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Abstract

Based on the density functional theory with gradient corrected exchange—correlation potential, we have studied the atomic structures
and electronic properties of Al;Iy (N = 1,2,3) and Al;51 clusters. The atomic structure of Al is not significantly changed by doping three
iodine atoms. However, the adsorption positions of iodine atoms are dependent on the charge state of Al,I, cluster. Analyzes of the elec-
tronic structure of Al;I cluster shows that some of the electrons are transferred to iodine atom, although most electrons in the highest

occupied molecular orbits distribute around the aluminum atoms.

© 2005 Elsevier B.V. All rights reserved.

1. Introduction

The stability of atomic cluster has been one of the most
important subjects in the cluster science. The geometric
packing and the electronic shell closing are two key ingre-
dients for the stability of the cluster [1-11]. For small clus-
ters, icosahedral cluster with thirteen atoms, is the most
closely packed, which should be very stable from the geo-
metrical point of view [8,12,13]. In fact, many metal clus-
ters [8] and inert gas clusters [14,15] adopt such a
structure. The jellium model, proposed about twenty years
ago [2,3], can correctly predict electronic shells closing at
the number of valence electrons N =8, 10,20,34,40,....
This model has been confirmed by various experiments in
alkali-metal and other simple clusters [3,4,16].

The ground state structure of Al; is a capped octahe-
dron with Cs, symmetry, while the ground state structure
of Aly; cluster is an icosahedron. Both of the two struc-
tures should be geometrically stable. Coincidentally, the
electronic shell of both clusters are close to closed [7].
Al; with 21 valence electrons is one-electron more to 2s
shell, and Al;z with 39 valence electrons is one-electron
deficiency to 1d shell. Therefore, the charged Al and
Al clusters are both geometrically and electronically sta-
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ble. Both clusters show significant energy gap between the
highest occupied molecular orbit (HOMO) and the lowest
unoccupied molecular orbit (LUMO), which is ~1.6eV
for Aly [17], and ~1.8 eV for Alj; [18], respectively. The
high stability of these two clusters had been confirmed
by experiments. Theoretically, much attention has been
paid to Al,s, partially due to its high symmetry and spher-
ical-like shape. Since Al;3 had been proposed as a build-
ing block for cluster assembled materials, many studies
have tried to make the electronic shell of Al cluster
closed by doping with other atoms [18-21], such as C
or Si.

Very recently, density functional calculation, combined
with experiment, was performed on the Alj;I™ cluster
[22]. It was found that Al;3; shows the superhalogen behav-
ior with HOMO electrons distributed around the alumi-
num opposite to the iodine atom. In this Letter, in order
to understand more details of the electronic structure in
aluminum clusters doped with iodine atoms, the structural
and electronic properties of Al;l, (n=1,2,3) clusters are
calculated in comparison with that of Alsl cluster.

2. Calculation details
Present calculations are based on the spin polarized

density functional theory. The Perdew and Wang (PW91)
[23] gradient corrected functional is adopted for the
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exchange—correlation potential. The linear combinations of
atomic-like orbitals are used as the basis functions, which
are implemented in DMOL? [24,25]. All the atomic orbi-
tals, including all the core orbitals and valence orbitals
(3s3p3d for Al and 5s5p5d for I), are used as the basis
functions.

In the optimization of the total energy, the electrons are
kept on the lowest orbitals, while the occupation numbers
in each of the orbitals are integers. The geometry optimiza-
tion is performed by moving atoms along the direction of
forces, with the accuracy of 1.5 x 10~*eV/a.u. In order to
check the accuracy of the present method, we have calcu-
lated the aluminum and iodjne dimer, the obtained bond
lengths are 2.49 and 2.75 A, respectively, which are in
agreement with the experimental data, 2.56 A [21] and
2.67 A [26].

3. Results and discussion

We have first optimized the structure of Alj3I and Alj;1™
cluster. The iodine atom is found to be capped on the
bridge site of the icosahedral Al;;, with a distance of
2.83 A between the iodine and aluminum atom. Although
the main frame of the Al cluster remains, a significant dis-
tortion is observed. The largest change of the bond lengths
can be as large as 0.4 A. In the negatively charged clusters,
we find that the top position of the iodine atom becomes
the most stable, as shown in Fig. 1. We also notice that
the distortion of the Al;z in Al;3I™ is smaller than that in
its neutral counterpart. The overall structural properties,
are in agreement with Bergeron’s results [22].

The obtained structures of the ground state and the first
isomer for Al;I, Al;I, and Al;I; clusters are shown in

Al;1;

Alyl;

Fig. 1. Ground state structures (left) and their lowest energy isomers (right) for neutral and negatively charged aluminum cluster doped with iodine atoms.

The bond lengths (in A) are shown along the bond.
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Table 1
The binding energy E, (eV) and the HOMO-LUMO gap E, (V) for the neutral and charged Al;, Al,; clusters
ALY AL Al Aly
Symmetry Ey E, Symmetry Ey E, Symmetry Ey E, Symmetry Ey E,
Cs 0.497 0.347 C, —10.530 1.972 Csy —16.311 0.800 Cs —18.326 0.738
Csy 0.496 0.348 Csy —10.527 1.971 C, —16.309 0.800 Csy —18.300 0.000
Dsn 0.911 0.651 Dspn —-9.728 1.180 Cyy —15.734 0.415 Cyy —17.862 0.548
Al Aljs Al
Symmetry Ey E, Symmetry Ey E, Symmetry Ey E,
Ci —28.753 1.262 D3y, —34.451 0.000 1, —38.005 1.833
Cf —28.339 0.975 C: —34.439 0.644 Dy —37.580 1.498
Oy —28.269 0.000 I —34.396 0.000 Dgy, —37.269 1.472
Fig. 1. It is re-confirmed that the structure of bare Al; clus- ~ Table 2
ter is a capped octahedron [27]. The first isomer has similar The binding energies E, and electron affinity E5 for the neutral clusters
structure of the ground state, but with a lower symmetry, Cluster ~ Symmetry — E, (eV) Eg (eV) Ea Epp
as shown in Table 1. One iodine atom adsorbed on Al, V) (V)
cluster does not change the main frame structure of Al,. Al GGy 0.000 (0.000)  0.800 (0.738)  2.016  5.781
With addition of the second and the third iodine atom, C(Cs) 0.002 (0.026) 0.800 (0.000) 1991  5.782
the structure of Al; becomes a bi-pyramid. In Al;l,, two Al Cl(Cl)  —3.413(-3.469) 1.760 (0.000) 2.071  6.994
iodine atoms are adsorbed on the aluminum atoms of the C3,(Cy) —3.411 (=3.411) 1.748 (0.674) 2.015 7.058
five-member ring. While in Al;I3, two iodine atoms are AlL, C,(C3,)  —5.420(—6.626) 0.486 (1.440) 3221 6.841
capped on the top of two apex atoms in bi-pyramid-like C5,(C,)  —5364(—6.573) 0.284(1.142) 3.224  6.855
structure, another I atom is still capped on one aluminum Al cL(c?) —8.417 (—9.384)  0.973 (0.480) 2.983  6.798
atom in the five-member ring. To understand why the clc,) —8.160 (—=9.275)  0.922 (0.449) 3.130  6.589
structure of Al; changes with I atoms added, we have cal-
culated the binding energies of Al; of different charged Alis Df"(lh) 0.000(0.000) -~ 0.000 (1.833)  3.554 5.697
states. The results show that, the energy difference between C(Dsw) 0012(0424)  0.644(1498) 3142 6100
the ground state and bi-pyramid structure decreases when ALl Co(Csy)  —2.975(-2.409)  1.201(0.715)  2.988  6.148
Ci(Ca)  —2925(—1.895) 1.371(0.329) 2.523  6.363

Al is more positively charged. As more I atoms are capped
on Al; cluster, more and more electrons in the Al; are
transferred to I atoms, which leads to the structural transi-
tions from capped octahedron to bi-pyramid.

As one can see from Fig. 1, the negative charge on Al;1™
does not change the adsorption site of iodine atom. How-
ever, there are some changes for Al;I, and ALI; cluster
(see Fig. 1). For Aly1;, charging only reverses the relative
stability for the ground state structure and the isomer
structure. However, for Al;I, the adsorption of iodine
atoms results in a structure much different from that of
its neutral cluster. Generally, due to the repulsive interac-
tion, the charging will expand the cluster. In fact, the bond
length between iodine atom and the closest aluminum atom
is increased by ~0.1 A.

Table 2 shows the binding energies, electron affinities
and ionization potentials of the calculated clusters. For
Al; and Aly3, the calculated ionization potentials are 5.78
and 5.69 eV, the electron affinities are 2.01 and 3.56 eV,
respectively, which are comparable to the experimental
data of 6.3 and 6.5eV for the ionization potential [5],
2.55 and 3.75¢eV for electron affinities [28]. These results
are in agreement with previous theoretical prediction [17].
The binding energies for the first, second and third iodine
atom on Al; are about 3.41, 2.00 and 3.00 eV, respectively.
Correspondingly, the electron affinity for Al;I, Al;I, and

The values in the parenthesis are those of their corresponding anion
counterparts. The Ey of Al; is set to zero.

Al;15 are 2.10, 3.22 and 2.98 eV, respectively, i.e., the clus-
ter with larger binding energy has a smaller electron affin-
ity. The relatively large binding energies and small electron
affinities suggest that, the Al;I and Al;I; cluster should be
very stable. This is further confirmed by the large HOMO-
LUMO gap of these two clusters.

In fact, the stability of Al; cluster doped with iodine
atoms can be qualitatively understood by the electronic
shell structure. Al; has 21 valence electrons and iodine
atom is of one-electron deficiency in respect to a closed
shell, therefore Al;I has 20 electrons with a closed electron
shell predicted by the jellium model, with a large HOMO-
LUMO gap of 1.76 eV. In this sense, Al;], cluster with 19
electrons must be energetically less stable, and has a largest
E, among all the studied clusters. While Al;I; cluster has
18 electrons just filling the sub-electron shells to 1d, so it
should also be energetically stable with a large HOMO-
LUMO gap up to 0.97 eV which is about half of the energy
gap of Al;l. The above discussion indicates that the bond
between Al; cluster and iodine atom is ionic.

If one just concerns the number of valence electrons,
Al;3l and Al;I; are similar, in the sense that both of them
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have two electron deficiency in respect to a close electronic
shell. In order to see if Al;I3 cluster has similar behavior,
we have calculated the density distribution of HOMO for
Al;317 and ALY, as shown in Fig. 2A,C. We do find that
most of HOMO electrons of Alj3;I™ are distributed around
the aluminum atoms farthest from the iodine atom, which
is in close agreement with recent theoretical results [22]. In
AL cluster (Fig. 2C), the HOMO electrons are also
mostly distributed around the Al atoms away from iodine
atoms. This is qualitatively confirmed by the Mulliken

Isosurface=0.015

(D)

INE Y

Fig. 2. Charge density distribution of the HOMO (A,C), the total charge
density difference between Al;3I™ and Alsl (B), and between Al;I; and
Al;15 (D). Most of HOMO electrons are distributed on the Al atom which
is far from I atom.

Table 3

occupation number as shown in Table 3. In Al;317, about
half of the HOMO electrons are at the aluminum atom
labelled with number 2 in Fig. 1. In Al;I; cluster, less than
7% of HOMO electrons sit on iodine atoms.

It is well known, charging on the cluster could lead to
redistribution of charge density, and sometimes even struc-
tural transformations [29]. The distribution of HOMO den-
sity of Alj3I” and AlLI;, which is mainly around the
aluminum atoms, does not necessarily mean that the distri-
bution of net charge on the clusters is also around the alu-
minum atoms. To make this issue more clear, the difference
of the charge density between the neutral and charged clus-
ters, Ap, is calculated, and shown in Fig. 2B,D. The obvi-
ous difference can be observed. By examining the HOMO
density which is mainly distributed on the aluminum atom
farthest from iodine atom, one can see that Ap is distrib-
uted on both aluminum atoms and iodine atom. For
Al;I5 cluster, the very similar results can be observed. This
can be confirmed by the partition of Ap to each atom (see
Table 3), and the occupation number relative to the free
atoms. One can easily find that there is significant charge
transfer from aluminum cluster to iodine atom. The non-
negligible Ap on iodine atom suggests that, some negative
charge has been transferred to the iodine atom. The very
small amount of HOMO electrons on the iodine atom does
not indicate that the whole negative charge goes to the alu-
minum atoms. These results suggest that the charge trans-
fer between the aluminum cluster and iodine atom can not
simply determined by the electron affinities (ionization
potentials) of the isolated aluminum cluster and iodine
atom. Due to strong hybridization interaction between alu-
minum cluster and iodine atom, the charge transfer can
occur from neutral aluminum cluster to the iodine atom
in the iodine doped aluminum clusters.

The occupation numbers on each atom partitioned from HOMO (n), the difference of the charge density (Ap) between the negatively charged cluster and

the neutral cluster

NI 1(14) Al(1) Al(2) Al(3) x5 Al(4) x5 Al(13)
0.077 0.091 0.470 0.014 0.035 0.118
0.149 —0.028 0.149 0.070 0.075 0.003
—0.417 0.159 ~0.076 ~0.088 ~0.089 0.220
AlTy 1(8) x2 1(10) Al(1) Al(2) Al(3)x2 Al(4) Al(6) x 2
0.020 0.028 0.058 0.287 0.050 0.058 0.215
0.123 0.126 0.037 0.141 0.040 0.105 0.132
—0.427 —0.426 0.260 —0.099 0.244 —0.141 —0.113
ALL; 1(8) x 2 Al(1)x2 Al(3)x2 Al(4) Al(6) x 2
0.026 0.200 0.166 0.017 0.101
0.123 0.151 0.037 0.122 0.129
—0.443 —0.096 0.252 —0.139 —0.147
Al 1(8) Al(1) Al(2) x 3 Al(5) x 3
0.012 0.105 0.113 0.181
0.181 0.142 0.153 0.073
~0.519 0.110 —0.146 ~0.052

The number N is the electrons on the atoms in the negatively charged cluster relative to the free atoms. The values in the parenthesis are the atom numbers

shown in Fig. 1.
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4. Summary

We have performed the density functional calculation
on Al; and Al;; clusters doped with the iodine atoms.
The obtained ground state structures of Alj3l and Alz1™
are in close agreement with recent theoretical data [22]. Tt
is found that in Al,I cluster, iodine atom is capped on
the ground state structure of Al; cluster. The capping of
the second and third I atoms drives the structure of Al;
from capped octahedron-like to bi-pyramid-like, indicating
that some electrons have been transferred to I atoms.

The density distribution of HOMO electrons for AljzI™
and Al;I; are found to be mainly localized on the alumi-
num atom farthest from the iodine atom, in consistent with
the qualitative analysis of occupation number of HOMO.
However, we find that the charge on the cluster result in
a significant redistribution of the charge density, the calcu-
lation of the total charge difference between the neutral and
charged clusters suggests that the net charge can be located
on iodine atoms and also on aluminum atoms. Therefore,
one needs to pay much caution on the superhalogen on
these two clusters.
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