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The properties of excited short-living electron quantum levels of positively charged C+Z
60 fullerenes are numerically investigated with

the help of the density functional theory (DFT) packages Quantum Espresso, ORCA, and VASP. Earlier, the existence of the
volume-localized electron states for neutral and charged fullerenes was demonstrated analytically by making use of the model
potential approach based on the unique quasispherical geometrical shape of C60. Here, we revisit this issue by verifying
numerically the existence of volume-localized states and by calculating physical parameters of all electronic states with a special
focus on highly charged fullerene ions. The ionization potentials of C+Z

60 are calculated and compared with available
experimental data. The photoionization cross-sections for neutral fullerene using wave functions are obtained by making use of
DFT codes. We demonstrate that lifetimes of excited states vary in the range 10−11 ÷ 10−4 s, and for the volume-localized levels,
lifetimes are longer than those for the surface-localized states.

1. Introduction

Much attention is attracted nowadays to the study of the new
allotropic forms of carbon such as fullerenes, fullerites,
onion-like fullerenes, carbon nanotubes, graphene, and
doped and endohedral fullerenes [1]. It is worthwhile to
mention that the existence of fullerenes as new stable carbon
nanostructures had been predicted by using the Huckel
method much earlier than their experimental discovery [2].

Currently, the carbon nanomaterials are considered per-
spective materials with applications in different technological
fields. The review of physical properties and behavior of ful-
lerenes and fullerene ions can be found, for example, in [3].

The C60 fullerenes (neutral ones and their ions) are very
interesting and nontrivial objects from the quantum-
mechanical point of view. The pairs “fullerene cation+elec-

tron” and “neutral fullerene+electron” can be viewed as the
quantum coupled systems similar to an inverted nanoion
(C+Z

60 + e−) or a nanoatom if we consider (C+
60 + e−). Recently,

an experimental observation of superatom molecular orbitals
(SAMO) has been reported [4–6] for neutral fullerenes. Such
electronic states represent explicit examples of volume-
localized electron levels (VLEL), the existence of which was
theoretically analyzed in [7] and subsequently in [8–10]. To
the best of our knowledge, such quantum states with the
maximum of the electron density localized primarily inside
fullerene’s icosahedron cage of carbon atoms have not been
reported before. Quantitatively, this is related to the unique
geometrical form of a fullerene cluster which is very close
to a sphere.

Along with these findings, the study of the electronic
structure of fullerenes reveals the surface-localized electron
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levels (SLEL) as typical electron states of the neutral and
charged fullerenes for which the maximum of the electron
density is located sharply at the (almost) spherical cage of
carbon atoms. It is possible to obtain an excited VLEL or
SLEL by affecting an electron beam (or light) on a fullerene
ion gas. After that, the spontaneous radiative transitions
from VLEL to another VLEL or to SLEL may occur in a ful-
lerene system with a simultaneous emission of light.

Experiments demonstrate that fullerene’s ionization may
be as high as Z = +10. For example, the highly charged fuller-
ene ions can be formed during ionization by electron beam
[11], when the ions with a positive charge up to 6e per mole-
cule were detected. In experiments with fullerenes irradiated
by a jet by strong infrared laser impulse [12], stable 12-fold ful-
lerene ions were observed (12 elementary charges per particle).

The fullerene ions can be stable or metastable. For example,
numerical estimates [13] of the characteristic lifetime of theC+Z

60
ion yield the result of the order of several seconds for Z < +11.
However, according to this study, the dramatic decrease of the
fullerene ion’s lifetime by 10 orders of magnitude takes place
when Z increases from +11 to +13. Ion’s lifetime longer than
0.5μs was reported in the experimental study [11].

At the same time, the results of quantum-mechanical
calculations based on the density functional theory (DFT)
[14–16] demonstrate that the metastable fullerene ions with
the degree of ionization up to Z = +10 can be obtained.

It is worthwhile to note that because of a large fullerene’s
size and its complicated geometry as compared to ordinary
atoms and molecules and because of a large number of car-
bon atoms and electrons in a fullerene, the direct quantum-
mechanical calculations for these objects are extremely
complicated and are characterized by a relatively low accu-
racy and poor predictive power. For that reason, certain sim-
plifying model assumptions are necessary for the qualitative
and quantitative analysis of physical properties of fullerenes
and their ions.

The so-called “jellium” model was successfully applied
[17] to describe qualitatively the physical parameters of ful-
lerenes observed experimentally, by calculating the energy
spectrum for C60 as well as for C20 molecules and evaluating
the model potential of the well and the electron wave func-
tions for fullerene C60. An idealized spherical electron gas
model of a C60 molecule was developed to describe the opti-
cal scattering and absorption of electromagnetic wave by ful-
lerene molecules [8]. However, the strong simplifying
assumptions of the model, for example, about the electron
charge density uniformly spread on the fullerene surface,
affects considerably the computational accuracy of the phys-
ical characteristics of fullerene and decreases the predictive
ability of the model.

The study of optical and nonlinear optical properties of
fullerenes and fullerene ions with different ionization degrees
Z, especially for the high values of the charge Z, attracts a lot
of attention in the current research of fullerenes, onion-ful-
lerenes, and carbon nanotubes, and it is of considerable inter-
est both from the point of view of fundamental issues and for
the future technological developments.

In this paper, we revisit the electronic structure of highly
charged fullerene ions C+Z

60 with a special focus on the

volume-localized quantum electron levels by making use of
advanced open-source DFT codes Quantum Espresso,
ORCA, and VASP.

In the next sections, we discuss the fullerene electron
wave functions and the corresponding energy levels, and
the photoionization cross-sections are calculated on the basis
of the standard quantum-mechanical methods from the elec-
tron wave functions obtained numerically by DFT codes. The
volume-localized quantum states for fullerene ions with dif-
ferent degree of ionization, including highly charged fuller-
enes, are identified, and the lifetimes of the excited levels
due to radiative transitions from the excited VLELs to other
VLELs and to SLELs are evaluated.

2. Methods and Approaches

In this work, we have used three modern open-source DFT
codes: Quantum Espresso [18] (the program package devel-
oped in the scientific center Demokritos, Italy), ORCA [19]
(the ab initio quantum chemistry program package devel-
oped by the research group of Frank Neese from Max-
Planck Institute, Ruhr, Germany), and VASP [20] (the code
that belongs to VASP Software GmbH, Vienna, Austria).

The above-mentioned codes were implemented to find
the wave functions and the corresponding energies of the
electron states for both occupied and unoccupied levels. In
addition, we have developed the special numerical code
which allowed us to calculate physically important parame-
ters on the basis of wave functions and corresponding ener-
gies obtained. These parameters include the dipole-moment
matrix elements of electron transitions between different
states, the probability of transitions, the lifetimes of excited
electronic states, and the cross-sections of different processes
(photoionization, excitement of fullerene via electron colli-
sions, recombination, etc.).

The accurate calculation of fullerene electron states is a
difficult quantum-chemical task due to the size of the mole-
cule. On the one hand, it is too big for the most accurate
post-Hartree-Fock approaches [21]. Also, the region near
the center of a carbon sphere may be too distinct from atoms
to use gauss-type basis sets [22]. On the other hand, C60 is
still a single molecule that casts doubt on the justification
for using plane-waves approaches based on the Bloch
theorem [23]. To avoid the uncertainty or method choice,
we tried both plane-wave and all-electron DFT [24, 25]
calculations.

Consider the methods used in our calculations in more
detail. In our opinion, those options allowed to get the best
modeling results. The plain wave approach was implemented
into Quantum Espresso software package [18]. Electron wave
functions were decomposed to a plane wave basis with ener-
gies less than 100Ry, and Troullier-Martins norm conserving
potentials were used [26]. The structure was optimized using
a method based on the Broyden-Fletcher-Goldfarb-Shanno
algorithm. We used supercell approach with a translation
vector length of 100 a.u. nanosized materials investigation,
in order to exclude interaction between fullerenes. Electron
exchange and correlation were taken into account at local
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density approximation (LDA) level in Perdew and Wang
notation [27].

Pseudopotential calculations [28] were also done with
projector augmented waves (PAW) [29] implemented into
VASP software package [30]. An exchange-correlational
term was described using generalized gradient approxima-
tion with the PBE functional [31].

All-electron calculations were done at the DFT level of
theory with the ORCA package [19]. As our aim was to inves-
tigate electron states localized far from the core, we used
def2-SVPD basis set with additional diffuse functions [32].
Exchange-correlation terms were included into popular
hybrid functional B3LYP [33, 34], a range-separated func-
tional wb97x-d designed to compute long-range interactions
as well as short-range ones [35].

Self-consistent field procedure considers only occupied
orbitals, omitting virtual ones. But the virtual orbitals are a
key point of absorption/excitation process investigation.
Here, the size of the molecule system prevents the use of
accurate post-HF methods (as CASPT2 or especially
CCSD(T)), so we have to limit ourselves to DFT approaches.
On the other hand, the shape of investigated orbitals is
mainly determined here by a shape of C60

+Z potential well,
i.e. quite independent to a choice of electron state with a fixed
total charge.

3. Results and Discussion

In this section, we describe applications of the developed
methodology to derive the physically interesting quantum-
mechanical characteristics of charged fullerenes.

3.1. Ionization Potentials of Fullerene and Ions C+Z
60 . Figure 1

presents the calculated and experimental dependence ioniza-
tion potential for C+Z

60 on the ionization degree Z. The results
of numerical computations are obtained with the help of the
code ORCA. A good agreement between the calculated and

experimental data is observed. The potential is shown in
atomic units.

As the exact form of the functional is unknown, the
choice of one of nearly two hundred of more or less wide-
spread functionals is an essential step of modeling. Usually,
the choice is based on literature data and preliminary calcu-
lations. Because the whole list is too big for detail testing,
the usual convolution is based on Jacob’s ladder [36]. Both
of the (presented in Figure 1) functionals are from the upper
steps of the ladder and proved to reproduce ionization poten-
tials. The performance of wb97x-d may be slightly better due
to included range-separated exchange that, in particular,
increases accuracy for larger molecules.

3.2. Photoionization of Neutral Fullerene C60. The final state
of an ionized molecule C60 is determined by the characteris-
tics of the knocked-out electron and the in-falling photon.
One can determine the total photoionization (PI) cross-
section without fixing the angle of an escaping electron.
The geometry of the problem is shown in Figure 2.
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Figure 1: Fullerene’s C+Z
60 ionization potentials for the charge values

Z = +1⋯ +5, calculated with the help of functional D3-B3LYP
(dotted line, square markers) and calculated with the help of
functional wb97x-d (dashed and dotted line, rhombic markers),
compared with experimental data [37] (solid line, round markers).
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Figure 2: The geometry of fullerene photoionization problem: k is
the momentum of a knocked-out electron, and e is the
polarization vector of a photon with the frequency ν.
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Figure 3: The density of electron states (DOS) and their degeneracy
in neutral fullerene molecule on the basis of the VASP calculations:
black columns—occupied SLEL electron states, green
columns—free SLEL states, and red column—one free VLEL state.
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We use the atomic system of units in which the reduced
Planck constant, the electron charge and the electron mass
are equal to unity: h/ð2πÞ = 1, e = 1,me = 1. In an atomic sys-
tem, the unit of length is the Bohr radius:

a0 =
h2

4π2me2
: ð1Þ

Accordingly, the unit of energy in the atomic system is
twice the Rydberg energy: 2Ry≈27.21 eV.

Denoting the energy of the outgoing electron as ε = En,
we have for the PI cross-section [38]

σn =
4π2

ωc

ð
M0nj j2δ En − E0 − ωð Þdν, ð2Þ

M0n =
þ
ψ∗
n rð Þψ0 rð Þ e∙rð Þdr: ð3Þ

Here, ω is the energy of photon in atomic units; E0 is the
energy of an occupied electron level from which the electron
is knocked out; the photon frequency is ν = ω/ð2πÞ; c is the
speed of light; M0n is the dipole-moment matrix element; δ
ðxÞ is the delta-function. The wave functions ψ0 and ψn in
(2) and (3) describe the initial state (knocked-out electron)
and the final state (outgoing electron), respectively, and e is
the vector of the radiation polarization. The state ψn corre-
sponds to the continuous region of spectrum.

Due to the appearance of the δ-function, equation (2)
fixes the energy of the outgoing electron and determines the
ionization cross-section. Namely, the energy of the outgoing
electron is equal to ε = E0 + ω, and the cross-section of this
process reads

σn =
4π2

ωc
M0nj j2: ð4Þ

The total PI cross-section can be obtained by taking the
sum of the cross-sections (4) over all occupied electron states.

In the international unit system SI, we should multiply
this value by the square of Bohr’s radius:

a20 =
h2

4π2me2

 !2

: ð5Þ

The photoionization cross-sections depend on the den-
sity of electron sates (DOS) in the fullerene. Figure 3 presents
DOS of neutral fullerene calculated with the use of the VASP
code. Analogous results are obtained using the ORCA code.

We calculate the dependence of the PI cross-section on
the incident photon energy, represented in Figure 4, using
equations (2) and (3) by making use of the wave functions
which were obtained numerically with the help of the ORCA
package. The characteristic peak of the PI cross-section in
this graph corresponds to the photon energy of about
20 eV. This peak is well supported by the experimental data
[39] (see Figure 5).

3.3. Spatial Structure of Surface- and Volume-Localized Wave
Functions and Potential. Let us study the characteristic spa-
tial structure of wave functions for highly charged fullerene
ions. The 3D-structure of SLEL with the energy -8,691 eV is
shown in Figure 6. We observe a very complicated shape of
the electron wave function which is strongly three-
dimensional (no spherical symmetry). In addition, the typical
SLEL structure is manifested in the highly oscillating angular
dependence of wave function amplitude (the large quantum
orbital number l > >1). As compared to the surface-
localized states, the volume-localized typically have a low
quantum orbital number l, basically 0, 1, or 2. For the estima-
tion of orbital number l, we used the expression for the
medium value for angular momentum operator l̂ squared
in the form

þ
dVψ∗ bl2ψ = l l + 1ð Þ, ð6Þ
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Figure 4: The calculated total photoionization cross-section.
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where ψ is the electron wave function and bl2 = −½ð1/sin θÞ
ð∂/∂θÞðsin θð∂/∂θÞÞ + ð1/sin2θÞð∂2/∂φ2Þ�.

Figure 7 presents the cross-section profiles of VLEL and
SLEL wave functions for the C+10

60 ion. One can clearly see
the difference of the spatial geometry for the volume- and
surface-localized states. The wave functions of VLEL have
the maximum amplitude at the center of fullerene’s truncated
icosahedron whereas the wave functions of SLEL are located
primarily in the vicinity of the surface.

This apparent geometrical dissimilarity of the two types
of electron states leads to the essential differences of the
quantum-mechanical characteristics of VLELs and SLELs.

The spatial behavior of the potential for the two different
ions of fullerene is shown in Figure 8. One can notice how the
depth of the potential well (both at fullerene’s center and at
its boundary) increases with the growth of the ionization
degree Z. We determine the well’s depth in this statement
as the difference between the lowest energy of a continuous
spectrum (0 eV) and the potential in two characteristic
regions (at the center and at the fullerene’s sphere or its
boundary). So, two potential well depths exist, respectively,
shallow at the center and deep at the sphere of fullerene.
One can see that both well depths get deeper with the growth
of ionization degree, but the characteristic potential drop-off
in the vicinity of carbon cage remains practically the same, so
resulting in almost rigid shift (dependent of Z) of initial
potential well to bottom.

3.4. The Lifetime of Electronic Volume-Localized and Surface-
Localized States. After determining the electronic structure of
the fullerene ion, i.e., the wave functions ψið�rÞ corresponding

to different electron states, we can evaluate the matrix ele-
ments of the electric dipole moment for an electron transi-
tion from the state i to the state k as

�dik = e ψk �r ψijjh i: ð7Þ

Figure 6: The 3D geometric structure of isosurfaces of wave
function amplitude for C+3

60 electron state with the energy E = −
8:691 eV. The isosurfaces are built for the energy values: 0.02 (red)
and -0.02 (blue), by making use of the code Quantum Espresso.
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In Cartesian coordinates, we have

�dik = dxx̂ + dyŷ + dzẑ: ð8Þ

The probability per time of spontaneous radiation via the
dipole transition reads

Pik =
ω3

3πε0ℏc3
�dik
�� ��2, ð9Þ

where

ℏω = Ei − Ek, �dik
�� ��2 = d2x + d2y + d2z : ð10Þ

Correspondingly, the lifetime of an initial state is

τik =
1
Pik

: ð11Þ

To calculate the lifetime for the given electron state, it is
necessary to sum over the probabilities of transitions from
this state to all unoccupied levels below the initial state and
to take the inverse of the result.

Figure 9 presents the distribution of energies of all elec-
tron levels for a neutral fullerene C60, where we calculated
the energies with the help of the VASP code. Only one
volume-localized electron level is discovered for a neutral ful-
lerene; its consecutive number is 195. It appears to be the
SAMO level discussed earlier in [4–6].
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Figure 9: The energies of electron levels for neutral fullerene C60 numerically evaluated with the help of VASP.
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The lifetimes for electron levels of a neutral fullerene
are depicted in Figure 10. One can see that the lifetime
of the volume-localized level (#195) is much longer as
compared to lifetimes of surface-localized levels with close
energies.

Figure 11 shows the calculated energies for the ion C+2
60 .

For the charged fullerene, we now find two volume-
localized states with the numbers 135 and 155. The corre-
sponding lifetimes of the electronic states are presented in
Figure 12, where again we observe that the lifetimes for
VLELs are longer as compared to SLELs.

Next, we calculate the energies and lifetimes for the
highly charged ion C+10

60 . The corresponding numerical
results are given in Figures 13 and 14, respectively. For
this case, we discover six volume-localized states with the
numbers 135, 153, 154, 155, 192, and 254. We therefore
confirm that the number of the volume-localized states
grows with the increase of the ionization degree. The
physical explanation for it is as follows. The potential in
the fullerene center (where VLEL has a maximum ampli-
tude) decreases with an increase in the degree of ioniza-
tion. The energy of VLELs should be located above the
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Figure 11: The energies of electron levels for the charged fullerene
ion C+2

60 numerically evaluated with the help of the Quantum
Espresso.
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potential in the center of the fullerene. Hence, the number
of VLELs is expected to increase with the increase of Z. In
addition, we also confirm that the radiation lifetimes for
VLELs are longer in comparison with SLELs (see
Figure 14).

4. Conclusions

Extending the earlier results obtained in the framework of the
model potential approach on the basis of the spherically sym-
metric approximation, in the present paper, the existence of
volume-localized electron levels (VLELs) of fullerene ions
C+Z
60 is demonstrated more rigorously on the basis of the

detailed quantum-mechanical analysis of fullerene and its
ions by making use the DFT codes Quantum Espresso,
ORCA, and VASP. It is a very convincing new result which
strongly supports the hypothesis about the existence of
VLELs in a fullerene and its ions. The physical parameters
of VLELs and SLELs, including energy and spatial structure
behavior, have been obtained.

In order to verify the predictive abilities of the DFT
codes used, we compared the results of computations, for
a neutral fullerene and its ions, of the ionization potential
as well as of the photoionization cross-sections with the
experimental data available in the literature. We can con-
clude that the DFT codes considered in the paper are
powerful numerical tools which can be successfully used
for the quantum-mechanical analysis of such complicated
molecules as the fullerene C60 and its ions. We chose the
calculation options and algorithms for each code which
seem to be the best one appropriate for quantum-
mechanical analysis of fullerene.

We have found that the volume-localized states in gen-
eral have much longer lifetimes as compared to lifetimes of
the surface-localized states. This result can be explained by
the relatively small values of the dipole moment matrix ele-
ments for the transitions from VLEL to SLEL due to the spe-
cific spatial structure of volume-localized wave functions.
The quantum-mechanical properties of VLELs are thus
essentially different from the properties of SLELs due to the
different 3D geometric structures of VLELs and SLELs. As a
result, the following features are confirmed:

(i) The total number of VLELs is small as compared to
the total number of SLELs

(ii) The number of VLELs grows when the ionization
extent of fullerene is increased

(iii) The orbital quantum number l of VLELs (as a rule 0,
1, or 2) is typically much lower as compared to that
of SLELs

(iv) The lifetimes of VLELs are essentially longer in com-
parison with the lifetimes of SLELs

The unique features of charged fullerenes may offer new
interesting practical applications including the development
of new sources of coherent radiation in the wide range of
wavelengths.
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