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The electronic structure and the electronic localization properties of the exohedrally doped fullerene CgoTa,
CgoTa,, and CyyTay systems are studied in the framework of density functional theory calculations. The effect
of doping the fullerene network with Ta impurities results in modifications of the Kohn—Sham energy levels
spectrum in the highest occupied molecular orbital-lowest unoccupied molecular orbital (HOMO-LUMO)
region and a drastic HOMO-LUMO band-gap reduction. In the vicinity of the HOMO, most of the occupied
electronic states are Ta-like for C¢yTa and CgyTa,, while C-like states or mixed C-Ta-like states are predomi-
nant for the case of CgyTas. In all cases, we observe a conspicuous charge transfer from the Ta to the
neighboring C atoms, Mulliken charges are positive on the Ta atoms and equal to 2.12 (CgyTa), 1.77/1.80
(CgpTa,), and 1.61/1.62 (C¢yTaz). The values of the valence charges on the Ta atoms reflect their coordination
environment and are the largest in CgyTaz (3.00/3.25). This is compatible with the existence of three nearest
neighbors (two Ta and one C) for each one of the Ta atoms in CgyTaz. We provide an insight into the physical
nature of bonding by means of an accurate electronic structure analysis in terms of the electron localization
function and the maximally localized Wannier orbitals. Among the Ta valence electrons, the most localized
ones are those not involved in bond formation, charge transfer effects concurring to the establishment of
ionic-covalent bonds between the Ta and the neighboring C atoms.
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I. INTRODUCTION

Transition metal (TM) atoms can act as dopant species
altering the chemical nature of fullerenes, as proved by the
synthesis and detection of endohedral, exohedral, and substi-
tutional heterofullerenes."? In these three classes of systems,
TM atoms play the role of foreign impurities interacting with
carbon atoms assembled in a cagelike fashion. As a theoret-
ical counterpart to experiments, density-functional theory
(DFT) provides a well-suited and reliable approach to eluci-
date the relationship between the bonding properties of the
fullerenes and the nature of the dopants.> However, while
several studies of TM substitutional and endohedral heterof-
ullerenes have been reported over the years,*~!? the literature
about the electronic structure of exohedral TM is nearly
nonexistent.!"!3 The main purpose of this paper is to fill this
gap by describing the electronic properties of Ta-doped exo-
hedral heterofullerenes.

We take advantage of an available structural study carried
out at the DFT level'? to gain insight into the bonding fea-
tures of CggTa, CyyTa,, and C¢yTaz. We elucidate fundamen-
tal issues such as the charge state of the dopant atoms and of
their nearest neighbors, their valence character, and the lo-
calization of the valence electron density in the vicinity of
the dopant sites. For both experiments and theory, the case of
CgoTa, clusters has proved particularly challenging. Accord-
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ing to mass spectrometric studies, fragmentation of the pris-
tine CgyTa, species goes along with the loss of C;5 units upon
laser irradiation.'* Motivated by this intriguing fragmenta-
tion behavior, the determination of the structure of CgyTa,
CyoTa,, and CyyTas heterofullerenes and the study of their
dynamical evolution were achieved in the framework of
first-principles molecular dynamics.'3 This has led to an ac-
curate structural description of the most stable isomers and to
a picture of the Ta mobility on the cage surface. To complete
the atomic-scale characterization of these systems, we pro-
vide in this work detailed information on the electronic struc-
ture of CgyTa, CgyTa,, and CgyTas. This allows us to ratio-
nalize the interplay between the topology of these clusters
and the bonding properties.

The scenario depicted by our results can be summarized
in a clear evidence for a bonding character of the Ta atoms
which is dependent on the local environment. An analysis of
the electronic localization confirms that in CgyTa and in
C¢oTa,, no more than two electrons on each Ta atom (elec-
tronic configuration [Xe]4f'*54°6s?) are available for direct
bonding with neighboring Ta or C atoms. Ta becomes triva-
lent in CqyTa; by making available three valence electrons
involved in two Ta-Ta bonds and one Ta-C bond.

The present paper is organized as follows. Our methodol-
ogy is presented in Sec. II. It contains a summary of the
computational framework, with an explicit account of the
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electronic localization tools employed in this work. In Sec.
III, we focus on the electronic properties of CygTa, CyyTa,,
and CgyTas. The indications collected by relying on the
Kohn-Sham orbitals and the population analysis are com-
pleted and substantiated via a study of the electronic local-
ization (electronic localization function, ELF, and Wannier
functions, WF). Finally, concluding remarks are presented in
Sec. IV.

II. COMPUTATIONAL METHODOLOGY

The theoretical framework and its implementation are
identical to the one already used in the previous investigation
devoted to the structural and dynamical properties of Cg,Ta,
C¢oTa,, and CgTa; heterofullerenes.'? Here, we recall that
the calculations are performed via first-principles molecular
dynamics.'>!® This approach is based on DFT with gradient
corrections after Becke (B) (Ref. 17) and Lee, Yang, and Parr
(LYP) (Ref. 18) for the exchange and correlation functionals,
respectively. A plane-wave basis set is used to represent va-
lence electrons, with an energy cutoff of 70 Ry, and the core-
valence interactions are described by Trouiller-Martins
norm-conserving pseudopotentials.'”

For computational convenience, the search of the opti-
mized structures was repeated by placing the clusters in a
face-centered cubic simulation cell with an edge of 26.46 A,
amounting to 4 times the diameter of the Cg. The structural
features of the isomers were found very close to those re-
ported in Ref. 13, to which we refer for a detailed description
of the method and of the clusters configurations thereby ob-
tained.

The electronic structure of the various heterofullerenes
was first investigated by an analysis of the Kohn-Sham (KS)
energy levels and of the associated probability density distri-
butions of the electronic states, focusing on those around the
highest occupied molecular orbital (HOMO)-lowest unoccu-
pied molecular orbital (LUMO) energy gap. A population
analysis was then performed to yield, for each atom, Mul-
liken charges and the valences. A deeper insight of the bond-
ing localization properties can be achieved by the formalism
of the ELF (Refs. 20-23) and of the Boys localized
orbitals.”* The ELF is defined as

1
= , 1
n=1, 2 (1)
where
(Vp)?
Vi 2_ 277
2 Vol -
X=—3 - ()
g(67_r2)2/3p5/3

Since we use a supercell approach, the Boys localized orbit-
als are calculated as their periodic system generalization,
namely, the maximally localized WFs (Refs. 25 and 26) and
the weighted center of their charge distribution, i.e., the Wan-
nier function centers (WFCs).

The ELF provides information on the degree of localiza-
tion of the electronic density.?”-?® By decreasing the ELF
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values from 1 (low-Pauli repulsion, highest localization), one
can identify regions in space (termed attractors) which are
surrounded by disjoint ELF isosurfaces (the basins) defining
different charge localization domains. On lowering the ELF
values, different degrees of localization can be established,
not necessarily all related to bonding formation, as shown in
a revealing example for the case of Cs0Si.>>* In that case,
the first localization domain on lowering the ELF appeared
above the dopant Si atom and not along the Si-C bonds,
clearly demonstrating that the ELF analysis can be more in-
sightful than the conventional observation of the valence
charge density.

Inspections in terms of localized orbitals were performed
by computing the WFs and WFCs. Namely, WFs are ob-
tained by a unitary transformation of the occupied Bloch
orbitals. It should be recalled that, in principle, the WFs are
not uniquely defined due to the arbitrary phase factor of the
Bloch orbitals. This indeterminacy has been resolved in Ref.
26 by requiring that the total spread of the Wannier functions

§= 2 (), = (0)) 3)

be minimized in real space.

III. ELECTRONIC PROPERTIES
A. Kohn-Sham orbitals

We carried out the study of the electronic properties by
focusing on the most stable isomers of CqyTa, CygTa,, and
CoTa,, respectively.!> In what follows, we refer to these
specific isomers when invoking CggTa, CggTa,, or CgyTas.
When describing the Kohn—Sham energy levels, the zero of
the energy is taken as the highest occupied state between the
two uppermost majority and minority spin levels. We recall
that the nominal valence number of Ta is 5 and the related
electronic configuration of this atom is [Xel4f'*54%6s>.
Since we work in a spin-unrestricted local spin density
(LSD) approach, minority and majority spin states, labeled
as a and S, respectively, are kept separated in the figures.

To get an insight into the localized character of the orbit-
als, each Kohn-Sham energy level is projected onto atomic
orbitals centered on given atoms. In particular, this proves
useful for the eigenstates around the band gap, since these
states are generally expected to be the most affected by
chemical reactions such as the formation of new Ta-C chemi-
cal bonds. Eigenstates characterized by close proportions of
Ta and C characters are labeled as having a mixed Ta-C
nature.

The fivefold degeneracy of the HOMO level and the
threefold degeneracy of the LUMO level of the bare Cg, are
removed because of the presence of the Ta atom (case of
CeoTa, Fig. 1). Taking into account the spin and the presence
of a Ta atom, 15 orbitals are expected to appear around the
HOMO location. Indeed, seven « states appear, in the range
between —0.77 and —0.03 eV. Three of these states are
mostly Ta-like, whereas the other four, three mostly C-like
and one having a mixed Ta-C nature, arise from the degen-
eracy removal of the HOMO level of Cg,. A similar scenario
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FIG. 1. (Color online) Kohn-Sham eigenvalues close to the band
gap for Cqy and for the most stable isomer of CgyTa. The numbers
in the parentheses denote the degeneracy of the energy levels. Solid
and dashed lines indicate levels with a dominant C-like and Ta-like
characters, respectively. Dash-dotted lines indicated mixed Ta-C
levels.

holds also for the B states, where among the eight levels
distributed between 0 and —0.84 eV, four are predominantly
Ta-like. This description is complemented by the visual in-
spection of the associated |#;(x)|> KS eigenstates for the or-
bitals corresponding to the HOMO-1, HOMO, and LUMO
levels of C¢yTa (Fig. 2). The HOMO state of the a-spin band
is mainly localized around the Ta atom and, in particular,

FIG. 2. (Color online) The probability isodensity surfaces, taken
at the value 0.005 e/(a.u.)’, for the eigenstates HOMO-1, HOMO,
and LUMO of the most stable isomer (h—h) of CgyTa. Top row for
the @ (minority) spin states and bottom row for the B (majority)
spin states.
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FIG. 3. (Color online) Kohn-Sham eigenvalues close to the band
gap for Cgy and for the unrelaxed isomer of CgyTa. This has been
obtained (see text) by keeping frozen the coordinates of Cg, and by
positioning the Ta atom at the location and distance from the Cg
cage found in the relaxed case. The numbers in the parentheses
denote the degeneracy of the energy levels. Solid and dashed lines
indicate levels with a dominant C-like and Ta-like characters, re-
spectively. Dash-dotted lines indicated mixed Ta-C levels.

along the Ta-C bonds. Similarly, in the case of the HOMO
[B-spin state, a nonnegligible weight along the #—% bond has
been evidenced (note that by #—h bond we intend one of the
hexagon-hexagon bonds of the Cg, cage). On the other hand,
the LUMO states of both « and S spin components are lo-
calized on regions of the fullerene distant from the Ta atoms.
The HOMO-1 and LUMO of the a spin component are
mostly carbonlike states and are separated by AE=1.61 eV,
which is close to the HOMO-LUMO gap of Cg, (1.64 eV).
This is true also in the case of the 8 spin component when
considering the states HOMO-2 and LUMO, having a car-
bonlike character and being separated by an identical energy
difference (1.61 eV), whereas the HOMO-1 state of the
band is mainly Ta-like.

In Fig. 3, we show the Kohn-Sham energy levels of a
Cgo+Ta system in which the Cgj is left unrelaxed. The posi-
tion and the distance with respect to the underlying Cg, net-
work are taken to be those pertaining to the above Cgy+Ta
case. The constraint on the structure of the cage is reflected
by the existence of fairly large residual energy gap between
the HOMO and HOMO-1 eigenstates in the a spin band
(0.51 eV), whereas as smaller gap (0.13 eV) is present in the
B spin band. Also, distinct sets of Ta-like eigenstates and
C-like eigenstates are found well separated around the
HOMO level, underscoring a reduced hybridization with re-
spect to the relaxed CgyTa case.

The Kohn-Sham energy levels of CgyTa, are shown in
Fig. 4. The majority of the orbitals located between 1.74 and
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FIG. 4. (Color online) Kohn-Sham eigenvalues close to the band
gap for Cg and for the most stable isomer of CgyTa,. The numbers
in the parentheses denote the degeneracy of the energy levels. Solid
and dashed lines indicate levels with a dominant C-like and Ta-like
characters, respectively. Dash-dotted lines indicated mixed Ta-C
levels.

—1.77 eV are predominantly Ta-like. The reduced number of
C-like states within this interval, and the smaller values of
the HOMO-LUMO band gap, are indicative of the enhanced
reactivity of this heterofullerene not only with respect to Cg,
but also when compared to CyyTa. Figure 5 allows to under-
stand how the different Ta-like, C-like, or Ta-C characters
have been assigned. The HOMO-1 level for the a-spin band,
located at —0.54 eV in Fig. 4, is found predominantly on one
of the Ta atoms. A mixed Ta-C character characterizes the
HOMO-1 of the S-spin band, located at —0.67 eV, since
pockets of isodensity surfaces can be detected both on the
vicinity of one of the two Ta atoms and close to C atoms far
from the Ta-C interaction region. For the HOMO levels, the
assignments involve sizeable regions encompassing both Ta
and C atoms along their bonds with Ta. Finally, the LUMO
states are mostly C-like («, Kohn-Sham energy 0.81 eV) and
Ta-like (B, Kohn-Sham energy 0.72 eV), respectively.
Coming to the Kohn-Sham energy levels of the CgyTas
system (Fig. 6), we notice that a striking difference exists
with respect to the case of CgyTa,. Most of the occupied
states below the gap are C-like or have a mixed Ta-C char-
acter, while the opposite holds above the band gap, meaning
that Ta atoms are more likely to play a role in chemical
reaction processes involving electronic excited states. No-
table exceptions are the HOMO of the B-spin band and an
additional eigenstate located 0.52 eV below. A set of Ta like
states can be found in the intervals —1.30/—1.51 eV and
—1.38/-1.62 eV for the a-spin and B-spin bands, respec-
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FIG. 5. (Color online) The probability isodensity surfaces, taken
at the value 0.005 e/(a.u.)3, for the eigenstates HOMO-1, HOMO,
and LUMO of the most stable isomer of C¢yTa,. Top row for the
(minority) spin states and bottom row for the B (majority) spin
states.

tively. The corresponding spatial distribution of the
HOMO-1, HOMO, and LUMO eigenstates is shown in
Fig. 7.

B. Population analysis and magnetic properties

In terms of Mulliken charges and valence, bonding of Ta
atoms to the fullerene results in a charge transfer toward the
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FIG. 6. (Color online) Kohn-Sham eigenvalues close to the band
gap for C¢, and for the most stable isomer of CgyTas. The numbers
in the parentheses denote the degeneracy of the energy levels. Solid
and dashed lines indicate levels with a dominant C-like and Ta-like
characters, respectively. Dash-dotted lines indicated mixed Ta-C
levels.
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FIG. 7. (Color online) The probability isodensity surfaces, taken
at the value 0.005 e/(a.u.)?, for the eigenstates HOMO-1, HOMO,
and LUMO of the most stable isomer of CgyTas. Top row for the a
(minority) spin states and bottom row for the B (majority) spin
states.

more electronegative C atoms. The values of the positive
charges on the Ta atoms range from 1.61 (in CgyTas) and
1.77 (in CgyTa,) to 2.12 (in C4yTa). Neighboring C atoms
carry a negative charge amounting to —0.28 (in CgyTa,),
while those farther apart from the Ta atoms are essentially
neutral (see Table I). The values of the valence on the Ta
atoms are indicative of the number of nearest neighbors,
since they are found to increase from 1.29 (CgTa, one C
nearest neighbor) to 1.96/2.03 (CyyTa,, one C and one Ta
nearest neighbors) and then to 3.00/3.25/3.28 in C¢yTas (two
Ta and C nearest neighbors). Based on the Mulliken popula-
tion analysis and the computed valence charges, no clearcut

TABLE 1. Electronic properties of the most stable isomers of
CgoTa, CgyTay, and CgyTas. C’ denotes C atoms which are the
nearest neighbors to Ta atom. Spin densities are given in |e| units.

Isomers  Atom  Mulliken charge  Valence Spin density
CgoTa Ta 2.12 1.29 1.037
c’ —-0.26 3.70 -0.019
c’ —-0.26 3.70 -0.022
C 0.03-0.04 3.89-3.90
CgoTay Ta 1.77 2.03 -1.467
Ta 1.80 1.96 1.486
c’ -0.21 3.70 0.032
C’ -0.28 3.67 —0.048
C’ -0.19 3.76 0.048
C’ -0.27 3.73 -0.028
C 0.01-0.05 3.87-3.90 -0.03-0.07
CgoTay Ta 1.61 3.25 -0.073
Ta 1.62 3.00 0.870
Ta 1.61 3.28 -0.077
C’ -0.22 3.74 -0.03
C’ -0.21 3.75 0.02
C’ -0.20 3.76 -0.02
C 0.03-0.04 3.75-3.90 -0.02-0.05

PHYSICAL REVIEW B 81, 195433 (2010)

CsoTa
(b) ELF (n=0.90)

(a) ELF (1= 0.98)

FIG. 8. (Color online) ELF for CyyTa. (a) Four basins are visible
around Ta site at 7=0.98. (b) These basins are merged into two
major localization regions at 7=0.90.

indication can be found about the nature of the bonding be-
tween the dopant species and the fullerene cage. In particu-
lar, the role of charge transfer in establishing the bonding
character remains to be elucidated. The electron localization
properties presented in the next section turned out to be very
well suited to achieve this purpose.

Spin-density values given in Table I are those correspond-
ing to the lowest multiplicity spin states for each one of the
three clusters. We have checked that this choice does corre-
spond to the lowest energy when compared to other spin
configurations. Common to the three cases is the presence of
a predominant spin density on the Ta atoms, much smaller,
albeit non-negligible, spin densities being found on the
neighboring C atoms. C4yTa, features a singlet state with two
spin densities of opposite signs on the Ta atoms. Instead of
being delocalized on the three Ta atoms, a much larger spin
density is found on one of the Ta atoms in C4yTas. Vanishing
spin densities characterize the C atoms lying far from the Ta
impurities. Taken altogether, these results demonstrate that
the Ta atoms are the only responsible for the magnetic nature
of these clusters, whereas the C atoms are barely affected.

C. Electron localization function and localized orbitals

An analysis of the electron localization regions in the
Ta-Cq systems was performed in terms of the ELF and vi-
sualized in terms of three-dimensional isosurfaces, as shown
in Fig. 8. By decreasing the ELF values, four localization
basins appear, visible around the Ta site on both sides of the
ideal plane formed by Ta and the two C atoms connected by
the 7—h bond. These basins merge in two major localization
regions at 7=0.9, while further localization basins appear in
the region of the Ta-C bonds and in the regions between all
the C-C bonds in the Cg, structure. The domains along the
Ta-C bonds are shifted toward the C atoms to indicate a polar
character in the C-Ta bonding. The existence of a localiza-
tion region located in the vicinity of the doping atom but
clearly separated from the bonds with C atoms is analogous
to a situation already encountered in the case of Cs¢Si.2>*° In
that case, such a region could be ascribed to the sp? “weak”
bonding of Si in the Cg, environment, leaving nonbonded
one valence electron for Si atom. In the present case, it ap-
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FIG. 9. (Color online) ELF for C4yTa,. Note that the localiza-
tion region external to the Ta atom appears already at 7=0.93,
while those corresponding to Ta-C bonds are visible on both bonds
at 7=0.85.

pears that the five valence electrons of Ta contribute to two
distinct localization patterns in the ELF. The first is highly
localized (smaller Pauli repulsion among electrons, as based
on the ELF definition), while the second is related to the
fraction of the valence electron density more spread out in
space since it is involved in bonds with C atoms.

A similar pattern can be observed in the ELF behavior of
CgyoTa,, a few differences being noticeable (Fig. 9). First, the
localization region external to the Ta atom farther apart from
the cage appears at (7=0.93), along with the localization
basins located on each C-C bond. At lower values (7
=0.90), the ELF regions are visible around the C atom bound
to one of the Ta atoms and then (7=0.85) along both Ta-C
bonds. Interestingly, the localization regions pertaining to the
Ta-Ta bond become visible at lower ELF values (above the
bond, 7=0.82), suggesting that a higher Pauli repulsion is
effective, due to d electrons. Overall, it appears that the ex-
ternal doping of Cgy by Ta has the effect of localizing the
valence electron density not only along the Ta-C bond but
also, and more predominantly, on regions of space surround-
ing the Ta atom. For C4yTa and CgyTa,, these regions corre-
spond to the Ta valence electrons not involved in bond
formation.

The global information about the electron localization
provided by the ELF can be partitioned into single-orbital
contributions by means of the maximally localized WF and
WEFC analyses, as shown for a variety of systems ranging
from solids to liquids.3'-33 By this approach, we see that
three of these centers, labeled as WFC1, WFC2, and WFC3
in Fig. 10, are distributed around the Ta atoms. The remain-
ing two, labeled as WFC4 and WFCS5, are located along the
Ta—C bonds [Fig. 10(a)]. Therefore, three of the five Ta va-
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FIG. 10. (Color online) (a) Wannier function centers around Ta
site. Three centers around Ta atom are labeled as WFC1, WFC2,
and WFC3, respectively. The remaining two, which are located
along the Ta-C bonds, are labeled as WFC4 and WFCS5, respec-
tively. (b) Maximally localized Wannier functions for WFCI,
WFC2, and WFC3 plotted at a value 0.02 [e/(a.u.)?]. (c) The same
for WFC4 and WFCS5, which take part in the formation of the Ta-C
bonds.

lence electrons do not participate in the formation of Ta-C
bonds but remain localized around the Ta site. Conversely,
two valence electrons take part in the formation of the Ta-C
bonds, as shown in panels (b) and (c) of Fig. 10. The isos-
urfaces, plotted at a value of 0.02 e/(a.u.)’, refer to the
Wannier functions of the states WFC1, WFC2, and WFC3
[panel (b)], and WFC4 and WFC5 [panel (c)]. The largest
amplitudes of WFC4 and WFCS5 are shifted toward the C
atoms of the Cg, conferring a peculiar “pear” shape to these
electronic distributions and underscoring the fact that the
Ta-C bond has a polar character. These pieces of evidence
substantiate the view of a charge transfer from the Ta atom
favoring bond formation in the direction of the C atoms,
thereby conferring to the Ta-C interactions a nontrivial
ionocovalent character.

In Fig. 11, we show the Wannier centers of CyyTa,. By
attributing ten of them to the presence of Ta atoms, one can
distinguish four centers located on the Ta atoms (two on
each) and other two centers in the region between the Ta-C
bonds. These six centers are not related to bond formation
involving either the Ta pair of atoms or any neighboring C
atom. Among the remaining four WFCs, two are found along
the Ta-Ta bond and the last two along the Ta-C bonds (one of
each bond). The corresponding WFs are shown in Fig. 12. It
appears that four WFs are strictly localized on each of the Ta
atoms [Fig. 12(a)], as expected in view of the existence of
the two corresponding WFCs. Similarly, two WFs are spread
out in the space between the bonds [Fig. 12(b)]. Finally, two
Wannier functions are indicative of Ta-Ta and Ta-C bond
formations, respectively, thereby confirming the picture of
the Ta atom behaving in C4yTa, as a divalent impurity [Fig.
12(c)].

Based on these observations, the transition from the diva-
lent behavior of Ta observed in CgyTa, to the trivalent be-
havior of Ta expected in CyyTa; can be rationalized as fol-
lows. One can attribute the 15 Wannier centers stemming
from the presence of three Ta impurities to specific bonds
and/or locations. We begin with the consideration that each
Ta-Ta bond accounts for two Wannier centers (one for each
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FIG. 11. (Color online) Wannier centers for C4yTa,. We attribute
ten of them to the presence of the Ta atoms, namely, the eight
visible on the top of the figure in the vicinity of the Ta atoms and
one of each of the Ta-C bonds.

Ta, see above) and each Ta-C bond for one Wannier center.
Therefore, we have as much as nine Wannier centers pertain-
ing to Ta atoms, i.e., nine valence electrons are involved in
bonding formation and six are localized on Ta atoms. This
picture is consistent both with the values found for the va-
lence in CgyTa; and with the charge on the Ta atoms (smaller
in CgTaz than in CgyTa, and CyyTa). Indeed, the formation
of Ta-Ta bonds induces electron density delocalization out of
the Ta ionic centers, lowering the charge on these atomic
sites.

IV. CONCLUSIONS

We have performed an analysis of the electronic proper-
ties of CgyTa, CggTa,, and CyyTas by focusing on the most
stable isomers for each of the three heterofullerenes. The
perturbation induced by the dopant Ta atoms is reflected by
radical changes around the HOMO and LUMO Kohn-Sham
levels. This is particularly striking in the case of C¢yTa,, the
formation of a Ta, dimer resulting in a predominant presence
of Ta-like states within an energy range of ~3.5 eV around
the HOMO level. There are profound differences between
the Kohn-Sham levels of Cg¢yTa and those of an unperturbed
Cgo+Ta isomer obtained without relaxing the atomic posi-
tions. In this latter system, Ta-like and C-like states lie al-
most entirely in separated portions of the energy band. Mul-
liken charges indicate a charge transfer of approximately two
e~ toward the Cg, in all the three cases, increasing from 1.61
(CgoTaz) to 2.12 (C¢yTa). The nominal Ta valence reflects
the coordination of the dopant atoms, being close to 1, 2, and
3 for CgyTa, CgyTa,, and CgyTas, respectively.

We employ the electron localization function ELF and the
Wannier functions approach to better characterize Ta-Ta and
Ta-C bonding in the case of C¢yTa and CgyTa,. Charge trans-
fer to the C atoms has to be interpreted as a delocalization of

PHYSICAL REVIEW B 81, 195433 (2010)
CeoTa, (N=0.007)
(a) ‘g ‘

FIG. 12. (Color online) Maximally localized Wannier functions
for CgoTa, plotted at a value of 0.007 e/(a.u.)®. These Wannier
functions are those corresponding to the Wannier centers shown in
Fig. 9. (a) A total of four Wannier functions, i.e., two pairs localized
at each one of the Ta locations. (b) Two Wannier functions spatially
distributed in between the Ta-C bonds and the Ta-Ta bond. (c) Four
Wannier functions localized along the Ta-Ta bond (two of them)
and the Ta-C bonds (one on each bond).

Ta valence electrons (no more than two) in the direction of
the nearest neighbors, while the remaining valence electrons
of each Ta remain close to the Ta site. This picture is con-
firmed by the location and spread of the WFCs. Three WFs
are located on the Ta atom in CgyTa and are not involved
in the bonding. Similarly, in the case of CgyTa,, only four
WFs (two for each Ta atom) are distributed along Ta-Ta or
Ta-C bonds. As a natural extension of these findings, bond-
ing in CgTas results from the involvement of three valence
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electrons for each Ta atom, responsible for two Ta-Ta and
one Ta-C bonds, respectively. Therefore, our calculations are
instrumental to identify a change in the valence state with
increasing number of Ta atoms.

The present results show that the interactions in the neigh-
borhood of the dopant sites consist of covalent bonds be-
tween Ta atoms and by ionocovalent bonds between Ta and
C atoms. In all case studied, charge transfer is responsible for
the formation of both nonzero electron densities located be-
tween Ta and C atoms and Ta-Ta bonds. In Ref. 13, first-

PHYSICAL REVIEW B 81, 195433 (2010)

principle molecular dynamics showed that the fragmentation
behavior of these systems is not consistent with the emission
of C, units, at least on the picosecond time scale. In this
paper, we showed that there is clear physical mechanism
underlying the formation of small Ta units adsorbed on the
Ceo cage, at least when local equilibrium structural and
ground-state electronic properties are taken into account.
Therefore, our results suggest that any experimental observa-
tion of C, units might result from processes not included in
the present framework, i.e., electronic excitation.
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