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Results of the self-consistent calculation of electronic structure of endohedral fullerene Ar@C60 within the
Hartree–Fock and the local density approximations are presented. Hartree–Fock approximation is used
for the self-consistent description for the first time. It is shown that the accurate account of the exchange
interaction between all electrons of the compound leads to the significant modification of the atomic
valent shell which causes the noticeable charge redistribution inside the endohedral compound.
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1. Introduction

Endohedral fullerenes represent a class of compounds consisted
of atoms or small molecules confined inside the fullerene cage. Due
to the confinement of the encaged atom endofullerenes have
unique properties and a wide range of potential applications. For
instance, they are used in drug delivery applications [1], doping
of endohedral fullerenes allows one to improve power conversion
efficiency of the photovoltaic devices [2]. Quantum dot devices
based on endohedral fullerenes encapsulated in single-walled car-
bon nanotubes are reported to be created [3] and proposed for
quantum-information processing [4].

Besides the potential applications the investigation of fundamen-
tal properties of endohedral fullerenes is also of a great current inter-
est. Since the first experimental observation of endohedral
fullerenes [5] a large number of theoretical investigations have been
performed on the photoionization process of the compounds within
different frameworks (see, e.g., review [6] and references therein).
On the contrary, the experimental studies are still not numerous
what is caused by difficulties in producing sufficient amounts of
purified compounds for the gas phase experiments. Up to now series
of experiments have been performed on the neutral and charged
endometallofullerenes [7–9] and on noble gas endohedral fuller-
enes, Ar@C60 [10,11] and Xe@Cþ60 [12] as well.

In this paper, we present the results of the first self-consistent
description of electronic structure of endohedral fullerene Ar@C60

within the Hartree–Fock (HF) approximation. From atomic physics
it is known [13] that an accurate description of the photoionization
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process of many-electron systems is obtained within the random
phase approximation with exchange (RPAE) which is based on appli-
cation of the HF approximation for calculation of the ground and ex-
cited states of the system. It was proven by case studies of a variety of
isolated atoms and their ions [14] and of metallic clusters as well [15].

Considering Ar@C60 within the local density approximation
(LDA) in [16] the hypothesis of hybridization of the valent 3p shell
of the confined Ar atom was discussed for the first time. In the
present paper, we describe the hybridization phenomena in an-
other way and find out the correlated effect caused by the hybrid-
ization. Application of the HF approximation allows one to take
into account the exchange interaction between all considered elec-
trons of the system more accurately in comparison with the LDA.
2. Model description

In a number of papers it was supposed that in noble gas endo-
hedral fullerenes A@C60 a confined atom A is located in the center
of the fullerene molecule [17–19] vibrating due to finite tempera-
ture [20]. In the present paper, we assume that in case of Ar@C60

these vibrations are insignificant at room temperature and con-
sider Ar atom located in the center of the fullerene cage. Thereby
all the electrons of the endohedral system are moving in a spheri-
cally symmetric central field and one can construct the electronic
configuration described by the unique set of quantum numbers
{n, l} where n and l are the principal and the orbital quantum num-
bers correspondingly.

In the present paper, the following scheme of a shell filling is pro-
posed. Electronic configuration of an isolated Ar atom is
1s22s22p63s23p6. Using the atomic classification, the configuration
of 240 delocalized electrons in the pristine C60 can be written as:
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Fig. 1. Radial self-consistent potential of Ar@C60 calculated within the HF approx-
imation (line with triangles) and the LDA (filled-circled line). Results of the LDA
calculations performed by Madjet et al. [16] are also presented (open-circled line).

Fig. 2. The 3p wave function in free Ar atom (solid line), in pristine C60 (dashed line)
and in Ar@C60 calculated within the HF approximation (line with triangles) and the
LDA (filled-circled line). Results of the LDA calculations performed by Madjet et al.
[16] are also presented (open-circled line).

Fig. 3. The 4d wave function in pristine C60 (dashed line) and in Ar@C60 calculated
within the HF approximation (line with triangles) and the LDA (filled-circled line).
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1s22p63d104f145g186h227i268k309l3410m18

2s23p64d105f146g187h10
; ð1Þ

where the first 10 shells (1s . . .10m) are nodeless and the last 6
shells (2s . . .7h) have a single radial node. Since it is commonly
acknowledged that fullerenes are formed from the fragments of
the planar graphite sheets, it is natural to match r- and p-orbitals
of the graphite to the nodeless and the single-node wave functions
of a fullerene, respectively [21]. Different graphite sheets are con-
nected by weak p-bonds whereas the carbon atoms of a same sheet
are connected by r-bonds. In the fullerene the nodeless r-orbitals
are localized at the radius of the cage while the single-node p-orbi-
tals, on the contrary, are oriented perpendicularly to the surface of
the fullerene. The ratio of r- and p-orbitals in C60 should be equal to
3:1 due to the sp2-hybridization of carbon orbitals [22].

All 258 electrons of the endohedral compound Ar@C60 are de-
scribed within a framework of the united electronic configuration.
The filling scheme is as follows. Double-nodal 3s2 shell is added to
the configuration of the pristine C60 (1). The latter 16 electrons are
distributed on the non-closed 10m and 7h shells so that the num-
ber of electrons located on r- and p-orbitals is conserved. As a re-
sult the electronic configuration of the endohedral compound is
written as

1s22s22p63s23p63d104f145g186h227i268k309l3410m26

4d105f146g187h18
: ð2Þ

To define single-electron energies and wave functions the sys-
tem of self-consistent equations is solved for all electrons of the
compound. The potential of positive ions, U, is included in the
equations and combines the potential of the fullerene core and
the Coulomb potential due to the nucleus Z of the confined atom
(Z ¼ 18 in case of Ar), U ¼ Ucore � Z=r. Electronic system is treated
in the HF and the LDA approximations.

The fullerene core of 60 fourfold charged carbon ions C4+ is de-
scribed via jellium model as a positively charged spherical layer of
a finite DR thickness. The average radius R and DR are the adjust-
able parameters of the potential. In the current calculations R
stands for the radius of C60 which is equal to 3.54 Å and DR is taken
equal to 1.5 Å [23].

3. Results

The results of the self-consistent calculation of electronic struc-
ture of Ar@C60 are presented below. Fig. 1 represents the radial po-
tential of the compound calculated within the HF and the LDA
frameworks, the 3p and 4d wave functions of the compound are
presented in Figs. 2 and 3. The local part of the HF and the LDA ra-
dial self-consistent potentials are mapped in Fig. 1 by the triangles
and the filled circles, respectively. As far as the system of equations
is solved with different potentials within the HF approximation
and the LDA, wave functions obtained within these approximations
have a remarkable difference. One can see that accounting for the
exact non-local exchange interaction within the HF approximation
reveals significant modification of the 3p and 4d wave functions
(the line with triangles in Figs. 2 and 3). On the contrary, account-
ing for the local exchange interaction within the LDA does not lead
to the such modification of the wave functions (the filled-circled
line in Figs. 2 and 3).

In Ref. [16] an assumption on the hybridization of the argon 3p
shell in Ar@C60 was formulated. In the cited paper, the system of
the LDA equations was solved for the superposition of atomic state
and the fullerene state (see [24] for the details). The hybridized 3p
state was defined as a superposition of the 3p shell of a free argon
atom and the 3p shell in pristine C60. Due to the mixing of the
atomic and fullerene wave functions the additional node appears
in the hybridized 3p function (the open-circled line in Fig. 2). The
radial potential of the mentioned calculation is presented in
Fig. 1 by the open-circled line.



Fig. 4. Redistribution of the electronic density of the 3p shell in Ar@C60.
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As mentioned above, in the present work, we introduce the uni-
fied electronic configuration. In spite of the remarkable redistribu-
tion of the electronic density the 3p wave function has a single
radial node as opposed to the framework used in Ref. [16]. Let us
note, however, that the symmetry of the wave function is signifi-
cantly changed. The 3p electronic density in the pristine C60 has
a minimum at the radius of the fullerene, so it corresponds to
the p-orbital (the dashed line in Fig. 2). In the case of Ar@C60 the
3p shell becomes a r-type orbital with the maximum distribution
of the electronic density at the radius of the fullerene (the line with
triangles). The change of the symmetry and the redistribution of
electronic density allows one to draw a conclusion on the signifi-
cant hybridization of the 3p shell within the HF approximation.
This effect disappears if the compound is treated within the LDA
due to account of the local exchange interaction between the elec-
trons of the confined atom and the delocalized electrons of the ful-
lerene. This result generally correlates to the result previously
obtained within the LDA in [16] (see the open-circled line in Fig. 2).

For the considered electronic configuration (2) the account of
the non-local exchange interaction within the HF approximation
leads to the remarkable charge redistribution due to the modifica-
tion of the 3p and 4d shells (see Figs. 4 and 5). As it can be seen in
Fig. 4 the most part of the electronic density of the 3p shell of free
Ar is located within the sphere of 1.5 Å. But in the endohedral com-
pound the partial charge of the 3p6 shell equal to 5.7e (where e
stands for the elementary charge) is pressed out of this sphere of
1.5 Å to the vicinity of the fullerene’s cage. In contrary, the partial
charge of the 4d10 shell which is equal to 3.2e is transferred from
Fig. 5. Redistribution of the electronic density of the 4d shell in Ar@C60.
the vicinity of the fullerene’s cage to the vicinity of the confined
atom.

4. Conclusion

To conclude, the self-consistent Hartree–Fock description of the
endohedral fullerene Ar@C60 was carried out for the first time.
Electrons of the encaged atom and the delocalized electrons of
C60 were considered simultaneously by introduction of the united
electronic configuration. Having considered the configuration de-
scribed above it was shown that the account of the non-local ex-
change interaction within the Hartree–Fock approximation leads
to the significant modification of the 3p and 4d shells as opposed
to the local exchange interaction within the local density approxi-
mation. As a result of the modification the redistribution of the
electronic density of the 3p and 4d shells appears and causes the
accumulation of the additional positive charge in the vicinity of
the encaged atom and the additional negative charge on the fuller-
ene core.

To accomplish in full, the analysis of the phenomena of hybrid-
ization and shells modification in Ar@C60, one has to investigate
electronic configurations other than in (2). This work is currently
in progress and the results will be published elsewhere.
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