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electron transfer between the QE and the MNP.

Despite its importance, [START_REF] Avouris | Excited states at metal surfaces and their non-radiative relaxation[END_REF][START_REF] Tully | Chemical Dynamics at Metal Surfaces[END_REF][START_REF] Gebauer | Luminescence quenching of ordered π-conjugated molecules near a metal surface: Quaterthiophene and PTCDA on Ag(111)[END_REF][START_REF] Chong | Narrow-Line Single-Molecule Transducer between Electronic Circuits and Surface Plasmons[END_REF][START_REF] Marinica | Plexciton quenching by resonant electron transfer from quantum emitter to metallic nanoantenna[END_REF] the effect of the hybridization between the QE and the MNP electronic states as well as the corresponding electron-transfer processes remain largely unexplored in nanophotonics, as the quantum theoretical treatment of the problem is challenging. It is only recently that such studies have become within the reach of theoretical efforts [START_REF] Song | Quantum mechanical study of the coupling of plasmon excitations to atomic-scale electron transport[END_REF][START_REF] Song | Quantum plasmonics: Symmetry-dependent plasmonmolecule coupling and quantized photoconductances[END_REF][START_REF] Kulkarni | Quantum effects in charge transfer plasmons[END_REF][START_REF] Garcia-Gonzalez | Single-atom control of the optoelectronic response in sub-nanometric cavities[END_REF][START_REF] Rossi | Strong plasmon-molecule coupling at the nanoscale revealed by first-principles modeling[END_REF] enabling a better understanding of light emission in tunneling junctions. [START_REF] Tan | Quantum plasmon resonances controlled by molecular tunnel junctions[END_REF][START_REF] Wang | Molecular electronic plasmonics[END_REF][START_REF] Du | Highly efficient on-chip direct electronic-plasmonic transducers[END_REF][START_REF] Parzefall | Light from van der Waals quantum tunneling devices[END_REF] Notably, it has been shown that a QE bridging metallic nanoparticles can trigger electron conductance across subnanometric junctions, which strongly influences the optoelectronic response. [START_REF] Song | Quantum mechanical study of the coupling of plasmon excitations to atomic-scale electron transport[END_REF][START_REF] Song | Quantum plasmonics: Symmetry-dependent plasmonmolecule coupling and quantized photoconductances[END_REF][START_REF] Kulkarni | Quantum effects in charge transfer plasmons[END_REF][START_REF] Garcia-Gonzalez | Single-atom control of the optoelectronic response in sub-nanometric cavities[END_REF][START_REF] Fedorov | Charge-transfer plasmons with narrow conductive molecular bridges: A quantum-classical theory[END_REF] In this work, we apply a quantum many-body approach to study the optical response and exciton dynamics in a QE-MNPs system where the emitter is located at subnanometric separation from the metallic interfaces. We place particular emphasis on the role of electronic coupling and electron transfer between the QE and the MNP to unveil the manifestation of these quantum effects in the optical response of the entire coupled system. Importantly, we demonstrate that the modification of the electronic structure of the hybrid system as well as the broadening of the electronic states of the QE due to charge transfer lead to a breakdown of the classical electromagnetic description of plasmon-exciton interaction. We reveal important quantitative and qualitative differences between quantum and classical results of the linewidths and energies of the relevant optical modes. Moreover, we also observe the formation of a new charge-transfer plasmon mode at low energies mediated by the emitter electronic structure. As a model system, we consider a QE interacting with a plasmonic dimer antenna formed by two spherical MNPs, which is a canonical configuration thoroughly analyzed in the literature using classical approaches. [START_REF] Govorov | Exciton-Plasmon Interaction and Hybrid Excitons in Semiconductor-Metal Nanoparticle Assemblies[END_REF][START_REF] Halas | Plasmons in Strongly Coupled Metallic Nanostructures[END_REF][START_REF] Savasta | Nanopolaritons: Vacuum Rabi Splitting with a Single Quantum Dot in the Center of a Dimer Nanoantenna[END_REF][START_REF] Manjavacas | Quantum Plexcitonics: Strongly Interacting Plasmons and Excitons[END_REF][START_REF] Li | Transformation Optics Approach to Plasmon-Exciton Strong Coupling in Nanocavities[END_REF] As sketched in Figure 1a, the QE placed in the middle of a plasmonic nanogap is illuminated by a plane wave polarized along the dimer axis (z-axis). Within our study, the gap separation D is varied to explore different regimes of electronic QE-MNPs coupling, ranging from electronically decoupled QE-MNPs (large D) to electronically coupled ones (small D). The calculation of the optical response is performed within the Kohn-Sham scheme of time-dependent density functional theory [START_REF] Gross | Density Functional Theory of Many-Fermion Systems[END_REF][START_REF] Marques | Time-Dependent Density Functional Theory[END_REF][START_REF] Ullrich | Time-dependent density-functional theory: concepts and applications[END_REF][START_REF] Jones | Density functional theory: Its origins, rise to prominence, and future[END_REF] (TDDFT), which successfully incorporates quantum phenomena such as many-body and electron-hole pair excitations, electronic spill-out, nonlocal screening or electron tunneling in (sub)-nanometric metallic cavities. [START_REF] Marinica | Quantum Plasmonics: Nonlinear Effects in the Field Enhancement of a Plasmonic Nanoparticle Dimer[END_REF][START_REF] Zhang | Ab initio nanoplasmonics: The impact of atomic structure[END_REF][START_REF] Guidez | Quantum mechanical origin of the plasmon: from molecular systems to nanoparticles[END_REF][START_REF] Barbry | Atomistic near-field nanoplasmonics: reaching atomic-scale resolution in nanooptics[END_REF][START_REF] Rossi | Quantized evolution of the plasmonic response in a stretched nanorod[END_REF][START_REF] Varas | Quantum plasmonics: from jellium models to ab initio calculations[END_REF][START_REF] Marchesin | Plasmonic response of metallic nanojunctions driven by single atom motion: quantum transport revealed in optics[END_REF][START_REF] Selenius | Charge Transfer Plasmons in Dimeric Electron Clusters[END_REF][START_REF] Perera | Plasmonic Properties of Metallic Nanoshells in the Quantum Limit: From Single Particle Excitations to Plasmons[END_REF] Because of the small size of the system retardation effects are neglected in the present work.

Atomic units (au) are used throughout this manuscript unless otherwise stated.

The electronic structure of the MNPs is described within the jellium model of free-electron metals, [START_REF] Ekardt | Dynamical polarizability of small metal particles: self-consistent spherical jellium background model[END_REF][START_REF] Brack | The physics of simple metal clusters: self-consistent jellium model and semiclassical approaches[END_REF] which correctly predicts the main quantum effects in plasmonics as confirmed by experimental studies and by comparison with atomistic ab-initio calculations. [START_REF] Varas | Quantum plasmonics: from jellium models to ab initio calculations[END_REF][START_REF] Zhu | Quantum mechanical effects in plasmonic structures with subnanometre gaps[END_REF] The electron density is defined by a Wigner-Seitz radius of r s = 4 a 0 , which corresponds to sodium (a 0 = 0.053 nm is the Bohr radius). This particular density parameter is chosen here because, for this value, the jellium nanoparticle plasmons fall within the typical and the Fermi level of the MNPs stands at E F = -2.86 eV below the vacuum level. We also adopt the jellium model to describe the QE as a spherical object of radius R qe = 5 a 0 (≈ 0.26 nm) containing two (spindegenerated) electrons. The model QE represents a two-level system with a 1s (m = 0, with m the magnetic quantum number) highest occupied molecular orbital (HOMO), and a triply-degenerate 2p (m = 0, ±1) lowest unoccupied molecular orbital (LUMO). Thus, the optical absorption of the QE is determined by the 1s → 2p transition. The potential profile of the QE-MNPs system and the corresponding ground-state electron density are shown in Figures 1b and1c respectively for a gap separation of D = 26 a 0 . As we discuss below, our main findings are robust with respect to the model description of the QE and MNPs. In the Supporting Information we provide further details on the calculation of the electronic structure of the QE and MNPs, as well as on the current implementation of the Kohn-Sham scheme of TDDFT also reported in reference 59.

Prior to studying the coupled QE-MNPs system, it is useful to analyze the optical response of the uncoupled constituents. In Figure 1d, we show the absorption spectra of an isolated metallic dimer characterized by gap sizes of D = 38 a 0 and D = 26 a 0 , as well as of the isolated QE, as calculated within TDDFT (solid lines). The optical response of the dimer is characterized by a bonding dipolar plasmon (BDP) resonance at ω BDP ∼ 3 eV. As expected, this BDP mode redshifts when reducing the gap separation because of the increased capacitive coupling between the two MNPs. [START_REF] Sundaramurthy | Field enhancement and gap-dependent resonance in a system of two opposing tip-to-tip Au nanotriangles[END_REF] We first consider the exciton energy ω 0 of the isolated QE to be ω 0 = 2.58 eV, with the absorption cross section more than two orders of magnitude weaker than that of the nanoantenna BDP. As a reference, in Figure 1d we also show the results from classical local calculations (dashed lines). Here, the QE is described as a point-like dipole [START_REF] Ford | Electromagnetic interactions of molecules with metal surfaces[END_REF]16 with an oscillator strength α 0 = 1.7 au, a resonant energy ω 0 = 2.58 eV and a decay rate γ qd = 70 meV. The MNPs are described using a Drude dielectric function parameterized according to the absorption spectrum of the individual MNP calculated with TDDFT, [START_REF] Marinica | Quantum Plasmonics: Nonlinear Effects in the Field Enhancement of a Plasmonic Nanoparticle Dimer[END_REF] and the gap size is scaled in order to account for the dynamical screening. [START_REF] Teperik | Robust subnanometric plasmon ruler by rescaling of the nonlocal optical response[END_REF] Thus, nonlocal effects are partially introduced in the classical calculations, which allows us to correctly reproduce the TDDFT spectra of the isolated constituents (see Supporting Information for further details).

Once the optical response of the isolated constituents has been determined, one can analyze the quantum effects emerging in the optical response of the hybrid system due to the optoelectronic QE-MNPs coupling.

To this end, we compare classical and quantum TDDFT results of the absorption cross section of the QE-MNPs system as a function of gap separation D, as shown in Figure 2a,b with waterfall plots. The gap separation is varied from D = 40 a 0 to D = 16 a 0 , which allows for covering different interaction regimes and for observing the onset of electronic hybridization in the system.

To make an intuitive link with the classical picture of the point-dipole emitter in proximity to a plasmonic nanoantenna, we first outline the classical results of the absorption spectra shown in Figure 2a. Three resonant features are obtained within the framework of classical electromagnetic theory: a lower resonance (LR; blue dots) shifting from ω LR ∼ 2.5 eV to ∼ 1.8 eV as the gap separation is reduced, an upper resonance (UR; green dots) at ω UR ∼ 3 eV, and a bonding quadrupolar plasmon (BQP; red dots) at ω BQP ∼ 3.4 eV, more pronounced for narrow gaps.

For large interparticle distance, D = 30 -40 a 0 , the spectra of Figure 2b obtained within the TDDFT approach are in good agreement with classical results (Figure 2a). Indeed, in this situation, the electron densities of the individual nanoconstituents do not spatially overlap, thus avoiding the hybridization of the electronic orbitals. At these large separations, the assignment of the underlying modes can be performed using their asymptotic behavior. First, the LR can be associated with the QE exciton. This excitonic energy is slightly redshifted with respect to the transition energy of the isolated QE due to the interaction with the MNPs (Lamb shift). [START_REF] Van Vlack | Spontaneous emission spectra and quantum light-matter interactions from a strongly coupled quantum dot metal-nanoparticle system[END_REF] The TDDFT calculations of the induced electron density confirm the excitonic nature of the LR branch, characterized by a strongly polarized QE, as observed in the top-left panel of Figure 2c.

On the other hand, the UR at ω UR ∼ 3 eV is associated with the BDP plasmon mode of the isolated metallic dimer. The induced electron density at the QE appears polarized in the direction opposite to the main dipole induced at the MNPs, since ω UR is higher than the QE exciton energy ω 0 (see right panels of Figure 2c).

Upon decreasing the gap separation (interparticle distance below D = 26 a 0 ≈ 1.4 nm), the quantum nature of the electron dynamics strongly affects the overall shape of the absorption profile. The BQP mode shown by the classical approach at ω BQP ∼ 3.4 eV is not developed in the TDDFT results. This is because, for these small particles, the diffuse nature of the electron density at the nanoparticle surface captured by the quantum TDDFT framework prevents the formation of high-order plasmonic resonances. [START_REF] Ciracì | Plasmonic quantum effects on single-emitter strong coupling[END_REF][START_REF] Babaze | Second-Harmonic Generation from a Quantum Emitter Coupled to a Metallic Nanoantenna[END_REF][START_REF] Gonçalves | Plasmon-emitter interactions at the nanoscale[END_REF] Moreover, for small gap separations, our TDDFT simulations predict a smaller redshift and stronger broadening of the UR branch as compared to classical results. These effects can be mainly ascribed to quantum phenomena such as nonlocality and finite-size effects that are important for such small MNPs, but also to electron transport between the MNPs mediated by the electronic structure of the QE, [START_REF] Garcia-Gonzalez | Single-atom control of the optoelectronic response in sub-nanometric cavities[END_REF] as we further confirm in the Supporting Information. The induced electron density shown in the bottom-right panel of Figure 2c indicates that the BDP character of the UR mode is preserved for these small separations.

The most dramatic difference between quantum and classical results is observed for the LR branch with excitonic asymptotic character. Classical calculations predict a strong and continuous redshift of the LR with decreasing gap size due to the electromagnetic interaction, i.e., the interaction between the QE exciton dipole and its induced screening charges at the surfaces of the MNPs across the gap. In sheer contrast with this classical prediction, within the quantum model, the LR branch blueshifts with decreasing gap size for D ≤ 26 a 0 , and gradually disappears loosing its excitonic character and evolving into a broad low-frequency . The resonance frequency is indicated at the top of each panel. Upper panels correspond to a gap size D = 40 a 0 , and lower panels to D = 18 a 0 , as indicated. Each snapshot is taken at the instant of time t when the total dipole moment of the system is maximum. Results are plotted in the (x, z)-plane, and the system holds axial symmetry with respect to the z-axis.
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shoulder of the UR for the smallest gap size considered in Figure 2b (D = 16 a 0 ). This can be observed in the bottom-left panel of Figure 2c, where the loss of the exciton character can be identified through the spread of the induced electron density over the MNPs (compare to the top-left panel).

The blueshift of the LR branch with decreasing separation and its subsequent disappearance are direct consequences of the hybridization between the electronic states of the QE and those of the MNPs. The excited electron initially localized on the 2p LUMO of the QE can tunnel through the potential barrier separating the QE from the MNPs. The electron transfer from the QE into the empty states of the MNPs above the Fermi level results in the quenching of the QE signature in the optical response. [START_REF] Marinica | Plexciton quenching by resonant electron transfer from quantum emitter to metallic nanoantenna[END_REF] This electronic interaction between the QE and the MNPs can be clearly observed in Figure 3, where we show the evolution of the projected density of electronic states (PDOS) [START_REF] Chulkov | Electronic excitations in metals and at metal surfaces[END_REF] upon decreasing of the dimer gap separation D. Due to the azimuthal symmetry of the system, the magnetic quantum number m is a preserved quantity, so that the HOMO state can only couple to electronic states with m = 0. Consistently, the PDOS is calculated within the m = 0 symmetry subspace in the region of the QE. Details on the PDOS calculations can be found in the Supporting Information.

For large separation distance, D ∼ 30 -40 a 0 , the PDOS shows two well-defined peaks corresponding to the HOMO and LUMO of the individual QE. Thus, the excitation of the HOMO-LUMO 1s → 2p electronic transition leads to an induced dipole moment that can be correctly described within a classical point-dipole approximation. However, upon reducing D, the states localized at the QE experience a broadening which reveals an increase of the rate of electron transfer between the QE and the MNPs. [START_REF] Chulkov | Electronic excitations in metals and at metal surfaces[END_REF] The HOMO has higher binding energy and thus it is more localized in space as compared to the LUMO. For this reason, the coupling of the HOMO with the metal nanoparticles is smaller, and its resonance in the PDOS is well defined and preserved even for the smallest separation of the gap, D = 16 a 0 , considered here. As D is decreased, the HOMO energy shifts to lower values owing to the increase of the Coulomb interaction with the MNPs. In contrast, the less bound and thus more spatially extended LUMO strongly hybridizes with the unoccupied states of the MNPs. As a consequence, the LUMO resonance in the PDOS dramatically broadens when narrowing the gap. Finally, for gaps smaller than D ∼ 20 a 0 , the peak of the LUMO state vanishes, revealing the absence of a well-defined unoccupied electronic state localized in the QE which could be optically accessible. We can describe this effect as the quenching of the QE-localized dipole expressed in the optical excitation. [START_REF] Marinica | Plexciton quenching by resonant electron transfer from quantum emitter to metallic nanoantenna[END_REF] Indeed, in this situation the excited electron is shared between the QE LUMO and the MNPs states.

The modifications of the HOMO and LUMO by the electronic interactions between the QE and the MNPs shown in Figure 3 drastically affect the coupling between the QE excitation and light as identified in Figure 2b, and lead to (i) blueshift of the LR mode for gap sizes below D ∼ 26 a 0 , and (ii) progressive transformation of the LR mode into a broad spectral feature appearing as a shoulder of the UR mode. The excitation in this case is built up by the hole localized in the HOMO of the QE and an excited electron delocalized over the QE-MNPs system.

We next discuss in Figure 4 the role of the QE in triggering electron transport between the two nanoparticles across the junction in response to external illumination. In the last years, several works have identified the emergence of charge-transfer plasmons (CTP) supported in metallic vacuum junctions for gap separations typically below ∼ 0.4 nm and resonant frequencies of the order of a few electronvolts. [START_REF] Marchesin | Plasmonic response of metallic nanojunctions driven by single atom motion: quantum transport revealed in optics[END_REF][START_REF] Zhu | Quantum mechanical effects in plasmonic structures with subnanometre gaps[END_REF][START_REF] Esteban | Bridging quantum and classical plasmonics with a quantum-corrected model[END_REF][START_REF] Duan | Nanoplasmonics: classical down to the nanometer scale[END_REF][START_REF] Savage | Revealing the quantum regime in tunnelling plasmonics[END_REF][START_REF] Scholl | Observation of Quantum Tunneling between Two Plasmonic Nanoparticles[END_REF][START_REF] Wu | Fowler-Nordheim tunneling induced charge transfer plasmons between nearly touching nanoparticles[END_REF][START_REF] Esteban | A classical treatment of optical tunneling in plasmonic gaps: extending the quantum corrected model to practical situations[END_REF][START_REF] Aguirregabiria | Role of electron tunneling in the nonlinear response of plasmonic nanogaps[END_REF] Moreover, as pointed out in previous works, [START_REF] Song | Quantum mechanical study of the coupling of plasmon excitations to atomic-scale electron transport[END_REF][START_REF] Song | Quantum plasmonics: Symmetry-dependent plasmonmolecule coupling and quantized photoconductances[END_REF][START_REF] Kulkarni | Quantum effects in charge transfer plasmons[END_REF][START_REF] Garcia-Gonzalez | Single-atom control of the optoelectronic response in sub-nanometric cavities[END_REF][START_REF] Fedorov | Charge-transfer plasmons with narrow conductive molecular bridges: A quantum-classical theory[END_REF] the presence of a QE bridging a metallic nanogap substantially modifies the charge-transfer properties of the system and triggers out the emergence of low-energy resonances associated with electron transport between the nanoparticles.

As discussed above (Figure 3), for narrow junctions the spectral weight of the LUMO is distributed over the electronic states of both MNPs allowing for electron tunneling between the MNPs through the QE. [START_REF] Garcia-Gonzalez | Single-atom control of the optoelectronic response in sub-nanometric cavities[END_REF] Moreover, for gap separations of D ∼ 18 a 0 and below, the QE gives rise to a depletion of the potential barrier close to the dimer axis below the Fermi level of the system (Figure 4a), so that even a classicallyallowed over-the-barrier electron transport between the MNPs becomes possible. As a consequence, for gap sizes D = 12 a 0 -18 a 0 (D ≈ 0.6 -0.95 nm, thus larger than typical tunneling distances in metal- vacuum-metal junctions), a charge-transfer resonance emerges in the low-energy region of the absorption spectra, ω CT ∼ 0.1 -0.2 eV (Figure 4b), consistent with results reported in the literature. [START_REF] Song | Quantum mechanical study of the coupling of plasmon excitations to atomic-scale electron transport[END_REF][START_REF] Song | Quantum plasmonics: Symmetry-dependent plasmonmolecule coupling and quantized photoconductances[END_REF][START_REF] Fedorov | Charge-transfer plasmons with narrow conductive molecular bridges: A quantum-classical theory[END_REF] This new resonance is only activated due to the presence of the QE (see the response of the isolated dimer depicted by the dashed line), and it blueshifts and strengthens considerably when decreasing interparticle distance.

The charge-transfer character of the mode is clearly revealed by the induced electron density shown in Figure 4c (left-side panel), with each MNP exhibiting a monopolar density pattern of opposite sign, and it is further corroborated by the electron-current density along the z-direction 83 (right-side panel), which clearly shows that electrons shuttle from one nanoparticle to another. Similar results are obtained for other QE configurations, i.e., for QEs with other HOMO and LUMO energy levels (see Supporting Information). Thus, the low-energy charge-transfer plasmon reported here can be understood as a consequence of the ballistic electron transport and does not require the tunneling mechanism aid by a localized state at the QE. [START_REF] Kulkarni | Quantum effects in charge transfer plasmons[END_REF] Finally, we show that the effect of the delocalization of the QE excited electron on the optical response of the system is based on a general and robust effect derived from the electronic coupling between the QE and the MNPs regardless of the electromagnetic coupling regime. Figure 5 shows the absorption spectra obtained for a QE exciton energy ω 0 = 2.95 eV resonant with the BDP of the nanoantenna, as calculated from classical (panel a) and TDDFT (panel b) simulations. Differently to the previous case shown in Figure 2 (weakly coupled QE-MNPs due to detuning), in this situation the system would be classically in the strong-coupling regime [START_REF] Tserkezis | Robustness of the Rabi splitting under nonlocal corrections in plexcitonics[END_REF][START_REF] Rossi | Strong plasmon-molecule coupling at the nanoscale revealed by first-principles modeling[END_REF][START_REF] Bitton | Quantum dot plasmonics: from weak to strong coupling[END_REF] (Figure 5a), with the UR-LR splitting considerably increasing upon reduction of the gap size D (see section S4 of Supporting Information for detailed discussion). Despite this very different electromagnetic coupling regime, the TDDFT results (Figure 5b) reveal very similar trends to those found for the off-resonant case in Figure 2. Indeed, the electronic hybridization in this strongly coupled system hinders the energy transfer between the QE and the MNPs, thus attenuating the UR-LR splitting in exciton-plasmon polariton systems as well as producing a progressive merging of the LR and UR branches into a broad spectral feature when decreasing gap separation D. In this situation, strong coupling is therefore frustrated due to electronic QE-MNPs coupling.

In conclusion, we have identified the role played by electronic coupling in the optical response of a canonical hybrid system consisting in a two-level quantum emitter (QE) placed in a nanogap formed by two spherical metal nanoparticles (MNPs). Using a quantum many-body model, we have demonstrated the quenching of the QE exciton originated by the hybridization of the excited states at the QE and the electronic states at the MNPs. This exciton quenching drastically affects the optoelectronic response of the hybrid QE-MNPs system. Furthermore, the depletion of the potential barrier within sub-nanometric gaps due to the presence of the QE gives rise to a low-energy electron-transfer resonance at ω CT ∼ 0.1 -0.2 eV, even for situations where the electronic states of the QE do not act as a gateway for electron transport between the MNPs. Our findings are expected to qualitatively apply for plasmon-exciton systems irrespective of the specific electronic structure of the nanoconstituents, since they are based on general and robust quantummechanical phenomena such as electron tunneling and electron transfer between the metal and the QE.

Thus, the results obtained here stress the need to consider the QE-MNPs electronic coupling, in addition to the standard electromagnetic interaction, in order to unveil fundamental quantum effects related to charge transfer, often affecting practical implementation of nanoscale sources of photon emission and optoelectronic nanodevices. 
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 1 Figure 1: (a) Sketch of the system under study. A quantum emitter with a single optically-allowed HOMO-LUMO transition is located in the middle of the gap of size D formed by two spherical metallic nanoparticles (MNPs). The quantum emitter and each metallic nanoparticle contain 2 and 638 conduction electrons, respectively. (b) Total one-electron potential V tot (r) and (c) ground-state electron density n 0 (r) = n(r, t = 0) along the symmetry z-axis for the coupled QE-MNPs system with gap size D = 26 a 0 . The HOMO (E homo = -3.3 eV) and LUMO (E lumo = -1.2 eV) energy levels of the isolated QE are represented by red and green lines, respectively. The Fermi level E F = -2.86 eV of the MNPs is shown by the black dashed line. (d) Absorption spectra of the isolated metallic dimer for D = 26 a 0 (blue line) and D = 38 a 0 (green), and of the isolated quantum emitter (red line). Dashed and solid lines correspond to the results obtained with classical and TDDFT simulations, respectively.

Figure 2 :

 2 Figure 2: Optical absorption of the hybrid QE-MNPs system. (a),(b) Waterfall plot of the absorption spectra as obtained from (a) classical local, and (b) TDDFT simulations for a gap size ranging from D = 16 a 0 to D = 40 a 0 in steps of 2 a 0 . The D value is indicated at each second spectra marked by the black line. Results are shown as a function of frequency, ω. The transition frequency ω 0 = 2.58 eV of the isolated QE is marked with a vertical magenta arrow in both panels. The blue (LR), green (UR), and red (BQP) dots indicate the resonance frequencies of the main modes of the system. (c) TDDFT results of the induced electron density at the LR (left-side panels) and UR (right-side panels) resonances (red for positive and blue for negative sign). The resonance frequency is indicated at the top of each panel. Upper panels correspond to a gap size D = 40 a 0 , and lower panels to D = 18 a 0 , as indicated. Each snapshot is taken at the instant of time t when the total dipole moment of the system is maximum. Results are plotted in the (x, z)-plane, and the system holds axial symmetry with respect to the z-axis.

Figure 3 :

 3 Figure 3: Projected density of electronic states (with m = 0 symmetry) localized at the QE in the middle of the gap. Here m is the projection of the electron angular momentum on the quantization z-axis. Results are shown as a function of the electron energy for different values of the gap size D ranging from D = 16 a 0 to D = 40 a 0 as displayed in the inset. The Fermi level E F = -2.86 eV of the MNPs is depicted by a vertical dashed line.

Figure 4 :

 4 Figure 4: (a) Ground-state potential V tot along the symmetry z-axis of the hybrid QE-MNPs system for D = 16 a 0 . (b) Absorption spectra of the hybrid QE-MNPs system for low illumination frequencies ω = 0 -1 eV. Results are shown for a gap size D ranging from D = 12 a 0 to D = 18 a 0 , as indicated in the inset. The reference absorption spectrum of the isolated metallic dimer for D = 12 a 0 is shown by the dashed black line. (c) Color maps of the induced electron density (left) and the electron-current density along the z-direction (right) for an incident z-polarized electromagnetic plane wave of frequency ω CT = 0.11 eV. The gap distance is D = 16 a 0 . In the right-side panel, the boundaries of the jellium edges of the MNPs are indicated by dashed lines. The snapshots are taken at the instants of time when the total dipole moment (left-side panel) and the electron-current density at the middle of the junction (right-side panel) are maximum.

Figure 5 :

 5 Figure 5: Waterfall plots of the optical absorption spectra of a resonantly coupled QE-MNPs system. The incident electromagnetic plane wave is polarized along the dimer axis (z-axis). The exciton energy of the isolated QE, ω 0 = 2.95 eV (marked with vertical magenta arrows), is close to the dominant BDP resonance of the metallic dimer. The (a) classical and (b) TDDFT results are shown as a function of the frequency ω for gap sizes ranging from D = 16 a 0 to D = 40 a 0 in steps of 2 a 0 . The D value is indicated at each second spectra marked by the black lines. The blue (lower resonance, LR), green (upper resonance, UR), and red (bonding quadrupolar plasmon, BQP) dots indicate the main modes of the system.
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Supporting Information Available

Explanation of the TDDFT model used to describe the QE and the coupled QE-MNPs structure, details on the numerical method adopted to calculate the classical optical response of the QE-MNPs system, analysis of the electronic QE-MNPs coupling in a resonant exciton-plasmon system, a comparison of the obtained results with a semiclassical model to further confirm the role of the electronic QE-MNPs coupling, and results of the charge-transfer resonances at low energies for different QEs. This material is available free of charge via the Internet at http://pubs.acs.org