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Abstract
We show that optical properties change when the fullerene structures of Au32, Cu32 and Ag32

inflate and deflate. We first observe significant differences in the extinction spectra employing
a classical approach based on the Green’s dyadic method. By means of real-time
time-dependent density functional theory. We continue to calculate the optical spectrum (OP)
via a δ-kick simulation, comparing results with the ground-state energetic property the
HOMO–LUMO (HL) gap. Red-shift of the OP is expected as the fullerenes inflate, with only
±10% change in the size. As the fullerene breathes, a 0.8 eV shift in the first peak position
could be observed in the gold nanoparticle. Ag has a smoother behaviour than both Au and Cu.
We have also found changes in the optical spectra can not be directly interpreted as a result of
changes in the HL gap.

Keywords: fullerene cage, extinction spectra, optical spectrum, Green’s dyadic method,
TD-DFT

(Some figures may appear in colour only in the online journal)

1. Introduction

Fullerene cages, i.e., highly symmetric empty structures
formed from an icosahedral template, would be ideal building
blocks for various applications because of their large surface
area, even compared to space-filling structures, and because
they may be filled with functional atomic species. Indeed, the
inverse of precisely this has already been considered in the lit-
erature wherein the optical and magnetic properties of metallic
species sequestered within an Si nanosphere has been exten-
sively studied [1–4]. At the same time, we note an increasingly
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expanding literature reporting optical properties of fullerene
cages of different chemical species, among them metallic
cages have attracted attention [5–7]. Indeed, gold hollow cages
have been recently identified by spectroscopy experiments.
The first was the anionic Au32, produced by laser vaporisa-
tion of a gold foil, and analysed by photoelectron spectroscopy
[8]. Later, smaller anionic Au16 and Au18, with a diameter
larger than 5.5 Å were stabilised and observed by Bulusu and
co-workers [9].

Starting from the first empty icosahedron with 12 atoms,
a ‘magic’ series at 32, 50, 72, 92, and 122 atoms was pre-
dicted to be stable, a consequence of both their aromatic char-
acter and the 2(k + 1)2 rule [10]. Wang and co-workers showed
that, for structures up to Au50, the aromatic character stabilises
the fullerene cage with respect to space-filled isomers [11].
Moreover, they demonstrated that the electronic properties of
fullerene cages depend on size, as the HOMO–LUMO (HL)
gap approaches a gapless phase for structures containing 92
atoms or more. There is consensus that the tantalising proper-
ties of hollow cages are not limited to the icosahedral template.
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Rather, various studies suggest the high-stability of cages
between 12 to 30 atoms; either neutral or charged—chiral or
achiral [12, 13].

In this study, we focus exclusively on the fullerene cage of
32 atoms. The stability of Au32 is remarkable as it satisfies
both atomic shell closure, and spherical aromaticity [10, 14]. In
our previous study, we found that fullerene Au32 shows a high
stability, but the same shape represents a (meta)-stable mini-
mum even for copper and silver [15]. As pointed out by Ji et al,
thermal effects will affect significantly the structures, suggest-
ing that vibrational modes should be considered as well as
isomerisation [8]. Furthermore, recent ultra-fast time-resolved
optical spectroscopy experiments show two distinct periods
for the vibrational modes of ligand-protected metal clusters
with a gold core between 0.5–1.5 nm [16]. The slowest mode
corresponds to a breathing mode (BM) of the whole cluster.
Indeed, it is worth acknowledging the richness of experimen-
tal and theoretical contributions to the domain of nanoscience
in the pursuit of understanding the interplay between vibra-
tional and optical modes [16–18]. Across these studies, it is
generally argued that the collective vibrational eigenmode of
uniform radial expansion and contraction, the BM, of finite
interacting systems is of great importance as it is profoundly
linked to strong correlations within the structure and is widely
regarded as one of the fundamental oscillatory characteristics.
It has been shown by Henning et al that, with only a few exten-
uating circumstances, many finite systems are prohibited from
explicitly exhibiting this particular eigenmode [19]. However;
it has conversely been demonstrated that such a mode exists as
a quasi-mode for structures within the size range of 0.5–4 nm
(13–2057 atoms) [20]. Given that such a fundamental mode
may be, a priori, assumed to exist, we have elected to explic-
itly force upon a small cluster this fundamental oscillation,
and study how its photo-extinction spectrum may fluctuate
throughout the period of oscillation. In particular, we con-
cern ourselves with the consideration of systems undergoing
pump–probe spectroscopy experiments, a procedure which is
documented to induce the breathing mechanism within sam-
ples, to determine whether the induction of this mechanical
mode may distort the photo-extinction spectrum of a given
sample. In doing so, it is our intention to elucidate upon how
the complex interplay between strongly many-body phononic
and photonic modes may be seen to affect one another. It has
been demonstrated that the typical period for this eigenmode at
the considered size is on the order of 1 ps, well within the time-
frame for the Landau damping mechanism of localised surface
plasmons to occur [21]. Consequently, it may be argued that
the effects that this mechanical breathing may have on the
plasmonic properties of a given nanoparticle cannot be readily
dismissed as trivial and should be considered.

Inspired by experimental observations [16, 20], we inves-
tigate how a radial BM might alter the physical properties of
the highly symmetric and spherical fullerene cage. We con-
sider both deflation and inflation of the cage. While we expect
that different isomers will show different optical spectra, we
are solely investigating the effect of small structural changes
not altering the shape or the symmetry of the cluster morphol-
ogy. One can expect that a similar motion might take place

at finite temperatures, further showing the strong coupling
between vibration and optical properties in small clusters [18].
Quite surprisingly, we found that even small radial changes
affect drastically the electronic and optical properties of noble
metal cages. We calculate the optical spectra of fullerene cages
of Au, Cu, and Ag at 32 atoms by means of real-time time-
dependent density functional theory (RT-TDDFT) and perform
comparisons between this ab initio TDDFT method and a
classical coupled dipole approximation [22]. In doing so, we
intend to identify how the quantum mechanical properties of
small metallic clusters will result in deviations from a classi-
cal electrostatic consideration. We analyse the energetic, elec-
tronic, and optical properties of radially inflated and deflated
cages, using a dimensionless parameter γ to denote the radial
compression/dilatation of up to 12%. While Au and Cu present
some similarities, for example, in the main changes between
inflated and deflated cages, Ag shows a monotonic red-shift of
the first peak of the optical absorption in the visible frequen-
cies. We contrast the change of the position of the first peak in
the optical spectra of Au32, Cu32, and Ag32 with the HL gap
showing that they are not simply related.

This manuscript is organised as follows. In section 2, the
theoretical and computational details of the our investigation
will be briefly introduced. This includes the fullerene struc-
tures used as well as the parameter set of our TDDFT calcu-
lation. Section 3 contains our results. A detail analysis of the
ground-state properties, and of the optical spectra as a function
of the breathing parameters. Finally, we compare the observed
changes of the HL and the optical gap.

2. Methodology

The fullerene cages with 32 atoms for pure gold, copper, and
silver are shown in figure 1. This cage is obtained removing the
inner core of an anti-Mackay icosahedron (Ih) with 42 atoms
and it has been shown to be the dual of the most famous C60

molecule [24]. We mimic the BM by inflating and deflating the
cage in a similar fashion to a little balloon. This is achieved by
artificially modifying the average distance of each atom from
the centre of mass by radially displacing the atoms by a certain
amount. To identify each breathing structure, we introduce a
breathing coefficient γ

γ =
RCOM

R0
− 1, (1)

where RCOM and R0 represent the average radial distance of the
metallic atoms from the centre of mass for the structure, and
the ionically relaxed case, respectively. Under this notation,
the relaxed stable gold, copper, and silver fullerene correspond
to a vanishing breathing coefficient γ. A deflation is identi-
fied by a negative breathing coefficient, whereas the inflated
shapes have a positive breathing coefficient. We thoroughly
examined the structures with γ between−0.09 and 0.12. As we
show later by looking at the energetic stability, we do expect
that such a BM can take place at finite temperatures. Hence,
we can show how relatively small structural changes affect the
electronic and optical properties.
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Figure 1. Unperturbed fullerene cage in green, γ = 0; a deflated
cage, with a radial compression and a breathing parameter γ < 0, is
coloured in red, while an inflated cage is in blue (γ > 0.00, and
radial elongation). The figure is obtained through OVITO [23].

For a fast evaluation and screening of the extinction spec-
trum of the breathing cages, we have also chosen to adopt
a classical approach via the Green’s dyadic method (GDM)
[25, 26], as implemented in the pyGDM code [27, 28].
This method approximates each atom to be a dipole oscil-
lator existing within the coupled dipole approximation. This
method neglects explicit electron contributions, hence cor-
related behaviour that may arise from quantum many-body
effects. However, this particular implementation has the bene-
fit of considering the exact position of each atom—respecting
the desired geometry of the system while maintaining the rel-
ative computational simplicity of a classical approach. An
additional advantage of the pyGDM realisation of the GDM
method is that, in contrast to most other coupled-dipole
codes, pyGDM uses a generalised propagator, which hugely
boosts the performance when solving large monochromatic
problems. In brief, the GDM seeks to resolve an optical
Lippmann–Schwinger equation, calculating the total electro-
magnetic field inside a nanostructure embedded in a fixed
environment. Such systems do not require the presence of an
external field, indeed the Lippmann–Schwinger equation self-
consistently relates the zero-order field and the total field upon
interaction. However, we have elected to illuminate our struc-
tures with a series of monochromatic plane waves within the
considered spectral range. To evaluate the extinction spectrum,
we need only consider the interaction of the dipole moment
and total field in each discretised volume cell as,

σext (ω) =
8π2

nenvλ0

Ncells∑
j

I
(
E∗

0, j · P j

)
, (2)

wherein nenv, λ0, and P j are respectively the dielectric constant
of the embedding environment, the incident wavelength, the

dipole moment of cell j, and E0, j = E0(r j) is the incident field
[29]. In the described method, the near field may be found by
self-consistently solving

E (ri,ω) = E0 (ri,ω) +
NCells∑

j

GEE
tot

(
ri, r j,ω

)
χE′ (r j,ω

)
Vcell,

where GEE
tot

(
ri, r j,ω

)
is the Green Dyadic to be solved, χ is

the metal’s susceptibility, and Vcell is the volume of a unit
cell. From this field, we then calculate the effective dipole
moments, P j = Vcellχ j · E j, from the internal field distribu-
tion. With knowledge of the functional form of the incident
field, and a sufficiently converged internal field distribution,
one is able to compute the extinction spectrum for a given
finite system held within a dispersive medium, as described by
equation (2). All metallic dielectric parameters used in these
calculations are provided by Johnson and Christy [30].

A consequence of using known dielectric constants explic-
itly extracted from systems whose physical size is far greater
than that of our own clusters is that it is not unlikely that our
systems may begin to appear translucent under illumination.
As we are firmly within the quasi-static dipole approximation,
by considering structures on the order of 1 nm and illuminating
within the UV–vis–NIR (ultraviolet–visible–near-infrared),
we may find that the incident field will only weakly couple
to the structure and result in non-trivial internal field enhance-
ment as a consequence of this translucency. This is indeed a
limitation of the method, and should serve as a stark reminder
of the necessity of an ab initio method at the nanometric scale.
Nonetheless, given the nature of the coupled dipole approxi-
mation relying on Coulombic interactions, we may still utilise
this method as a fast screening process to search for evidence
of novel behaviour—even at such small size scales.

We then accurately calculate the optical properties of
breathing hollow cages performing real-time TDDFT cal-
culations, as implemented in Octopus [31]. The reason for
choosing Octopus lies in its real-space and real-time TDDFT
computational scheme which is suitable for examining the
electronic dynamics of molecular and cluster systems. For
both ground state DFT and TD-DFT calculations, a norm-
conserving Trouiller–Martins-type fhi88PP pseudo-potential
is used. Thus, the exchange and correlation energy is cal-
culated via the PBE-generalised gradient approximation to
match the choice of the pseudo-potential [32]. In the real-space
TDDFT calculations, the shape and spacing of the spatial grid
needs to be set prior to our investigation, and with our early test
results, we decide to put each atom inside a vacuum sphere
of radius 5.0 Å and we set the spacing at 0.1 Å. These two
parameters are carefully selected so that our results are con-
verged within the numerical accuracy of the code. An efficient
numerical method of obtaining the absorption spectrum is via
the quasi-static dipole approximation. An instantaneous per-
turbation is applied to the ground state density of the system
at time t0 = 0 which takes the form,

E(r, t) = Kδ(t) =
1
π

∫ +∞

0
dω

h̄k
e

cos(ωt), (3)
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where h̄ and e are the Plank’s reduced constant and the elec-
tron charge, respectively [33]. It is common to refer to this
technique as a ‘δ-kick’, given that the application of such a per-
turbation is essentially white light polarised along the vector
k with incident intensity |k|. Consequently, this perturbation
may be considered as a superposition of all frequencies, in
which k is the electric field’s initial polarisation. For the ampli-
tude, we set |k| = 0.01 eV Å−1 ensuring that any responses to
the perturbation are strictly within the linear response regime.
After the kick is applied, the system evolves under its own
dynamics for a finite, pre-determined period of time. We con-
clude a given TDDFT simulation by computing the dynamical
polarisability α(ω),

αpq(ω) =
1
kq

∫
dt eiωt(dp(t) − dp(0)), (4)

where d(t) =
∫

dr n(r, t)r is the dipole moment calculated
from the electron density n(r, t) [34]. We evaluate the system’s
strength function, which may be approximated to be the opti-
cal extinction spectrum, from the imaginary part of the trace
of the polarisability tensor,

S(ω) ∝ 2πω I (Tr(α(ω))) . (5)

As Octopus is using a real-time TDDFT scheme in which only
the approximate Hamiltonian of one time step further will be
calculated through extrapolation of a polynomial fit, it is vital
to choose sufficient small time step and a reasonable long
total time length to give a numerically-robust spectrum with a
sufficiently fine energy resolution to resolve spectral features
such as peaks and shoulders. In our simulations, we select a
time step of 7 ×10−4 h̄ eV ≈ 3 × 10−3 fs [35]. Each cluster is
evolved for 50 000 time-steps resulting in a total time evolution
of approximately 0.15 ps.

3. Results and discussion

First, let us discuss the extinction spectra of breathing fullerene
cages, figure 2. We note that the three metals have different
behaviour where Au and Cu mainly changing the intensity of
their peak well positioned in the visible region. In this respect,
Au clusters have just one peak around 2.2 eV, which mildly
blue-shift for large and positive γ. However, Cu shows a mono-
tonic change of the intensity as we move from negative to pos-
itive values of the breathing parameter. Finally, Ag cages show
two clear peaks. The one at higher energies, approximately
3.5 eV, is almost independent from the breathing parameter (its
intensity slowly grows with γ), while the one at lower energy
shows a dramatic dependence on γ, with a significant blue-
shift of its position for inflated cages. It is sufficiently self-
evident, even at a classical level as one may observe in figure 2,
that during the breathing of a hollow cage we observe changes
in the optical properties. However, these variations suffer from
the same crude approximations acknowledged in section 2,
that is to say that we do not explicitly take into account the
interactions between the electrons. With that said, figure 2
demonstrates the necessity in acknowledging the stimulated

Figure 2. Extinction spectra for Au (top), Cu (middle), and Ag
(bottom) fullerene cages, calculated by classical methods through
equation (2). Each spectrum computed subject to the illumination of
planar waves in the UV–vis–NIR spectral range of 300–800 nm
(1.5–4 eV). Figure generated using Matplotlib [36].

variation in extinction spectrum when a nanoparticle is instan-
taneously illuminated. Moreover, one may appreciate that for
larger hollow cage-like structures, the classical spectra dis-
played in figure 2 will become more representative—though
a quantitative investigation of this consideration is beyond the
actual scope of this work.

Table 1 reports the ground states energetic properties for the
breathing fullerene shape for Au32, Cu32 and Ag32 as a function
of the breathing parameter calculated with Octopus. We recall
that a negative value of the parameter γ stands for a deflation,
while a positive value is a inflation. The binding energy per
atom, EB, gives the energy gain with respect to N atoms in the
vacuum EVac

EB =

∣∣∣∣Etot

N
− EVac

∣∣∣∣ , (6)

where Etot is the total energy of the nanosystem. For gold,
copper, and silver, the EVac energies are EVac

Au = −895.9 eV,
EVac

Cu = −1194.9 eV and EVac
Ag = −982.1 eV, respectively.

Therefore, EB is an estimate of the stability of each isomer.
Being defined as positive, a larger value of EB implies a more
stable configuration. The soft character of copper clusters [37]
is evident as radial variations of up to 3% do not alter the bind-
ing energy. Similarly, 0.03 eV is the cost for the Au cage to
compress by 3%. Conversely, the cost for inflation is slightly
higher. Silver is the metal less likely to show radial breathing,
with energy cost of at least 40–50 meV for a 1% change of
the radius. These considerations led us to the conclusion that

4
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Table 1. Binding energy (EB), HL gap (EHL), of breathing fullerene
of Au32, Cu32, and Ag32 for different values of γ, which is an
estimate of the average radius against the centre of mass and the
average nearest neighbour distance between metallic atoms, dNN.

Element γ dNN (̊A) EB (eV) EHL (eV)

Au

−0.09 2.51 2.53 1.65
−0.06 2.59 2.51 1.59
−0.03 2.67 2.66 1.56
−0.01 2.70 2.68 1.54

0.00 2.75 2.69 1.53
0.01 2.78 2.67 1.52
0.03 2.84 2.62 1.49
0.06 2.92 2.51 1.43
0.09 3.01 2.37 1.31
0.12 3.09 2.21 1.22

Cu

−0.09 2.21 2.48 0.98
−0.06 2.28 2.66 1.12
−0.03 2.35 2.75 1.25
−0.02 2.37 2.76 1.28
−0.01 2.40 2.76 1.32

0.00 2.42 2.76 1.35
0.01 2.45 2.76 1.39
0.02 2.47 2.74 1.40
0.06 2.57 2.65 1.35
0.09 2.64 2.55 1.31

Ag

−0.06 2.61 1.62 1.21
−0.03 2.69 1.96 1.47
−0.02 2.72 1.98 1.51
−0.01 2.74 1.99 1.54

0.00 2.77 2.04 1.56
0.01 2.80 2.00 1.54
0.02 2.83 1.99 1.51
0.03 2.86 1.98 1.47
0.06 2.94 1.93 1.38
0.09 3.02 1.84 1.29
0.12 3.11 1.75 1.21

the BM could be active when the clusters—especially for the
Cu—are kept at a relatively low temperatures.

Figure 3 displays the optical spectra of the fullerene cage of
the three noble metals as obtained from the δ-kick in TDDFT.
The unperturbed Au cage has a very rough spectra with quite
broad and low peaks at 3.3, 3.8, 4.6, 4.8, 5.2, and 5.7 eV. It
differs significantly from the one predicted at a classical level.
The ionically relaxed Cu-fullerene shows peaks at 1.6, 2.0 eV,
a quite broad at 2.75 and 3.6 eV, with a little plateau between
them. The 2.75 eV peak is compatible with the peak identi-
fied by the GDM approach. Ag seems to show a much clearer
optical response and is more consistent with the classical cal-
culations. The fullerene cage has a peak at 3.15 eV and a peak
at 4.4 eV, with a shoulder visible already at 4 eV. Three higher
energy peaks (between 5.4 and 6 eV) follow. We note that the
spectrum of silver cages is well reproduced by the classical
tool. The radial motion associated with a BM affects differ-
ently the three coinage metals. For gold, there are little changes
during the breathing, except for inflation larger than 3%. We
might notice a red-shift of the peak at 1.6 eV, during infla-
tion and the appearance of more peaks both in the visible and

Figure 3. The OP calculated under δ-kick simulation for energy
region between 1.5 to 6.0 eV for breathing fullerene Au32 (top),
Cu32 (middle), Ag32 (bottom), with breathing coefficient γ varying
between −0.09 and +0.09. Figure generated using Matplotlib [36].

the ultraviolet region of the spectrum. Discarding all the fea-
tures in the strength function below 1.51 eV, which are likely
strongly affected by the numerical accuracy of our calcula-
tions, the first peak at 3.3 eV would be slightly red-shifted
for inflating Au32 and blue-shifted up to 3.6 eV for a com-
pression with γ = −0.09. A stronger effect of the breathing is
detectable for the peak at 4.6 eV, with deflation considerably
blue-shifting it. On the other hand, inflation causes the appear-
ance of new peaks as for example at 5.55 eV. We should men-
tion photoelectron spectra detect a strong absorption around
4.5–5 eV, and even a stronger peak at 5.5 eV [8]. This might be
related to the formation of other isomers, but at the same time
it seems compatible with the presence of breathing fullerene
cages.

Breathing affects Cu32 fullerene in a very peculiar manner.
Any distortion seems to flatten its optical response, especially
in the visible range. Indeed, distorted copper cages have an
almost flat and zero signal up to 2.3 eV. Even mild radial
breathing causes a weakening of the peak at 2.75 eV and the
appearance of a peak where the ionically relaxed cage has
a plateau. The position of this peak blue-shifts from 3.6 to
3.1 eV when changing from γ = −0.09 to γ = 0.09. For elon-
gations larger than 6%, we observe the appearance of a higher
peak at significant lower energies, around 2.6 eV. On the other
hand, the highest peaks are above 4.5 eV. Here, the position
of the peaks changes significantly depending on the breathing
parameter, with a continuous red-shift of the peak from 5.8
to 4.75 eV when we move from strongly deflated to strongly
inflated cages. A silver fullerene cage is the one with the most
interesting character, as it shows a clear peak at the border
of the visible region (3.1 eV). We note that this peak blue-
shifts for radial compression loosing intensity at the same time.
The shift of the peak is monotonic from 3.15 to 2.9 eV (or
an increase in the wavelength from 387.4 to 427.5 nm, which
can be measured). Similarly, we note that the 3.15 eV-peak
red-shifts during inflation. A slightly different change can be
observed for the second peak at 4.4 eV. Such a peak is affected
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Figure 4. HL gap (full-circles) and OP gap (full-squares) of
fullerene cage Au32 (in yellow), Cu32 (in blue) and Ag32 (in grey) as
a function of the breathing parameter γ. Figure generated using
Matplotlib [36].

by inflation, and again it is red-shifted, but not by deflation.
On the other hand strong compression generates ‘roughness’
of the spectrum between 4.4–5 eV.

The HL gap, EHL, defined as the difference between
the highest occupied and the lowest unoccupied molecular
orbitals, is reported in table 1. It could be seen that Au32

fullerene performs differently than its copper and silver coun-
terparts. As the Au32 fullerenes is inflating from smallest radius
to the largest, the HL gap is decreasing along the ‘inhalation’
process in which the hollow space is increasing. Meanwhile,
for copper and silver fullerenes, when the structures inflate,
the HL gap increase until it reaches a maximum, which are
also the most energetically stable structures. Further inflation
of the copper and silver fullerene cages induces a reduction of
the HL gaps. We note that for any metal and in any case, in
correspondence of the value of the HL gap there is no clear
absorption peak. Even for the most deflated Au hollow struc-
tures which have a larger HL gap, no optical active modes
can be detected in the optical spectrum (OP) below 2.0 eV.
Generally speaking, one might think that the HL gap could
be representative of the optical gap although they pertain to
different physical processes [38]. We are going to show that
these two quantities poorly correlate during the deflation and
inflation.

Figure 4 reports the change of the HL gap obtained from
the ground state calculations and the position of the first peak
of the OP in the visible region may be obtained from the
TDDFT calculations. By considering these two properties with
respect to the breathing parameter γ, from −0.09 to 0.12, we
may begin to identify strong correlations. Finally, we require
that the first peak is defined as the corresponding energy of
the first local maximum larger than 1.51 eV. This thresh-
old is carefully chosen so that peaks are clearly detected and
reproducible.

We note that the three coinage metals behave very dif-
ferently, although all show a red-shift for inflated cages (see
figure 4). Gold shows an increment of the HL gap while shrink-
ing the cage, and an abrupt blue-shift of the first absorption
peak at the transition deflation/inflation. It should be noticed

that the change of HL gap between the smallest deflated
gold fullerene and the largest inflated gold fullerene are not
comparable with the same difference in the first peak in the
OP. On the other hand, copper associates the blue-shift dur-
ing compression to a reduction of the HL gap. Only the ioni-
cally relaxed case shows a peak which can be related with the
HL transition. Silver changes monotonically the OP first peak
position red-shifting it during inflation. On the other hand, it
has a non monotonic variation of the HL gap during inflation
and deflation, with a significant reduction (of about 0.4 eV) for
compressions/inflations larger than 5%.

Compressed Au and Cu cages display a strong peak above
3 eV, while an expansion yields a peak well within the vis-
ible region just above 2.5 eV. The change is abrupt with
respect to the equilibrium characteristic inter-atomic radius.
Conversely, silver—with the strongest plasmonic character
of the coinage metals, due partially to its electrons’ high
mobility, displays a monotonic blue-shift during the compres-
sion of the cage. Furthermore, table 1 demonstrates that the
optical gap is strongly negatively correlated with the radius
of the nano-cluster. Indeed, this is consistent with what we
know of electron–electron interactions. A more compressed
structure exhibits electron orbital wavefunctions with strong,
non-trivial spatial overlaps and correlations. In promoting
the emergence of an excitation through either the collective
oscillation of a plasmonic mode or a simple electron–hole
creation, one must overcome this correlation with an addi-
tional injection of energy. Essentially, this is the ghosts of
both Thomas and Fermi reminding us that interacting elec-
trons create a screening effect proportional to their spatial
separation. Small noble metal clusters are hence exception-
ally good candidates to see the coupling between photon
and vibration, and our results show that thermal motion and
even simple collective modes can alter significantly their opti-
cal properties and the interpretation of future experimental
data.

4. Conclusion

Employing RT-TDDFT, we investigate the effect of radial
breathing on the electronic and optical properties of fullerene
cages of 32 atoms made of gold, copper, and silver. We mimic
both an inflation and a deflation of the hollow cage obtained
by emptying the core of an anti-Mackay nano-cluster of 42
atoms. We show that a relatively small variation of the radius
induces significant changes in both the electronic and the OP
of the clusters. Curiously, despite all three candidate met-
als having a similar electronic profile of a full d orbital and
a single s electron, each set of nanocages exhibited unique
behaviour when subject to the mechanical process of breath-
ing. All the considered atomic species and for all the structural
distortions show a non-trivial HL gap, in the range 1–1.5 eV.
However, Au enlarges its HL gap as a consequences of a
radial compression. Ag and Cu have both a non-monotonic
behaviour with respect to the breathing parameter. In the cop-
per cages, the radial breathing occurs at a small, if not negli-
gible, energy cost for values of the breathing parameters up to
±3%. Its HL gap has a maximum of 1.4 eV when γ = 0.03.
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For Ag cages, the effect is even stronger with changes of about
0.3 eV between the HL for γ of ±0.09 and the 1.56 eV for
the ionically relaxed case at 0 K. Both electrostatic and opti-
cal properties appear to behave uniquely when subjected to the
mechanical stimulation of a vibrational BM. We then observe
a non-trivial relationship between structural changes and opti-
cal properties, detected both at the classical and TDDFT level.
We note that the GDM approach provides a qualitative and
eventually quantitative picture in agreement with TDDFT only
for silver. Conversely, gold is poorly reproduced by such a
classical framework and requires an atomistic treatment of
an ab intio method. Generally, an inflation causes a red-shift
of the peak position, but the three metals show differences
as it occurs. A radial compression of Au flats the optical
response below 3.5 eV while an inflation increases the num-
ber of peaks in the visible range. The radial motion of Cu
cages leads to the disappearance of peaks in the visible region,
but well-defined peaks appears in the near-UV. The latter
are blue-shifted during deflation. Ag, the metal with a quite
strong plasmonic character, shows two clear peaks, both in
the extinction and in the absorption spectrum. In the case of
relaxed cage the peaks are at 3.1 and 4.4 eV. We note that
the former peak red-shift during inflation and blue-shift dur-
ing deflation. A similar effect follows inflation for the second
peak. However, radial compression little changes the posi-
tion of that peak. We hope that these results may inspire fur-
ther experimental investigation into the exotic domain of the
optical properties of small clusters at finite temperature. In
doing so, we anticipate that one may explore the rich physics
of coupling between vibrational, optical, and electronic
modes.
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