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S1 Characterization of the Model Quantum Emitter (QE)

In this section, we explain the approach to model the quantum emitter (QE) considered in
the quantum calculations. The ground-state properties of the isolated QE are determined
using the density functional theory (DFT), and the excitation of the QE by an external
perturbation is described using the time-dependent density functional theory (TDDFT)
framework. The electronic structure of the QE is addressed within the free-electron jellium
model, in a similar way as we model the metallic nanoparticles. We consider a spherical
QE of radius Rge containing two valence electrons. The spin-restricted case is considered.”
In the ground-state configuration of the QE, the total spin is zero, and the 2 electrons
with opposite spins occupy the same Kohn-Sham (KS) valence orbital. From the charge
neutrality condition, the positive background density 7 representing the atomic cores of

the QE and spreading over its spatial extent satisfies

4
gnRS{em =2. (S1)

Throughout this Supporting Information atomic units (au) are used unless otherwise

stated.

S1.1 Ground-state properties of the isolated QE

The occupied and unoccupied one-electron KS orbitals ‘I’ge/j(r) of the QE, with j =
1,2,3,4,... referring to the occupied (j = 1) and onuccupied (j = 2,3,4,...) orbitals,
and their energies €4 ; are obtained from the static KS equations of DFT that depend on
the ground-state density n(q)e(r),

H[nge]qjoe,j(r) = €(;[e,j‘FOe,j(r)/

q q (S2)

H[”ge] =T+ Vh[”ge](r) + Vie [”ge](r) + Vae(r),
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where T, V;, [n?le] (r) and Vic [nge] (r) are the kinetic energy operator, the Hartree potential
and the exchange—correlation potential, respectively, calculated within the adiabatic local-
density approximation (ALDA) following a self-consistent procedure.?

Vge(r) in Equation is an attractive potential introduced along the lines of the so-called

stabilized jellium model.” It is localized in the spatial region of the QE,
Vie(r) = —Voe 4/ Rae, (S3)

and allows us to control the one-electron energy levels € ; of the QE states by changing
the parameters Vp and Rge.

As mentioned above, the spin-restricted ground state of the two-electron spherical
QE is characterized by the doubly-occupied KS orbital, ‘Yge; (r), resulting in an electron
density

nge(r) = 2[¥ge 1 (r) (S4)

In the main text, we refer to ‘Pge; (r) as the highest occupied molecular orbital (HOMO), which
isa 1s(¢ = 0,m = 0) orbital with zero orbital (¢) and magnetic (1) quantum numbers.
Thus, the electronic configuration of the QE is 1s%. The energy level of the HOMO state is
Ehomo = €ge1-

For the values of Vj and Rge (Equation considered in this work, we find only
three energy-degenerate excited KS orbitals accessible for optical transitions from the
ground state. These orbitals correspond to the 2p-shell and are characterized by the orbital

momentum ¢ = 1 and magnetic quantum numbers m = 0, £1. With ¢5,(r) the radial part

of the wave function, we can define

Tge,z(r) = Y{)(G, <p)lep(r),

Fea(r) = Y1 (6, 92y (1), &)
Tge/}(r) = Yll(gr QD)IPZP(r)/
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where Y/"(0, ¢) are the spherical harmonics. Because of the symmetry of the system
considered in the main text, for an incident electromagnetic wave polarized along the
z-axis, the electronic transitions are effective between the ground-state 1s KS orbital and
the 2p(¢ = 1, m = 0) KS orbital with wave function ‘Fge,z(r). For the sake of simplicity, in
the main text we refer to Tge,z(l‘) as the lowest unoccupied molecular orbital (LUMO).

The free parameters Vp and Rge are used to determine the energy levels of the HOMO
(Ehomo = €qe,1) and the LUMO (Ejymo = €ge2) of the QE. As a consequence, these parame-
ters determine the oscillator strength gy and resonant frequency wy of the QE exciton, as
explained in Subsection

The Epomo and Ejumo energy levels obtained for different values of the background
potential Vo =1eV, 3eV, 5eV, 7 eV and QE radius Rge = 3.8 ag, 5 ag, 6.3 ag are shown
in Table The case of Vy = 1 eV and Rge = 5 ag corresponds to the QE considered in
Figures 1 — 4 of the main text, while V) = 5eV and Rge = 5 ag are used to obtain the results

in Figure 5. The results shown in the rest of this Supporting Information are obtained for

Rge = 5 ag unless otherwise stated.

Table S1: Energy levels of the HOMO (Ep,ome) and the LUMO (Ejy,,) of the isolated QE as obtained from
static DFT calculations for different values of Vj and Rge, together with the oscillator strength ay and resonant
frequency wy obtained by fitting the classical polarizability to the TDDFT results according to Equation
All the energies are given in electronvolts (eV), while the values of &g are given in atomic units (au).

Rqe = 3.8 qap Rqe =5 dp Rqe =6.3 dp

Ehomo ‘ Elumo ‘ o ‘ X0 Ehomo ‘ Elumo ‘ o ‘ X0 Ehomo ‘ Elumo ‘ wWo ‘ Xo

Vo=1eV | 403 | -1.10 | 345 | 1.50 || -3.29 | -1.23 | 258 | 1.70 || -2.79 | -1.25 | 2.02 | 1.79

Vo=3eV | 413 | -1.04 | 360 | 143 || -34 | -1.16 | 275 | 1.62 || -292 | -1.17 | 220 | 1.70

Vo=5eV | 426 | -097 | 376 | 1.35 || -3.57 | -1.08 | 295 | 1.52 || -3.10 | -1.11 | 243 | 1.61

Vo=7eV | -440 | -090 | 394 | 1.30 || -3.75 | -1.02 | 3.18 | 1.45 || -3.33 | -1.06 | 2.70 | 1.54

S$1.2 Optical response of the isolated QE

In order to obtain the optical response of the isolated QE, we use real-time TDDFT sim-
ulations of its linear response as implemented in refs. 2/4-6, and calculate the dynamics

of the z-component of the induced dipole moment pge(t) = — [, &°r z [nge(r, ) — n(q)e(r)]
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in response to an external impulsive perturbation with electric field Es(t) = EoAt ()
polarized along the z-axis.” Here Eg = 107> au and At = 0.05 au are the amplitude of
the perturbation and the time-step used in the propagation, respectively, and (¢) is the
Dirac delta function. The x and y components of the induced dipole moment are zero
because of the symmetry. The integral extends over the whole volume V and the electron
density nqe(r, t) evolves in time due to the external perturbation, departing from its initial

ground-state value, n1ge(r,t = 0) = nge(r).

T T
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Figure S1: Absorption cross-section of the isolated QE with radius Rqe = 5 ay, as obtained from TDDFT
simulations for different values of the parameter Vj in Equations|S3|(filled curves). Results are shown as a
function of the frequency w of the incoming linearly-polarized electromagnetic plane wave. The dashed
lines correspond to the absorption of the QE obtained by fitting the classical polarizability given by Equation

to the TDDFT results. The parameters «( (oscillator strength) and wy (resonant frequency of the QE)
resulting from this fit are given in Table[S1| An intrinsic damping 7yge = 70 meV is used.

The frequency-resolved absorption cross-section qe(w) of the isolated QE,

Oge(w) = Tlm{aqe(w)}, (S6)

(cis the speed of light) can be obtained from the TDDFT calculations of the QE polarizability

tge(w) according to

1 Ty (ot
{qu(w) _ ch%dft(w) _ _EO A dt pqe(t)ez(wHﬂ/Z)t’ (S7)
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where the propagation time-step At = 0.05 au and final propagation time Ty = 4000 au are
used in our simulations, which we have checked is enough to achieve convergence. The
attenuation parameter 7 = 70 meV is set equal to that used for the total QE-MNPs system
(see Subsection[S2.T). It corresponds to the decay rate of the QE in vacuum. It should be
noted however that, for the QE interacting with the dimer antenna, the decay rate of the
exciton is not only determined by this “intrinsic” broadening, but also by the Ohmic losses
in metal nanoparticles.®

Figure [S1|shows the absorption cross section oge(w) of the isolated QE as obtained
from TDDFT calculations (filled curves) for QE radius Rqe = 5 ag and several values of the
background potential, Vo = 1 eV, 3 eV and 5 eV (Equation [S3).

The frequency dependence of the cross section obtained with the TDDFT calculations

(filled curves in Figure|S1)) can be fitted with a classical resonance profile (dashed lines in
Figure

X0
— w? — iwyge)

classical

e HNw) = ( (S8)

Hge(w) =«

2
Wy

allowing to determine the oscillator strength «(, the resonant frequency wp and the decay
rate 7yqe of the isolated QE. The wy and & parameters obtained for the three values of 1}
considered in Figure [S1|are reported in Table [S1| where we also provide the corresponding
results obtained for different radii of the QE, Rqe = 3.8 ag and Rge = 6.3 ag. In all cases,
Yqe = 70 meV, given by the attenuation parameter 7 used in Equation [S7} The values of ag
and wy calculated for the QE with V) = 1 eV and Rge = 5 ag are used to obtain the results
shown in Figures 1d and 2a of the main text.

As shown in Table [S1 the resonant energy wy of the electronic transition in the QE
does not match exactly the energy difference between the one-electron energy levels
obtained from static DFT calculations, i.e., wgp # Ejymo — Ehomo- Indeed, according to
the Kohn-Sham scheme of TDDFT adopted in this work, Eyomo and Epyme represent the
energy levels of a fictitious non-interacting electron system, so that the resonant energies

of the interacting system will be renormalized with respect to the non-interacting one via
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Coulomb and exchange—correlation potentials.1%H

S2 Quantum Description of a QE-MNPs System

S2.1 Optoelectronic response of the hybrid QE-MNP system within
TDDFT

The occupied ground-state KS orbitals IP? (r) of the coupled QE-MNPs system are obtained
within the TDDFT procedure starting from the KS orbitals of the individual constituents
and adiabatically reducing the interparticle distance so that the sought geometry is reached,
as described in detail in ref. 2l These ground-state occupied KS orbitals of the total system
are used as initial states in the TDDFT time propagation, ;(r,t = 0) = l/J;J (r), to determine
the electron-density evolution n(r,t) = Y [¢;(r, t)|? in response to an external weak
excitation of amplitude Ej applied at the instant of time ¢ = 0.

The dynamics of the electron density n(r, t) of the total QE-MNPs hybrid is obtained

from the time-dependent KS equations,

29y 0) = (T4 Vil (2,0} 9y 1. 1),

Vietln] (5,£) = Valn] (x,£) + Vic[n] (x,£) + Ve (1),

(59)

where 1;(r, t) are the occupied KS orbitals that evolve in time in response to an external
(weak) perturbation.” In Equation [S9} T is the kinetic-energy operator, V4,[1](r, t) is the
Hartree potential, Vyc[n](r, f) is the exchange—correlation potential calculated within the
adiabatic local-density approximation?1? (ALDA) using the kernel of Gunnarsson and
Lundqvist,** and Vge(r) is the attractive potential localized in the spatial region of the QE
given by Equation [S3| See reference 2 for further details on the numerical method used to
solve Equation

The polarizability of the total system, a(w), is obtained from the Fourier transform of
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the induced dipole moment p(t) according to

a(w) = — 1At /dt p(t)ei“’t*”/%, (510)

Eo

where By = 107° au is the amplitude of the external perturbation, At = 0.05 au is the time
step used in our simulation, and 77 = 70 meV accounts for dissipation processes that are
not included in the adopted TDDFT scheme. The absorption spectra are calculated from

Tabs (W) = ™ Im{a(w)}, with c the speed of light.

S2.2 Projected density of electronic states (PDOS)

As explained in the previous subsection to obtain the optical response of the QE-
MNPS system we only propagate the occupied KS orbitals 1;(r, ), and thus we have a
priori no information about the unoccupied electronic states relevant for the discussion of
the transfer of an excited electron between the QE and the MNPs. To access the energies
of both the occupied and unoccupied KS one-electron states of the coupled QE-MNPs
system we calculate the projected density of electronic states (PDOS).

The PDOS represents the number of one-electron states of a particular spatial symmetry
that the coupled QE-MNPs system sustains at a given energy level and spatial region. This
PDOS includes the contribution of both the occupied and the unoccupied states, and it
gives information about the degree of localization of a particular electronic state at a certain
spatial region. Notice that since the PDOS shows the one-electron energy states available
in a (fictitious) non-interacting Kohn-Sham electron system, the true resonant energies
of the coupled QE-MNPs system will also be renormalized as discussed in Subsection
However, the PDOS still provides insights into the level of electronic hybridization
of the occupied and unoccupied states in the coupled QE-MNPs system, and thus, it is a
valuable tool to analyze the effects of the electronic QE-MNPs coupling discussed in this

work.
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In order to calculate the PDOS X(w) in the coupled QE-MNPs system, we use the
method of Wave-Packet Propagation.’> We choose an initial wave packet ¢ (r,t = 0) =
Po(r) of a particular symmetry and propagate it according to the time-dependent Schrodinger
equation for an effective Hamiltonian A. This (time-independent) Hamiltonian A=T+
Viot (1) describes an electron evolving in the ground-state potential Viot(r) = Viot[n](r, t =
0) of the QE-MNPs structure given by Equation|S9} The time evolution of the initial wave

packet is thus obtained from

p(x,t) = e fpy (1) (S11)

using the same short-time propagation algorithm as in the TDDFT solution of the time-
dependent KS equations of the total QE-MNPs system.?

From the time-to-energy Laplace transform L, of the time-dependent wave packet
P(r, t) we obtain

i

Low(r t :/oodt W+t (p ¢ :/Oodt i(w—H+ig)t _ J
pt) = | dte pt) = | dte $o(r) @ A1)

1700(1')/ (812)

where ( is a small real number.
Expanding the initial wave-packet o (r) in the eigenfunctions ®;(r) of H, the Laplace
transform of ¥ (r, t) reads

N . 0 C]CD](T’)

£wlp(r, t) = lj:1 m, (513)

where €; are the eigenergies of the Hamiltonian A and the complex coefficients cj are

obtained from

¢ = (@(n)] (). (S14)

Finally, projecting Equation on the initial wave-packet one obtains
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o) Latp(e, 1)) = 1Y

: S15
fa (w—eﬁ—z@) (515)
The PDOS X (w) projected onto the initial wave-packet ¢(r) is given by
Z(w) =Y lejPd(w —€j), (S16)
j=1

with 6(w — €;) the Dirac delta. Then, applying the Sokhotski-Plemelj theorem to Equation
the PDOS X (w) reads

S(w) = ~ lim Re{(9o(0)|Latp(r, 1))},

7T =0t

_1 lim Re{Z,, {to(r) |§’i(1‘/ )},

7T 7—07F 4
A(t)

(S17)

where A(t) = (o(r)|¢(r, t)) is the autocorrelation function. Notice that the ¢; in Equation
are the coefficients of 1(r) decomposed into the eigenfunctions of H (Equation ,
so that choosing different initial wave-packets (r) leads to a different PDOS X.(w).1 This
can be useful to focus on specific states with a special symmetry or spatial distribution,
since only those states of the coupled QE-MNPs system that are not orthogonal to ¢ (r)
can be accessed by the Wave-Packet Propagation method used to calculate the PDOS.

In practice, to address the PDOS for the m = 0 and m = £1 symmetries, we choose a
Gaussian-like initial wave-packet centered along the dimer z-axis at rp = 3Rgqe 2 from the

center of the QE (i.e., localized near the QE),

tpo(r) = Clr — x|l ¢llmle e=Ir—nol/4, (S18)

where ¢ is the azimuth, m is the magnetic quantum number, and C is a normalization
constant. We then propagate this 1o (r) up to Ty = 4000 au according to Equation and

calculate the autocorrelation function A(t) = (¢o(r)|p(r,t)). Finally, using a small value
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¢ = 0.1 eV, we obtain the PDOS X(w) corresponding to a subspace m from

S (w) = %Re{ /0 Y gt @O A (1)) (S19)
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Figure S2: Projected density of electronic states localized at the QE in the middle of the gap. Results are
shown as a function of the electron energy for different values of the gap size D ranging from D = 16 ag to
D = 40 ag as displayed in the inset of panel (a). The Fermi level Ex = —2.86 eV of the MNPs is depicted
by a vertical dashed line. The panels of the figure correspond to the results obtained with different values
of the background potential: (a),(d) V) = 1 eV, (b),(e) V) = 3 eV, and (c),(f) Vj = 5 eV, and for different
symmetry subspaces defined by the magnetic quantum number, m. Left-side panels (a)-(c): m = 0, and
right-side panels (d)-(f): |m| = 1. Panel (a) corresponds to Figure 3 of the main text.

Figure|S2|shows the evolution of the PDOS localized at the QE obtained for different
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gap separation D ranging from D = 16 ap to D = 40 ag (see labels in panel a). Results are
shown for two different magnetic quantum numbers m = 0 (left-side panels) and |m| =1
(right-side panels), and for three different background QE potentials, Vy =1 eV, 3 eV and
5 eV. Note that the states with magnetic quantum number m and with —m are degenerate
due to the symmetry of the system. The radius of the QE is set to Rqe = 5 ag, as in the
main text and Figure

Prior to the discussion of the PDOS, we recall that the KS energy structure of the ground-
state QE is given by the 1s(¢ = 0, m = 0)-orbital (doubly occupied and denoted as HOMO
in the main text), while the triply-degenerate excited state is given by the 2p(¢ =1, m = 0)
and 2p(¢ = 1, m = +1) orbitals. For z-polarized light, only the 2p(¢ = 1, m = 0) orbital
is available for optical transitions from 1s and, for the sake of simplicity, it is called LUMO
in the main text (see Subsection for further details). As discussed below, the PDOS
resolved by the m-symmetry subspace then reflects this electronic structure of the QE and
shows similar qualitative behavior for the three values of Vj considered.

For the m = 0 subspace, the evolution of the results with decreasing D is discussed
in the main text. In brief, the PDOS obtained at large separation distances shows two
well-defined peaks that corresponds to the Ep ;o and Ej,m, energy levels of the isolated
QE reported in Table[S1| With decreasing D, the energies of the 1s (HOMO) and 2p (LUMO)
orbitals slightly shift to lower values because of the attractive potential created by the
MNPs. The peak corresponding to the 2p(¢ = 1, m = 0) (LUMO) state gradually vanishes
owing to the increasing electronic coupling with the electronic states of the MNPs. The
peak corresponding to the 1s(¢ = 0, m = 0) (HOMO) state also broadens, but to a lesser
extent because the tighter-bound and thus better spatially-localized 1s orbital of the QE
experiences less interaction with the MNPs.

In the |m| = 1 symmetry subspace, only one peak (near —1 eV) emerges at negative
energies. According to the electronic structure of the QE, it corresponds to the excited

2p(¢ =1, m = £1) orbital. Notice that the +1 states are degenerate. The QE orbitals
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of the |m| = 1 symmetry (one can also term these as 2p, and 2p,, orbitals) are oriented
perpendicular to the dimer z-axis. Their hybridization with |m| = 1 symmetry states of the
MNPs is essentially smaller than that for the 2p, (equivalently 2p(¢ = 1, m = 0)) orbital
of m = 0 symmetry. As a consequence, in this case, the resonant structure in the PDOS
associated with the QE in Figure[S2d e f stays well resolved up to the smallest D, in sheer

contrast with the p-orbital of m = 0 symmetry (see higher-energy resonance near —1 eV in

Figure[S2a,b,c).

S3 Classical Optical Response of a QE-MNPs System

In this section, we explain the method used to obtain the classical optical response of the
metallic dimer shown in Figure 1d and that of the coupled QE-MNPs system shown in
Figures 2a and 5a of the main text. The numerical implementation used to obtain the
optical response of the metallic dimer is based on the method reported in refs. 17 and [18),
where the electromagnetic interaction is described within the nonretarded limit, justified

because of the small size of the studied system.

S3.1 Optical response of a spherical dimer

We first consider the generic case of a dimer consisting of two spherical MNPs of radius
R; and R; separated by a gap of size D. Each nanoparticle is characterized by a dielectric
function &1 (w) and ¢;(w), and the entire system is surrounded by a dielectric material of
dielectric function ¢4 (w).

The nonretarded optical response of the system to an arbitrary external potential
¢ (r, w) oscillating at angular frequency w is determined by the electrostatic potential
¢"(r, w) = ¢pind (11, w) + ¢4 (12, w) induced by the nanostructure, with ¢ind(ry, w) and
¢i" (12, w) the potential induced by the nanoparticle 1 and 2, respectively. The vectors r; =

(r1 sin 61 cos ¢, 71 sin 6 sin @1, 71 cos 01) and 1y = (1 sin 6, cos @y, 75 sin 6 sin @7, 12 cos 67)
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are written in spherical coordinates with the origins at the center of the corresponding
nanoparticle. We define the coordinates such that the centers of the MNPs are located at

the z-axis separated by a distance § = Ry + D + Ry, so that r; and r; are related by

ry = \/r% + 62 — 2611 cos 0,

costh = (rycosby —9)/r, (S20)

P2 = @1

The induced electric potential ¢™4(r, w) satisfies Laplace’s equation

V2™ (r,w) = V2 (¢ (r1, )+<Pmd(rz,w)) =0, (21)

[ J/

Y <P§“d(rz w)
(in Equation[S21]and in the rest of this section we use subindexes i to refer to nanoparticle
i,withi =1,2).
Due to the spherical symmetry of the nanoparticles, it is convenient to expand qud (rj, w)
inside (r; < R;) and outside (r; > R;) the metals in a spherical harmonics Y}"(6;, ;) basis

set,

. lmax £ r{/RE r1 <R
1 1 1 1
Pr,w) =Y, Y 0" (w) Y[ (61, 91) ,
{=1 m=—/{ Rf—H/T’f—H r1 > Ry,
> (S22)
J4 J4
Umax 5/ Ry r2 < Ry
lnd r2/ Z Z b Yé 62/ 4)2) 7
=1 m=—¢ Rg+1/r§+1 rp > Ry,
\

where /max is an integer number large enough to achieve convergence.
The coefficients b{™ (w) are obtained by applying the standard boundary conditions at

the interfaces r; = R;,

A; x (Es —E.) =0,
(S23)

fi;- (D> — D<) =0,
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where fi; is the normal vector pointing from inside the metal (<) to outside (>), E(r, w) is

the total electric field,

E(r,w) = ~V(r,w) = =V (9™ (r,w) + ¢™ (r,0) ), (S24)
and D(r, w) is the electric displacement field in a medium with dielectric function &(r, w),

D(r,w) = ¢(r,w)E(r, w). (S25)

Applying the boundary conditions given by Equation results in the following

expressions for the coefficients b (w)

—Rq(e1 —€4) d :

Im _ 1\c1 d m * ext ind

W@ = et T e o B D@L @0 5 (97 (@) + 6 (12, 0)) bir
—Ro(ex —&y) d i

Im o 2\¢€2 d m * ext ind

by (w) = (0 +1) T el Jo, Ay [Y7" (02, 92)] a7 (4’ (2, w) + ¢Y (rlrw)> |r=Ro/

(S26)
with the integrals extending over the solid angles Q; = {6;, ¢ }.
From Equation the coefficients b{" (w) and b§" (w) in Equation|S26|can be written

in matrix form,

-1
b{m (w) _ (]I . T2—>1T1%2> <b{m,ext(w) + TZ—)lbgm,ext(w)> ,

1 (527)
bl (w) = (1[ _ T1%2T2%1> <b§m,ext(w) 4 T1ﬁ2bfm,ext(w)> )
where I is the identity matrix,
Im,ext _Rl (81 - gd) m * d ext
’ = 0O 1Y, — _
bl (w) Ed(g T 1) T el a, dy [ 4 (91/ (Pl)] 81’14) (rllw)|1’1—R1’ 28)

—Ry(e2 — €4) J
fm,ext o 2\¢€2 d m * Y ext
by (w) = ea(C+1) + el Joy, 100 [Y7(02r 92) aVch (02,0} ra=ry
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and the elements (¢m, £'m’) of matrices T?>~! and T!~2 are given by

TZ—)l _ _Rl (81 - ‘e’d) dQ [Ym(e )]*i Y (9 ) gurl |
ém,é’m’ - Sd(g + 1) + 816 Ql 1[1Ly 1, (Pl arl V'm'\Y2, 902 rg/_,'_l 1’1:R1/ (529)
—Ro(en — €4) 0 R+
1—2 _ 2\¢2 d m * © . 1 B
T@m,ﬁ’m/ - €d<€ + 1) + 82£ 0, dQZ [YZ (92/ (PZ)] arz <Y€ m (911 901) r€/+1 ‘YZ—RT

Once the coefficients b{" (w) and b5 (w) are obtained by solving Equation the
electric potential induced by each metallic nanoparticle is completely determined according
to Equation [S22]

Moreover, we can calculate other physical quantities of interest using the same coeffi-
cients b{"(w). For example, the electric field induced by the metallic dimer at position ris
directly related to the induced potential (Equation and is given by the sum of the field

induced by each metallic nanoparticle i,

o~

max

2 4
Elnd Z V(Pmd 1‘1/ o Z Z (YZ (91’ (PZ)Rf—i—l /rf—i-l)
i=1 /=1 m=—/4
(S30)

~

In a similar way, the total induced dipole moment is also given by the sum of two contri-

butions,

MN

pdimer Z 1m (w Yl ir 901) rl/ (831)

m=—1

I
—_

i
where t; = r;/7; is the unit vector with its origin at the center of the nanoparticle i.

In all the classical results shown in the main text and in this Supporting Information for
the Na dimer, we consider two identical nanoparticles of radius Ry = Ry = Rynyp = 344 a9
surrounded by vacuum (e; = 1). The dielectric function of the MNPs is described within
the Drude model,

2

P
RPN S32
w? + iypw (532)

e1(w) =e(w) =¢(w) =1— ©

where the values of the plasma frequency w, = 5.43 eV and the intrinsic damping 7, =

0.15 eV are obtained by adjusting the classical optical response of an individual MNP to
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that calculated with TDDFT. Details are given in Subsection [S3.3|

In all the classical calculations we also introduce a gap scaling’?#!' of A = 3.4 ag to
(partially) account for the spill-out of the induced density with respect to the geometrical
surface of the nanoparticles (correctly captured by the TDDFT simulations). Thus, in
Figures 1d, 2a-b, and 5a-b of the main text, the TDDFT results obtained for a gap separation
Dtpprr are compared to the corresponding classical results with an effective gap separation
D lassical = DtpprT — A. DpprT is defined as the minimum distance between the jellium
edges of the two spherical nanoparticles. For simplicity, we use the symbol D to refer
to both Djassical and Drpprr. This distance scaling A is also included in all the classical
results shown in the this Supporting Information.

The classical absorption cross-section spectra of the isolated metallic dimer, 0gimer (W) =

4w
c

tion [S26| the following external potential

Im{agimer(w)}, shown in Figure 1d of the main text, are obtained by using in Equa-

¢ (r, w) = ¢ (r1,w) = —Bory cos Oy, (S33)

associated with a spatially-constant electric field of amplitude Ej oriented along the
z-axis (corresponding to a z-polarized plane wave within the nonretarded limit). For
this illumination, the induced dipole moment is polarized along the z-axis, pjmer (W) =

2 Pgimer(w), and the polarizability agimer(w) of the isolated dimer reads

‘Xdimer(w) = Pdimer(w)/EO- (834)

In Figure [S3a, we show the classical nonretarded absorption spectra of the isolated
Na dimer obtained for different values of the gap separation D. The separation distance
ranges from D = 16 ag to D = 40 ao, as in Figures 2a-b and 5a-b of the main text. In Figure
we display the corresponding TDDFT results, and overall good agreement between

the two calculations is observed in the strength and the spectral position of the dominant
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bonding dipolar plasmon resonance (BDP, green dots). However, for small interparticle
distance D, the BDP resonance becomes broader and weaker within the TDDFT framework
as compared to the classical results. For the range of interparticle distance considered in
this work, electron tunneling in vacuum junctions is negligible, and thus we ascribe the
differences in the BDP resonance between the two models to nonlocal dynamical screening
and finite-size effects®® present in small metallic nanoparticles (only accounted for by the
TDDFT calculations). As discussed in the main text, the bonding quadrupolar plasmon
(BQP, red dots) resonance is not developed in the TDDFT results because of the small size

of the MNPs considered here.

Classical TDDFT
100 T T T T T T
L (a) BDP 11 (b) BDP -
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o WL it -
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Figure S3: Waterfall plots of the absorption cross-section of the isolated Na metallic dimer of radius
Rynp = 34.4 ag. The incident electromagnetic plane wave is polarized along the dimer axis (z-axis). Results
of the (a) classical and (b) TDDFT calculations are shown as function of the gap size D ranging from
D =16 ag (lower spectra) to D = 40 ag (upper spectra). The D value is indicated at each second spectrum
marked by the black lines. The bonding dipolar (BDP) and quadrupolar (BQP) plasmon resonances are
marked with green and red dots, respectively.

S$3.2 Electromagnetic QE-MNPs interaction

In this subsection, we explain how to obtain the classical optical response of the coupled
QE-MNPs system shown in Figures 2a and 5a of the main text. Adopting the Green’s
function formalism,®%® we decompose the induced dipole of the total QE-MNPs structure,
P(@W) = Pdimer(@) + Pge(w), as a sum of the MNPs dipole, py;me,(w), and that of the QE,

Pge (w). The QE, located at position r = rqg, is described as a point dipole.
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The electromagnetic QE-MNPs interaction can be understood as follows: the MNPs
induce an electric near field E™(r, w) in response to an external (spatially-constant) illu-
mination Eg. Then, E™(r,w) and Ey induce a dipole moment at the QE, Pge(w), which
acts back on itself due to the presence of the MNPs via the self-interaction Green’s tensor,
G(rqg, 1, w). Finally, the dipole moment created at the QF, pqe(w), induces a dipole
moment at the MNPs due to the electromagnetic interaction. This physical picture can be

described with the following equations for pqe(w) and P imer (@), %

Pae(@) = tge(@) (1 — age(@)G (xqr, Tqe, @)~ (Eo +E™(r = rqr, @) ), 5

a ~QE
pdimer(w) = “dimer(w)EO + “inmer(w)pqe(w)/

where

¢ I is the identity matrix.

* age(w) is the classical polarizability of the point-dipole QE obtained from Equation

See Table [S1|for the parameters used to describe the QE.

e EM(r = rqg,w) is the electric field induced by the metallic nanoparticle at the
position of the QE, rqg, in response to the external illumination Ey. In this work,
rgr corresponds to the center of the gap at the dimer z-axis, and since the external
illumination is polarized along the z-axis, Ey = 2 E, Eind(r = rQg, w) is also z-
polarized. EM(r = rqg, w) is obtained from Equationusing the external potential
of Equation

® Agimer(w) is the polarizability tensor of the metallic dimer. Due to the geometry
considered here, this polarizability can be treated as a scalar, agijmer(w), and it can be

obtained from Equation [S34] using the external potential of Equation

 G(rQE, rop, w) is the self-interaction Green’s tensor that gives the electric field in-

duced by the metallic nanoparticles at rqg in response to a unitary point-dipole
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QE located at the same position rgg. Due to the geometry considered in this work,
@(rQE, rQE, w) also becomes scalar, G(rgE, rqg, w). We obtain G(rqgg, rog, w) using
the methodology explained in the previous subsection but considering the external

potential created by a z-polarized classical dipole of amplitude Py,

(peXt(r,CU) — CPQXt(I‘lzw) =Py z- 1'1_—1'QE3, (536)
v — rqel

so that, according to Equations[S22/and
1 in in
G(rQg, rQr, w) = —P—OV <qb1 d(ry = rop, w) + ¢ (ry = rQE,w)> . (S37)

The real (panel a) and imaginary (panel b) parts of the self-interaction Green’s
function G(rqg, rog, w) obtained for the Na dimer with different gap separations
D are shown in Figure With decreasing D, G(rqE, rQE, w) is generally larger
in magnitude, and the relative contribution of the high-order plasmonic modes at

w ~ 3.3 — 3.8 eV becomes more important.

o 3£

& 5o (@) is a tensor that provides the dipole moment induced at the metallic dimer

in response to the electromagnetic field created by a classical point dipole located at

roe. Due to the geometry of our system, it can be treated as a scalar, (Xin];:n or(@). We
QE

Jimer (@) from the induced dipole moment (normalized to Pp) according to

obtain «

Equation using the external potential of Equation

In summary, the optical response of the studied QE-MNPs system is obtained in three

steps: first, we calculate E™(r = rog, w) and agimer(w) by solving Equations|S27| for the

external potential of Equation [S33| Second, G(rgg, ror, w) and ocgfn or(w) are obtained

by solving the same equations but considering the external potential given by Equation
Finally, we use Equation to calculate the total dipole moment induced at the

coupled system, p(wW) = Pgimer(@) + Pae (w), which, due to the geometry of the considered
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configuration, is oriented along the z direction, p(w) = 2 p(w). We can then obtain

the classical absorption cross-section using the relation o(w) = #Z¢Im{a(w)}, where

a(w) = p(w)/E is the polarizability of the coupled QE-MNPs system.
(a) (b)
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Figure S4: (a) Real and (b) imaginary part of the self-interaction Green’s function, G (rQE, IQE, w), calculated
for a point dipole aligned along the dimer z-axis and placed at rqg in the center of the gap between two
identical Na nanoparticles of radius Ryyp = 34.4 ag. Results are obtained from classical nonretarded
calculations for different gap sizes D = 16 ag, 28 ap, and 40 ay, as indicated in the insets. The local dielectric
function of Na used in the calculations is given by the Drude model discussed in Section

S$3.3 Extracting parameters for the Drude dielectric function

In order to choose the values of the parameters w, and 7y, determining the local Drude
dielectric function of the Na nanoparticle dimer, we fit the TDDFT absorption spectrum of

an individual spherical nanoparticle of radius Rynp = 34.4 ay,

Ganp (@) = 4$1m{amnp(w)}, (538)

to the corresponding classical result obtained with the following polarizability

lxmnp(w) — “classical(w) — R3 e(w) —1

mnp MNP () § 27 (539)

where the Drude dielectric function ¢(w) is given by Equation [532]

The TDDEFT results are obtained for an individual Na nanoparticle characterized by
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the same Wigner—Seitz radius (rs = 4 ag) and the same number of conduction electrons
(N=638) as the nanoparticles considered in the main text.

As shown in Figure wp = 543 eV and 7, = 0.15 eV provide reasonably good
agreement between the classical and the TDDFT results. The "effective" plasma frequency
wy is slightly smaller than the nominal bulk plasma frequency of the free-electron gas
corresponding to the density parameter s = 4 ag used in the TDDFT simulations (w, =
\/% = 5.89 eV). This small modification of the bulk plasma frequency allows us to account
for the redshift of the dipolar plasmon frequency of the small metal nanoparticle because
of the electron spill-out and dynamical screening.*> On the other hand, *y, accounts for
all the decay channels of the plasmon excitation including the contribution of Landau
damping. 20/

30 I I ,

55| TDDFT . n
------ Classical Fit .

20

Omnp(W) [NM?]
=
(6]
T

Figure S5: Absorption cross-section of an individual metallic nanoparticle of radius Rynp = 34.4 ag as
obtained from TDDFT (solid blue line) and classical (dashed red line) calculations. For the TDDFT results,
we use a Wigner—Seitz radius of s = 4 ap. For the classical results, we use a Drude dielectric function with
plasma frequency wy, = 5.43 eV and intrinsic damping 7, = 0.15 eV.
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S4 Role of the Electronic QE-MNPs Coupling in a Reso-
nant Exciton—-Plasmon Hybrid System

In the main text, we provide a detailed discussion of the impact of the electronic QE-MNPs
coupling on the optical response in a situation where the exciton energy of the isolated
QE is out of resonance with the BDP mode of the metallic dimer, as shown in Figure 2 of
the main text. However, the general underlying physics owing to quantum effects holds
irrespective of the detuning between the QE exciton and the BDP of the metallic dimer as
we demonstrate in Figure 5 of the main text. Figure 5 corresponds to the situation where
the QE exciton energy is resonant with the BDP mode of the dimer antenna. This choice is
convenient to analyze the regime of strong electromagnetic coupling (or, in short, strong
coupling) between the exciton and the plasmon, where the coupling overcomes the losses
and hybrid polaritonic states are formed. We thus discuss the resonant situation in more
detail in this section showing that indeed we reach the strong-coupling regime.

In Figure 5 of the main text, we compare the absorption spectra of the resonant QE-
MNPs system as obtained from classical (panel a) and TDDFT (panel b) simulations.
Results are shown as waterfall plots by varying the gap separation from D = 40 ay (top)
to D = 16 ag (down). We calculate the TDDFT spectra in the same manner as for Figure
2b of the main text, with the only difference that in this section we use a background QE
potential of Vj = 5 eV (see Section[ST). The classical results are obtained for a point-like QE
characterized by an oscillator strength ag = 1.52 au, a resonant energy wy = 2.95 eV, and
a decay rate yqe = 70 meV (see Table[SI), following the procedure explained in Section[S3]

The classical model predicts a splitting between the lower (LR, blue dots) and the upper
(UR, green dots) resonances with respect to the resonant energy wy of the isolated QE
already for large interparticle distance D = 40 ag. This LR-UR splitting is a signature of
the strong coupling between the QE exciton and the BDP resonance of the metallic dimer,

as we further confirm in Subsection With decreasing D, the LR-UR energy differ-
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ence strongly increases within the classical model owing to the stronger electromagnetic
hybridization between the exciton and the plasmon. Moreover, within the classical frame-
work the higher-order plasmonic modes of the MNPs contribute to the electromagnetic
interactions between the dimer and the QE for small gap separations. The effect of these

28 results here in an

higher-order modes, well documented for isolated dimer antennas,
additional redshift of both the LR and UR branches, which explains why the UR branch
appears at lower energies than the exciton energy wy = 2.95 eV of the isolated QE. These
aspects are discussed in more detail in Subsection

The TDDEFT results in Figure 5b of the main text also show a splitting between the LR
and the UR with respect to wy for large interparticle distance D = 40 ay, although the
strength of the LR is weaker than the one predicted by the classical model. This difference
is a consequence of the nonlocality and finite-size effects that affect the optical response of
the isolated metallic dimer, as confirmed by the results obtained with a semiclassical model
that we show in Section [S5/below. Indeed, there is no QE exciton quenching produced
by electronic hybridization for large separation, since at those distances the electronic
QE-MNPs coupling does not play a role. However, upon reducing the gap size D, the
electronic orbitals of the QE hybridize with these of the MNPs. The LUMO evolves into a
broad structure (see PDOS in Figure [S2) reflecting the fast transfer of the excited electron
between the LUMO of the QE and the conduction band states of the MNPs quantized
by the finite-size effect. This electronic interaction has an immediate consequence on the
optical response of the system. The LR-UR splitting is drastically reduced as compared to
the classical predictions, and the LR and UR branches progressively merge into a broad
spectral feature at small D.

These differences in the absorption spectra between the classical and TDDFT results
are similar to the findings discussed in the main text for the off-resonant case (Figure 2),
where we analyzed a blueshift and subsequent disappearance of the LR produced by the

electronic QE-MNPs coupling for decreasing gap separation D below D ~ 26 ag. With the
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analysis of the resonant system, which is classically in the strong-coupling regime (see
subsection ), we show that the reduction of the lifetime of the QE exciton because
of the electronic hybridization between the QE and the MNPs orbitals attenuates the
LR-UR splitting of the absorption resonances. At small separations, the electronic QE-
MNPs coupling finally results in the disappearance of the distinct feature of the LR from
the absorption spectra. Therefore, this electronic effect linked with the excited-electron
transport between the QE and the MNPs should be taken into account to correctly describe
the optical response of the interacting QE-MNPs system both in resonant and off-resonant
conditions. The key role of the electronic coupling is further confirmed by a semiclassical

model presented in Section

S4.1 Analysis of the coupling strength ¢ to identify the strong-coupling
regime

In this subsection, we analyze the coupling strength ¢ as derived from the classical electro-
magnetic simulations for the resonant exciton—plasmon system shown in this section and
in Figure 5 of the main text. Knowing the value of ¢ (and of the other parameters of the
system) allows for identifying whether the system is in the strong-coupling regime.

In order to obtain the coupling strength ¢ between the exciton and the BDP mode of
the dimer of MNPs, we fit the frequency-dependent absorption cross section op,s(w) of the
coupled QE-MNPs structure to the analytical expression derived from a classical coupled-

oscillators model driven by the excitation of the BDP of the metallic nanoantenna,?’

Taps (W) = A w X

(wo — Awp)? — (w + i'yQE/Z)Z
T . (s40
" { (@Bor — (@ + 11p/2)2) (w0 — Ao 2 — (w + v /2) —aga [© &

where Im { } stands for the imaginary part. In Equation YoE = 70 meV and
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7p = 150 meV are the damping rates of the isolated quantum emitter and bonding dimer
plasmon respectively, wy = 2.95 eV is the QE exciton energy, and wppp is the energy of the
BDP resonance. As shown in Figure|S3| wppp depends on the gap size D, so that for each
gap separation the corresponding value of wppp obtained from classical calculations (see

Section[S3) is used. The free (fitting) parameters are
¢ the amplitude A,

¢ the coupling strength g between the QE exciton and the BDP resonance of the dimer

antenna,

¢ the redshift Awy of the QE exciton energy induced by the interaction with high-order

plasmon modes.

Awy corresponds to the redshift (analog of the Lamb shift) of the QE exciton induced
by high-order plasmon modes and needs to be introduced because in the derivation of
Equation the system was projected onto the subspace of only 2 interacting excitations:
the QE exciton and the BDP of the dimer.

This interaction of the QE exciton with high-order plasmonic resonances increases
with decreasing D, and therefore the redshift Awy is larger for smaller D. We obtain
Awy = 0.02 eV for D = 40 ap, and Awgy = 0.67 eV for D = 16 ag. The hybrid QE-MNPs
system is then equivalent to a BDP of the dimer interacting with a QE exciton of an
effective frequency wy — Awy. We note that the resonant frequency wppp of the BDP also
depends on the gap size D (Figure[S3). As a consequence, it is not possible to choose the
parameters of the QE such that the effective frequency wp — Awg and the frequency of the
BDP perfectly match irrespective of D. However, for the system considered in our study,
the coupling strength ¢ is systematically larger than the frequency detuning between the
BDP and the effective exciton frequency wy — Awy (see below). It is only for the small gap
sizes D = 16 — 20 ag that the situation is reversed. Thus, the canonical criteria of the strong

coupling can be applied.
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Figure S6: (a) Coupling strength g obtained for the resonant QE-MNPs system for different
values of the gap size D. The values (ygg + 7p)/4 and (YQg + 7p)/2 are depicted by
orange and green lines, respectively. (b) Solid lines: absorption cross section ps(w)
calculated using the classical electrodynamics framework. Dots: Fit of the classical results
by the coupled oscillator model given by Equation[S40] Results are shown as a function of
the frequency w of the incident electromagnetic plane wave polarized along the dimer axis.
The coupled QE-MNPs system is characterized by a gap size D = 16 ag (blue line, blue
dots) and D = 40 ay (red line, red dots). (c)-(d) Color maps of the absorption cross section
Taps(w) obtained from classical electrodynamics simulations for the coupled QE-MNPs
system for D = 16 ag (panel c) and D = 40 ag (panel d). The incident electromagnetic plane
wave is polarized along the dimer axis. Results are shown as a function of the frequency
w of the incident electromagnetic plane wave, and of the energy of the QE exciton wy.
Dashed white lines represent the upper (w) and the lower (w_) polaritons obtained from
Equation [S41} using Aw = 0.67 eV (D = 16 ag) and Aw = 0.02 eV (D = 40 ay) for all the
values of wy.

Figure [S6a shows the coupling strength g obtained by fitting the classical absorption
cross section ops(w) of the resonant QE-MNPs system to Equation for different values

of the gap size D. The coupling strength ¢ for the present system monotonically increases
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with reducing D, ranging from ¢ = 0.083 eV for the largest gap (D = 40 ag) to § = 0.27 eV
for the smallest one (D = 16 ag). Two examples of the fittings performed for gap sizes
D = 16 ag (blue line, A = 6.77 eV -nm?, Awy = 0.67 eV) and D = 40 ap (red line,
A =743 eV -nm?, Awy = 0.02 eV) are illustrated in Figure .

In the literature, several criteria have been adopted for the strong-coupling regime to
be identified.®? In brief, the less demanding criterion states that ¢ > (yqE — 7p)/4 has
to be fulfilled. Other criteria often used are ¢ > (yqr + ¥p)/4, or the more restrictive
g > (7QE + 7p)/2. In our system, already for the largest separation between the MNPs,
D = 40 ag, the condition g > (ygr + 7p)/4 is satisfied, and the more restrictive g >
(7QE + 7p)/2 is nearly satisfied. For all the gaps smaller than D < 32 ag, the condition
g > (vQE + 7p) /2 is fulfilled.

To show more clearly that the resonant QE-MNPs system is in the strong-coupling
regime, once the values of the coupling strength ¢ are determined, we can calculate the
energies of the upper (w4 ) and the lower (w_) polaritons for different values of the QE

exciton energy w according to!

N =

W+ =

i')’QE —Tp 2
2 7

(wppp + wp — Aw) £ %Re { \/4g2 + {wBDp — (wo — Aw) +
(541)
where Re{ } stands for the real part.

In Figures [S6c-d, we show the values of w, and w_ as a function of the QE exciton
energy wo by white dashed lines, overlayed on the color maps of the absorption cross
section, oaps(w), calculated for the smallest (D = 16 ag, panel c¢) and largest (D = 40 ay,
panel d) values of the gap size considered in this work. For both gap separations, w and
w_ follow quite closely the maxima of the absorption, with the exception of the results
obtained for high frequencies of the incident plane wave w > 3.25 eV, where high-order

plasmonic modes (not accounted in the present coupled-oscillator model) influence the
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results. The good agreement between the polaritonic energies w-+ and the resonances of
Taps(w) indicates that the absorption resonances calculated with classical electrodynamics
simulations can be indeed identified as the polaritonic modes. Crucially, we obtain a
well-resolved avoided crossing between the absorption resonances as well as between
the upper (w4) and lower (w-) polaritons. Thus, at the avoided crossing between the
calculated absorption resonances (at w ~ wppp ~ wy — Aw), the energy difference can
be related to a good approximation with 2g, which increases as the gap size is reduced.
These results thus clearly indicate that the resonant QE-MNPs system described within

the framework of classical electromagnetism is in the strong-coupling regime.

S5 Confirming the role of the electronic QE-MNPs coupling:
a semiclassical approach

In this section, we apply a semiclassical approach to the QE-MNPs system in order to gain a
better understanding of the role played by the electronic QE-MNPs coupling in the optical
response. We consider here the same system as in the main text, consisting of a QE with a
transition energy wy located at the center of the nanogap formed by two Na nanoparticles
of radius Rynp = 34.4 ag. We analyze the off-resonant (wy = 2.58 eV and wy = 2.75eV )
and the resonant (wy = 2.95 eV) cases.

Our semiclassical approach is based on the Green’s function formalism (see Subsection
53.2), where the QE is introduced as a classical point dipole. The dipole moments induced
at the MNPs and at the QE are then obtained from Equations In contrast with a fully

classical approach, however, the quantities G(rQE, IQE, W), Eind(r = IQE, W), Adimer(w) and
~QE

& 3imer () are obtained from the TDDFT simulations of the metallic dimer. To that end, we

use the (real-time) linear-response TDDFT scheme following the procedure reported in refs.
2 and 24. Thus, this semiclassical approach, based on TDDFT calculations of the isolated

dimer, naturally includes not only the nonlocality of the metals, but also other quantum
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phenomena such as electron spill-out and finite-size effects inherent to the quantum nature
of electrons. However, since the QE is introduced as a classical point dipole, the electronic
coupling between the MNPs and the QE, as well as the actual electronic structure of the QE
and the finite-size extension of its transition density are not accounted for. The comparison
between the results obtained from fully TDDFT, semiclassical, and classical calculations
thus provides deeper insight into the effect of the electronic QE-MNPs coupling on the
optical absorption and allows us to discard nonlocal and finite-size effects as the source of
QE exciton quenching. Therefore, this analysis further confirms the conclusions discussed

in the main text.

Classical TDDFT Semiclassical
sofd) p URR (d) UR | (9) UR}
— | - / W=2.58 eV ;\\ W=2.58 eV “\
E 60 ‘ J o T o, k 1 oo M

= LR Yo 4 BQP 1t LR LR Vo
3 40E38a, ) ; 4382, 7 4 384,
< G \\J | E— 7 e
3 = = = = =
20(365, ,v",V = | ST / 1262, p/
222, U JF—22a, o 222,
ojgaa ) 184, = ) - 7i§an — )
N , — R} : @ — R : Ol : UR,
R [ we=2.75 eV :’W we=2.75 eV \
E 60 ‘ 1 :“\ 1t i
= \/ BQP LR {f‘\ 1 R A
3 40Ess,, \’ﬂ” E | Sey-ee n 4 384, 7
N = i | = = N
3 b A == - =0 A
2055 .‘\4 | = > =7 |
22 ay ‘U < F—22 a, | q 22 a,
0 18 a, A f ) F—18a, - v ) - 18 a, - v )
gol(c) LY ' f "W ' (i) ' UR
_ | " wol wo=2.95 eV ‘*’9 ©o=2.95 eV ‘*’9
"t 60} I LR , R I LR A A
S | ’ BQP 1 | ] "
E 40Fw ,/”!\\\,'i’:’ B | — c 1 382, W[
2 34 ay A / HE—34 3, 4 k34 a, Z /
3 pe A == 7 == 2
g (== | == ~
071sa: "& \ly‘ 1 —18 :: \lr‘ - 5 :1s: \ly‘

15 2 25 3 35 15 2 25 _ 3 35 15 2 25 3 35 a4
w [eV] w [eV] w [eV]

Figure S7: Waterfall plots of the optical absorption spectra of the coupled QE-MNPs system for a gap sizes
ranging from D = 16 ag to D = 40 ag in steps of 2 aj (larger D on top). Results are shown as a function of
frequency, w, of an incident electromagnetic plane wave polarized along the dimer axis (z-axis). The value of
D is indicated at each second spectra marked by the black lines. The results are obtained from (a)-(c) classical
calculations, (d)-(f) TDDFT simulations, and the (g)-(h) semiclassical approach as described in this section.
The resonant energies wy of the isolated QE are marked with vertical magenta arrows, with wg = 2.58 eV for
(a),(d),(g), wo = 2.75 eV for (b),(e),(h), and wy = 2.95 eV for (c),(f),(i). 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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In Figure [S7| we compare the optical absorption spectra of the coupled QE-MNPs
system as obtained from the classical (left-side panels), the TDDFT (middle panels) and
the semiclassical (right-side panels) approaches. Results are shown as waterfall plots for
different values of the gap separation D and for three different resonant energies of the
isolated QE, wy = 2.58 €V, 2.75 eV and 2.95 eV, as indicated in each panel (see Section.
Using different values of wy allows us to analyze the effect of the electronic QE-MNPs
coupling in different scenarios where the QE is either in resonance (wg = 2.95 eV) or out of
resonance (wy = 2.58 eV and wy = 2.75 eV) with the dominant BDP mode of the metallic
dimer. The lower (LR) and upper (UR) resonances are marked with blue and green dots,
respectively.

The differences observed between the classical (panels a—) and the TDDFT (panels d—f)
results are discussed in detail in Section [S4| for the resonant case, wy = 2.95 eV, and in the
main text for the off-resonant case, wy = 2.58 eV. This latter discussion also applies for the
situation where wy = 2.75 eV, which shows qualitatively similar trends. Thus, we focus
below on analyzing the differences between the semiclassical and the TDDFT absorption
spectra for the three exciton energies.

For large distance between the MNPs, D ~ 30 — 40 ay, the semiclassical (panels g, h and
i) and TDDFT (panels d, e and f) results show very good agreement for the three QE exciton
energies considered here. In particular, as discussed in Section 54| for the resonant case
wo = 2.95 eV, the LR calculated with TDDFT (panel f) and the semiclassical model (panel i)
is considerably weaker than that predicted by the classical approach (panel c). Thus, the
semiclassical calculation indicates that the origin of the difference between the TDDFT and
the classical absorption spectra resides on quantum phenomena such as nonlocality and
tinite-size effects that are important for such small metallic nanoparticles. Indeed, at large
D there is no hybridization between the electronic states localized at the QE and at the
MNPs.

For D below D ~ 26 ap, the electronic QE-MNPs coupling affects the absorption
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spectra of the system as follows from the comparison between the semiclassical and TDDFT
results in Figure S7| First, the TDDFT shows substantial broadening and reduction of the
amplitude for the UR evolving from the BDP of the nanoparticle dimer. These effects,
not captured by the semiclassical model, are attributed to the charge-transfer processes
between the MNPs. In our system, electron transport can occur at larger gap separations
as compared to typical vacuum junctions because it is assisted by photoexcited electron
transfer through the LUMO of the QE."?

However, the most spectacular effect of the electronic coupling is revealed by the LR
mode, as already emphasized in the main text of the paper. In a similar manner as the
classical approach, the semiclassical model also predicts a continuous redshift of the LR
for the off-resonant cases (panels a-b and g-h), and increasing LR-UR splitting for the
resonant case (panels c and i) with decreasing gap size D. As compared to classical results,
the main difference is that the semiclassical model shows a weakening and a broadening
of the LR upon decreasing D, which points toward nonlocal optical effects that can also
affect the electromagnetic response for such a small system.*? In sheer contrast, the TDDT
calculations reveal smaller LR-UR splitting (panel f) for decreasing D and a blueshift of
the LR (panels d and e) for D < 26 ag, with a progressive merging of the LR and UR
modes into a broad resonance structure. These effects are thus only observed when the
hybridization between the MNPs and the QE electronic orbitals is possible (as it is naturally

the case for the TDDEFT), i.e., when the (excited) electron can tunnel across the system.
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S6 Charge-Transfer Resonances at Low Energies

In Figure [S8, we show the study of the charge-transfer resonances of the coupled QE-
MNPs system for an incident field corresponding to z-polarized light oscillating in the
low-frequency range w = 0 — 1 eV. The results in Figure are the same as those
shown in Figure 4 of the main text, where the QE is characterized by Rge = 5 ap and
a background QE potential V) = 1 eV (wy = 2.58 eV, a9 = 1.7 au). In Figure [S8b,c we
show the results obtained for Vj = 3 eV (wy = 2.75 eV, ap = 1.62 au) and V; = 5 eV

(wo =295 eV, ay = 1.52 au), respectively. Thus, our analysis is extended to cases where
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Figure S8: Study of the charge-transfer resonances of the coupled QE-MNPs system for low illumination
frequencies w = 0 — 1 eV. Results are shown for three different background QE potentials, (a) V) = 1 eV, (b)
Vo =3eV, and (c) Vp = 5 eV. The incident electromagnetic plane wave is polarized along the dimer axis
(z-axis). Upper panels: absorption spectra for a gap separation D ranging from D = 12 ap to D = 18 a, as
indicated in the insets. The reference absorption spectrum of the isolated metallic dimer for D = 12 ag is
shown by the dashed black line. Lower panels: induced electron density and electron-current density along
the z-direction at the charge-transfer frequency wcr. The gap separation is D = 16 ap. The snapshots are
taken at the instants of time when the total dipole moment (induced density maps) and the electron-current
density (current density maps) at the middle of the junction are maximum. The color code is explained in
the insets.
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the isolated QE is characterized by different values of the oscillator strength and transition

frequency (see Table[SI). As observed in Figure[S8| the present QE-MNPs system exhibits

qualitatively similar charge-transfer resonances regardless of the specific characteristics

of the QE (within the range of their variation encompassed here). This points at similar

electron-transport properties of the QE-MNPs coupled junction.
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