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First-principles total energy calculations of the structural and electronic properties of Ce-doped fullerene have been performed
within the framework of the density functional theory at the generalized gradient approximation level. Among various locations,
Ce atom was found to engage with the six-fold carbon ring. The total energy is found to significantly change as the Ce atom
being shifted from the center of the cage toward the edge close to the six-membered ring where the total energy reaches its local
minimum. Moreover, repulsive interaction between Ce atom and the cage components turns as the adatom directly interacts
with the six C atoms of the ring. The lowest-energy CeCgy geometry is found to have a binding energy of approximately 5.34 eV,
suggesting strong interaction of the dopant with the cage members. Furthermore, fundamental key structural parameters and the
total density of states of the optimized structure have been determined and compared with the available data.

1. Introduction

Nowadays, the interest in nanoscale materials has rapidly
increased due to their positive use in various technical and
scientific researches relating on the energy, environment, and
biomedical fields. Carbon is one of the most amazing ele-
ments with a vast range of exotic properties. These properties
have shed the light on carbon-based nanostructures, such
as fullerenes [1], carbon nanotubes [2], and graphene [3].
Since its discovery in 1985 (Nobel Prize in 1996) [1], the
subject of fullerene molecule Cg, the closed-cage carbon
molecules, has attracted immense interest and attention due
to its fascinating chemical and physical properties [4-7].
Indeed, the discovery of fullerenes has opened the gate for the
production and investigation of much more suitable material
building blocks which could be used as drug deliverers
in medical applications and/or possible superconductors in
technological applications. Therefore, fullerene provides an
entirely new branch of chemistry, materials science, and
physics. Moreover, solid fullerene is treated as a semicon-
ductor material [8], and its structure is described in the
face-centered cubic lattice. Unlike the carbon nanotubes
with only hexagonal cells, the fullerene consists of both

pentagons and hexagons with two classes of bond lengths:
a shorter bond length connecting two successive hexagons
and a longer bond length joining a hexagon and pentagon.
While the dependence of properties at nanoscale provides an
opportunity to test and experiment with various materials,
the fullerene is considered as a suitable candidate for nan-
otechnology since it has the right size and chemical stability.
Therefore, the properties of fullerenes can be tuned and
enhanced by doping various elements. Depending on the site
of doping, fullerenes can be functionalized into three main
categories: exohedral fullerenes with the dopant outside the
cage, endohedral fullerenes with the dopant inside the cage,
and on-site fullerene with the dopant replacing one C atom.

Recently, endohedral fullerene, a member of fullerene
family with a dopant encaged within the sphere, has received
remarkable attention in various experimental [9-18] and
theoretical [19-30] investigations due to its exotic physical
and chemical properties such as pseudoatom behavior,
magnetism, and superconductivity. The incorporation of
lanthanum (La) atom inside the cage of the Cg structure has
been experimentally investigated by Heath et al. [9] to detect
the existence of endohedral metallofullerene complexes.
They found, using laser vaporization and mass spectra, that



both La and La, form endohedral fullerenes. Later, Shinohara
and coworkers have studied the production of yttrium endo-
hedral YCs [10] and scandium endohedral ScCe [11] using
arc and laser vaporization of metal-graphite composites in
helium atmosphere. Kortan et al. [12] found that a high
concentration of calcium (Ca) doped Cg experienced phase
transitions from face-centered cubic to simple cubic via
body-centered cubic. Furthermore, doping of radioactive
elements, such as beryllium (Be) [13] and gadolinium (Gd)
[14], has been found to be properly encaged inside a Cg
cluster, leading to substantial applications in nuclear wasting
disposal such as nanocontainer radioactivities [31]. Other
experimental studies have been reported on the purification
of EuCgo [15] and ErCe [16] using chemical extraction from
carbon soot and high-performance liquid chromatography
(HPLC) and investigated the optical properties of purified
LiCgp [17] using Raman and infrared spectra. Theoretically,
the electronic and optical properties of potassium-(K-)
doped fullerene [19, 20] have been calculated using the
local density approximation (LDA) of the density functional
theory (DFT). In their study, Xu et al. [20] have reported
that face-centered cubic K3 Cgo has a superconducting nature,
whereas body-centered cubic K¢Cg behaves like an insulator
with sufficient agreement with the electron-energy-loss
spectra measurements. Saito and Oshiyama [21] studied
the electronic structure of Ca3;Cgy and CasCgg solids. Their
calculations revealed electronic charge transfer from Ca 4s
states to the lowest-unoccupied state (1) of the Cgo cluster
and a strong hybridization between the second lowest-
unoccupied state (t;g) of the Cgo cluster and the 4s states
of the Ca atoms at the off-center position of the octahedral
interstitial site. Thereafter, Umemoto and Saito [22] investi-
gated the electronic properties of the superconducting body-
centered orthorhombic barium fullerene BayCgy within the
framework of the LDA of the DFT scheme. It has been found
that Ba states strongly hybridize with Cg states through
pentagons faces, leading with the asymmetric lattice to the
splitting of the states, and hence, tg is partially filled. Lu
and coworkers [23] have presented ab initio investigations
for the structural and electronic properties of endohedral
beryllium BeCg using the DFT method. Their results show
that Be occupies the center of the fullerene cage preserving its
atomic electronic configuration. They also found a repulsive
interaction between the Be atom and the fullerene cage.
Moreover, it has been found that small hydrogenated atoms
can also be doped in fullerene. Erko¢ and Tirker [24-
26] have reported, using semiempirical self-consistent field
molecular orbital (SCF-MO) method, on the structural and
electronic properties of fullerene upon the deposition of
hydrogenated B, C, N, Al, Si, and P atoms. It has been found
that these endofullerene are stable but endothermic. Using
ab initio molecular dynamics simulations based on the all-
electron mixed-basis approach, Ohtsuki and Ohno [27] have
shown that the inclusion of a Po atom into Cg through
either pentagon or hexagon rings is equally preferable. Very
recently, Yang et al. [7] have presented first-principles DFT
calculations for the electronic structure of single B-, N-,
Co-, P-, and Bi-doped Cg solids. Also they have reproduced
the calculations for two and three Bi atoms in Cgg solids.
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For a single dopant concentration, they have found that
B-, P-, and Co-doped Cg solids are n-type semiconductors,
whereas N doped Cg solid is a p-type semiconductor. For
two and three Bi atoms in Cgp solids, the resultant structures
are a p-type semiconductor and metal, respectively. Despite
much available experimental and theoretical investigations of
endohedral fullerenes, there is a lack of theoretical studies of
endohedral fullerene doped by rare earth metals with unfilled
f shells. In the present work, we will report on the structural
and electronic properties of Ce-doped Cgy solids using DFT.

2. Theoretical Framework

Density-functional theory calculations employing the self-
consistent Kohn-Sham functional were performed using
the Vienna ab initio simulation package (VASP) [32-35].
The single-particle Kohn-Sham wave functions [36] were
expanded using plane waves basis sets up to cut off energy of
20 Ry. The charge density cutoff energy was set to 80 Ry. We
treated the electron-ion interactions using the ultrasoft pseu-
dopotential [37]. The Perdew-Burke-Ernzerhof exchange-
correlation scheme [38] was considered to take into account
the electron-electron interactions. Self-consistent solutions
of the Kohn-Sham equations were obtained by employing a
2 X 2 X 2 Monkhorst-Pack [39] grid of k-points for the
integration over the Brillouin zone. The full electronic den-
sity of states was also calculated with a high k-point sampling
of 10 x 10X 10. The relative tolerance in the density matrix,
taken as self-consistent field (SCF) convergence criterion,
was set to 107> eV. Relaxed atomic positions were obtained
by using the total energy and force minimization methods.
The force tolerance in the minimization procedure was set
to approximately 0.005 eV/A, in which no explicit symmetry
constraints were imposed during the minimization.

3. Results and Discussion

The structural and electronic properties of the fcc fullerene
have been determined to thoroughly investigate the modifi-
cation of the fullerene upon the doping of Ce atom. Before
presenting results for fullerene and Ce-doped fullerene,
energy convergence tests with respect to the lattice constant,
kinetic energy cut off, and special k-points were performed.
Our calculations indicate that a minimum total energy value
is obtained for a lattice parameter of 27.03 Bohr (14.30A)
as shown in Figure 1. This value is slightly overestimated
comparing with the experimental value of 14.17 A [40, 41]
but is in good agreement with previously reported value
of 14.29 A along the Dsq orientation [42]. In their study,
Zoblyomi et al. [42] have shown that the orientational effects
play a significant role in determining the lattice constant of
Ceo-based molecular crystals.

It is also clear from Figure 2 that very well-converged
total energy values can be achieved for energy cutoff values
of 20 Ry or higher.

Similarly, the choice of 6 special k-points (within 2 x
2 X 2 Monkhorst-Pack grid) for self-consistent calculation of
charge density is also found to be quite acceptable. Increasing
the special k-points to 24 (within 4 x 4 x 4 Monkhorst-Pack
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FIGURE 1: Energy convergence test to obtain the lattice parameter of
fullerene.
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FIGURE 2: The variation of total energy as a function of the energy
cutoff.

grid) only decreases the total energy by 0.02 eV/cell. Figure 3
shows the relaxed geometry of the Cqy configuration. It is
found that the bond length of the hexagon-pentagon (6-5)
is approximately C;—C, = 1.465 A, while the C;—C, = 1.41 A
for a hexagon-hexagon (6-6), suggesting quite agreement
with the neutron diffraction measurements [43] of 1.46 and
1.39 A, respectively.

These values are in the range of the double of the covalent
radius of the carbon atom. Moreover, it is quite identical to
the calculated C-C bond length of diamond (1.52A) and
graphite (1.42A). This, therefore, indicates wide range of
similarity in the structural behavior of fullerene with the
other C-based compounds. Furthermore, the inner and outer
diameters of the ball are found to be 3.52 and 10.28 A,
respectively, indicating a mean ball diameter of 6.9 A. These
values are quite close to the previously reported values.

To investigate the fundamental electronic properties of
fullerene, we have performed the electronic density of states
(DOS) for fcc Cep as depicted in Figure 4. It is clearly shown
that the energy band is approximately 1.57 eV, which is larger
than the calculated band gap of 1.34 eV obtained by Ching
et al. [19]. Furthermore, it is noted that both the valence
states and the conduction states consist of a number of small
fragments. The origin of the occupied peaks is mainly due
to the p states of the C atoms with little contributions from

FiGure 3: The equilibrium atomic geometry of Cg showing the
pentagons and hexagons of the fullerene.
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FIGURE 4: The calculated electronic density of states (DOS) of Cey.
The Fermi level set at zero energy is represented by a vertical dashed
line.

the carbon s orbitals. These filled states are quite narrow and
separated by very small gaps. Such a form of localized states
is a fundamental feature of molecular-like structures.

The total charge density plot of the relaxed atomic struc-
ture of fullerene is plotted in a [110] plane passing through
the center of fullerene, as shown in panel (a) of Figure 5. It
is clearly shown that the charge is entirely accommodated
around the five- and six-folded carbon atoms, indicating that
fullerene has a similar charge distribution as the graphite
and diamond structures with a sp> covalent bond formation.
Moreover, the partial charge density plots of the highest
occupied and lowest unoccupied states of the fullerene are
also presented in panels (b) and (c) of Figure 5, respectively.
These planar plots are performed along the [110] plane
at the I' point of the Brillouin zone with an origin being
chosen at the center of the ball. Figure 5 (b) shows that the
highest occupied states mainly originate from the p,-orbitals
of the six-folded carbon atoms. The lowest unoccupied states
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(c)

FIGURE 5: (a) Total charge density plot along the [110] plane passing through the center of the fullerene. Partial charge density plots at the
T point of the principle directions of the (b) highest occupied and (c) lowest unoccupied states. The minimum and maximum of charge

density is 0.02 and 0.08 e/a.u?, respectively.

are largely p nature around the six-folded carbon atoms as
shown in (¢).

Having discussed the fundamental properties of the clean
fullerene, we now are ready to investigate the effect of
incorporation of Ce atom in the fullerene. To the best of our
knowledge, the modification of the structural and electronic
properties of Cgo fullerene upon the doping of Ce atom is
not yet established. So far, there is no direct information
about the exact geometry of Ce-doped fullerene, and we
have used our ab initio density functional calculations to
optimize the adsorption site of a single Ce adatom on the
fullerene unit cell. To achieve such a purpose, five different
initial positions taking into account all the symmetry sites
and spanning uniformly the unit cell have been investigated,
as shown in Figure 6. These doping sites are based on a single
Ce atom placed (a) at the origin, (b) in a direct interact with
the hexagon, (c) in a direct interact with the pentagon, (d)
substituting one carbon atom, and (e) above the common C-
C bond connecting two consecutive-hexagon and pentagon.

Unlike the encapsulated N and noble gas atoms [44—47]
and metallic atoms like Be, Ca, Li, Y, La, and Sc [23, 48-51],
which all occupy the center or slightly positioned off-center
of the fullerene, the absolute minimum corresponding to the
lowest total energy has been found for Ce interacting directly
with the six-folded ring of the fullerene, as indicated in panel
(b) of Figure 6. It is also noted that during the optimization
process, the Ce atom that was initially placed elsewhere
inside the cage migrates to the six-membered ring. Our total
energy calculation suggests that the total energy significantly
changes as the Ce atom is shifted from the center of the cage
toward the edge close to the hexagonal ring where the total
energy reaches its local minimum, as shown in Figure 7. The
interaction between Ce and the cage turns to be repulsive as
the Ce atom directly interacts with the C atoms of the ring.

However, this optimal structure indicates that the CeCe
in its Cyy symmetry is the ground state. The binding energy

of such a structure is determined to be 5.34¢V, which
is smaller than the value obtained for CeCg, of 6.696¢V.
However, this value is greater than the values of 2.65, 3.77,
and 4.29 eV obtained for Gd, La, and PoCg, respectively.
The calculated value of binding energy indicates, though it
is smaller than that of CeCg,, a strong interaction of Ce d
and f states with the p states of the C atoms. With respect
to the fully relaxed pure fullerene, the optimized hexagon-
hexagon and hexagon-pentagon C-C bond lengths of the
CeCg are found to be slightly elongated by an approximately
0.0015 and 0.002 A, respectively. These observations have
also been seen in some metallic dopant in fullerene (see, e.g.,
[22, 23]), suggesting possible charge transfer from the Ce
atom to the C atoms. Despite that the structural change of
the CeCg is only a few decimals, it is vital to the ground
state energy calculation. The average Ce—C bond length is
calculated to be 2.52 A, which is almost equivalent to the sum
of their covalent radii, indicating a strong bond formation.
Consistent with the values obtained for pure fullerene, the
inner and outer radii of the cage remain unaltered, suggesting
that Ce does not distort the overall structure of the ball but
a little appreciable elongation in the double and single C-C
bond of the cage rings as discussed earlier. Finally, we have
calculated the average C—Ce—C bond angle of approximately
56.12°. It has also been calculated for NiCgy [52] that the
drop shape is further characterized by the deviation from
planarity of approximately 56.8°.

The electronic band structure of the endohedral Ce-
doped fullerene along the symmetry direction of the face-
centered cubic Brillouin zone is depicted in Figure 8. At the
I point, it is clearly shown that the energy gap of the pure
fullerene has been significantly reduced to approximately
0.2 eV due to the quite strong interaction between the dopant
and the carbon species. The highest occupied state slightly
crosses the Fermi level at both L and K points of the Brillouin
zone. We have noticed that the highest occupied state is quite
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FiGURE 6: Fully relaxed configurations of the proposed atomic geometries for the CeCgy with the lowest-energy structure being depicted in

(b).
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FIGURE 7: The change of the total energy as a function of the Ce
position with respect to the cage center. The energy is set to zero
when the Ce atom occupies the cage center.

straight along the I'X direction, indicating that this state
originates from the Ce-filled orbitals. Similarly, the lowest
unoccupied state is rather straight along the LX direction,
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FiGure 8: The electronic band structure of the Ce-doped fullerene
along the principal directions of the Brillouin zone. The Fermi level
is set at the zero-energetic position.

suggesting a long-range interaction between the dopant and
the host material.

To investigate the density distribution of the present
system, we have plotted DOS. Figure 9 shows that the overall
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FIGURE 9: The total density of states (DOSs) of the Ce-doped
fullerene. For comparison, the DOS of the fullerene is also depicted.
The zero-energetic position refers to the Fermi level.

electronic structure of the system is metallic. Although there
are no appreciable changes in the valence region of the
Ce-doped fullerene comparing with the clean fullerene,
significant changes can be clearly observed in the energy
interval Ef to Er + 2.5 €V. A new shoulder S; has been created
in the vicinity of the fullerene band gap and slightly below the
Fermi level. This shoulder, however, is believed to be origi-
nated from the 5d orbital of the Ce atom. A well-developed
peak is also observed at about Er + 1.8 eV, which is partially
contributed by the f states of the Ce atom. At approximately
Er + 5.0 eV, the undeveloped peak observed for fullerene has
now been a well-defined peak. Overall, the narrow peaks seen
in pure fullerene are now slightly broadened upon the doping
of the Ce atom with minor contribution from Ce 4f electrons
to the metallic ground state of the system.

To elucidate the nature of the Ce—C bonding formation,
we have plotted the total charge density along a line joining
the Ce atom with its nearest neighbors. Our results, plotted
in Figure 10, indicate that the charge is strongly localized
around the C atoms with little amount of charge being
accommodated around the dopant, suggesting an ionic
nature for the C-Ce bond. We also conclude that a large
amount of charge has been transferred from the Ce atom to
its nearest neighbor C atoms due to its electronegativity. To
estimate the value of the transferring charges, we employed
a simple scheme in which we calculate total charge of the
total charge density in a sphere, around a Ce atom, of radius
equivalent to half the distance between the Ce atom and
the nearest C atom. Following a similar method with the
exact size of the studied unit cell (fullerene cell), the charge
density around an isolated Ce atom is calculated. Using the
numerical results from these two calculations, approximately
0.64e charge has been transferred from the Ce atom to
its neighboring C atoms. The Ce-to-Cg charge transfer,
therefore, is responsible for an almost perfect alignment
between (6,6) and (6,5) C—C bonds.
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FiGure 10: The total charge density along a C—Ce—C bond of the
Ce-doped fullerene structure.

TaBLE 1: A comparison between the Ce and some other metal-
doped fullerene is presented.

Metal-C  Double C-C  Single C-C  Energy ga
Metal Cg A) A) g( ) (eg\}/’)g p
Ce 2.52 1.4115 1.467 0.2
Po 1.4 1.455 1.09
Be 1.3943 1.4626 1.25
Ca 1.4082 1.465 0.5
Ni 1.805 1.43 1.46

A summary of the structural and electronic parameters
of CeCgp compared with other endohedral metal-doped Cg
is presented in Table 1.

4. Summary

Using ab initio density functional calculations, the structural
and electronic properties of Ce-doped fullerene have been
investigated. It is found that the ground-state structure of
CeCgp composes of a Ce atom bonded to the hexagonal
ring of the cage with a binding energy of approximately
5.34 eV. The structure is semiconducting at the I' point with
a significant reduction in the fullerene band gap. The C-Ce
bond is found to be of an ionic nature with a large amount of
charge being transferred from the Ce to the C atoms. Upon
the charge transfer from the Ce to C atoms, the double and
single C—C bonds have been slightly elongated.
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