vacuum for ODP (Fig. 3B) and 105 times for 5T (Fig. 3C and D).  

 
Figure 3 Dependence of the enhanced total decay rate with the translation of the four 

molecular emitters along their long axis. The normalized translation coordinate corresponds 

to the translation of the molecule from one edge to the other under the tip. The origin corresponds 

to the molecule center of charge right under the tip.  

For the 5T molecule (Fig. 3A), a dipole-allowed emitter, we see a moderate deviation  

from the PDA as reported in previous studies6,17,60. This behavior is due to the 

delocalization of the exciton that can be observed in long conjugated emitters and the 

confinement of the field in the plasmonic environment. The rate is minimum when the 

center of the molecule is lying right under the tip, and maximum when the edges are 



under the tip. This can be understood in light of the multipolar Hamiltonian Eq. 3, as given 

that the 5T molecule is primarily an x-oriented dipole moment, the interaction term 𝛍 ∙

𝐄 is therefore dominated by the x-component of the electric field (𝐸௫). Fig. 4A displays 

this 𝐸௫ component of the dipolar plasmonic mode, while Fig. 4C explicitly plots 𝐸௫ (blue 

dashed line) along the translation axis. This plot reveals a field node at the center (x=0), 

and field maxima lying beside the tip, explaining the trend of the rate observed in Fig. 3A. 

 

In contrast, the ODP molecule (Fig. 3B) shows a behavior opposite to the dipole 

enhancement pattern. The decay rate peaks at the center and decreases as the edges of 

the molecule get exposed to the tip. This behavior arises from the antisymmetric nature 

of the 𝑥-component plasmonic dipole mode around the central node (see Fig. 4A), 

generating a strong gradient that couples efficiently with the large Qxx linear quadrupole 

of ODP. Indeed, unlike a dipole transition which is enhanced by the magnitude of the 

field, a quadrupolar transition is enhanced by the gradient of the field (see Eq. 3). 

Surprisingly, the emission rate of a point-quadrupole using the computed molecular 

moment shows deviations from the full molecule rate. At the center, the point-

quadrupole approximation predicts a significantly larger enhancement, resulting in an 

overestimation of about 63%. This overestimation decreases rapidly as the molecule 

edge gets exposed to the tip, eventually turning into an underestimation of about 60%. 

The crossing is due to the pinpoint nature of the point-quadrupole: the rate follows 

closely the magnitude of the field gradient in contrast to the extended molecule that still 

has a significant part affected by the strong gradient. This significant relative error 

highlights that approximating the molecular emitter as a point-quadrupole moment is 

not sufficient, as higher-order moments beyond quadrupole induce substantial effects. 

 

We now compare both 5T dipole-forbidden dimers (Fig. 3C and D) to the other two 

molecules. In fact, the dimers approximately share the same rate pattern as the dipole-

allowed molecule as the rate shows a similar dip right at (5T-dimer) or near (shifted 5T-

dimer) the center. Recalling that their transition is mainly characterized by a non-

diagonal quadrupole contribution, we see that this type of quadrupole interacts 

completely differently from the ODP linear quadrupole within the same structure.  



Interestingly, the peak-to-valley difference is larger by 12% for the shifted dimer. Also, we 

observe an additional asymmetry for this emitter (Fig. 3D). This suggests that the 

additional contribution of the linear quadrupole (see Table 1) interferes with the non-

diagonal component, giving rise to constructive or destructive effects, as further detailed 

below. We also attribute the minor shift of the minimum position toward the left side to 

interference effects, since this behavior is also observable at the PQA level. 

Counterintuitively, while the upper molecule extends further to the right of the dimer (see 

Fig. 2), the decay rate is smaller by 9% when the right edge is exposed rather than the left 

edge (Fig. 3D). This observation challenges the simplistic expectation that a shorter tip-

molecule distance would lead to a higher decay rate.  

Noticing that the PQA follows the same asymmetry, we make use of the intuitive picture 

of the multipolar Hamiltonian (see Eq. 3) to explain its origin, keeping only the 

quadrupolar order: 

  
𝐻௜௡௧ = 𝑄௫௫𝜕௫𝐸௫ + 𝑄௫௭(𝜕௫𝐸௭ + 𝜕௭𝐸௫)  =  𝑄௫௫𝜕௫𝐸௫ + 2𝑄௫௭(𝜕௫𝐸௭)   . (4) 

We used the fact that 𝑄௭௫ = 𝑄௫௭ and ∂௫𝐸௫ = ∂௫𝐸௭ (see supplementary section 4). To 

quantify the emission rate, this Hamiltonian element is squared according to Fermi 

golden rule, leading to two positive direct terms and a signed crossed interference term. 

The two primary non-zero components, 𝑄௫௫ and 𝑄௫௭,   as shown in Table 1 for the shifted 

5T dimer, share the same sign and thus the sign of the interference term is driven by the 

relative signs of the two field-components derivatives. This implies that the highest decay 

rate is expected at positions where the two relevant field gradients exhibit the same sign. 

We show in Fig. 4C a graph of the field along the displacement line of the molecule 

(defined by the center of the dimer) on the 𝑥-axis, computed for the 𝑥- and 𝑧-components 

of the dipolar plasmon mode of the structure. We note that the modal simulation was 

performed without the dielectric layer as its inclusion greatly increases the 

computational cost for an impact that would be limited to a shift of the mode resonance 

frequency of the STM tip61. 



 

Figure 4 Dipolar plasmonic mode plotted in the XZ plane for (A) the 𝑥-component and (B) 𝑧-
component of the field. (C) Visual normal mode analysis: The 𝑥-(blue dashed curve), 𝑧-(red 
dashed curve) components, normalized to their maximum, of the dipolar plasmonic mode (in 
arbitrary units) are plotted along the dashed displacement line (highlighted in purple in A and B). 
The light blue (purple) shaded region corresponds to the area where the molecule is displaced to 
the right (left) side of the tip. The derivatives of the dipolar mode components along this axis, 
written on top, have the same sign on the right, and opposite signs on the left. We note that the 
dielectric layer in (A) is added for visualization purposes, however, it was not modeled in the 
eigenfrequency simulation. 

 

Looking at the blue light shaded region of Fig. 4C, equivalent to the right side of Fig. 3D, 

both derivatives of the field have the same sign, resulting in a constructive interference 

and an increased total decay rate. In the purple shaded region of Fig. 4C, equivalent to 



the left side of Fig. 3D, however, the derivatives have opposite signs, resulting in a 

destructive interference and a reduction in the total decay rate. This simple illustration 

rationalizes the asymmetric behavior observed in Fig. 3D, including the displacement of 

the minimum toward the left side. Notably, while the PQA accurately captures the 

asymmetry, it consistently overestimates the decay rate throughout the translation. 

Moreover, it predicts a premature peak that is absent in the full molecular treatment, 

highlighting some of its limitations. 

 

Up until now, we have focused mainly on the qualitative nature of the decay rates. On the 

quantitative side, however, we see that these dipole-forbidden molecules exhibit 

impressive decay rates, ranging from around 4 × 103 for ODP to as high as 105 for the 

dimer. We stress that the latter absolute decay rate approaches the magnitude of the 

strongly enhanced dipole-allowed emitter (5T molecule). Overall, these rates suggest 

that the dark molecular structures can emit thousands of times more intensely than a 

dipole emitter in vacuum. However, this narrative misses on a very important issue that 

correlates with strong confinements: structural absorption.   

3. Radiative rates 

Plasmonic nanostructures sustain strongly confined fields that effectively enhance the 

decay rate of transitions beyond the dipole approximation. However, such plasmonic 

mode suffers from losses that reduce the radiative efficiency26,30. Nonetheless, the 

radiation into plasmons can still be harvested through suitable out-coupling techniques, 

such as the particle or tip on mirror setups26, as we show in this section. In Fig. 5, we 

report the calculated radiative rates, and in Fig. 6 the far-field efficiencies, for the 

molecular structures studied in the previous section. We used the same normalization 

convention as used in the previous section, with rates normalized versus a one-atomic-

unit dipole emitter placed in vacuum. 

Importantly, our calculations predict a strong enhancement observable in the far-field 

emission. Both 5T dimers (Fig. 5C and D), H-aggregate configurations with a non-

diagonal quadrupole moment, achieve radiative rates that are comparable to the dipole-

allowed 5T emitter (Fig. 5A) within the same plasmonic environment. In comparison to a 

dipole-allowed emitter in vacuum, the emission rate of the dimer is about 8000 times 



brighter, despite its dipole-forbidden nature. We note that, because the dimers are 

extended along the 𝑧-axis, one might reasonably attribute their large radiative 

enhancement to a reduced tip–molecule separation. To address this possibility, we 

recomputed the rates for 5TD while maintaining a 1 nm fixed tip-molecule separation 

(see Supplementary Material, Section 6). Besides a reduction in rates of a factor of 10, 

the principal conclusions presented above remain. 

 
Figure 5 The radiative rates of A) 5T, B) ODP, and C-D) the two 5T-dimers, comparing the 

PD(Q)A with full molecular structure calculations, plotted against the normalized 

translation coordinate. 

 



Additionally, the ODP molecule (Fig. 5B), behaving as a linear quadrupole, also exhibits 

significant radiative rates. These are however less intense than for the dimer, with an 

emission rate about 230 times the emission rate of a dipole-allowed emitter in vacuum. 

Furthermore, we see that the rate trend observed in the near-field (Fig. 4) is reflected in 

the radiative rates. This similarity indicates that the characterization done in the near-

field, including deviations due to higher-order terms, leads to equivalent conclusions in 

the far-field.  

 
Figure 6 The far-field efficiencies of A) 5T, B) ODP, and C-D) the two 5T-dimers, comparing 

the PD(Q)A with full molecular structure calculations, plotted against the normalized 

translation coordinate. 



Radiative efficiencies are reported in Fig. 6. We observe that these are rather similar 

(between 5-8%) and that efficiencies of the total decay rate closely follow the far-field 

efficiencies of the respective point approximations. Interestingly, the efficiencies are 

slightly higher for the dipole-forbidden emitters. Also, we note differences for both 

dimers (Fig. 6C and D) at the center. For the first (Fig. 6C), as the radiative rate 

approaches 0, small fluctuations in the radiative rates become non-negligible. For the 

second (Fig. 6D), the positional shift of the minimum is attributed to interferences. The 

similarity in the radiative efficiencies profiles is attributed to the radiative efficiency of 

the dipolar mode of the tip, as all these emitters are mainly coupled to this mode. Finally, 

variations in the maximum efficiencies arise from differences in tip lengths (adjusted to 

tune the dipolar resonance) and from the dispersion of silver, which affects the intrinsic 

radiative efficiency of the dipolar modes. This suggests that the PD(Q)A level theory is 

sufficient for the most part in characterizing the far-field efficiency of a given plasmonic 

system with high accuracy. The results also reveal that emission beyond dipolar 

transition is not inevitably quenched and thus exploitable. Noteworthy, high efficiencies 

about 50% have already been mentioned in literature for similar metal on mirror 

structures, at the point-dipole level of approximation62. This suggests that inclusion of a 

high refractive index material around the emitters may further improve those radiative 

efficiencies. 

IV. Conclusion 

In this work, we calculated the decay rate of both dipole-allowed and dipole-forbidden 

emitters under an STM-tip configuration and compared the total decay rate obtained 

from a full molecular description with predictions from the point-dipole and point-

quadrupole approximations. First, we show that the usual point approximations, both 

PDA and PQA, are insufficient to accurately predict the total decay rates of the 

considered emitters. For the dipole-allowed molecule (5T), the point-dipole 

approximation showed its typical limitation by providing a qualitatively reasonable 

description, while failing quantitatively (~15% error). However, for the dipole-forbidden 

emitters (ODP and the two 5T-dimers), the PQA can overestimate or underestimate the 

total rate by close to 100%, missing critical interference and higher-order multipolar 

effects. This also leads to qualitative differences in the shape of the emission profile.  



Second, we demonstrate that dipole-forbidden transitions can become bright in 

plasmonic environments. Notably, dipole-forbidden emitters like ODP and the 5T-dimers 

exhibit total decay rates ranging from factors around 4 × 10ଷ to 10ହ times higher than a 

dipole in vacuum. Importantly, their radiative rates in the far-field are up to 8000 times 

larger, making them experimentally observable. This is attributed to the dipolar mode 

coupling with the STM-tip on mirror environment that demonstrates a radiative efficiency 

up to 8%. These numbers provide a favorable answer to the common question whether 

non-dipolar transitions would be observable because of inevitable quenching by the 

metals. Hence, dipole-forbidden molecules can be activated with strong radiative rates 

far surpassing dipole-allowed molecules in vacuum. This theoretically demonstrates the 

possibility to switch dark molecular transitions into bright and observable ones. 

Higher-order effects are intrinsically rich and open new strategies to control and design 

light emission at the nanoscale, by exploiting moments and interference effects beyond 

the dipolar term. We show that the choice of the molecular structure can drastically 

change emission characteristics. Those can then easily be tuned from chemical design. 

Finally, higher-order effects can be used to exploit and reveal usually dark features in 

nanodevices. 
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