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Abstract. First-principle electronic structure calculations are carried out for M,C{,, where M =Li, Na,
K and (z,q) = (1,0),(1,+£1),(2,0), (3, —-1),(6,0), (6,—1),(12,0) using the local density functional. The
electric dipole moment for MCgo agrees with the experimental results. The calculated Mulliken charge
indicates that the bonding of the alkali atom with Cgo is mostly ionic except for lithium. The alkali atom
prefers to make many bonds with the carbon atoms rather than a single bond with the neighbor carbon
atom. The calculated adsorption energy suggest that the metal-metal bonding of sodiums and potassiums
on Cgo arises for more than the six valence electrons in the alkali atoms. The lithium-lithium bond is, on
the other hand, not appeared for x < 12. The difference in the most stable geometry between lithiums and
the other alkali atoms on Cgo comes from the covalent character of the lithium-carbon bond.

PACS. 31.15.Ew Density-functional theory — 33.15.Dj Interatomic distances and angles — 33.15.Kr Electric
and magnetic moments (and derivatives), polarizability, and magnetic susceptibility — 61.48.4-c Fullerenes

and fullerene-related materials

1 Introduction

After the discovery of superconductivity in K3Cgo films,
alkali-doped fullerenes have much more interest in its va-
riety of physical properties [1,2]. Works on the gas-phase
exohedoral alkali-doped fullerenes have been devoted to
predict the physical and chemical properties of the solid
state fullerides [3-6]. An extensive experiment of the mass
spectrum of M, C{, (M = Li, Na, K) clusters are performed
by Martin et al. [3]. The observed high peak intensity at
Li;2Cf, and (KCgp),K* can be interpreted as the high
stability of Li;2Cgo and KgCgg, respectively. The even-odd
alternation onset of (NagCgg),Na™ is regarded as the be-
ginning of the metal-metal bonding on the Cgo surface.
They speculated that the first seven Na atoms transfer-
ring electrons to Cgg are placed themselves as far from one
another as possible. After the seventh Na atom adsorption
on Cgg, an eighth Na atom joins one of the Na™ ions on
Ceso, and a ninth Na atom form a NaB+ trimer ion. The
ionic nature of bonding for the K atoms with Cgg is also
suggested in the photoelectron spectroscopy (PES) study
of K,Cg, (x =0 to 3) performed by Wang et al. [6].

A systematic PES study of Palpant et al. gives the ver-
tical detachment energy (VDE) and the adiabatic electron
affinity (AEA) for Na,Cg, (z = 0—33) [4,5]. Based on the
peak positions of VDE and AEA at z = 3,6,9,12, they
proposed special stability of the trimers on Cgg. A single
sodium trimer on Cgg, however, disagrees with the growth
sequence proposed by Martin et al. It is also impossible
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to identify the geometry of these clusters by the photo-
electron or the mass spectrum data. Then, the theoretical
electronic structure calculation is necessary to determine
the most stable geometry of these molecules.

Many articles have been devoted to the theoretical cal-
culations of alkali fullerides [7-15]. The stable geometries
of LiCgo [10], NaCgo [12], and KCgo [14], are examined
using the Hartree-Fock calculations. Kohanoff et al. ap-
plied the Car-Parrinello method within the local density
approximation [9]. They find that the icosahedral Lij2Cgo
cluster is stable. The results of the unrestricted Hartree-
Fock (UHF) calculation for NasCgo performed by Hira and
Ray show that the sodium dimer is placed perpendicular
to the long bridge of Cgp in the most stable geometry [13].
The structure for KoCgo and K3Cgy were examined by
Weis et al. [14] using the restricted open shell Hartree-
Fock formalism.

The UHF calculation of Li,Cgy performed by Aree
et al. is extended into the number of the Li atoms z = 1—
6, 12 [11]. The applications of the semi-empirical modified-
neglect-of-diatomic-overlap (MNDO) quantum chemical
calculations [15] for Li,Cgo provides the most stable con-
figuration for the large number of the Li atoms (z < 14).
However, the semi-empirical method MNDO sacrifices
some of accuracy compared with the first-principle calcu-
lations. Moreover, these calculations are performed with
the assumption of symmetry restriction on the geometry of
molecule. In the restricted symmetry calculations, the ini-
tial positions and the geometries of the clusters are quite
limited. The assumption of symmetry restriction is, there-
fore, inadequate to investigate the geometry speculated by



212

the experiments such as the trimers of the alkali atoms on
fullerene. To provide these geometries using the theoreti-
cal calculation, we should remove the symmetry restriction
for the geometry of the clusters.

The number of the alkali atoms on Cgg in the above
calculations is restricted from one to three for Na,Cgo and
K. Cgo. However, the interesting bonding features of the
alkali atoms on Cgg are speculated for more than the two
alkali atoms on Cgg. For example, the sodium trimer on
Ceo are speculated from the experiment. The strong sta-
bility are suggested for the KgCgp and the Lij2Cgg clus-
ters. The Na—Na bonding on Cgy appears when the num-
ber of valence electrons is larger than 6. Therefore, the
calculation for more than the three alkali atoms on Cgg
are needed to compare the character of bonding between
lithiums, sodiums, and potassiums on Cgp.

The purpose of the present study is to investigate the
bonding nature of M,Cgg using the geometry optimiza-
tion calculation in the density functional theory with-
out any symmetry restrictions. We will refer to the
alkali atoms Li, Na, and K as the symbol M through-
out the paper. We performed the calculation for M, Cg,
(z,q) = (1,0),(1,+£1),(2,0),(3,-1),(6,0),(6,—1),(12,0)
in which the interesting features on bonding are specu-
lated from the experiment. The calculated most stable ge-
ometries and the Mulliken charges for these molecules are
presented in this paper.

2 Method

We performed self-consistent field calculations for M, Cgg
using the density functional theory (DFT). The calcula-
tions were carried out using Amsterdam Density Func-
tional program system (ADF) [16] which is a DFT code
using the linear combination of atomic orbitals (LCAO)
approach together with Slater type atomic orbitals. The
bases set used in the calculations is the double-zeta bases
set. In this work, we applied the local density approxi-
mation (LDA) using the exchange-correlation potential of
Vosko, Wilk, and Nusair [17].

We performed the geometry optimization of M,Cgq
which is divided into two steps. First, geometry of Cgg
is optimized without any symmetry constraint. The car-
bon atoms in the geometry optimized Cgg are located near
the I, symmetric position of Cgg. Two kinds of CC bond
lengths in Cgo are obtained as C=C = 1.384 A and
C-C =1.435 A. The deviation of the C-C and the C=C
bonds in Cgg from the averages are less than 0.002 A. They
are good agreement with the electron diffraction data
of 1003 K gas phase Cgp [18] (C=C = 1.401 A and
C-C = 1.458 A). The present method produces the bond
lengths with the same level of accuracy as the MP2 re-
sults [19] (C=C = 1.406 A and C-C = 1.446 A). The
HOMO-LUMO energy gap of Cg is obtained as 1.67 eV
which is consistent with the photoelectron spectroscopy
experiment of Cg, [20] (1.5-2.0 V). We obtained five fold
degenerate HOMO which corresponded to h,, of the icosa-
hedral group Ij,. The three fold degenerate LUMO is re-
garded as t1,, of icosahedral group. The three fold degen-
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Fig. 1. The five types of initial geometry for MCsy.

erate level 1.12 eV above the LUMO is specified as ti4
of icosahedral Cgg. In the next step, we performed the
geometry optimization of M,Cgy without any symmetry
constraint. In order to save computer work, we assumed
the position of Cgg to be fixed to the geometry obtained
in the first step.

In order to check this assumption, we performed the
geometry optimization of NaCg, with being allowed to
move all the C atoms and the Na atoms. The NaC,
the C-C, and the C=C bond length are changed within
0.02 A from the result of the calculation using the as-
sumption. The total energy is 0.088 eV lower than the
result of optimization fixing the position of Cgy. We be-
lieve that this small deviation of the total energy do not
affect the relative values of the total energy for M, Cgg in
different geometries.

3 Results

In this section, we will show the result of the geometry
optimization calculation of M, Cgg. In Section 3.1, the ad-
sorption of a single alkali atom to Cgg is discussed. The
nature of adsorption of many alkali atoms to Cgg is sum-
marized in the beginning of Section 3.2. More detailed de-
scriptions of the results for x = 2, 3,6, 12 are given in the
following subsections. Throughout the following sections,
we use the adsorption energy AF which is defined as

AE = E(C§) + zEM) — E(M.Cf), (1)

where E(X) is the total energy of molecule X and ¢ is the
ionicity (0, £1).

3.1 Adsorption of single alkali atom on Cgg

Five types of initial geometry are selected for the calcula-
tion of MC{,. As shown in Figure 1, the initial positions
of the alkali atom are above the center of the pentagonal
ring (P1), above the center of the hexagonal ring (H1),
and above the carbon atom (On). There are two kinds of
geometries, Bl and Bs, that is, the alkali atom is located
above the center of the long bridge between the hexago-
nal and the pentagonal ring (Bl) and the short bridge be-
tween the hexagonal rings (Bs), respectively. In Table 1,
we show the adsorption energies AE and the Mulliken’s
gross charges on the alkali atom [21] for the five types
of the optimized geometries. In the geometry optimiza-
tion for the Bl, the Bs, and the On geometry, we allow to
move the alkali atoms along the axis which connects the
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Table 1. The adsorption energies AE (in eV) and the Mulliken charges of the alkali atom (in electrons) for MC{,, (M =Li,

Na, K, ¢ = 0,%1) of the five types of geometries.

P1 H1 Bs Bl On
AE  Charge AFE  Charge AFE  Charge AFE  Charge AE  Charge
LiCqg, 1.965 +0.836 1.943 +0.840 1.747 +0.842 1.606 +0.885 1.423 +0.897
LiCeo 2414 40908 2.388 +0.901 2.258 40.925 2.087 +40.942 2.202 +40.947
Lngro 4.352 +4+0.968 4.305 +0.954 4.123 4+0.984 4.025 +0.989 4.264 +40.990
NaCg, 1.438 +0.998 1.490 +1.025 1.076 +1.009 1.082 +1.041 1.048 +40.969
NaCeo 2.052 +41.057 2.101 +1.067 1.930 +1.054 1.782 +1.060 1.983 +1.040
NanLO 4.180 +41.097 4.191 +1.100 4.138 +41.075 4.131 +1.077 4.125 +41.075
KCyg 1.466 +1.069 1.534 +1.080 1.195 +1.031 1.249 +1.041 1.224 +41.046
KCeo 2.339  +1.093 2369 +1.095 2.081 +1.056 2.109 +1.064 2.083 +1.056
cho 4.696 +1.104 4.677 +1.109 4.635 +1.072 4.613 +1.074 4.604 +1.081
center of Cgo with the center of the long bridge, the center ' ' T ' '
of the short bridge, and the carbon atom, respectively. 47 bk Fermi level i
Our results show that the P1 and the H1 geometry are g : b . :
the most stable geometry for lithium and the other alkali 1L (h) (tl"%_ |
atoms, respectively. The differences of adsorption energy 0 % H
between the geometries P1, H1 and the other geometries 1 1 1 1 1 1
are lower than 0.5 eV for all kinds of alkali atoms. Some 8 7 6 5 4 3 2
results of our calculation agree with the previous works Energy [eV]

performed using the different methods. The most stable
geometry of neutral KCgy is the H1 geometry, which
is consistent with the result of the restricted open-shell
Hartree-Fock calculation [14]. For NaCgy, the H1 geometry
is the most stable geometry, which agrees with the result
of the unrestricted Hartree-Fock calculation performed by
Hira and Ray [12].

The most stable geometry is the P1 geometry for LiC{,
(¢ = 0,+£1). The adsorption energy of the P1 geometry
is 0.04 eV higher than that of the H1 geometry which
gives the second highest adsorption energy. For Nan‘O and
NaCgp, the H1 geometry is the most stable geometry. The
energy differences between the H1 geometry and the sec-
ondly most stable P1 geometry are not significantly large
(< 0.03 eV).

These small energy differences sometimes result in the
inconsistency between the different methods. In fact, the
H1 geometry is the most stable geometry according to
the calculation of LiCgg performed by Zimmermann
et al. [10]. In the UHF calculation of neutral NaCgy per-
formed by Hira and Ray [12], they obtained the five types
of stable geometries which are the same as the geometries
selected for the present calculation. Their results show no
energy differences between the adsorption energies for the
different types of these geometries.

The Mulliken population analysis [21] is used to inves-
tigate the bonding nature. We calculated the Mulliken’s
subtotal gross populations in MO ; on the alkali atoms
(Q%) and on the carbon atoms (Q%). The Mulliken’s
subtotal overlap population in MO ; between the al-
kali atoms and the carbon atoms (O%.) is also eval-
uated. In Figure 2, we show the densities of popula-
tions Qa(F), Qc(E), and Oac(F) which are defined as

Fig. 2. The density of the Mulliken population for the potas-
sium atom and the carbon atom Qa(E), Qc(FE), the overlap
population between the potassium atom and the carbon atom
Oac(FE) of KCgo for the P1 geometry. The smearing parameter
o=4.5x 1072,

the corresponding populations smeared by the Gaussian
function F(x) = exp(—a?/0?),

Qx(E) = ZQ%{F(E —€),

Oxx(E) = 3" Oy F(E ) (2)

where ¢; is the eigenvalue of energy for the molecular
orbital ;. Since the populations are not significantly
changed for the different geometries and the kinds of alkali
atoms, we show the populations only for the P1 geometry
of KCGO.

The small overlap population between the alkali atom
and the carbon atoms (Oac) in Figure 2 represents the
small mixing of these orbitals. The molecular orbitals of
KCgo can be divided into two types. One originates from
the carbon atoms and the other is mainly constructed
from the alkali atom. The approximately 3 fold degen-
erate Fermi level corresponds with the 1, orbital of Cgg.
The nearly 5 fold and the approximately 3 fold degener-
ate levels in the lower and the higher energy sides of the
Fermi level are originated from the h, and the ¢;, orbital
of Cgg, respectively. The levels constructed mainly from
the alkali atom are located above the ¢, orbital.
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Table 2. The calculated dipole moment in debye. The exper-
imental results are tabulated in the right column [23].

Ceo P1 H1 Bs Bl On  Experiment
LiCgo 11.62 10.71 13.72 13.77 14.66 12.44+2.0
NaCso 15.80 14.63 16.54 16.48 17.10 16.3+1.6
KCeo 18.89 18.49 19.57 19.10 19.81 21.5+£22

The molecular orbital constructed mainly from the al-
kali atom is unoccupied for the P1 geometry. It suggests
the charge transfer from the alkali atom to the ¢1,, orbital
of Cgg. The Mulliken charges presented in Table 1 are ap-
proximately equal to 1.0 for all kinds of the alkali atoms,
which indicates almost complete transfer of an electron, in
other words, the ionic bonding of the alkali atom to Cgg.
The Mulliken charges are slowly increased in the series of
the heavier alkali atoms, lithium, sodium, potassium. This
increasing behavior can be explained from the valence or-
bital energy of the alkali atom. The calculated energies of
the valence s orbital of the Li, the Na, and the K atom are
calculated as —3.02, —2.84, and —2.54 eV, respectively.

Our calculation gives reasonable results in the elec-
tric dipole moment which can be directly compared with
the results of the experiment [22,23]. The dipole moment
of MCgg is collected in Table 2. The calculated dipole
moment of each geometry is increased continuously from
lithium to potassium. This behavior is consistent with the
results of optimized geometries and the Mulliken charges
of the alkali atoms. The Mulliken charge of the alkali atom
and the distance from the center of Cgp to the position
of the alkali atom increase continuously from lithium to
potassium.

The calculated dipole moment for the H1 (On) geom-
etry is the smallest (largest) of those of the five types of
geometries independent of the kinds of alkali atoms. The
result is explained by the smallest (longest) length be-
tween the position of the alkali atom and the center of
Cgo obtained for the H1 (On) geometry.

The average value of the dipole moment for MCgg
is extracted by the molecular beam deflection experi-
ment [22,23]. Since the temperature is high enough for
the alkali atoms to be able to move freely over the surface
of the Cgg cage, the extracted moment can be regarded as
an average of the dipole moment. Although some dipole
moment in Table 2 do not agree with the experimental
results, our calculation gives reasonable results as an av-
erage of the dipole moment.

Table 3 shows the bond length between the alkali atom
and the nearest carbon atom. We can find in Table 3 that
the bond length for the On geometry is shorter than that
of any other geometries. The MC bond lengths in the
On geometry for neutral MCgg are nearly equal to the
bond length of a free MC molecule which are 2.00, 2.35,
and 2.62 A for lithium, sodium, and potassium, respec-
tively. The calculated bond lengths become short when
the charge of MCgp are decreased. The bond length of
MCy, are shorter than that of MCgy and MCg, in the
same geometry. This result indicates that the bond length

The European Physical Journal D

Table 3. The distances between the alkali atom and the near-
est carbon atom for the five types of geometries. The values
are given in A.

Pl HI Bs Bl On
LiCy, 223 228 210 214 2.00
LiC¢p 230 232 219 218 2.08
LiC, 239 244 227 224 218
NaCz, 2.60 258 239 237 229
NaCgo 2.70 269 247 246 2.39
NaCj, 279 277 264 266 253
KCg 288 295 274 266 2.59
KCeo 298 3.03 282 276 2.69
KC{, 3.07 3.13 299 3.00 2.77
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Fig. 3. The Mulliken charges per alkali atom (in electrons) in
M. Cgo as a function of z.

is determined by the number of the HOMO valence elec-
trons.

The bond length between the alkali atom and the near-
est carbon atom becomes longer according as the number
of the nearest carbon atoms is increased. When the num-
ber of the nearest carbon atoms is increased, the covalent
bond per carbon atom becomes weak. In spite of the weak
bond, we obtained the highest adsorption energy for the
H1 and the P1 geometry in which the number of the near-
est carbon atoms is the largest and the second largest of
five types of geometries, respectively. We find that the al-
kali atom prefers to make many bonds with the nearest
carbon atoms rather than a single strong bond.

3.2 Adsorption of many alkali atoms on Cgg

In this subsection we discuss the bonding nature of the
alkali atoms on Cgg. Figure 3 shows the Mulliken charges
per alkali atom of M,Cgg (z = 1,2,6,12) for various ge-
ometries shown in Figures 1 and 6. If many alkali atoms
are lying on Cgg, we take their average over each alkali
atom. The lines in the figure are obtained by the linear
least square fit to the data for each kind of alkali atom.
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Fig. 4. Increase of the p electron population per alkali atom
in M;Cgo as a function of z.

We find from Figure 3 that the Mulliken charges are
decreased for all kinds of the alkali atoms according as
the number of the alkali atoms is increased. The lines in
the figure indicates that the Mulliken charges of sodium
and potassium behave similar as a function of the num-
ber of the alkali atoms. The charges of lithium are smaller
than those of sodium and potassium for all number of
the alkali atoms we investigated. The decrease of the
Mulliken charges for larger number of the alkali atoms
result from the more covalent character of bonding be-
tween the lithium atom and the carbon atom, which is
also true for the alkali-graphite intercalation [24] and
organolithium compounds [25]. The enhanced covalency
in lithium-carbon interaction comes from the contribution
of the 2p electrons of the lithium atom.

To investigate the contribution of the p electrons in
the alkali atom, we calculated the Mulliken’s total gross
population in atomic p orbitals of an atom X; gx(p [21].
In Figure 4, we plotted the increase of the population in
atomic p orbitals of an alkali atom Aga (),

(3)

where N, means the number of the p electrons in a free
single atom. If many alkali atoms are lying on Cgg, we take
their average. We find from Figure 4 that the population
of the valence p electrons of lithium is large compared with
that of the other alkali atoms. The lines in the figure is
obtained by the linear least square fit to the data for each
kind of alkali atom.

The large contribution of the 2p atomic orbital in the
lithium-carbon bonding comes from the character of the
Li atom. The polarizability of the alkali atom divided by
the volume of an atom can be a measure for the p contri-
bution in the external electric field caused by the neighbor
carbon atom. The polarizability measured by the exper-
iment, 24.0, 24.4, and 41.3 A® [26], divided by the cube
of the atomic radius 1.56, 1.91, and 2.35 A [27], are ob-
tained as 6.31, 3.50, and 3.18 for the Li, the Na, and the K
atom, respectively. The large value for the Li atom is con-
sistent with the large p contribution of the lithium-carbon
bonding in the present calculation.

Aqap) = qap) — Np,

215

0.7 T T
0.6 Li2p .
82 2 Na3p --===== :
03 f \\ K 4p oo ]
0.2 i

yi 3
0. % A 2

0 05 1 15 2 25 3 35

0.7 T T
82 'S Li2s -

. Na 3s ===
8%’ : \\ K 4g e :
0.2 | if
0. (ZI). A T

0 05 1 15 2 25 3 35

Distance from nucleus

Fig. 5. The radial distribution function of the atomic orbitals
as a function of the distance from the nucleus scaled by the
M—C distance. The M—C distance is taken as 2.00, 2.35, and
2.62 A for Li, Na, and K, respectively.

In Figure 5, we show the radial distribution function
of the atomic orbitals for the alkali atoms as a function of
the distance from the nucleus scaled by the M—C distance.
The M—C distances are taken as 2.00, 2.35, and 2.62 A for
the Li, the Na, and the K atom, respectively. The 2s and
the 2p orbital of the Li atom is more diffused compared
with the valence orbitals of the Na and the K atom. The
diffuse orbital arises the larger overlap between the atoms,
which enhance the covalent character of bonding between
the atoms. Furthermore, the valence p orbital energy of
the Li atom is —1.14 eV which is smaller than that of the
Na and the K atom, —0.43 and —0.63 eV, respectively.
The small energy difference between the valence orbital
of the alkali atom and that of the carbon atom leads the
covalent bonding between them.

The nature of the bonding between the alkali atoms
is related to the Mulliken charge of the alkali atom. If all
valence electrons in the alkali atoms are transfered to Cgg,
interaction between the alkali cations will be repulsive due
to the Coulomb repulsive force. We expect that the alkali
atoms are located as far from each other as possible for
the most stable geometry. On the other hand, if the va-
lence electrons are not completely transfered to Cgg, the
interaction between the alkali atoms will be less repulsive.
We can expect that the alkali atoms prefer to be located
in close position together on the Cgy surface because of
the valence electrons in the bonding molecular orbital be-
tween the alkali atoms. In the experimental work [3,4], the
alkali atom trimers on Cgg is speculated as the most sta-
ble geometry. Since the Mulliken charge is decreased for
larger number of the alkali atoms, these geometry may be
possible. The discussion about the most stable geometry
will be presented in the following subsections.

3.2.1 MeCep

We first discuss the bonding nature of MgCgo and MgCy,
which have six and seven valence electrons, respectively.
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Fig. 6. The selected geometries for M, Cego of z = 2 (a), 3 (b),
6 (c), and 12 (d). The black circles represent the alkali atoms
and the white ones are the carbon atoms.

Since the adsorption energies of the P1 and the H1 geom-
etry are smaller than the other geometries in the adsorp-
tion of a single alkali atom, we restrict the initial positions
of the alkali atoms in M, Cgg to the positions above the
pentagonal ring or the hexagonal ring. We obtain the re-
sult for three types of geometries which are named as P6,
PH5, and 2P3. The initial positions of the alkali atoms for
each geometry are illustrated in Figure 6¢. In the P6 ge-
ometry, the alkali atoms are located above the pentagonal
rings of which the positions are as close to one another
as possible. In the PH5 geometry, one of the alkali atoms
is located above the pentagonal ring. The others are lo-
cated above the hexagonal rings surrounding this pentag-
onal ring. In the 2P3 geometry, the three alkali atoms are
placed above the three pentagonal rings located in contact
with the same hexagonal ring. The three alkali atoms and
the other three alkali atoms are placed at the opposite
positions of Cgg.

In the optimized geometry of P6, the shortest distances
between the alkali atoms are 5.42, 5.99, and 6.32 A for
LigCgo, NagCgo, and KgCgg, respectively. The distance in
the optimized geometry of PH5 are 3.39, 3.67, and 4.11 A
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Fig. 7. The density of the Mulliken population of the alkali
atom (Qa(E)) and the carbon atom (Qc(F)), the overlap pop-
ulation between the alkali atoms (Oaa(E)), between the alkali
atom and the carbon atom (Oac(E)) for MgCso of the P6 ge-
ometry are illustrated. The upper, the middle, and the lower
figure correspond to KgCeo, NagCeso, and LigCeo, respectively.
The smearing parameter o = 4.5 x 1072,

for LigCgo, NagCgp, and KgCgg, respectively. The results
of the distance between the alkali atoms for the PH5 ge-
ometry are approximately equal to the twice of the atomic
radius which are 3.12, 3.82, and 4.70 A for the Li, the Na,
and the K atom, respectively. We expect, therefore, that
the bonding between the alkali atoms is weak for the P6
geometry and strong for the PH5 geometry.

Figure 7 shows the densities of the Mulliken popula-
tions Qa (E), Qc(F) and the densities of the overlap pop-
ulations Oaa (EF), Oac(FE) for MgCg of the P6 geometry,
where Oaa (E) means the Mulliken’s subtotal overlap pop-
ulation in MO ¢; between the alkali atoms (O , ) smeared
by the Gaussian function (see Eq. (2)). The same quanti-
ties of the PH5 geometry are shown in Figure 8. In Fig-
ure 7, the three peaks of Qo located around —2 eV are
constructed mainly from the valence s orbital of the six
alkali atoms. The lowest energy peak of the three peaks
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Fig. 8. The density of the Mulliken population of the alkali
atom (Qa(FE)) and the carbon atom (Qc(E)), the overlap pop-
ulation between the alkali atoms (Oaa(E)), between the alkali
atom and the carbon atom (Oac(F)) for MgCgo of the PH5
geometry are illustrated. The upper, the middle, and the lower
figure correspond to KgCeo, NagCso, and LigCeo, respectively.
The smearing parameter o = 4.5 x 1072,

have weak bonding character, and the other two peaks
have antibonding character. Less than the 0.3 eV energy
differences between these peaks indicate the small overlap
between the atomic valence orbitals of the alkali atoms. In
Figure 8, there are the corresponding three peaks which
spread out in the wide energy region between —4.4 eV
and —2.2 eV, because of the increasing overlap between
the valence orbitals of the alkali atoms. We named the low-
est energy orbital of these three orbitals as “s-dominant
bonding orbitals” which are found as the Qa peak posi-
tions at —2.4, —2.5, and —2.3 eV in Figure 7 and —4.5,
—4.5, —4.0 eV in Figure 8 for lithium, sodium, and potas-
sium, respectively.

Which of the PH5 and the P6 geometry is more sta-
ble is determined by the metal-carbon interaction and the
metal-metal interaction. We find from Figure 8 that the
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Table 4. The adsorption energies AE (in V) and the Mulliken
charges per alkali atom (in electrons) for MgCgo and MeCgj.

2P3 P6 PHb5

AE  Charge AE Charge AE  Charge
LigCeo 14.20 40.756 14.40 +40.696 11.93 +0.548
NagCe¢o 10.75 40.924 1047 +40.882 9.58 +0.589
KeCeso  10.98 +40.982 10.59 +0.924 10.05 +0.645
LisCq, 11.44 +40.667 11.96 +0.561 11.11 +0.445
NagCqy, 820 +0.734 820 +0.704 8.24 +0.497
K6Cgp 725 +0.702 7.17 +40.666 8.41 +40.589

s-dominant bonding orbital is occupied in the PH5 geome-
try. The negative overlap Oac in the s-dominant bonding
orbital represents the antibonding character of the alkali
atoms with Cgy. When the s-dominant bonding orbital
are occupied, the metal-metal bond arises in compensa-
tion for the weak metal-carbon bond. On the other hand,
the P6 geometry is stabilized by the metal-carbon bond-
ing. The instabilization caused by the weak metal-carbon
interaction and the stabilization due to the metal-metal
interaction determine whether the PH5 geometry is stable
rather than the P6 geometry. The result of the calculation
for the adsorption energy presented in Table 4 shows that
the P6 geometry is stable compared with the PH5 geome-
try for all kinds of alkali atoms. The adsorption energies of
LigCego, NagCgg, and KgCgo for the P6 geometry are 2.47,
0.89, and 0.54 eV higher than those of the PH5 geometry,
respectively.

We find from Figure 7 that the Fermi level is con-
structed from the t1,, orbital of Cgg. The main components
of the LUMO of NagCgo and KgCgo for the P6 geometry
are considered to be the s-dominant bonding orbital, while
the LUMO of LigCgg is the orbital composed of ¢4 orbital
of Cgo. For NagCq and KgCgy, the seventh valence elec-
tron occupies the s-dominant bonding orbital. Since the
electrons in the s-dominant bonding orbital is considered
to be occupied both in P6 and in PH5, the bonding of the
alkali atom to the carbon atom is weak. The PH5 geome-
try is, therefore, expected to be the most stable geometry
because the alkali atoms make stronger bond in the PH5
geometry compared with the P6 geometry. The adsorp-
tion energy and the Mulliken charge of the alkali atom of
MsCyg, are shown in Table 4. Actually, the most stable ge-
ometry is the PH5 geometry for NagCgy, and KeCyg, while
P6 is the most stable geometry for LigCg. Similar values
are obtained for the adsorption energies of NagCg, for the
different geometries, which is also true for NagCgo. The
most stable geometry is, however, changed to the PH5
geometry. For KgCg, we find a large difference of the ad-
sorption energy between the PH5 geometry and the other
geometries (1 eV).

We find from Table 4 that the Mulliken charges of the
P6 geometry are increased from LigCgp to KgCgo. The
lowest Mulliken charge for LigCgo is caused by the co-
valency of the Li atom with the C atom. In fact, we find
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Table 5. The adsorption energies AF (in eV) and the Mulliken charges per alkali atom (in electrons) of M2Cgo.

P2 H2 dH2 dPH
AE  Charge AFE  Charge AE  Charge AFE  Charge
Li2Ceo  4.821 +0.893 4.777 +0.890 4.354 +0.811 4.367 +0.813
Na2Ceo 3971 +1.034 4.094 +1.049
K2Ceo 4408 +1.082 4.519 +1.089

from Figure 7 that the mixing of the Cgg molecular orbital
with the atomic orbital of the alkali atom is increased from
KgCgo to LigCgg. For example, the peak corresponding to
the h, orbital is constructed mostly from Q¢, but there
is a small peak of Qs at the same energy. The height of
this small peak of Qa for LigCgp (0.07) is more decreased
for Na6C60 (006) and KGCGO (002)

We find from Q¢ of Figures 7 and 8 that the en-
ergies of the molecular orbital mostly composed of the
carbon atomic orbital for KgCgg are higher than that of
LigCgo and NagCgg. For example, the peak of Q¢ located
around —4.0 eV for KgCgg of the P6 geometry is shifted to
—4.5eV and —5.3 eV for NagCgo and LigCgg, respectively.
This energy shift can be explained by the large amount of
charge transfer from the K atom to Cgg.

As mentioned previously, the PH5 geometry is the
most stable geometry for NagCg, and KgCg, because of
the seventh electron in the s-dominant bonding orbital,
while the P6 geometry becomes the most stable geometry
for LigCgy. This is explained by the position of the ¢4
orbital in Figure 7, that is, the ¢14 level of LigCgo located
lower than the s-dominant bonding orbital is shifted to
the higher position than the s-dominant bonding orbital
in NagCgo and K¢Cgo. The t14 orbital energy shift is also
explained by the charge transfer from the alkali atom to
Ceo, in other words, the covalency of the metal-carbon in-
teraction. Therefore, the ¢14 orbital located lower than the
s-dominant orbital, which is the origin the most stable P6
geometry in LigCgy, is caused by the enhanced covalency
of lithium-carbon interaction.

3.2.2 MyCgo

The four types of geometries considered for MsCgy are
named as P2, H2, dH2, and dPH which are represented
in Figure 6a. For the P2 (H2) geometry, the two alkali
atoms are placed above the pentagonal (hexagonal) rings
which are located at the opposite sides of Cgg. In the dH2
(dPH) geometry, the initial positions of the alkali atoms
are above the hexagonal ring and the neighboring hexag-
onal (pentagonal) ring.

Table 5 shows the adsorption energy and the Mulliken
charge per alkali atom for the four types of initial ge-
ometries. We find that P2 and H2 are the most stable
geometry for lithium and the other alkali atoms, respec-
tively. For K2Cgo, the most stable geometry is consistent
with the result of the Hartree-Fock calculation [14]. The
present results do not consistent with the results of the
Hartree-Fock calculation for LisCgo [11] in which H2 is

the most stable geometry. However, the small difference
between the adsorption energies of the H2 and the P2 ge-
ometry (0.03 eV) may lead different geometries within the
DFT or the Hartree-Fock level calculations.

The adsorption energies of the H2 and the P2 geometry
are 0.1-0.3 eV lower than the twice of those of the H1 and
the P1 geometry. The Mulliken charges for the P2 (H2)
geometry are not significantly different from those of the
P1 (H1) geometry of MCgo. The optimized geometry can
not be obtained for the dH2 and the dPH geometry of
NayCgo and K2Cgp, because these geometries are far away
from the stable positions of a sodium and a potassium
dimer on Cgg. The adsorption energies of the dH2 and the
dPH geometry for LisCgg are lower than those of the P2
and the H2 geometry. The alkali atoms, therefore, prefers
to be located as far from each other as possible because
of the repulsive Coulomb interaction between the alkali
atoms in MsCgg.

3.2.3 M3Cep

Five types of initial geometries considered for M3Cgg are
named as P3, H3, tP3, tH3, and PH2, which are illustrated
in Figure 6b. For the P3 and the H3 geometry, the posi-
tions of the three alkali atoms are placed above the pentag-
onal and the hexagonal rings, respectively. The pentagonal
and the hexagonal rings are located as far from one an-
other as possible. For the tP3 and the tH3 geometries, the
three alkali atoms are placed above the pentagonal and the
hexagonal rings, respectively. Each pentagonal and hexag-
onal ring is located in contact with the same hexagon. For
the PH2 geometry, one alkali atom is placed above the
pentagonal ring, the other two alkali atoms are located on
the neighboring hexagonal rings. The pentagonal ring is
in contact with these two hexagonal rings.

The calculated adsorption energies and the Mulliken
charges are collected in Table 6. For M3Cg,, the high-
est adsorption energy is obtained as tP3, P3, and H3 for
LizCego, Na3zCgo, and K3Cgg, respectively. The adsorption
energy of the most stable geometry is almost same as the
sum of the adsorption energy of the P1 or the H1 ge-
ometry, which indicates the negligible contribution of the
metal-metal bond. The higher Mulliken charge of an al-
kali atom is obtained when the average distance between
the alkali atoms are longer. For all of the alkali atoms, the
maximum charge is achieved at the P3 or the H3 geometry
and the minimum charge at the PH2 geometry.

As described in the introduction, the two different ge-
ometries for MgCgO and M3Cg,, are speculated from the
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Table 6. The adsorption energies AF (in eV) and the Mulliken charges per alkali atom (in electrons) of M3Cgo.

P3 H3 tP3 tH3 PH2
AE  Charge AFE  Charge AE  Charge AFE  Charge AE Charge
LisCq, 6.090 +0.800 5976 +0.808 6.180 +0.705 5.884 +0.749 5503  +0.593
NaszCgqy, 4.362 +0.951 4.155 +0.971 3.910 +40.851 3.659 +0.828 3.847  +0.512
KsCq 4254 40971 4.622 +1.009 3.756 +0.759 4.052 +0.831 3.960* +0.583"

* Geometry is nearly converged.

results of experiments. A speculated geometry is a trimer
on Cgo caused by special stability of a singly positive
charged alkali trimer in which the two valence electrons
occupy the bonding orbital of the alkali atom. Since the
distance between the alkali atoms in the PH2 geometry is
similar as the twice of the atomic radius of the alkali atom,
the s-dominant bonding orbital of M3Cgg is expected to
be occupied for the PH2 geometry. The calculated results
show that the s-dominant bonding orbital is occupied but
is strongly mixed with the molecular orbital mostly com-
posed of the carbon atomic orbital. The total Mulliken
charges of the alkali trimer for the PH2 geometry is cal-
culated as (+1.5)—(41.8). The remaining 1.2-1.5 valence
electrons in the alkali trimer may be small to stabilize
the PH2 geometry compared with the other geometries.
In fact, the adsorption energy of the PH2 geometry of the
alkali atoms are at least 0.5 eV higher than that of the
most stable geometry.

The Mulliken charge of the alkali atoms for M3Cgg and
M3C{, are higher than that of M3Cg,. Then, the bonding
between the alkali atoms is expected to be less attractive
in M3Cgo and MgCgO. Therefore, we conclude that the re-
pulsive Coulomb interaction is still dominant for M3C{,
(¢ =0,+£1). A trimer on fullerene speculated by the exper-
iments is not the most stable geometry in our calculation.

3.2.4 M15Cep

Two types of initial geometries considered for M15Cgq are
P12 and 4PH2 which are illustrated in Figure 6d. The
initial positions of the alkali atoms are located above the
twelve pentagonal rings for the P12 geometry. In the 4PH2
geometry, the alkali atoms form four trimers on the Cgg
surface. One of the atoms in the trimer is located above
the pentagonal ring and the others are located above the
adjacent hexagonal rings.

The adsorption energies and the Mulliken charges for
M;2Cgp are tabulated in Table 7. The Mulliken charges of
the alkali atoms of the P12 geometry are larger than those
of the 4PH2 geometry for all kinds of alkali atoms. The
most stable geometry is the 4PH2 geometry for Naj5Cgo
and K;9Cgo. The adsorption energy for the 4PH2 geom-
etry is about 1-2 eV higher than that of the P12 geom-
etry. The result is consistent with the speculation from
the experiment, that is, the metal-metal bond in the Na
atoms on Cgy appears for more than the 6 valence elec-
trons in Na,Cgp. On the other hand, the P12 geometry is

Table 7. The adsorption energies AE (in V) and the Mulliken
charges per alkali atom (in electrons) of M12Cego.

P12 4PH2
AE  Charge AFE  Charge
Li12Cso 25.15  +0.547 22.35 +40.514
Na;2Ceo 15.96 +0.570 18.04 +0.466
K12Ceo 17.30 4+0.568 18.64 +0.525

the most stable geometry for LijoCgg. This result agrees
with the density functional study by Kohanoff in which the
geometry of LijoCgg is optimized using the Car-Parrinello
method [9].

4 Summary and conclusion

We have performed the LDA calculations with the LCAO
approach to study the bonding nature of a single alkali
atom to Cgg and the bonding between many alkali atoms
on Cgg. The Mulliken charge of an alkali atom is deter-
mined for MCgg of the five types of initial geometries.
The results of Mulliken charges lying between +0.8 and
+1.1 for all kinds of alkali atoms indicate the ionic bond
between a single alkali atom and Cgg. The increase of the
Mulliken charge of the alkali atom from lithium to potas-
sium is originated from the increase of the valence orbital
energy of the alkali atom. The dipole moment evaluated
for MCgg agrees with the experimental result. The differ-
ence between the calculated adsorption energies for the
five types of geometries are less than 1.0 eV. The maxi-
mum of adsorption energy obtained at the P1 or the H1
geometry indicate that the alkali atom prefers to make
many bonds with the neighbor carbon atoms rather than
a single strong bond with a single carbon atom.

The Mulliken charge per alkali atom for M, Cgg is
evaluated in the present calculation. The decrease of the
Mulliken charge for larger number of the alkali atoms in-
dicates the increase of covalency between the alkali atoms
and Cgg. We find, in the present calculation, that the
Mulliken charge of lithium is smaller than that of the
other alkali atoms. The result reflects the more cova-
lent character of the lithium-carbon interaction relative
to the other alkali atoms, which is also true in the alkali-
graphite intercalation compounds [24] and organolithium
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compounds [25]. The covalent character of lithium is orig-
inated from the character of the lithium atom, such as
higher polarlizability, more diffuse valence orbitals, and
lower energy of the valence p orbitals, compared with those
of the other alkali atoms.

We find from the calculated adsorption energy of
M,C{, for (z,q) = (6,—1),(12,0) that the most stable
geometry is different between lithium and the other al-
kali atoms for more than the six valence electrons in the
alkali atoms. The most stable geometries for potassiums
and sodiums on Cgg are the PH5 and the 4PH2 geome-
try, while for lithiums, the P6 and the P12 geometry are
the most stable geometries. The results support the spec-
ulation for bonding of M,Cd, by Martin et al. in which
the Na—Na bonding appears for Na,Cg;, molecules hav-
ing more than the 6 valence electrons. On the other hand,
there are no significant differences between the most stable
geometry of lithium and the other alkali atoms for M, C{,
(xz,q9) = (2,0),(3,—1),(6,0). The most stable geometries
are P2, H2, P3, H3, P6, and 2P3 in which one alkali atom
is adsorbed on Cgg away from another alkali atom. A sin-
gle trimer on Cgg can not be regarded as the most stable
geometry in our calculation.

As presented in Figure 7, the energy of the s-dominant
bonding orbital is lower than that of the ¢, orbital in
NagCgy and KgCgp. On the other hand, is higher in
LigCgo. For sodium and potassium, the s-dominant bond-
ing orbital is occupied if the number of the valence elec-
trons is larger than six. The electrons in the s-dominant
bonding orbital weakens the metal-carbon bond, while
arises the covalent bonding between the alkali atoms. The
potassium and the sodium atoms, therefore, prefers to be
located in close positions together like the PH5 and the
4PH2 geometry. On the other hand, for lithium, the s-
dominant bonding orbital is not occupied for the num-
ber of electrons larger than six. The lithium atoms are,
therefore, located far from each other in the most stable
geometry such as the alkali atoms in the P6 and the P12
geometry. When the number of valence electrons is smaller
than seven, the s-dominant bonding orbital of the alkali
atom is not occupied. The alkali atoms, therefore, prefers
to be located far from each other like the alkali atoms in
P2, H2, P3, H3, P6, and 2P3.

The differences of the most stable geometry between
LigCg, and NagCyqy, KeCq are explained by the position
of the ¢14, orbital in Figure 7, that is, the 1, level of
LigCgo located lower than the s-dominant bonding orbital
is shifted to the higher position than the s-dominant bond-
ing orbital in NagCgp and K¢Cgo. The t14 orbital energy
shift is explained by the charge transfer from the alkali
atom to Cgg, in other words, the covalency of the metal-
carbon interaction. Therefore, LigCgy, prefers the cova-
lent lithium-carbon bonding rather than the metal-metal
bonding, while NagCyg, and K¢Cg, prefers the metal-metal
bonding.

Since the Mulliken charges for M,Cgp (xz = 7-11)
are considered to be smaller than those of MgCgg, the
metal-metal interaction will be less repulsive. Therefore,
Na,Cgo and K, Cgp (z = 7-11) will prefer the metal-metal
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bond. For Li,Cgo (z = 7-11), although the decrease of the
Coulomb interaction reduces the metal-metal repulsive in-
teraction, LijoCgo still prefers the metal-carbon bonding.
Li,Cgp (x = 7-11) is, therefore, expected to prefer the
metal-carbon bond. For M,Cgp (z < 6), the Mulliken
charges are higher than those of MgCgg, which causes the
stronger Coulomb repulsion. In the most stable geometry,
the alkali atoms on Cgp will be placed themselves as far
from one another as possible.

In this work, we assumed that the positions of the car-
bon atom in Cgg are not changed in the geometry opti-
mization. Although the assumption is justified by compar-
ing the full geometry optimization calculation of NaCg,
and the result of our calculation, the assumption might
not be justified for the other M,Cgg molecules. We be-
lieve, however, that the results of the bonding nature of
M,Cgo are not changed for the full geometry optimiza-
tion calculation. Performing the full geometry optimiza-
tion calculation is the subject of the further study.
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