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Light-induced energy confinement in nanoclusters via plasmon excitations influences applications
in nanophotonics, photocatalysis, and the design of controlled slow electron sources. The resonant
decay of these excitations through the cluster’s ionization continuum provides a unique probe of
the collective electronic behavior. However, the transfer of a part of this decay amplitude to the
continuum of a second conjugated cluster may offer control and efficacy in sharing the energy
nonlocally to instigate remote collective events. With the example of a spherically nested dimer
Nagp@Ca4p of two plasmonic systems we find that such a transfer is possible through the resonant
intercluster Coulombic decay (RICD) as a fundamental process. This plasmonic RICD signal can

be experimentally detected by the photoelectron velocity map imaging technique.

Resonant (electronic) energy transfer (RET), first ob-
served a century ago [1], is mediated by virtual photon ex-
change between weakly bonded sites embedded in chem-
ical or biological environments [2]. The donor and the
acceptor in this process are coupled by the quantum elec-
trodynamic dipole interaction. Particularly fascinating
are the RET processes mediated by the plasmon [3, 4],
the collective excitation of conduction electrons. How-
ever, RET is confined in the excitations of the upper-
lying electron levels that occurs within the visible to mid-
ultraviolet electromagnetic spectrum.

A very different class of processes emerges when the
absorbed photon is within the range of extreme ultra-
violet (XUV) to x-ray. This photon can energetically
access both the innershell excitation in the donor and
the outershell ionization in the acceptor. The innershell
vacancy can then resonantly decay through the accep-
tor’s ionization continuum with the Coulomb interac-
tion between the degenerate excitation and the ionization
channel being the mediator. Such resonant, and other
non-resonantly relaxing, interatomic and intermolecular
Coulombic decay (ICD) processes have been the subject
of a vast range of studies [5] since the effect’s discovery by
Cederbaum and collaborators [6] more than two decades
ago. In one original experiment, the precursor excita-
tion was induced in Ne dimers by the synchrotron radi-
ation [7]. Later for higher pulse rates to carry out time-
resolved measurements, free electron laser (FEL) sources
are found appropriate [8]. ICD signatures are also probed
by electron [9, 10] and ion [11] spectroscopy. These in-
clude various coincidence techniques, namely, the veloc-
ity map imaging (VMI) technique [12]. Contemporary
pump-probe approaches [8, 13], specifically by light field
streaking techniques [14], to access time-resolved ICD
are also made possible. Recently, the measurement of
ICD in liquid water [15] and ICD-based transfer of ex-

cess energy to the surroundings of water at nanoplatelet
interfaces [16] are reported. A fascinating control of ICD
in the cavity of quantum light [17] is published, while
ICD electrons for unbound (gaseous) system of pyridine
monomers based on the energy-transfer through associa-
tive interactions has been measured [18].

The fundamental process that underpins the swath of
current ICD landscape is the decay of an innershell va-
cancy. The other is a resonantly enhanced multi-photon
absorption by FEL, leading to a multiple-vacancy state
occurring prior to the formation of a plasmon. This sub-
sequently decays in a collective autoionization [19]. The
ICD relaxation of such multiply excited states in neon
clusters is measured to be very slow as in picoseconds [20].

Remarkably, no evidence of the decay of a plasmon
resonance through an ICD channel is yet found. How-
ever, owing to characteristic extreme light confinement
and control abilities within the nanoscale size, the plas-
monic ICD will not only be a fundamental process, but
also can substantially enrich the scopes within the vast
ICD landscape and related applications in physics, chem-
istry, and biology. For instance, possibility and control
of plasmon-driven remote-photonics, remote-catalysis or
even remote-release of secondary electrons can be within
the technological reach. With this motivation, we
found an efficient prototype system in the nanocluster
Nagy@Csyg to probe the intercluster Coulombic decay of
a plasmon excitation and revealed the first evidence of
this fundamental phenomenon.

Structure studies [21] of Nago@Cayp and a review [22]
on clusterfullerenes are available. Nagy@Csyq is a spher-
ical compound of a sodium sub-nano particle endohe-
drally confined in a carbon fullerene forming a nanomet-
ric spherical dimer. Both the units support their intrin-
sic (native) plasmon excitations. The plasmon of Nagg
excites in the visible spectrum below its first ionization
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FIG. 1. (Color online) A cartoon to delineate the process of resonant Auger and ICD plasmon decays in Nago@Ca40, with curved

arrows mimicking these decays [Eq. (2)].

The ground state DFT radial potentials of Naxo@Ca4p, isolated Naop, and empty

Ca40 are drawn (solid curves). The corresponding Nagg occupied energy levels as well as Caso 7 and o occupied band edges,
defined by the maximum and minimum angular quantum number (), are shown; among the levels of Na2o@Ca40, the symbols
Nago@ and @Cayg are used to distinguish from free system levels. The isosurface orbitals (HOMO, HOMO-6, HOMO-23) from
quantum chemical calculations representing the three Nago@ states are shown. Inset: The real part of the LR-TDDFT induced

radial potential (Vinq) for Nagg@Caag.

threshold in the absorption response [23, 24], while the
giant plasmon (GP) excitation of Ca4p embeds in the
ionization continuum at the XUV spectral region, sim-
ilar to the well known GP of Cgy. Being energetically
so separated, the hybridization [25] of these native plas-
mons is forbidden in Nagy@Csyyy ensuring reliability of
the current result. Incidentally, Cgo with confined atoms
is studied for variants of ICD processes [26-30], but for
ordinary single-electron vacancy decay resonances. A re-
cent experiment to measure the ICD relaxation between
the holmium nitride molecule and its Cgy cage has been
reported [31].

The details of the computational methodology are
given as supplementary materials (SM) [32]. The ground
states (1s?1p°1d'2s? in the harmonic oscillator nota-
tion) of the free Nagg cluster, the empty Cag0 molecule,
and the endofullerene Nagz@Csyy are modeled by a
jellium-based density functional theory (DFT) in the
spherical frame. The DFT ground configuration of
Nagg@Csoyg well replicates our detailed quantum chem-
ical (QC) calculations [32] providing significant accuracy
of the ground state description. This entailed the transfer
of six Nagg electrons to the fullerene shell leaving fourteen
valence delocalized electrons (1s21p°1d®) in the cluster.
The DFT radial potentials are plotted in Figure 1 along
with the corresponding electronic energy-levels. As seen,
the three Nayg levels denoted by Nagy@ slightly shift in

the compound; for details, see Figure S1 in SM [32].
Remarkably, the d, p, and s-type angular momentum
character of these delocalized DFT Nagy@ levels are al-
most exactly reproduced by our simulated QC orbitals
as shown. The fullerene bands of the 7 (the group of one
radial node) and o (the group of no radial node) states
are identified in Fig. 1 with band edges defined by the an-
gular quantum number (7). The 7 band exhibits stronger
energy-stability with (QCsyyg) or without (Cagg) Nagg.

The dipole response of the systems to the incoming
photon is described and computed by a linear response
time-dependent DFT (LR-TDDFT) approach [38, 39],
since it is extremely challenging to use the QC frame-
work to describe the electron continuum. The cur-
rent approach has a track record of success in explain-
ing measurements of (i) plasmonic photodepletion spec-
tra [23, 24] and (ii) photoelectron [46] and photoion [47]
intensity, respectively, at non-plasmonic and plasmonic
energies. LR-TDDFT encodes the electron many-body
correlations in the calculated induced potential, which is
a complex quantity [32]. The large-scale coherent com-
ponent of the correlation over the GP formation energies
blocks (screens) the incoming radiation but allows (anti-
screens) the radiation to couple to the electrons at ener-
gies above the GP peak ~ 11.5 eV. This shape reversal is
seen in Fig. 1 (inset) in the real part of the induced radial
potential for Nagy@Cayg over the Coy shell region that
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FIG. 2. LR-TDDFT total photoionization cross sections for
Ca40, Nagp@Ca49 and Nagg. Smoothed curves are added to
guide the eye for the fullerene systems. The experimental ab-
sorption data [23] are included for Nago. Inset: The imaginary
part of the induced radial potential (Ving) for Nazo@Ca4o cal-
culated in LR-TDDFT.

sluices through a zero at the GP peak energy.

An elegant way to visualize the plasmon formation is
to consider, in terms of many-body ground |®y) and ex-
cited collective |®,,) states, the complex polarizability «
from electrons’ interactions with the photon of frequency
w [48]. Using the Fermi’s Golden rule, the absorption
cross section o relates to the imaginary part of a as [49]

o(w) ~ Imf[a(w)]

(@1 [¢]Po) | [(®m|C|Po)?
N ; {[ﬁw - Am]20+ 6 [hw+Am]20+ 52}(1)

where ( = ZZ z; are dipole interactions, A, = E,, — Ey
are many-body excitation energies, and J is an infinites-
imal positive quantity. Eq. (1) embodies the notion that
the plasmons at photon energies A,, are due to exci-
tations of the ground state ®( to all possible collective
excited states ®,,, that the system supports.

Both the GP and a much weaker high-energy plas-
mon (HP) excitations of Cayg energetically embed in the
system’s ionization continuum. Thus, they produce GP
resonance (GPR) and HPR in LR-TDDFT photoioniza-
tion cross sections, as seen in Figure 2, both for Caoyq
and Nagg@Csyy4. The narrow structures represent the in-
coherent single electron inner-shell excitation resonances
and are not relevant for the current study. An attractive-
shaped imaginary part of the induced radial potential of
Nagg@Cayq (inset of Fig. 2), dipping at the GP peak and
locating across the Cayqg shell, transiently binds the col-
lective excitation. An excellent agreement of the current
theory with recent pump-probe streaking measurements
accesses the resulting photoemission time delay at GP

in Cgo [50]. Both the plasmon resonances in Cayp can
therefore be visualized as the decays through Cs40 con-
tinuum emissions following the de-excitations of the plas-
mon states. In this spirit, they can be called the Auger
plasmon resonances (Fig.1). The free Nagy photoioniza-
tion spectrum over this XUV energy range is very weak
and completely plasmon-barren (Fig.2). In fact, Nagg’s
native plasmon excites at a far lower 2 eV photon energy
as seen in the measured data [23]; note also the agree-
ment of the data at higher energies with the trend of the
Nagg cross section. Furthermore, the real (Fig.1) and
the imaginary (Fig. 2) parts of the induced radial poten-
tial are featureless over the central Nagy region of the
compound. Yet, our current results exhibit a plasmon-
like resonance in the Naog@ ionization channel which ex-
hausts comparable oscillator strength (OS) used by the
native plasmon resonance of Nagg (see Figure 4). This
must be the resonant ICD (RICD) transfer of the Caygo
GP as schematically shown in Fig.1. The process is res-
onant, since the GP excitation energy inlays the Nagg
ionization continuum. As the precursor plasmon excita-
tion itself decays, the process qualifies for a participant
RICD. The ICD transfer from HP is, however, negligibly
weak and will be disregarded.

A framework to understand this RICD transfer can
be modeled upon the well-known discrete-continuum
interchannel-coupling approach by Fano [51]. The RICD
amplitude of the Cay9 plasmon “vacancy”-decay wvia the
Nagp nl@ ionization can be expressed by MP¢. This will
include the coupling of Ca49 0 — m plasmon (p) excita-
tion channel with the nl@ — kI’ continuum (c) channel
of Nasgg. Hence, MP° can be written as:

Myia(E)

~ E—-A, Do-k2)

where Dy_,,,, is the plasmonic amplitude of @QCsy49 pho-
toionization and F is the photon energy that enables the
Nagg nl@ transition to the continuum. By motivating r,
to be the “co-ordinate” of the plasmon quasi-particle, the
Coulomb-type coupling matrix element in the numerator
of Eq. (2) acts as the passage for virtual energy-transfer
from the GP de-excitation across to the Nagg ionization,
producing plasmonic ICD resonances in a Nagy nl@ cross
section. In effect, a conduit of this passage is the overlap
between the wave functions involving the collective exci-
tation and the Nasgg ionization channels in the Coulomb
matrix element.

We capture the RICD signals in the Nagy@ channels
by generating iso-contour images of cross section as a
function of photon energy and photoelectron kinetic en-
ergy in Figure 3. Such images can be produced in the
experiment by using the standard VMI coincidence tech-
nique [52] to separate and selectively detect photoions
or photoelectrons by mass and velocity. Here we used
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FIG. 3. (Color online) Color coded cross section maps as a function of photon energy and photoelectron kinetic energy for

Nazo@0240 (a) and C240 (b)

The smoothed curves are used to solely capture the plasmon resonance signals and some blur

is introduced to highlight the resonance profiles. Plasmonic RICD traces from 1d and 1p Nago@ levels are identified in panel
(a) (1s is too weak to show in this scale), while both panels show similar distributions of regular Auger plasmon traces in Caao
levels within the range shown. Auger traces in both (a) and (b) are somewhat scaled down for better contrast.

the cross sections after smoothing the profiles for narrow
resonance spikes in order to feature only the broad plas-
monic contributions. The vertical sections of the images
provide the photoelectron energy distribution of the sig-
nal by mapping the ionization thresholds of the levels.
The subshell cross sections as a function of the photon
energy can be extracted from horizontal sections. Com-
paring F1g3(a) for Na20@0240 with Flg3(b) for 0240,
the additional traces seen in the former are, obviously,
the Nagy RICD signals, while the Coy9 Auger signals are
common in both panels. Note, as expected, that all the
traces peak within 11-12 eV photon energy range.

Fig.4(a) displays the total (smoothed) cross sections
of Nagp@Cyyp and Coyg. The curves are fitted with two
Lorentzian profiles, accounting the two plasmon reso-
nances; the values of the fitting parameters for GPR are
tabulated. The peak energy (Eg) is found to slightly
red-shift when Nagg is present. The corresponding in-
crease in the resonance line-width (T") from 2.12 eV to
2.18 eV amounts to somewhat shortening of the lifetime
from 610 attoseconds (as) to 595 as. Going from Cayo
to Nagp@Cayg, this effect must be due to the additional
(ICD) decay rate introduced by the Nagg ionization chan-
nels. The ICD contribution is shown independently as
Nago@ in Fig. 4(b). This RICD plasmon feature yields a
narrower line-width of 2.07 eV corresponding to a longer
lifetime of about 625 as. The implication is that the av-
erage dephasing of the RICD feature is slower than the
resonant Auger feature — a fact which may benefit time
domain measurements to separate and probe the plas-
monic ICD. The difference between Naog@Cayg and Coyg
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FIG. 4. (Color online) All smoothed LR-TDDFT cross section
results are used. (a): The total cross sections for Nago@Caao
and Ca49 are shown. The values of the fitted parameters,
peak energy (Eo) and width (T"), and oscillator strength (OS)
exhausted by the GPR are given. (b): The difference (scaled-
down) between Nago@Ca249 and Cago results, the raw Nagg
result (with a slight down-shift for the aid of comparison),
and the RICD plasmon feature (Na2o@), shaded to highlight.
The fitting parameters and the OS of Nago@ are tabulated.

results in Fig.4(b) provides an energy-differential effect
of the Nasg doping at GPR energies. The doping results
in a slight constructive interference at lower energies but



a larger destructive interference at higher energies effect-
ing a net reduction. This is reflected in the correspond-
ing reduction of OS [Fig. 4(a)] utilized by the resonances.
However, the value of OS spent by the ICD plasmon res-
onance is found to be 13 [Fig. 4(b)], which is remarkably
close both to the OS (~15) consumed by the native plas-
mon resonance of Nagg [53] and the electron population
of 14 at Nagg in the compound.

Making larger fullerenes is difficult. Even if achieved,
the production may suffer from lower yields and higher
isomer counts. However, there is a recent approach of iso-
lating larger fullerenes from fullertube isomers [54]. Also,
among various techniques [55] of synthesis and extraction
of endofullerenes, the irradiation of fullerene film with
metal ion beams [56] is fairly successful. This method
can be extended for longer time exposure to implant mul-
tiple ions to produce clustered encapsulation. However,
the technique may deplete the sample yield from film de-
struction. We hope that the technology will improve so
the future experiments can access the current pilot pre-
diction of plasmonic RICD.

To conclude, using a many-body framework of DFT,
finely supported by a QC calculation of the ground state,
we predict a hitherto unknown ICD dynamics of a plas-
mon resonance. It is shown that the XUV-photon driven
giant plasmon of Coy can efficiently transfer strength
via the resonant ICD through the ionization continuum
of a sodium cluster located in the fullerene cavity. The
strength of this plasmonic RICD, emerging at the other-
wise mundane XUV spectrum of isolated Nagg, is of the
same order of the cluster’s native plasmon resonance, ex-
citable only by the visible light. The study addresses
calculations using a cluster-dimer in a spherical orien-
tation. But the essence of the result should be extend-
able for non-spherical, even longitudinal, dimers. It may
be generalized for polymers, thin films and in the liquid
phase. In fact, higher wavefunction overlaps from a fa-
vorable geometry will enhance the effect. Even though
experiments will be challenging at the moment, the ef-
fect predicted is fundamental, opens a new direction to
push the frontier of ICD research, and promises controls
in transferring large amount (in plasmonic quantities) of
energy to induce remote spectroscopic events.
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