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Observation of giant quadrupole plasmon resonance in C60 in fast ion collisions
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Strong perturbation caused due to the Coulomb interaction with fast highly charged ions has been used to
probe the quadrupole plasmon excitation in C60 fullerene. The electron-emission spectrum arising from a free
C60 molecule reveals a double-peak structure due to the decay of the giant plasmon resonance. Using a state-
of-the-art theoretical approach describing the electron dynamics by time-dependent density functional theory,
with an explicit ionic background these two peaks are unambiguously identified as arising from the dipole and
quadrupole modes of the plasmon. Furthermore, the electron angular distribution clearly shows a double-well-
type distribution which is well reproduced by quadrupole and plasmon resonances. The dipole and quadrupole
excitations combined with a long-range postcollisional Coulomb interaction shows excellent agreement with
the observed anisotropic angular distribution. The present paper serves as an independent confirmation of the
presence of a substantial quadrupole plasmon contribution in molecular systems.
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I. INTRODUCTION

The collective behavior in many-body systems is a
phenomenon which manifests itself in various disciplines,
including nuclear, atomic, molecular, and condensed mat-
ter physics. It is a unique problem, which can neither be
completely tackled by single-particle models, nor by statis-
tical models. A common physical problem across all these
disciplines is to understand the nature of the collective excita-
tion in general. The nuclear giant multipole resonance [1–3],
shape resonances in large atoms, such as Xe [4], the giant
plasmon excitation in C60 [5,6], and the Mie-type plasmon
excitations in metallic clusters and solids [7] are analogous
to each other since all of these involve collective excitation.
Collective behavior in these systems occurs on completely
different energies as well as timescales, spanning many orders
of magnitude. However, the physical content being of a similar
nature, the understanding of one often leads to the understand-
ing of the other [6,8]. A better understanding of the collective
behavior in any of these systems can have far-reaching physi-
cal implications for the general study of collective phenomena
in matter.

The fullerene C60 has been of great interest in atomic,
molecular, optical, and nanosciences. It serves as a bench-
mark system for exploring a large variety of molecular
many-body systems, such as polycyclic aromatic hydrocarbon
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(PAH) molecules [9,10] which has implications towards as-
trochemistry in the interstellar medium, and large ring-shaped
biomolecules, such as DNA and RNA base molecules [11] and
halouracils in relation to the radiation damage and nanosensi-
tization in hadron therapy. C60 fullerene exhibits a collective
oscillation of delocalized σ and π valence electrons giving
rise to a giant plasmon resonance (GPR) [5,6,12–19].

Earlier, the plasmon resonance in C60 has been described in
the literature using a simplistic model consisting of a hollow
spherical electron cloud of uniform charge density, with inner
and outer radii corresponding to the electron cloud of a C60

molecule [20–22]. Such a simplistic model indeed provides
good results with respect to the major features of the plasmon
response. However, in recent years, theoretical advances cou-
pled with growing computational capability have made fully
quantum-mechanical descriptions of these phenomena ten-
able. Among the great variety of theoretical models, the best
compromise between the computational expense and detailed
description is achieved by density functional theory (DFT) for
the electrons, coupled to the carbon ions by pseudopotentials
[23,24].

Several previous experimental works on C60 plasmons ex-
ist, which include photon-, electron-, and ion-impact studies
[18,25–31]. Recent efforts have also been made to theo-
retically investigate the multipole modes of the plasmon
excitation [20,32,33]. In the case of photon impact, it is diffi-
cult to excite the quadrupole mode in the leading order (which
is a dipole term). Quadrupole excitation using photon impact
requires extremely high intensities of radiation, and even then,
the relative fraction of the quadrupole plasmon to the dipole
plasmon would be very small. In the case of high-energy
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electron impact, the Coulomb perturbation strength is too
weak to excite the quadrupole mode with sufficient intensity.
If enough energy transfer is made to excite the quadrupole
mode, it is more likely that this energy will be redistributed
in single-particle excitation modes rather than in collective
modes [20,34].

Here, we report a combined experimental and theoretical
study on the plasmon excitation in C60. We have used an ele-
gant experimental technique of exciting the plasmon mode by
the impact of fast highly charged ions, i.e., Siq+ with charge
state q and velocity v. The highly charged ions can produce
a high perturbation strength (q/v) and can excite the plasmon
at a relatively large impact parameter, i.e., more than the ra-
dius of fullerene. Furthermore, direct electron emission is the
fastest mode of deexcitation of the collective plasmon excita-
tion although there are more ways of relaxation, for example,
by photon emission or by statistical electron emission follow-
ing thermalization of the excited electron cloud [35,36]. We
have measured the double-differential cross section (DDCS,
i.e., d2σ/dεd�, where ε = electron energy, � = solid angle)
of electron emission from the C60 molecule and isolated the
contribution due to the plasmon electrons. We compare our
results on the plasmon electrons with theoretical calculations
using an ab initio fully quantum-mechanical description of
the electron emission from C60 using a time-dependent DFT
approach.

II. EXPERIMENTAL AND THEORETICAL DETAILS

A. Experimental details

An Si12+ ion beam of energy 3.25 MeV/u was obtained
from the tandem Pelletron accelerator at TIFR, Mumbai. The
ions were made to collide with a C60 vapor target in a high
vacuum chamber. The experimental setup was described ear-
lier [10,19,37]. Briefly, the energy (1–300 eV) and angular
(30◦–150◦) distribution spectra of electrons were obtained
using an electron spectrometer equipped with an electrostatic
hemispherical analyzer [37]. C60 powder (99% purity) was
heated in a metallic oven at approximately 550 ◦C to obtain an
effusive molecular jet [10,19]. The C60 vapor yield was mon-
itored in situ using a quartz crystal-based thickness monitor.
The total uncertainty in the DDCS was about 20%–25% aris-
ing mainly from the vapor-pressure fluctuation, normalization
procedure, peak fitting, and counting statistics.

B. Theoretical approach

The formalism used in the present work to predict the
electron-emission spectrum is the real-time time-dependent
density functional theory (TDDFT) at the level of the time-
dependent local density approximation (TDLDA), coupled to
a classical description of the projectile ions via pseudopoten-
tials (for details, see Refs. [7,24]). We work with a frozen
ionic structure, which is justified in the present study since
the timescales of the fast ion Coulomb interaction are so short
that the nuclear dynamics may be neglected.

The TDLDA is augmented by a self-interaction correction
(SIC) in order to accurately predict the electronic properties,
in particular the electron-emission spectrum. A full SIC treat-

FIG. 1. (a) Electron DDCS at 150◦. (b) Inset: DDCS data, with
an exponential baseline fit in the GPR region. (b)–(d) Contributions
only due to plasmon resonance, obtained after Coulomb-ionization
background subtraction. A two-peak structure (labeled as 1,2) is ob-
served, later identified as due to the dipole and quadrupole plasmons

ment being computationally cumbersome, the more efficient,
but reliable, average-density SIC (ADSIC) is used.

The TDLDA-ADSIC equations are solved numerically on
a three-dimensional (3D) grid in coordinate space. The ap-
proach is as described in Ref. [35]. The primary observable
of interest in the present case is the spectral distribution
of dipole and quadrupole strength. In the dipole case, the
spectral strength is obtained by excitation of all occupied
single-particle wave functions with an instantaneous boost
ϕα (t = 0) → exp(ipboost · r)ϕα (t = 0). The strength of pboost

is chosen such that the system remains in the linear regime.
In the quadrupole case, we initially excite all occu-

pied single-particle wave functions with an instantaneous
quadrupole ϕα (t = 0) → exp(iλQ)ϕα (t = 0), where Q =
2z2 − x2 − y2 and λ is again chosen small enough to remain
in the linear domain. The spectral analysis of the dipole or
quadrupole response is then attained by Fourier transforming
the emerging dipole and quadrupole signals following the
approach of Ref. [7].

A comment on temperature effects in the calculations is
also in order. Since the C60 molecules are produced at a finite
temperature (in our case 550 ◦C, i.e., 820 K), there may be
significant temperature effects on the ionic cage. Although
it would in principle be possible to incorporate these effects
within our TDDFT framework, it is computationally highly
expensive to carry out the computation for such a large ensem-
ble. Thus, we have restricted ourselves to the zero-temperature
case. As discussed in the results, this is not a serious constraint
since the experimental energy resolution smears out the com-
puted spectra quite significantly (see Fig. 2).

III. RESULTS

Figure 1(a) shows the DDCS spectrum of electrons emitted
from C60 in collisions with Si12+ ions, for θ = 150◦. The cross
section decreases rapidly as a function of electron energy,
as is expected for Coulomb ionization [38–40]. Two broad
peaks are seen in the low-energy part of the spectrum, which
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FIG. 2. SDCS of plasmon electrons vs εe (bottom scale) and EPE

(top scale) (see text) along with TDDFT calculations for dipole (red
dashed line) and quadrupole (blue dotted line) excitation, both convo-
luted with detector resolution. Black solid line: total plasmon. Gray
lines: original dipole and quadrupole predictions before convolution.

are attributed to the GPR processes. The sharp peak seen at
∼220 eV is from the K-LL Auger electron emission. We have
also shown the theoretical predictions from the continuum-
distorted wave–eikonal initial state (CDW-EIS) model (blue
solid line) [41,42]. The theoretical calculation is scaled to
match the experimental values at one point (here, 25 eV).

In the inset of Fig. 1(b) the emission in the region below the
emission energy of ∼40 eV is fitted with an exponential base-
line function in order to isolate the GPR contribution, which
is seen as a feature rising above this baseline. This exponen-
tial function is seen to fit the electron DDCS from purely
atomic targets under identical conditions, and represents the
contribution due to the Coulombic interaction between the
projectile and the individual electrons. In Figs. 1(b)–1(d), we
have shown the data (at three different angles) arising only
from the GPR process after Coulomb background subtraction
as described above. It is seen that the GPR features can be
fitted with two Lorentzian peaks (identified as 1,2). The aver-
age energies of these peaks are 3.7 eV ± 0.6 eV and 8.0 eV ±
2.1 eV, respectively. It should be noted that the energy scale
is in terms of the ejected electron energy (εe). In order to
compare the observed energies with predictions for the plas-
mon resonance energy, the ionization potential ∼7.6 eV is to
be added (i.e., to get equivalent of photoelectron energy EPE)
which gives dipole and quadrupole plasmon energies of 11.3
and 15.6 eV, respectively.

The SDCS data (dσ/dε) obtained by integrating the DDCS
over emission angles are shown in Fig. 2. The electron
spectrum is compared with the TDDFT calculations, per-
formed separately for the dipole and quadrupole modes of the
plasmon, and indicated by the red (dashed) and blue (dotted-
dashed) lines, respectively, with their sum being shown as the
black (solid) curve. The theoretical spectra have been convo-
luted with the detector resolution, which is 6% of the εe [37].
The original theoretical data are also included (gray lines) to
show the extent of the broadening due to detector resolution.
We note that the theoretical model is well suited for the pre-
diction of photoionization cross sections [35]. The electrons

ejected due to the plasmon excitation have been identified
after subtracting the continuum background. As seen in Fig. 2,
several major features in the data are reproduced quite well by
the theoretical calculation which was originally developed for
photoionization.

However, a slight enhancement at around εe = 12–13 eV
(EPE ∼ 20–21 eV), identified as 3, in the DDCS [Figs. 1(b)–
1(d)] (and also seen in the SDCS spectrum in Fig. 2) over
the fitted line could not be identified exactly. Whether this
could be due to octupole excitation still needs to be con-
firmed in further work. Projectile ions providing an even
higher perturbation strength (q/v) can possibly be suitable
to excite octupole excitation. The volume plasmon [17,31]
for which εe ∼ 30 eV (EPE ∼ 40 eV) has not been observed
in the present experiment, possibly due to a too small cross
section which is comparable to or lower than the Coulomb-
ionization background.

Angular distribution of plasmon electrons

The angular distributions of the ejected electrons are
mainly governed by the GPR oscillation induced along the
beam axis due to the long-range Coulomb field of the fast
moving projectile (dwell time ∼5 × 10−17 s). Therefore the
angular distribution is expected to be symmetric about the
beam axis (i.e., azimuthal symmetry about the quantization
axis). This represents a polarization of the electron cloud,
which would lead to angular distributions [I (θ )] of the plas-
mon electrons. This distribution is symmetric about θ = 90◦
and can be expanded in terms of even-order Legendre polyno-
mials Pn(cos θ ), as follows [43,44],

I (θ ) = I0{1 + β1P2(cos θ ) + β2P4(cos θ ) + · · · }, (1)

where θ is the angle of emission of the electron with re-
spect to the beam direction. By analogy with photoelectron
emission, the terms in l = 0, 1, 2, . . . can be interpreted as
the contributions of “monopole,” “dipole,” “quadrupole,” etc.,
configurations of the electron cloud. In the case of C60, these
correspond to the respective modes of oscillation of the plas-
mon.

Figure 3(a) shows the angular distributions of the plasmon
electrons for εe

∼= 7 eV. The distribution goes through two
local minima, at ∼60◦, and ∼120◦, indicating the presence
of a quadrupole component (the dotted line is a guide to
the eye). At this electron energy the contributions from both
the dipole and quadrupole terms are expected (see Fig. 2).
In typical ion-atom collisions the distributions show a broad
peak around 60◦–75◦ which is due to the binary nature of
collisions [38–40,45,46]. Such a measurement for methane
molecules was carried out in situ and not shown here. The
asymmetry in angular distribution partly can arise from a
postcollisional Coulomb interaction (PCI) between the re-
ceding projectiles with the ejected plasmon electrons over
a longer timescale, which gives rise to a forward focusing
and backward depletion [38,47–49]. The continuum distorted
wave–eikonal initial state (CDW-EIS) model [41,42] takes
into account the distortion of the electron wave function in
the initial and final states due to the influence of two moving
Coulomb centers. This provides a reasonable account of the
angular asymmetry compared to the one-center model, such as
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FIG. 3. (a) Angular distribution of electron DDCS at 7 eV. The
dotted line is to guide the eye. (b) Predicted distributions: dipole (red
dashed line) and dipole+quadrupole (blue dotted-dashed line) mode
and WPCI (solid line). (c) Data divided by WPCI.

first Born (B1) which predicts mostly symmetric distribution
about 90◦. Thus, the ratio of the CDW-EIS values to that of
B1 [i.e., WPCI(θ ) = (DDCS)CDW-EIS/(DDCS)B1] can yield an
approximate correction factor due to the PCI, which is shown
as the solid line in Fig. 3(b). We have also shown in this
figure the predictions of Eq. (1), truncated to the l = 1 dipole
term (red dashed line) and the l = 2 dipole+quadrupole term
(blue dotted-dashed line).

The data in Fig. 3(c) has been corrected by dividing
it by WPCI(θ ) and thus can be directly compared with the
predictions of Eq. (1). The dipole+quadrupole fit (blue
dotted-dashed line) is in excellent agreement with the ob-
served angular distributions for the plasmon electrons. It is
obvious that the fitting with the dipole term alone cannot
explain the double-minima structure and one needs to include
both the quadrupole and the dipole terms, confirming the
presence of a quadrupole peak at this energy. A similar earlier
measurement with lower charge-state projectiles, such as F9+
ions at similar velocity, also revealed a small contribution
from the quadrupole term, although it was mostly dominated
by the dipole term (see Ref. [19]).

In order to emphasize the relative contributions of the
dipole and quadrupole excitations at different electron ener-
gies, we extended the analysis at two more electron energies,
i.e., 4 and 10 eV (Fig. 4). The data are fitted with a
dipole+quadrupole-type fitting function. The relative strength
of the dipole and quadrupole contribution can be estimated
from the fitting coefficients β1 and β2. At 4 eV, the quadrupole
to dipole ratio is 0.08, indicating complete dominance of the
dipole plasmon. At εe = 7 eV, the quadrupole to dipole ratio is
0.89, indicating that both modes are contributing significantly.
Finally, at εe = 10 eV, the ratio is 2.03, indicating the domi-
nant role of the quadrupole plasmon over the dipole plasmon.

FIG. 4. Angular distribution of electron DDCS of plasmon elec-
trons at 4, 7, and 10 eV, corrected for PCI. The blue dashed-dotted
line represents the dipole+quadrupole-type fitting function (see
Fig. 3).

IV. DISCUSSIONS

We restrict our discussion to two key aspects of this
combined experimental and theoretical study of the GPRs in
C60. First, we consider the possible physical reason for such a
prominent manifestation of the quadrupole mode of the GPR.
The excitation of the higher-order multipoles involves larger
values of the quantum number l , which can be related to a
larger angular momentum transfer. For a fixed value of linear
momentum transfer �p in a particular direction of emission,
the angular momentum transfer would be proportional to the
impact parameter b (since �L ∼ �pb) [34]. In order to excite
the quadrupole mode of the plasmon oscillation for large
b, the Coulomb perturbation has to be of a relatively high
magnitude. This condition is met much more readily in the
case of collisions with fast heavy ions with a high charge state
q. In particular, the dipole plasmon resonance was observed in
an earlier experiment involving F9+ with v = 12.7 a.u. [19].
Here, we have used Si12+ ions with v = 11.4 a.u. Thus, a
comparison of the Coulomb perturbation strength S = q/v in
the two cases gives SF = 0.79 and SSi = 1.05, i.e., a quite
significant increase in perturbation strength, which is reflected
in the observed excitation of both the dipole and quadrupole
modes.

This perturbative regime cannot be readily accessed in
keV energy electron collisions due to a high velocity and
low charge, thus giving a low perturbation strength. The low
charge-state ions may also not be suitable to excite these plas-
mons. Thus, this paper provides a benchmark for accessing
and probing the multipole modes of plasmon oscillations.

The identification of the quadrupole plasmon mode is pos-
sible only with equally rigorous and quantum-mechanically
complete calculations of the electron spectral distributions.
Thus, the present paper also establishes the capability of
our TDDFT-based approach to predict the electron spectral
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distributions due to the plasmon resonance excited by fast
heavy-ion collisions.

In addition, since the C60 plasmon deexcites primarily by
electron emission [25,26], the angular distributions of the
plasmon electrons are of utmost importance since they carry
the signature of the multipolarity of the plasmons. The (PCI-
corrected) experimental angular distributions and the model
predictions are also in very good agreement, leading to an
independent understanding of the multipolar nature of the
plasmon excitation in C60 at high Coulomb perturbation.

V. CONCLUSION

In conclusion, we have demonstrated an approach of using
strong perturbation created by fast heavy ions to excite the gi-
ant plasmon resonance in C60 using fast highly charged ions as
a probe, and subsequently demonstrated the signature of plas-
mon resonance in the electron-emission spectrum. The dipole
and quadrupole modes are clearly identified, and compared

with state-of-the-art real-time TDDFT calculations which are
shown to be in excellent agreement with the observed features.
The angular distribution of the electrons, after correcting for
the postcollision interaction, clearly reveals the presence of
a double-minima structure, thereby serving as an independent
confirmation of a substantial quadrupole plasmon contribution
in molecular systems.
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