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ABSTRACT

When an organic molecule is placed inside a plasmonic cavity formed by two metallic nanoparticles (MNP) under illumination, the electronic
excitations of the molecule couple to the plasmonic electromagnetic modes of the cavity, inducing new hybrid light-matter states called
polaritons. Atomistic ab initio methods accurately describe the coupling between MNPs and molecules at the nanometer scale and allow us to
analyze how atomistic features influence the interaction. In this work, we study the optical response of a porphine molecule coupled to a silver
nanoparticle dimer from first principles, within the linear-response time-dependent density functional theory framework, using the recently
developed Python Numeric Atomic Orbitals implementation to compute the optical excitations. The optical spectra show the splitting of the
resonances of the plasmonic dimer and the molecule into two distinct polaritons, a characteristic feature of the strong light-matter coupling
regime. Our results stress the importance of atomistic features, such as the gap configuration in determining the plasmon-exciton coupling
strength and in the emergence of molecule-mediated charge-transfer plasmon (CTP) resonances at lower frequencies. Moreover, we show
that the strength of the CTP resonance can be tuned by shifting the alignment of the molecular energy levels with respect to the Fermi level of
the MNPs.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0216464

I. INTRODUCTION netic modes of the plasmonic cavity, which in the strong-coupling

regime leads to the formation of hybrid light-matter modes called
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The excitation of localized surface plasmons supported by
metallic nanoparticles (MNPs) and dimers allows for an extreme
localization of the induced electric field at optical frequencies, result-
ing in excellent optical nanocavities.'" When a quantum emitter,
such as an organic molecule, is placed inside an optical cavity,
its electronic transitions (i.e., excitons) couple to the electromag-

polaritons.”” Under certain conditions, the emergence of these
new modes allows for tuning the optical properties of the emit-
ter. This has led to the proposal of many applications in the
last few years in fields such as photochemistry,” ° single-photon
emission,” electroluminescence,® and exciton transport,"‘m among
others.
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The optical response of coupled molecule-MNP systems is usu-
ally described within the classical electrodynamics framework,'’ in
which the electronic transitions of the molecules are often approxi-
mated by point dipoles, and plasmonic cavities are described with an
appropriate dielectric formalism. Nevertheless, the extreme electro-
magnetic field localization allowed by nanoscale plasmonic cavities
may result in the generation of a local inhomogeneous field experi-
enced by the molecule. In such a situation, the point-dipole model
subjected to a specific homogeneous field would fail to correctly
capture the plasmon-exciton interaction.'>'* Moreover, the classical
description of the cavity is not able to address quantum phenomena
arising at narrow gaps, such as spill in/out of the induced charge den-
sity at the interfaces,"" " or charge transfer between the MNPs and
the molecule.'®"” This has led to the development of a wide array of
quantum models in the last few years.”’ **

The aforementioned effects, which even quantum models
struggle to properly capture, can be addressed with the use of
quantum many-body frameworks,””** which have proven to be
a suitable tool to address molecule-MNP coupled systems in
subnanometric cavities, when the system is small enough to be
computationally affordable. Within time-dependent density func-
tional theory (TDDFT), different approaches have been successfully
implemented to describe quantum phenomena occurring in hybrid
molecule-MNP systems, such as charge transfer,”” >’ or chemi-
cal enhancement in surface-enhanced Raman scattering.””’ Recent
theoretical works have also reliably reproduced the strong-coupling
regime between metallic clusters and molecules by first-principles
modeling,”’ ** and calculations with simplified jellium models have
also suggested that the molecule-MNP coupling can be significantly
perturbed by quantum effects arising at sub-nanometric distances,
such as the hybridization between the atomic orbitals of the molecule
and the metal.”” Furthermore, atomistic TDDFT methods naturally
account for geometric features of the system, which show signifi-
cant influence in the detailed optical response of extreme nano- and
pico—cavities.r“3 b

In this study, we analyze the optical response of a
molecule-MNP dimer system from an atomistic ab initio per-
spective within the linear-response TDDFT framework, using the
efficient iterative technique implemented in the PyNAO (Python
Numeric Atomic Orbitals) code,’ which uses a basis set of atomic
orbitals and norm-conserving pseudopotentials. This computa-
tional tool offers a fully quantum description of the optical response
of a nanosystem incorporating all the aforementioned quantum
phenomena together with the effect of the atomistic features of the
system. We focus our analysis on the dependence of the optical
response of a molecule-MNP dimer system on the presence of
atomistic features for dimer gaps smaller than 2 nm, showing that
the atomistic morphology of the cavity at these extreme dimensions
significantly affects the coupling strength and that it determines
the existence of charge-transfer modes. We also find that the
molecule-MNP coupling can be quenched for certain atomistic
configurations of the cavity due to the electronic coupling between
molecular and metallic orbitals.

A. Description of the molecule-MNP system

The canonical system under study is a dimer formed by two Ag
nanoparticles of 309 atoms each, and a porphine molecule placed
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between them, as shown in Figs. 1(a) and 1(b) for a tip-to-tip and
facet-to-facet cluster gap configurations, respectively. We consider
an icosahedral geometry for the Agsp nanoparticles, which is a
very stable configuration for small metallic clusters.”® This partic-
ular molecule has been chosen because its main optical resonance at
3.4 eV matches the plasmonic resonance of the dimer, which allows
for a very efficient electromagnetic molecule-MNP coupling. Fur-
thermore, the approximate diameter of the MNPs is 2.2 nm (from
tip to tip), which is at the meeting point between two different
approaches followed in the literature of the last few decades, the
bottom-up approach of atomic clusters and the top-down approach
of small nanoparticles.”” The diameter of the molecule is around
1 nm. With the aim of exploring all the different configurations,
we modify the gap size D, defined as the minimal distance between
atoms of different clusters, as well as its morphology, by chang-
ing the relative orientations of the MNPs. In the linear-response
TDDFT calculations, the system is excited by a monochromatic
plane wave polarized along the dimer axis direction (z axis). Due
to the small size of the system, it is appropriate to assume a homoge-
neous incident electromagnetic field. Figures 1(c) and 1(d) show the
ground-state total effective potential landscape of the system com-
puted with atomistic ab initio DFT calculations, in which the atomic
sites are clearly visible.

Il. THEORY AND METHODS

In order to compute the optical response of the molecule-MNP
system within the present linear-response TDDFT approach, we first
obtain the ground state of the system in the Kohn-Sham scheme. We
use the SIESTA*** (Spanish Initiative for Electronic Simulations
with Thousands of Atoms) software for these calculations, which
utilizes norm-conserving pseudopotentials to effectively account for
the removed core electrons. This allows us to naturally account
for the effect of d-electrons of silver*’ by treating them as valence
electrons and thus not including them in the pseudopotential. We
employ the Generalized Gradient Approximation (GGA) proposed
by Wu and Cohen for the exchange-correlation functional*' and a
double-( polarized (DZP) basis set of numerical atomic orbitals gen-
erated using an energy shift of 1 meV, in which the Kohn-Sham
orbitals are expanded as a linear combination of atomic orbitals
(LCAOs). The fineness of the real-space grid mesh used to compute
the Hartree and exchange-correlation contributions to the energy
and Hamiltonian corresponds to a plane wave cutoff of 250 Rydberg.

Then, we obtain the response of the system in the framework
of linear-response TDDFT, in which the induced electron density
in frequency domain, 8n(r; w), is given by integrating in space the
product of a small perturbation of the external potential, § Ve, with
the interacting response function y(r,t’; ),

on(r;w) = /d3r' X(r,r';w) 6Vext(r';w), (1)

or, equivalently, by using the response function of the non-
interacting Kohn-Sham system y,, as

on(rw) = fd3r' Xo(x, r';w) (SVeﬁ(r';w), (2)

where 8V 5 = Vext + 0V hxe, with 6V hx being the variation of the
Hartree-exchange-correlation potential. The response function y of
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FIG. 1. (a) and (b) Representation of the canonical system under study in the tip-to-tip (a) and facet-to-facet (b) configurations. A porphine molecule is placed in the middle of
the cavity formed by two silver icosahedral nanoparticles of 309 atoms each, and the system is excited by light polarized along the dimer axis direction (z axis). A gap size of
D = 1.5 nm is considered in this figure, defined as the minimal distance between atoms of different clusters. (c) and (d) Total effective potential landscape V4 of the ground
state of the hybrid system for the x = 0 plane for the tip-to-tip (c) and the facet-to-facet (d) configurations. The effective potential shows minima at the atomic positions, which

appear as bright dots in (c) and (d).

an interacting system is unknown, but the response function of the
non-interacting electron system y, can be explicitly expressed via
products of Kohn-Sham eigenstates in the well-known Lehmann
representation,

()b (1) (1) (7).

w— (Em — En) +ic (3)

0(Br50) =Y (e fu) P2

where ¢, are the Kohn-Sham wavefunctions, f, are their corre-
sponding occupation terms, and ¢ is an artificial Lorentzian spectral
broadening, which phenomenologically accounts for the lifetime of
the electronic excited states. In our calculations, we set the value
of £ = 0.05 eV, which corresponds to a full width at half maximum
of 0.1 eV. The response function y, can then be used to compute
the response of the real system using the following form of the
Petersilka-Gossman-Gross equation’’ (where spatial variables are
dropped for clarity):

[1 - Kitee(©) 20(@)] 8Vigr (@) = 8Vewe (@), @

in which Ky, is the Hartree-exchange—correlation kernel, defined
as the variational derivative of the Hartree-exchange-correlation
potential with respect to the density

Ve (w)

“on(a) ©

Kch(CU) =

Equation (4) gives the perturbation of the effective potential for an
external perturbation 8V ., which, for an optical excitation consist-
ing of a monochromatic plane wave, can be expressed in the dipole
approximation as 0V = Eo- r, where Eq is the amplitude of the

excitation field and r is the spatial position. Then, the induced den-
sity 8n(r; w) can be directly obtained from Eq. (2), which allows for
the computation of the relevant quantities.

The previously described monochromatic plane wave excita-
tion induces a variation in the density

on(r;w) = fd3r' x(r.1';0) 1’ Eo, (6)

and from this distribution, we can compute the induced dipole
moment along the j direction as

pi(w) = - /dsr 1j On(r; w). (7)

The optical polarizability tensor of the system &(w) relates the
external field to the induced dipole moment and is given by

p() = &(w) Eo. (8)

Finally, the absorption cross section, which describes the optical
response of the system, can be extracted from the trace of the
imaginary part of the polarizability as

un(@) = T T [m{(@))], ©)

with ¢ the speed of light. Since in this work we have only considered
an excitation along the z direction (see Fig. 1), the absorption cross
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section is directly proportional to Im {a.}, which can be obtained
from Eq. (8) as

oz (w) = fd3r v z y(r,r’;0) 2 (10)

= der z 0n(r;w), (11)

where dn(r; w) is the density response to an external monochro-
matic constant perturbation with Eg o< [0,0,1].

The induced electric field in the frequency domain 8E;,;(r; w)
can be directly computed from the induced density as a Coulomb
integral,

U
OE; (1 0) = - /ﬁ on(r’;w) d’r'. (12)

We perform the calculations described above with the PyNAO*>
software, which uses an effective iterative scheme to obtain the
optical response within the adiabatic local-density approximation,
employing a LCAO basis set. The efficiency of this method comes
from solving iteratively Eq. (4) instead of using standard matrix
inversion. This code has been proven to be a very efficient tool to
compute the optical properties of small metallic clusters containing
up to several hundreds of atoms and has already been successfully
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applied to the study of optical properties of silver and sodium clus-
ters and dimers,”"”** showing the role of single-atom features in
optical cavities. More details on the implementation of the method
are explained in Sec. IT C of the supplementary material.

Ill. RESULTS AND DISCUSSION
A. Optical response of the isolated constituents

Before looking at the optical response of the coupled
molecule-MNP system, it is instructive to address the behavior of
the isolated constituents separately. In Fig. 2(a), we plot the absorp-
tion cross section (o,s) of a bare Agspo dimer characterized by a
gap size D = 1.5 nm for both the tip-to-tip and facet-to-facet con-
figurations, together with the spectrum of the isolated molecule, as
calculated within the linear-response TDDFT framework described
in Sec. II. The spectrum of the dimer is dominated by a Bonding
Dipole Plasmon (BDP) around 3.4 eV for both configurations. The
nature of this mode is confirmed by the induced charge densities
plotted in the inset of Fig. 2(a) and in Figs. 2(c) and 2(d), which
reveal a dipolar pattern of the induced charge density at the surface
of each MNP, characteristic of BDP excitations. The dipolar distri-
butions of the induced charge density around the atomic sites are
a signature of the atomistic response associated with the localized
3d orbitals of silver. The spectrum of the isolated molecule presents
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FIG. 2. (a) Optical absorption spectra of the bare silver dimer for a gap size D = 1.5 nm in the tip-to-tip (blue line) and facet-to-facet (red line) configurations and for the
isolated porphine molecule (black dotted line). The insets show isosurfaces of induced charge density obtained with TDDFT at the resonance frequencies. (b) Snapshot of
the induced charge density for the isolated molecule at resonance (w = 3.40 V). (c) Snapshot of the induced charge density for the bare tip-to-tip silver dimer with separation
distance D = 1.5 nm at resonance (w = 3.41 eV). (d) Snapshot of the induced charge density for the bare facet-to-facet silver dimer with separation distance D = 1.5 nm at

resonance (w = 3.40 eV).
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a strong resonance around 3.4 eV overlapping with the BDP reso-
nance of the dimer, which allows for an efficient coupling between
the molecular and plasmonic resonances. The induced density plots
in the inset of Fig. 2(a) and in Fig. 2(b) demonstrate that this res-
onance corresponds to the electronic excitonic dipolar transition of
the molecule.

B. Optical response of the molecule-MNP coupled
system

After analyzing the optical response of the isolated constituents,
we study the effect of the optoelectronic coupling on the optical
response of the molecule-MNP hybrid system. We first focus on the
tip-to-tip configuration in order to describe the general behavior of
the system and later study the influence of the cavity morphology
on the coupling by comparing these results with those obtained in
a facet-to-facet configuration. Figure 3(a) shows its absorption spec-
tra for values of the gap size ranging from D = 1.4 nm (bottom) to
D = 1.8 nm (top). Two distinct peaks well separated spectrally are
clearly visible in all the spectra, which is a characteristic of strongly
coupled systems. The lower polariton (LP) resonance, marked with
yellow dots, is red-shifted with respect to the resonances of the bare
dimer and the molecule, whereas the upper polariton (UP) reso-
nance, marked with green dots, is blue-shifted. The splitting of the
LP and UP peaks greatly depends on the gap size: for small values
of D, they are clearly differentiated, but they merge gradually when
the value of D is increased. This behavior indicates that the strength
of the coupling between the molecular and plasmonic resonances
decreases when increasing the separation distance, as the amplitude
of the induced field decreases too.

a)
25+
D=18nm .
20 1
_ D=17nm b
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810 ¢
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D=14nm “a B
0+ -
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The evolution of the spectra with the separation distance in
Fig. 3(a) also shows that the UP remains almost stationary, while the
LP experiences a significant redshift as the gap closes. The coupling
of a single plasmonic mode and a single exciton should show a sym-
metric splitting of upper and lower polaritons; however, in our case,
the small size of the gap enables the activation of higher-order plas-
monic modes, which are responsible for the asymmetric evolution
observed in Fig. 3(a). We have corroborated this aspect in Sec. II D
of the supplementary material, by performing a classical calculation
of the hybrid response of a molecule-plasmonic gap system of the
same dimensions as those presented here, where a symmetric split
is obtained when considering a single plasmonic mode and a simi-
lar asymmetric split is obtained when the full plasmonic response is
adopted. Additional effects, such as the quenching of the molecular
transition caused by the hybridization between the electronic states
of the molecule and those of the MNPs,* could further produce a
more pronounced asymmetry of polaritonic branches.

To get further insights into the nature of the hybrid polaritonic
modes, we show in Fig. 3(b) the phase difference in the oscillations
between the dipoles induced at the MNPs and at the molecule, which
has been extracted by analyzing the real and imaginary parts of the
induced density (see Sec. II E of the supplementary material). The
values of this phase difference for each mode are displayed as a func-
tion of the gap distance D. In the LP, the MNPs and the molecule
oscillate almost in phase, as observed in Fig. 3(c), which depicts the
induced charge density for the LP mode in the D = 1.4 nm case. This
behavior is maintained for the whole range of analyzed gap sizes. In
the UP, in contrast, the pattern of oscillations is close to antiphase
for the smallest gap size geometry, as shown by the induced charge

b)
1.0

LP
0.8 * up

me

0.6

o¢/m

0.4 a .

0.21 a

" 15 16 17 18 1.9

D (nm)

|

FIG. 3. (a) Optical absorption spectra of the hybrid molecule-MNP system for different gap sizes D. Spectra on the top correspond to large D values, and spectra on the
bottom correspond to smaller D values. Yellow and green dots mark the LP and UP resonances, respectively. (b) Phase difference between the dipoles induced at the MNPs
and at the molecule for both the LP and UP resonances as a function of the gap size D. (c) Isosurface of induced charge density for the LP resonance in the D = 1.4 nm
geometry. (d) Isosurface of induced charge density for the UP resonance in the D = 1.4 nm geometry.
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density depicted in Fig. 3(d). When the gap size increases, however,
the phase difference falls to below 7/2, which could be interpreted as
an additional evidence of the diminishing coupling strength.

C. Influence of the cavity morphology

The distribution of the induced electric field inside a nanomet-
ric cavity is determined by the morphology of the cavity, specially
by atomistic features, such as tips, edges, or facets.*® To illustrate the
dependence of the coupling between the dimer and the molecule on
atomistic details, we have repeated the previous tip-to-tip calcula-
tions for the facet-to-facet configuration of the MNPs. We found in
this case that, for the smallest value of the gap size considered in this
work, D = 1.4 nm, the expected two-peak profile breaks up, with a
third peak emerging between the LP and the UP resonances. This
can be observed in Fig. 4(a), which shows the comparison between
the absorption spectra for the tip-to-tip (blue line) and facet-to-facet
(red line) configurations for D = 1.4 nm. We represent the corre-
sponding atomistic structures in the insets. Figure 4(b) displays the
isosurfaces of the induced charge density calculated for the three
peaks in the absorption spectra. The one at 3.0 eV (A) shows a pat-
tern of in-phase oscillations similar to the LP resonance of Fig. 3(c),
whereas in the one at 3.45 eV (B), molecule and MNPs are nearly
out-of-phase, as for the UP resonance in Fig. 3(d). For the resonance
at 3.25 eV (C), visual inspection is not enough to identify the phase
difference, but when the phase is computed from the induced density
as described in Sec. II E of the supplementary material, the resulting
value is close to 77/2. For a complete description of the behavior of
the facet-to-facet system, see the supplementary material, Fig. S2.

The emergence of this third peak between the LP and UP
resonances in the facet-to-facet configuration is attributed to the
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hybridization between the electronic states of the molecule and the
MNPs,>*>* which provides an additional decay channel for the
molecular excitation, decreases its lifetime, and causes a quench-
ing of the signature of the molecular excitation in the absorption
spectrum. Nevertheless, our calculations show that the double-peak
structure in the absorption spectrum is recovered in the facet-
to-facet configuration for larger D values (see the supplementary
material, Fig. S2), with the splitting of the modes decreasing as the
gap size increases, as in the tip-to-tip case.

A coupled molecule-MNP system is considered to be in the
strong-coupling regime when the splitting of the emerging modes is
larger than the losses of the system. We will refer to one of the most
widely used criteria to identify the strong-coupling regime, which
defines the following threshold for the coupling strength g:*

Vol + Yex

2 (13)

g2
where y, and y,, are the losses of the BDP and the molecular
excitation, respectively.

In our case, we obtain the values of y, =0.191 eV and y,,
=0.107 eV by fitting the absorption spectra of the isolated con-
stituents to Lorentzian functions as described in Sec. II A of the
supplementary material (the plasmonic losses vary slightly for the
different dimer configurations considered, so we take the largest
of them). Then, the value of g for the molecule-MNP system is
estimated by fitting the absorption spectra of the hybrid system to
a coupled-oscillator model* (see Sec. II A of the supplementary
material). Figure 4(c) shows the values of the coupling strength g
obtained for different gap sizes and for the two configurations of the
MNPs considered in this work, ranging between 0.07 and 0.14 eV.
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FIG. 4. (a) Comparison of absorption spectra for the tip-to-tip and facet-to-facet dimer configurations with D = 1.4 nm. The figures in the insets display the geometries of the
tip-to-tip (blue line) and facet-to-facet (red line) configurations. The letters A, B, and C mark the three emerging modes at 3.0, 3.45, and 3.25 eV, respectively. (b) Induced
charge densities at the resonance frequencies of the facet-to-facet geometry. (c) Values of the coupling strength g for both systems as a function of the gap size D. The black

dotted line represents the threshold for strong coupling according to Eq. (13).
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The strong-coupling condition, marked by the black dotted line in
Fig. 4(c), is fulfilled for the whole range of considered gap sizes.
The D = 1.4 nm case for the facet-to-facet configuration is omit-
ted because its absorption spectrum does not show the characteristic
two-peak behavior.

The facet-to-facet configuration consistently outperforms the
tip-to-tip configuration, with a mean difference in coupling strength
larger than 20%, confirming the influence of atomic features in set-
ting up the plasmon-exciton interaction in the dimer cavity. This
difference in the coupling strength is caused by the dissimilarity of
the spatial distributions of the induced electric field for each con-
figuration, as shown in Figs. 5(a) and 5(b). In the tip-to-tip case,
the induced field is strongly localized around the vertices of the
MNPs due to the atomistic lightning-rod effect,® whereas in the
facet-to-facet case, it is more homogeneously distributed inside the
cavity, enabling a more efficient coupling with the molecule. The
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final coupling strength is thus a consequence of the presence of
sharp features, as well as of the existence of large extensions of field
enhancement.

This conclusion is also supported by auxiliary estimations of the
coupling strength from the induced electric fields for the bare dimer,
as explained in Sec. II F of the supplementary material, which pre-
dict a larger coupling in the facet-to-facet configuration than in the
tip-to-tip configuration, as illustrated in the supplementary material,
Fig. 4.

1. Induced electric fields

The LP and UP modes also show clear differences in the
induced electric fields, which can be directly obtained from the
induced density using Eq. (12). In Fig. 5, we compare the enhance-
ment of the electric field for the bare nanoparticle dimer at the BDP
resonance and for the molecule-MNP system at both the LP and the
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FIG. 5. (a) and (b) Electric field enhancement at the BDP resonance on the XZ plane for a bare nanoparticle dimer with gap size D = 1.5 nm for the tip-to-tip (a) and
facet-to-facet (b) geometries. (c) and (d) Electric field enhancement on the XZ plane for the LP resonance of the tip-to-tip (c) and facet-to-facet (d) hybrid geometries with
gap size D = 1.5 nm. (e) and (f) Electric field enhancement on the XZ plane for the UP resonance of the tip-to-tip () and facet-to-facet (f) hybrid geometries with gap size

D=15nm.

J. Chem. Phys. 161, 044707 (2024); doi: 10.1063/5.0216464
© Author(s) 2024

161, 044707-7

ZriLY:0Z $202 1SnBny 80


https://pubs.aip.org/aip/jcp
https://doi.org/10.60893/figshare.jcp.c.7325093
https://doi.org/10.60893/figshare.jcp.c.7325093

The Journal
of Chemical Physics

Dimer
| o Molecule x 10
0.031 — pimer + Molecule (Tip)
—— Dimer + Molecule (Facet)

%
< 0.02 o. BF
~ /\j
2
o /
0.01{ y
y
',/
|
0063 02

FIG. 6. (a) Low-energy part of the absorption spectrum for the bare dimer (green
line), the isolated porphine molecule (black dotted line), and the hybrid system
in both the tip-to-tip (blue line) and facet-to-facet (red line) configurations, with
D = 1.4 nm. The emerging modes for the facet-to-facet configuration at 0.34 and
0.45 eV are marked as D and E, respectively. (b) Induced charge densities at the
resonances D and E appearing for the facet-to-facet geometry.

UP resonances, for both the tip-to-tip and facet-to-facet configura-
tions. As can be seen in Figs. 5(c) and 5(d), the induced field in the LP
is distributed along the entire cavity and specially in the gap between
the molecule and the MNPs, whereas the induced field in the UP,
shown in Figs. 5(e) and 5(f), appears to be concentrated around the
center of the molecule. A similar behavior has already been pre-
dicted in calculations with tetracene molecules and Mg nanoparticle
dimers.’’ In both cases, the distribution of the field is drastically
modified with respect to the BDP of the bare nanoparticle dimer
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depicted in Figs. 5(a) and 5(b). Despite the quantitative differences
in the values of the coupling strength described previously (mainly
due to the strength of the induced fields), the general qualitative
properties of the induced field distributions of each polariton do not
seem to be greatly influenced by the configuration of the cavity.

D. Charge-transfer plasmon

Following the analysis of the optical response of the
molecule-MNP system and the nature of the characteristic reso-
nances, we put now our focus on the low-energy range of the spectra.
In Fig. 6(a), we show the absorption spectra of the hybrid system
zoomed at the 0-1 eV range, in both the tip-to-tip (blue line) and
the facet-to-facet (red line) configurations with D = 1.4 nm, together
with the bare dimer (green line) and the isolated molecule (black
dotted line) spectra. As observed, the cavity morphology plays a
key role in the optical response at low energies. The isolated con-
stituents do not exhibit any resonances in this frequency range, and
the same occurs for the hybrid system in the tip-to-tip configuration.
However, in the facet-to-facet configuration, a series of new peaks
emerge at low energies. To get deeper insights into these low-energy
resonances, we plot the corresponding induced charge densities in
Fig. 6(b). The two main resonances, labeled D and E, display clear
monopolar patterns on the surface of the MNPs, meaning that the
individual MNPs are charged with opposite charge signs. This is a
signature of the flow of charge from one cluster to the other through
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FIG. 7. (a) Sketch illustrating the energy shifting A of the HOMO and LUMO molecular energy levels with respect to the metal Fermi energy E;. (b) Projected density of
electronic states (PDOS) of the molecule around the Fermi level for different values of the energy shift A. The black dotted line stands for the Fermi level of the MNPs, and
the HOMO and the LUMO are indicated for the A = 0 case. (c) Absorption spectrum of the system at CTP energies for different values of the energy shift A ranging from
—1 eV (bottom) to 1 eV (top). (d) Absorption spectrum of the system at higher energies for values of the energy shift ranging from —0.2 eV (bottom) to 0.2 eV (top).
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the molecular junction, which suggests the identification of charge-
transfer plasmon (CTP) modes.”’ Since both modes are CTPs, the
isosurfaces of induced charge density look very similar, with the
main differences being localized at the molecule.

E. Shift of the molecular energy levels

It is well known that, for a molecule placed between two MNPs,
the existence of molecular states close to the Fermi level of the MNPs
triggers the electron conductivity of the system, which makes the
intensity of CTP resonances very sensitive to the relative position
of the molecular energy levels.”® In practice, the relative position
of these levels can be shifted by applying an external potential, as
in single-molecule resonant tunneling experiments.”! In the present
atomistic ab initio framework, it is possible to shift these energy
levels in a controlled way by introducing a background potential
localized around the atomic sites of the molecule. Taking advan-
tage of this possibility, we analyze the effect of a controlled shift
of the molecular energy levels on the optical absorption of the
system, as depicted in Fig. 7(a). The details of the implementa-
tion of this molecular energy shift are described in Sec. II G of
the supplementary material. Since we are interested in the charge-
transfer regime, all the calculations in this subsection are performed
for the D = 1.4 nm case in the facet-to-facet configuration. In
Fig. 7(b), we show the projected density of states (PDOS) at the
molecule for different values of the energy shift A, choosing the
Fermi level of the MNPs as the zero-energy reference. For A = 0 eV
(i.e., when no shift is introduced), the highest occupied molecu-
lar orbital (HOMO) and the lowest unoccupied molecular orbital
(LUMO) are localized around —1.6 and 0.4 eV, respectively. We ana-
lyze the energetics of the LUMO in the molecule as it holds the main
role in charge transport.

In Fig. 7(c), we compare the low-energy part of the absorption
spectra for the range of A values presented in Fig. 7(b) with the neg-
ative values at the bottom and the positive ones at the top. As can
be observed in Fig. 7(b), negative A values shift the LUMO closer to
the Fermi level of the MNPs, strengthening the intensity of the CTP
resonances in Fig. 7(c). For positive A values, the opposite occurs:
the LUMO shifts to higher energies, increasing its energy separation
with respect to the Fermi level, which leads to a weakening of the
CTP modes in the absorption spectrum.

Together with this variation of the intensity of the CTP modes,
the shift of the molecular levels also results in a displacement of the
CTP resonances. Figure 7(c) clearly shows that the CTP modes are
red-shifted for negative A values and blue-shifted for positive values.
As described above, this is explained by the change in the energy
gap between the LUMO and the Fermi level of the MNPs, which
increases for positive A values and decreases for negative ones.

It is also interesting to look at the influence of the molecular
energy level shift A on the higher-energy part of the absorption spec-
trum, which we show in Fig. 7(d). As one can see, positive values of
A as small as 0.2 eV remove the middle resonance [labeled as C in
Fig. 4(a)], while negative A values increase the height of this peak,
which suggests a connection with the charge transfer through the
molecule.

IV. CONCLUSIONS

In this work, we have described the optical response of a por-
phine molecule coupled to an Agspe dimer within an ab initio

ARTICLE pubs.aip.org/aipl/jcp

atomistic linear-response TDDFT framework. Our results show the
splitting of the plasmonic resonance of the dimer into two clearly
distinct polaritons, confirming that the system is at the strong-
coupling regime for gap sizes smaller than 2 nm. A comparison
of the coupling strength g values for the different gap geometries
demonstrates that the atomistic configuration has a significant effect
on the coupling strength, as the more homogeneous induced fields
of the facet-to-facet configuration result in larger g values. The opti-
cal responses obtained for different dimer configurations prove that
atomistic features also have a crucial influence on the emergence
of CTPs at low frequencies, which, for our system, only appear
in the facet-to-facet configuration. Therefore, our results stress the
importance of the effects caused by atomistic details in the response
of molecule-MNP coupled systems. We have also performed an
analysis of the CTP modes emerging at low frequencies and have
shown that their intensity and spectral position can be tuned by
shifting the position of the molecular energy levels with respect to
the Fermi level of the MNPs, which provides valuable insights into
the mechanism behind charge-transfer phenomena. These results
demonstrate the suitability of the employed TDDFT method for
addressing the coupling between molecules and MNPs while simul-
taneously accounting for the influence of the atomistic configuration
and quantum effects arising at narrow gaps and thus further consol-
idate atomistic ab initio methods as a feasible tool to describe the
most extreme cases of quantum emitter-nanocavity interaction.

SUPPLEMENTARY MATERIAL

The supplementary material contains figures with the absorp-
tion spectra for the facet-to-facet configuration and for the bare
dimers in the tip-to-tip configuration. It also includes theoretical
background expanding the description of the TDDFT method, as
well as explaining the coupled dipole model used to fit the absorption
spectra, calculations of the absorption spectrum for an analogous
classical system, the computation of the phase difference shown in
Fig. 3(b), the implementation of the molecular energy level shift used
to tune intensity of the charge-transfer plasmon resonance, and the
method used for estimating the coupling strength from the induced
electric fields of the bare dimers.
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