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ABSTRACT

We investigate molecular plasmonic excitations sustained in hollow spherical gold nanoparticles using time-dependent density func-
tional theory (TD-DFT). Specifically, we consider Aueo spherical, hollow molecules as a toy model for single-shell plasmonic molecules.
To quantify the plasmonic character of the excitations obtained from TD-DFT, the energy-based plasmonicity index is generalized to
the framework of DFT, validated on simple systems such as the sodium Nayy chain and the silver Agyy compound, and subsequently
successfully applied to more complex molecules. We also compare the quantum mechanical TD-DFT simulations to those obtained
from a classical Mie theory that relies on macroscopic electrodynamics to model the light-matter interaction. This comparison allows
us to distinguish those features that can be explained classically from those that require a quantum-mechanical treatment. Finally, a
double-shell system obtained by placing a Ceo buckyball inside the hollow spherical gold particle is further considered. It is found
that the double-shell, while increasing the overall plasmonic character of the excitations, leads to significantly lowered absorption cross
sections.

© 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0078230

I. INTRODUCTION

the performances of different calculation methods. These systems
should be small enough for many ab initio methods to be appli-

Plasmonics has become an increasingly important topic that
has gathered significant momentum in the past decades. ’ More
recently, the field of plasmonics has expanded toward quantum tech-
nology, focusing on quantum effects that get more important as the
size of nanostructures keeps shrinking evermore.” ~ When quantum
effects become relevant, the need for ab initio methods to describe
these effects immediately emerges. On the verge of this need, meth-
ods such as the time-dependent density functional theory (TD-
DFT) and corresponding tight-binding (TB) based approaches have
become workhorse methods to capture quantum effects observed in
plasmonics.”

Quantum plasmonics, usually involving finite molecules, has
become a field on its own, and, therefore, two needs arise. First,
there is a need for suitable reference model systems that can be
used to evaluate and test certain properties and also to benchmark

cable to, yet at least to some extent similar and comparable to
actual materials that plasmonics is mainly concerned with. Second,
a measure for the plasmonic character of an excitation that can
be applied fast and robustly after general TD-DFT calculations is
desirable to distinguish single-particle molecular transitions from
collective plasmonic modes. A method capable of the latter opti-
mally is a simple automatized post-processing tool that evaluates a
given mode a posteriori at virtually no additional cost if the question
arises whether a said mode is mainly of single-particle or plas-
monic character. This study aims to meet both needs mentioned
above.

Tackling the first point, Mullins et al. have recently published
their findings of a hypothetical, near-spherical Augo particle that
takes the form of a shell and that bears similarity to the famous Cso
buckyball.'® The Augo particle has been derived as a subshell of the
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dressed Auiuy particle that has been synthesized and described in the
literature."”"* This subshell has icosahedral symmetry, belonging
to the point group Iy, yet was found to distort toward the I sym-
metry in the absence of further core shells.”’ Further investigations
in Ref. 20 suggest that the charge of the complex has a significant
impact on its structure. Adding a single electron or removing one
or two electrons from Augo, therefore, yields structures with C, sym-
metry only. While the structure and theoretical existence of Auso
are interesting on their own from an intellectual perspective, the
hollowed-sphere structure of the particle also raises questions con-
cerning the plasmonic character inherited by this exotic species.
Molecular plasmons are well-known and investigated in a wide vari-
ety of different species.” > However, to link the classical to the
quantum world, the special symmetric structure of Augy makes it an
ideal candidate to compare classical simulations of spherical homo-
geneous shells to quantum chemical approaches taking into account
the full complexity of the atomic structure. This might be a route to
identify the borderline of what classical simulations can achieve in
these hollow species.

Tackling the second point, one can expect single-particle-
like excitations to mix heavily with plasmonic modes in the Augy
molecule. Therefore, it can be looked upon as a perfect test system
for the performance of plasmonic classifiers that aim to distin-
guish both types of resonances. Due to their very nature, classical
simulation methods are not sufficiently elaborate to cover both
classes of excitations, whereas the quantum mechanical approach
is. Therefore, the comparison between classical and quantum
mechanical approaches constitutes a further cross-checking mech-
anism in the identification process to unveil the nature of a given
resonance.

As part of the special issue on “Advances in Modeling Plas-
monic Systems,” this work aims to describe and analyze the fea-
tures of this near-spherical hollow gold species and characterize
the molecular and plasmonic features within their optical spec-
tra at the quantum mechanical level. To account for relativistic
effects, we will make use of scalar relativistic TD-DFT,”* *° which
has recently been adapted to be capable of tackling systems of sig-
nificant size.”” To identify the appearance of plasmons, we use the
recently proposed energy-based plasmonicity index (EPI),”® which
was initially applied within a TB simulation framework, and trans-
late it here for the first time to the TD-DFT language. In contrast
to the Coulomb scaling approach,’’ or the generalized plasmonic-
ity index (GPI),” ' the EPI has the conceptual advantage of being
readily evaluated even for many frequencies or excitation ener-
gies. This allows for quick scans of full spectra even if hundreds
or thousands of excited states are involved in the optical spectrum
of a system. Therefore, an integral part of this study is to demon-
strate how the EPI can be calculated using linear-response TD-DFT
(LR-TD-DFT) or many-body methods such as the Bethe-Salpeter
equation.®*

Moreover, we compare the optical response of the Augg parti-
cle obtained from TD-DFT to predictions that rely on macroscopic
electrodynamics in the framework of Mie theory. This allows us to
identify those features that emerge already classically qualitatively.
Then, we extend the discussion toward the analysis of a multi-shell
particle system, in specific, an experimentally feasible double-shell
system consisting of a Ceo inner shell and an Aueo outer shell. Inter-
estingly enough, while increasing the overall plasmonic character of
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the excitations, the double-shell system exhibits a significantly low-
ered absorption cross section, both in the classical and the quantum
mechanical calculations.

Il. METHODS

In this section, we describe the methods used to model the
plasmonic systems of interest. First, we outline how the classi-
cal homogeneous shells are modeled in the context of macro-
scopic Maxwell’s equations. Material properties are taken into
account based on a dielectric function. Admittedly, such treatment
is on the edge of what is acceptable for the structures consid-
ered. Still, as we will notice, on a qualitative level, selected prop-
erties that we obtain quantum-mechanically are reproduced by
such a classical approach rather accurately. Afterward, we describe
the framework of our quantum chemical simulations. For com-
pleteness, we also shortly outline selected approaches previously
applied to judge the character of an excitation and explain in
detail the application of the EPI in the TD-DFT framework. In
Sec. 111, these methods are used to study the plasmonic systems of
interest.

A. Mie theory and T-matrix approach

Mie theory constitutes the most widely used theoretical tool to
describe the electromagnetic scattering of light by a spherical particle
analytically.””"" In this approach, to take into account the symmetry
of the problem, the incident field Einc(r) and scattered field Eca(r)
induced by the sphere oscillating at a fixed frequency w are expanded

into a series of vector spherical harmonic functions (VSHF) an]z (r)
and NY) (r),

Einc(r) = Z Z Pmannln (r) + ananln) (1), (1)
n=lm=-n
oo n 3 3

Ea(r) =Y. Y amnNG(x) + bunMG) (x). )
n=1m=-n

Here, p,..s @ and amn, bmn are the expansion coefficients of
the incident and scattered fields, respectively. To study the details
of the light-matter interaction, these coefficients can be related
by introducing the corresponding T-matrix T of the scattering
object,”

ar pu
amn mn
-1” 3)
b q11
bnn qmn

The T-matrix can be obtained numerically for complicated objects,
but analytical solutions can be used for the spherical objects consid-
ered here.”” Under the assumption of linearly polarized plane wave
illumination, the obtained T-matrix contains information on many
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measurable quantities in the far-field. For our purpose, the quan-
tities of interest are the scattering cross section Csca(a)), extinction
cross section Cex(w), and absorption cross section Cyps(w), which
are computed according to Ref. 36,

Coa(@) = 35 Tr(|TP), 4

Cont(@) = —%’Re[Tr(m, (5)

Cabs(w) = Cext(w) - Csca(w)> (6)

where k = 7\ /sbackgmund(w) corresponds to the wavenumber in
the background medium characterized by an isotropic permittivity

€Background (@). The numerical calculations involved in this approach
have been conducted with MATLAB.?”

B. Time-dependent density functional theory

It is well-known that plasmonic excitations arise in standard
quantum mechanical calculations, e.g., in the widely used TD-DFT
ansatz. Within TD-DFT, the excitation energies are obtained from

the solutions of a generic eigenvalue problem,” *’
B |[X 1 0l\[X

e . (7)
AT \Y o -1)\y

The orbital rotation matrices A and B are defined as

Ajajo = (& — €4)0ij0ap + (ailib) + fffii,j, (8)

Biaji = (ailbj) + fais)s )

where ¢; is the energy of the ith Kohn-Sham eigenstate ¢,, (ailbj) is
a Coulomb integral,

Gail) = [ 9a()0r) o arar', (10

and

fxc . 9PEXC -
anbj = 8Dai8Dhj

is the exchange—-correlation kernel of the density functional approx-
imation within the adiabatic approximation. Properties such as
oscillator strengths, excited-state dipole moments, or nuclear forces,
for instance, can be obtained straightforwardly from the solutions of
the eigenvalue problem of LR-TD-DFT.*!

C. Resonance classifiers

While there is no strict differentiation within quantum
mechanics between single-particle excitations and plasmonic modes,
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one is often interested in characterizing excitations from a concep-
tional point of view. Various indicators have been suggested in the
literature to distinguish single-particle excitations from plasmonic
modes in molecular simulations. A selection of these techniques
will be shortly introduced and discussed at this point. We will
also explain why we specifically rely here on the EPI as a classi-
fier and outline how to obtain it from the outcome of TD-DFT
simulations.

1. Coulomb scaling approach

The ansatz from Bernadotte et al. exploits the shifting behavior
of the energy of plasmonic peaks under the scaling of the elec-
tronic interaction parts of the eigenvalue problem, which include
both the Coulomb integral and the exchange-correlation kernel.”’
While single-particle-like excitations are found to remain spectrally
stable, plasmonic peaks exhibit a blue shift when the interaction scal-
ing parameter A is increased. The orbital rotation matrices A and B
in this framework read

Aia,jb = (Si — ea)é\fjéub + A[(az[]b) + fi;%,j], (12)

I“Jb - [(al|b]) +fat b]] (13)

AsAinEgs. (12) and (13) is varied from 0 to 1, plasmons exhibit
a behavior different from molecular excitations, being quenched
at A = 0 and moving significantly to the blue with their excitation
energy when going to A = 1. While this is conceptually easy to access,
it requires the performance of a series of TD-DFT calculations, each
with a slightly different prefactor A for the electronic interaction part.
In this process, energy level crossings often occur, and, therefore,
a graphical analysis (root-following) needs to be done to identify
plasmonic excitations reliably. Especially for larger systems with a
high density of states, the generation of points with different values
of A may, however, become extremely costly, which is a clear dis-
advantage. In addition, root-following may be error-prone in this
high-density regime.

2. Generalized plasmonicity index (GPI)

The GPI” ' of a classical system is defined as the ratio of
the induced energy and external energy of a system’s response at
frequency w,

[ Erp (r,0)vha(r,0)
[ @rp(r, )75 (1.0)]

n(w) = (14)

where Ving and vex are the induced potential and the applied
external potential, respectively. Moreover, p™ denotes the clas-
sical real-space induced charge density and “*” means complex
conjugation.

In quantum mechanical systems investigated by TD-DFT, the
GPI of an excited state { can be computed based on the Coulomb
energy of its real-space induced density and the inverse of its decay
rate Iy,

[ pi (D)pe(r') Prdy (15)
T, '

L
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The excited state density p,(r) is generally accessible from the
solutions of Eq. (7) as

pe(1) = X[ Xiagd! (09 (r) + Yiggl(Mei(r) | (16)

Unlike in the Coulomb scaling approach outlined in
Subsection II C 1, only a single post-processing step is needed
to compute the GPI In that sense, the GPI is superior from an
ease-of-use point of view, yet still, it induces a significant post-
processing overhead, especially in a situation with a high density
of states. Moreover, the GPI is not normalized to a given interval.
Consequently, to interpret the obtained numbers, the entire spec-
trum of the GPI for a given structure or at least a sufficiently high
number of peaks needs to be investigated. Like the Coulomb scaling
approach, the GPI can also detect and classify dark plasmons,””"
where the latter have been observed for interacting nanoparticles.”
In general, the scaling approach and the GPI provide consistent
classification results, as both methods rely on the induced charge
and the resulting induced potential and interaction energy.

3. Sloshing and inversion population dynamics

Townsend and Bryant'*** propose to analyze the temporal

evolution of the electronic population of Kohn-Sham single-particle
eigenstates in real-time TD-DFT. To that end, they illuminate gold
jellium spheres with monochromatic light at different resonant fre-
quencies and find two qualitatively different dynamical behaviors.
For a first set of modes, the contributing single-particle states are
continuously occupied by electrons or depleted in a monotonous
inversion manner. These modes are classified single-particle-like,
featuring induced charges in real space, mostly in the sphere’s core.
In contrast, for a second set of modes, the involved states gain or
lose population in a more complex sloshing manner. The charge is
shifted from states just below the Fermi level to states just above and
back again in an oscillatory way. The associated modes are classified
plasmonic, exhibiting induced charge mostly at the surface of the
spheres—reminiscent of a classical plasmonic charge cloud oscilla-
tion. The EPI introduced below quantitatively measures the extent
of inversion type and sloshing type contributions to the formation
of a given mode.

This approach is conceptually different from the previ-
ous two as it targets the quantum mechanical origin of the
mode in energy space rather than its real-space embodiment.
The classification results, therefore, are not always consistent.
It has been shown, for instance, that the strong dipolar lon-
gitudinal response in polyacene molecules®’ and linear polyene
chains’’ intrinsically belongs to the HOMO-LUMO transition of
said systems. The real-space-based GPI and the scaling approach
clearly classify these modes as plasmonic, whereas Townsend
and Bryant and the EPI might conclude that they are single-
particle-like, having in mind their single-particle-like energy-space
origin.

4. Energy-based plasmonicity index (EPI)

Recently, another ansatz based on the electronic interaction
energy in a quantum mechanical system, the EPI, has been pro-
posed”® and applied in a detailed analysis within a tight-binding
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framework.”! In this work, we show that the EPI can be success-
fully applied to DFT-based simulation schemes and outline how it is
calculated using LR-TD-DFT. Like the GPI, the EPI is expressed in
terms of the transition density of an excitation {. However, unlike in
the case of the GPI, the real-space induced density is not the quantity
that predominantly determines the EPI, but coherence dynamics,
i.e., off-diagonal elements in the density that couple different ener-
getic states, need to be taken into account. To obtain the EPI, starting
from the transition density in the Kohn-Sham molecular orbital
basis,

Pgi = [Xia,( + Yia,(]» (17)
a modified transition density p° is used,

¢
< |Pui|
= ) 18
Pes lea — & — wg + inl? (18)

that amplifies p{ as |eq — €| approaches wq. in serves as a regular-
ization parameter preventing numerical overflows. The EPI is then
calculated from a similarity measure of 5* and p' in either the atomic
orbital (AO) or the molecular orbital (MO) basis,

EPI™C (w;) = 1 (3 p5) € [0,1], (19)

EPI*®(w;) = 1~ (P plu) € [0,1], (20)

where the scalar product (g, b) is given by Eq. (8) of Ref. 28. Further-
more, p,, is obtained from the energy-weighted excited state density
and the Kohn-Sham orbital coefficient C as

Puv = ZCngY*Pai- (21)
ai

The EPI in the AO and MO basis differ by the overlap matrix,
which is contained in the AO variant through the Kohn-Sham
orbital coefficients. Plasmonic resonances are foremost determined
by electronic interaction energy. Hence, they will induce smaller dif-
ferences in p*(r) with respect to p(r), since the excitation energy
w; does, in general, not match the transition energy lea — &, as it is
expected for single-particle-like resonances. As a result, plasmonic
resonances yield higher EPI values than single-particle-like excita-
tions. The EPI is sensitive to dark plasmons and normalized to the
interval [0, 1]. Moreover, it is very suitable for fast post-processing
even if many excitations or frequencies have to be analyzed. We note
that by plugging the definition of the excited state density Eq. (16)
into Eq. (18), the EPI is calculated in energy space rather than in
real space, which is the case for the GPI. It should be noted that
the absolute values of the EPI of a given mode in a given structure
may not coincide when computed with different simulation meth-
ods. However, it always holds that higher EPIs reflect a stronger
plasmonic behavior. We generally find lower EPIs in TD-DFT sim-
ulations as compared to TB-based methods, where the underlying
basis set is eventually much smaller. Therefore, it is not possi-
ble to give a threshold value above which an excitation should be
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considered plasmonic. To directly compare the EPIs of the most
prominent modes in different structures, one should ensure that the
simulation method is the same in all the cases and the underlying
basis set of comparable size.

D. Computational details

As initial test cases, to validate and verify the EPI implemen-
tation, we calculate the corresponding spectra and EPIs for the
well-investigated linear Nay chain,”' as well as for the tetrahedral
Agyo structure.””” Furthermore, as outlined in the Introduction,
the actual species of interest is the charge-neutral Augy molecule
with I symmetry. To test the structural and charge effects on the
plasmonic and single-particle excitations, we performed DFT and
TD-DFT calculations on the closed-shell I, symmetric Aull and
AuSy species.

The Agyo geometry was taken from Ref. 53. For Nayo, a linear
chain with Na-Na distances of 2.89 A was assumed, as described
in Ref. 54. Geometries for the Augy clusters were optimized using
the TPSS functional™ in conjunction with the dhf-TZVPP basis
set.”® The D4 dispersion correction was used during geometry opti-
mization.”” For absorption spectra of the metallic Naz, Agzo, and
the Aug systems, the TPSS functional™ was used together with
the dhf-TZVPP basis set.”® Scalar-relativistic absorption spectra
were calculated using standard LR-TD-DFT. Furthermore, out of
theoretical interest, we also investigated the double-shell system
Cso@Augo, where a Cgp fullerene is embedded into the Augo shell.
For Ceo@Ausgp, geometries are optimized using the TPSS and the
dhf-split-valence-polarization (SVP) basis set. The absorption spec-
tra were then calculated by the modified PSTS (mPSTS) local hybrid
functional (LHF).”*”” LHFs employ a position-dependent admixture
of exchange energy, yielding superior results for molecular single-
particle excitations.” For all excitations, the EPI is calculated using,
as outlined, Egs. (18) and (19). The procedure has been imple-
mented in a locally modified version of TURBOMOLE 7.6.°" and
will be publicly released in the next version. All LHF calculations
employed the seminumerical semiJK algorithm.”” For all TPSS cal-
culations, a grid of size 4 was used, while for the mPSTS LHF, we
employed a “veryfine” grid.”” All evaluated excitation energies, oscil-
lator strengths, and corresponding EPI values used to generate the
graphics in Sec. I1I can be found in the supplementary material.

In the classical calculations, we employ a homogeneous and
isotropic spherical gold shell nanoparticle with a shell thickness
equal to the empirical diameter of the gold atom (da, = 0.27 nm)®’
and its radius equal to the radius of the Aus compound
(rau = 0.60 nm). These parameters have been derived from the opti-
mized geometry in the quantum mechanical ab initio simulations.
For the multi-shell system, we model the Cso buckyball by a car-
bon shell using effective material parameters of one-atom-thick
extended graphene.®” The carbon shell thickness is approximated by
the empirical diameter of the carbon atom (dc = 0.14 nm), and its
radius (rc = 0.395 nm) adapted such that no void is left between
both shells.

I1l. RESULTS AND DISCUSSION

At first, we investigate the linear Nayy and tetrahedral Agy
systems, which are used as test cases for the EPI as they feature
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well-known plasmonic excitations. Afterward, the recently described
Augp buckyball is investigated. The latter is an interesting species for
describing plasmonic effects.' In this section, we first discuss the
neutral species and two charged configurations of it. After that, we
put emphasis on the C-Au double-shell system.

A. EPI in the linear Nay, chain

The sodium chain was used by Bernadotte et al. to validate the
Coulomb scaling approach described in Ref. 21. Within the irre-
ducible representation X, two peaks are observed in the absorption
spectrum in the energy range from 0 to 2 eV, both originating from
plasmonic excitations. Although further modes exist, those exhibit
considerably lower oscillator strengths and are not identified as
plasmons.

Figure 1 shows the absorption spectrum of the Nayy chain
alongside the corresponding EPI values calculated both in the AO
and MO basis. Both clearly indicate the strong plasmonic character
of the two peaks, in excellent agreement with the Coulomb scaling
approach.’! Remaining, less intense excited states exhibit distinctly
lower EPI values, especially within the MO basis representation in
Fig. 1(a). Applying the GPI to the linear Nayy chain also identifies
two very strong plasmons, in good agreement with the Coulomb
scaling approach.”” Additionally, peaks with reduced but significant
plasmonic character are also hinted at from the GPI, e.g., at around
1.3 eV* with roughly 1/4 of the GPI value obtained for the main
peaks. This is in excellent agreement with the EPI in the AO basis,
exhibiting a very similar behavior; see Fig. 1(b). Given the signif-
icantly reduced effort of performing an EPI analysis compared to
the Coulomb scaling and GPI approaches, these results are very
promising.

B. EPI in the tetrahedral Ag, cluster

The tetrahedral Agy cluster exhibits a more complicated
electronic structure. The Coulomb scaling approach hints at
three plasmonic excitations, two of them being dark. The main
peak again exhibits a plasmonic character but crosses paths
with a single-particle excitation at a Coulomb scaling parameter
near 1.

In Fig. 2, we present the absorption spectrum alongside the
EPI of the Agy compound. The EPI can correctly classify the
three plasmonic excitations in the presented energy range, which
exhibit distinctly higher EPI values than the single-particle ones.
The EPIs in the AO representation are slightly more pronounced
this time, reaching a value of 0.16 for the main peak, compared
to 0.11 in the MO basis. Using the GPI, the small shoulder of
the main peak is also identified as plasmonic excitation.”” This is
explained by the mixing of the two different excitations close to
full coupling strength. To verify this behavior, we repeated the EPI
calculation using the PBE functional, which was used in Ref. 29,
but obtained virtually the same EPI values. For this mode, the EPI
and GPI differ for the reasons outlined in the last paragraph of
Sec. I1 C 3.

From this validation analysis, it can be concluded that the clas-
sification results of the EPI generally coincide with the Coulomb
scaling and the GPI approaches unless for very contrived exemp-
tions. An example thereof is the HOMO-LUMO transition in a
linear polyene chain, which also exhibits a significant dipole moment
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FIG. 1. Absorption spectrum of the Nayg linear chain obtained from TPSS/dhf-
TZVPP (black solid line). An arbitrary Gaussian broadening of 0.10 eV has been
applied. Blue stick spectra indicate the EPI values in (a) MO basis and (b) AO
basis and are independent of the molar absorption coefficient. The inset in (a)
is the transition density of the plasmonic excitation at 0.6. The inset in (b) is the
transition density of the plasmonic excitation at 1.5 eV. An isovalue of 0.0005 a.u.
has been used.

in real space—even in the absence of Coulomb interaction.”’ There-
fore, the GPI classifies the mode as plasmonic, whereas the EPI does
not. As the latter is considerably cheaper to evaluate than any of the
other, it can be applied to analyze molecular systems quickly and
reliably. In Secs. I1I and 111 D, the EPI in the MO basis will be used,
as it exhibits a similar behavior to the GPI for the Nayy chain and
exhibits a more pronounced plasmonic character for the main peak
in the Agy cluster.

C. Optical spectra of the Augo shell with different
charges

First, we investigate the optical absorption spectra for the
Augp molecule in differently charged and neutral states. Unlike the
authors of Ref. 20, who focused on the electronic and geometric
structures of the (lower symmetry) anionic and dicationic systems,
we are interested in the neutral system as well as those charged
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FIG. 2. Absorption spectrum of the tetrahedral Agyy cluster obtained from
TPSS/dhf-TZVPP (black solid line). An arbitrary Gaussian broadening of 0.10 eV
has been applied. Blue stick spectra indicate the EPI values in (a) MO
basis and (b) AO basis and are independent of the molar absorption coef-
ficient. Insets are the transition densities of the two most prominent plas-
monic excitations, marked with arrows. An isovalue of 0.0005 a.u. has been
used.

states restore the highly symmetric icosahedral I;, symmetry com-
mon to other “buckyball” systems. Therefore, three possible charge
states are of particular interest. First, the neutral one, belonging to
the spatial point group I. Second, a 4+ charged cation, and third,
a 6— charged anion. The latter two belong to the highly symmet-
ric icosahedral point group Ij. The simulated optical spectra of
these three species and the corresponding EPI values of the excita-
tions, shown as stick spectra of the corresponding color, are depicted
in Fig. 3.

The spectrum of the neutral Augy (purple dashed line) yields
three absorption peaks in the range between 0.5 and 3.5 eV. A set
of relatively high EPI values is located in the band at ~2.2 eV, where
the excitations contribute to the lowest-energy peak. Therefore, we
conclude that this mode has the most pronounced plasmonic char-
acter in this spectrum and probably marks the onset of the typical
gold plasmon in that spectral region.
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Figure 4(a) shows the spectrum of a spherical homogeneous
hollow gold shell (blue line) with a diameter of 0.6 nm and a thick-
ness of 0.27 nm obtained by the classical Mie theory. Moreover,
we present the absorption cross section of the same structure for
varying shell thicknesses in Fig. 4(b). If the thickness of the shell
is decreased, such that it resembles more closely the considered
hollow gold shell, one can observe that the plasmonic absorption
peak tends to redshift, and its amplitude gets enhanced. Only for
an extremely thin shell thickness, the strength of the absorption
cross section decreases in the plasmonic resonance as the available
volume of polarizable matter decreases. On the other hand, if the
thickness of the shell increases, we adiabatically approach the spec-
tra of a bulk sphere. As a result, the spectral position of the resonance
is rather blue-shifted into a spectral region where gold tends to
be absorptive. This lowers the resonance strength and broadens it.
The red dashed line marks the shell thickness day = 0.27 nm used
in our classical simulations. This value is taken from the empiri-
cal diameter of the gold atom. However, as shown in Fig. 4(b), the
absorption cross section is relatively insensitive to the shell thick-
ness in the region of interest, such that this choice is not crucial for
the results of our simulations. As we cannot assume to capture the
full atomistic inter-band single-particle transition dynamics of the
molecule within our classical macroscopic approach, we attribute
the prominent resonance around 2.4 eV to the classical plasmon
resonance of the shell. Conversely, we deem the higher-energy
prominent modes in the TD-DFT spectrum above 2.5 eV of pre-
dominantly single-particle origin. There are exceptions to this, as,
e.g., a single prominent plasmonic mode at 3.25 eV for the Augy
buckyball, depicted in Fig. 3. However, the density of high-EPI
excitations in this region of the spectrum is low compared to the
region around 2.4 eV. In contrast to the simpler examples outlined
in the previous sections, for enlarged systems, it is, therefore, more
subtle to classify absorption bands as plasmonic or single-particle-
like, when, indeed, they are combinations of both. Therefore, it
may be beneficial to investigate the accumulated EPI, similar to
broadened spectra, for more complex molecular structures. Never-
theless, we, indeed, find a surprisingly accurate correspondence for
the neutral species between classical and ab initio TD-DFT results,
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FIG. 3. Absorption spectra of Augy (/),
Augt, and AuSy (Iy) obtained from TD-
TPSS/dhf TZVPP An arbitrary Gaussian
broadening of 0.10 eV has been applied
to the optical spectra. Dashed—dotted
lines indicate corresponding EPI spec-
tra, which have been broadened by
0.01eV. (a) Peak at ~ 1.8 €V, right: tran-
sition density generated for this peak. (b)
Peak at ~ 2.4 eV, right: transition den-
sity generated for this peak. (c) Peak at
~ 3.3 eV, right: transition density gener-
ated for this peak. Transition densities
have been generated from Augg. Red
indicates a gain in electron density and
blue indicates a loss in electron den-
sity. An isovalue of 0.0005 a.u. has been
used.

both unveiling a plasmonic mode in the range between 2.1 and
2.5€eV.

The two charged cationic and anionic (icosahedral) Aug,
molecules generally exhibit much stronger resonances in F ig.
as compared to the neutral species. The Au$, anion (blue line)
has three pronounced peaks in the shown region, whereas the
cation’s lowest-energy mode is merging into the shoulder of the
much stronger mode around 2.3-2.4 eV (green line). In both cases,
this mode at 2.3-2.4 eV, where the classical gold plasmon resides,
possesses a significantly enhanced plasmonic character, percepti-
ble through the high density of high EPI values in this window for
many contributing excitations. Furthermore, the bands below 2.0 eV
of the anionic gold buckyball exhibit strong plasmonic character,
with EPIs exceeding values of 0.2. The latter peak is also signifi-
cantly more pronounced for the anionic species than for the other
two molecules. However, compared to the cation, the band at 2.4 eV
is significantly less pronounced. Analysis of the transition densities
of the most relevant excitations, marked with (a)-(c) and shown
in the right of the figure, reveals that these excitations are strongly
delocalized across the entire molecule. In all three cases, the elec-
tron density is depleted from the vicinity of the nuclei and pumped
toward the bonding regions. The lower the excitation energy, the
more delocalized this overall distribution is, as indicated by the
reduction in “white spaces” when going from (c) to (a) in Fig. 3.
Analyzing the depicted transition densities together with the EPI
strongly suggests that the icosahedral gold buckyballs are well suited
as convenient toy systems when modeling quantum plasmonics.
Both molecules, anionic and cationic species, exhibit intense peaks
near the actual gold plasmon. The fact that the icosahedral Ausg
moiety is observed in larger Auj44 nanoparticles as well further sug-
gests that this is a hypothetical yet also a practical model for this
task.

While still viable as preliminary test molecules, the highly sym-
metric charged particles are likely better candidates for modeling
and studying quantum plasmonics than the neutral one. If an actual
pathway for the synthesis of the Ausy moiety is discovered, the
charged species should also be studied in detail as they may offer
superior (optical) properties in some respects.

(4+,6-)
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FIG. 4. (a) Absorption cross section of a gold nanoshell and a carbon—gold double-
shell system, which mimics the Cgy@Augy compound, calculated with the T-matrix
approach. (b) Absorption cross section of a gold shell with varying shell thickness.
The red line represents the calculated double-shell system configuration (da, =
0.27 nm).

D. Plasmons in a Cgo@Augo double-shell system

With the ability to inscribe a Cgo fullerene buckyball into the
Augo molecule in a stable way, Ref. 16 provides another interesting
pathway one could take in expanding the knowledge about plasmons
in highly symmetric hollow molecules.

Figure 4(a) shows the absorption cross section of the C-Au
double-shell structure (red line) obtained from the classical Mie
theory. It exhibits a relatively broad absorption maximum at
~2.4 eV. However, compared to the gold single-shell, the mode
is much less distinct, and less than half the amplitude as the
carbon shell is inserted. Given these results, an ab initio study
of such systems is, indeed, of interest. Furthermore, Cq also
adopts an icosahedral structure, and, therefore, the double-shell

systems of Ceo@Aug;® are investigated further using TD-DFT
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to compare ab initio results to those obtained from the classical
simulations.

To properly account for possible interactions between the
Augy and Cep buckyballs, the non-hybrid functional TPSS has
been exchanged by its advanced local hybrid relative, the modi-
fied PSTS functional (mPSTS). Using Mulliken population analy-
sis, we find that for the anionic species, a significant part of the
excess electrons is located on the Cq fullerene, summing to 3.5
electrons being located on the fullerene. This is in good agree-
ment with previous findings of the electron acceptor capabilities
of Ce.” Curiously, this is raised to nearly 4.3 excess electrons
in the cationic species, which was not anticipated. This hints at
the Augo buckyball being rather electron deficient in the cationic
species.

The obtained TD-mPSTS spectra for the cationic and anionic
cases are shown in Figs. 5 and 6, respectively. First, we observe
that the stand-alone Augo spectra of both species (blue lines) have
changed significantly with respect to the spectrum shown in Fig. 3.
The overall decrease in absorption can be related to two differ-
ent issues. First, the geometrical re-optimization of Aue, caused by
the fullerene, already leads to a decrease in the maximum molar
absorption coefficient of roughly 35%, as can be seen from the
stand-alone, but re-optimized Auep spectra in Figs. 5 and 6 (blue
lines). Second, just like in the classical simulation, inserting the
Cgo fullerene suppresses the optical absorption even further (red
lines).

Starting from Ce@Augg and adding ten electrons, i.e., filling
the next shell with &, symmetry toward the Ceo@AuSy, lead to only
a very slight change in geometry. In addition, the absorption spectra
of the (deformed) stand-alone Augp structures are rather similar for
both cases. In Figs. 5 and 6, we find three resonances in the optical
energy region below 3 eV (blue lines), one around 1.8 eV, another
one in the bulk plasmon band around 2.3-2.4 eV, and finally close
to 2.8 eV.
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FIG. 5. Comparison of the absorption spectra of CSO@Augg and Au‘ég, obtained
from TD-mPSTS/dhf-TZVPP (solid lines). Spectra of Augg obtained at the
Ceo@Au‘ég geometry. An arbitrary Gaussian broadening of 0.10 eV has been

applied. The dashed-dotted lines present the associated EPI values, which have
been broadened by 0.01 eV.
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FIG. 6. Comparison of the absorption spectra of CGO@AugO‘ and Augo‘, obtained
from TD-mPSTS/dhf-TZVPP (solid lines). Spectra of Augg obtained at the

CBO@AUSO‘ geometry. An arbitrary Gaussian broadening of 0.10 eV has been
applied. The dashed-dotted lines present the associated EPI values, which have
been broadened by 0.01 eV.

The spectra of the combined structures in Figs. 5 and 6
(red lines) exhibit broad absorption shoulders of relatively small
intensity that range from 1.5 to 2.5 eV. Moreover, a prominent
mode resides around 3 eV both for the cationic and anionic
species.

It is remarkable that the drop in intensity is accompanied by
a rise in the overall plasmonic character as judged by the EPI. We
partly attribute the loss in intensity to the loss in electron density
caused by the Ce fullerene, as indicated by the Mulliken population
analysis. In general, significantly increased EPI values are obtained
for the combined double-shell structure. As the EPI is strictly inde-
pendent of the absolute value of the absorption cross section (or the
related molar absorption), this, indeed, indicates that the Ceo@Auso
compounds exhibit a higher plasmonic character than the stand-
alone Augo both for the anionic and the cationic species. Especially
in the anionic species, the band around 2.4 eV in Fig. 6 shows a high
density of high-valued EPI excitations. Additionally, the mode at
3 eV turns out to behave equally plasmonic in the sense of the EPI,
although it was quite inconspicuous previously in the stand-alone
structure and was not accompanied with significant EPI indication.
The cationic compound surprisingly lacks a relevant molar absorp-
tion in the band around the classical bulk plasmon between 2.0
and 2.5 eV in Fig. 5. Moreover, the EPI values are strongly sup-
pressed there, indicating that depleting the shell by removing ten
electrons with respect to the anionic case strongly disturbs the plas-
mon. We hypothesize that the plasmonic excitation has been shifted
to higher frequencies as it might be concluded by the emergence
of a rather broad double-peak resembling mode between 2.5 and
3.3 eV, where we again notice a high density of high-valued EPI
excitations.

IV. CONCLUSION

This study considered single- and double-shell molecular sys-
tems to model and investigated quantum plasmonic excitations.

ARTICLE scitation.org/journalljcp

The near-spherical Augy particle provides a convenient way to
investigate and assess plasmonic excitations at a molecular level.
On the one hand, the system is compact enough to be accessi-
ble by high-level ab initio methods such as TD-DFT based on
modern local hybrid functionals. On the other hand, the system
is large enough to be well approximable with macroscopic elec-
trodynamics in the T-matrix approach. Our results obtained from
both frameworks agree and reproduce the same qualitative behav-
ior. The energy-based plasmonicity index (EPI) was extended to the
realm of TD-DFT, providing a way to rapidly evaluate the plas-
monic character of an excitation, making them distinguishable from
molecular single-particle excitations in quantum systems. Based on
Eq. (19), the index can easily be evaluated from the eigenvectors
obtained from the TD-DFT eigenvalue problem with a vanishing
overhead. Therefore, the EPI can be easily applied even to many
(hundreds or thousands) of excited states within seconds to a few
minutes of processing time, which is a major improvement for future
studies that aim at designing quantum plasmonic devices from
scratch.

Further investigations of previously envisioned molecular
Ceo@Augy double-shell compounds composed of Augy and Ceo
buckyballs exhibit that the double-shell system reduces the overall
absorption cross section significantly, both in quantum mechanical
and classical simulations. However, we find an increased plasmonic-
ity index, hinting at the excitations in such double-shell systems to
possess a significant plasmonic character.

SUPPLEMENTARY MATERIAL

See the supplementary material for excited state energies, oscil-
lator strengths, and EPI values for all molecular systems inves-
tigated. For generating the graphs, solely the oscillator strength
in the length representation, marked as “Osc.(len),” has been
used.
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