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Abstract. The ionic and electronic structure of (Al2O3)n(Ox) clusters with n ≤ 16 and x = 0, 1, 2
is studied by means of first principles density functional calculations, norm-conserving pseudopotentials
and a numerical atomic basis set. The equilibrium geometries have been determined by total energy
minimization, starting with several initial geometries for each cluster size. The trends obtained for the
atomic arrangements (structural isomers, coordination numbers, “disordered” versus “ordered” structures,
etc.) and the electronic properties (binding energies, Homo-Lumo gap and dipole moments) are discussed.
For most of the oxidized clusters studied here we find that the Homo-Lumo gap and the magnitude of
dipole moment of isomeric species can vary drastically.

PACS. 36.40.-c Atomic and molecular clusters – 36.40.Cg Electronic and magnetic properties of clusters
– 36.40.Jn Reactivity of clusters – 61.46.+w Nanoscale materials: clusters, nanoparticles, nanotubes, and
nanocrystals

1 Introduction

Aluminum oxide (alumina, Al2O3) in its various allotropi-
cal forms play a vital role in an increasingly large number
of industrial applications: heterogeneous catalysis, ther-
mal barriers, corrosion protection, and metal processing
are but a few representative examples. Amorphous alu-
mina is present at most crystal alumina polymorphs and
at the surface of aluminium in contact to air but the un-
derstanding of the detailed mechanism of the oxidation
and passivation process is still lacking. The alumina amor-
phous state have been related directly to γ-alumina [1],
and also molten alumina is recognized as one of the pre-
cursors of the allotropic form γ-Al2O3 [2]. Reactions of
halomethanes with γ-alumina particles from rocket ex-
haust has been implicated in stratospheric ozone deple-
tion [3]. Simulations of the hydrated α-alumina (0001)
surface have been performed considering both the bare
surface [4] and small isolated clusters modelling that sur-
face [5]. The results show large differences in the calcu-
lated energetics and local structural relaxations. There
are numerous recent calculations of the (0001) surface of
α-alumina [6–9] and of the κ-Al2O3 (001) and (001̄) sur-
faces [10] revealing strongly relaxed surface Al ions, which
explain the abnormally-coordinated Al ions observed in
bulk porous aluminas [11]. The reactivity of different non-
conventional alumina surfaces to typical contaminants and
radicals is largely unknown.
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As a preliminary attempt to understand those process,
we calculate in this paper the atomic and electronic struc-
ture of fully relaxed alumina clusters (Al2O3)n(Ox) with
the bulk Al2O3 stoichiometry (x = 0) and with an added
oxygen atom (x = 1) or molecule (x = 2). The sizes
1 ≤ n ≤ 16 for stoichiometric clusters and 1 ≤ n ≤ 10
for oxidised clusters are considered, resulting in a variety
of “surfaces” and atomic coordinations for both, Al and
O atoms. In a previous paper we have presented prelimi-
nary results for a smaller range of sizes [12]. Here we pay
special attention to important electronic and geometric
differences between isomeric species of some clusters. In
particular, we point to the large Homo-Lumo gap vari-
ation obtained for isomers of some cluster sizes, which
could have experimental relevance [13,14]. A quantitative
way to discriminate the geometry of these isomers for their
utilization in different applications is the chirality index
recently introduced by Garzón and coworkers [15].

In Section 2 a brief description of the method of cal-
culation, as well as a first test case study of the smaller
clusters, is given. In Section 3 the results are presented and
discussed and in Section 4 we present some conclusions.

2 Method of calculation and first test case

We use the first-principles density functional theory
(DFT) in the local density approximation (LDA) [16]. The
electronic structure code SIESTA [17] is used to solve the
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Fig. 1. Optimized geometries of the lower energy isomers
of Al2O3 (a, b, c), (Al2O3)O2 (d, e), (Al2O3)2 (f, g), and
(Al2O3)2O2 (h, i). Small spheres stand for oxygen atoms. Dis-
tances are given in angstrom (Å). Some Al-O-Al and O-Al-O
angles are given. The atomization energy in eV/atom, Homo-
Lumo gap in eV, and magnitude of dipole moment in Debye,
are given for each aggregate.

Kohn-Sham equations using norm-conserving pseudopo-
tentials [18] and a basis set of numerical pseudo-atomic
orbitals of finite range [19]. The equilibrium geometries
are relaxed by the conjugate gradient method until a max-
imum force smaller than 0.04 eV/Å is reached. Several
initial geometries, ordered and disordered, are chosen for
each cluster of the bulk stoichiometry. For (Al2O3)nOx

clusters, we start with several (Al2O3)n isomers and add
an oxygen atom or molecule at different positions. For
the (Al2O3)nO2 cases we also consider the addition of an
oxygen atom to several initial (Al2O3)nO relaxed isomeric
clusters. Then we allow the full relaxation of all the atoms.
To compare with other authors, we have also optimised the
position of the adsorbed oxygen atoms with the substrate
cluster maintained at constant geometry. We found that
such strategy may lead to results dramatically different
from the fully relaxed ones.

As a first test, we have calculated the atomic struc-
ture and the electronic energy, Homo-Lumo gap, and elec-
tric dipole of (Al2O3)nOx clusters with n = 1, 2 and
x = 0, 2, see Figure 1. The atomisation energy is calcu-
lated as Eat = −E[(Al2O3)nOx]+2nE[Al]+(3n+x)E[O],
where E[Al] and E[O] are the pseudo-atomic energies of O
and Al for the free, spherical, non-spin-polarized atoms. A
spin-polarized calculation of Al2O3 lead to the same spin-
singlet minimum energy structure shown in Figure 1a.
All-electron calculations at the RHF + MP2 level [21,22]
have found that the lowest energy structure on the sin-

glet potential surface is the linear D∞ species with an
Al-O (external) distance of 1.626 Å and an atomisation
energy of 3.92 eV/atom More recent calculations [23] find
that the C2v (rhombus) structure is also a very close true
minimum which fit the experiments [23]. Another cal-
culated isomer [22] (see also Tab. I in Ref. [23]) is the
V-shaped structure with C2v. Our calculated isomeric ge-
ometries (a), (b), (c) in Figure 1 are similar to those ob-
tained from RHF + MP2 calculations [23] but with shorter
interatomic distances and larger atomization energies. For
the O2 molecule we obtain a bond length of 1.22 Å and
a binding energy of 7.5 eV, to be compared with the ex-
perimental values 1.21 Å and 5.08 eV respectively. The
generalized gradient approximation (GGA) [24] generally
improves the LDA electronic energies, but not for α-
Al2O3(0001) surface [25]. However, the GGA and LDA
equilibrium geometries and the relative energies between
isomers, which is our main interest, are usually the same.
Therefore we have consistently used the LDA in this work.

We observe in Figure 1 the sensitivity of the Homo-
Lumo gap and the magnitude of electric dipole moment
to different isomeric configurations. By adding an O2

molecule to whichever of the (a), (b), (c) isomers in Fig-
ure 1, and others, at different initial sites and orientations,
we obtain, after relaxing, the lowest energy equilibrium
planar configuration for the Al2O5 cluster given in Fig-
ure 1d. Within the maximum force tolerance (0.04 eV/Å),
many other equilibrium geometries are obtained with en-
ergy differences in the range of 0.2 eV/atom, e.g. the non-
planar cluster represented in Figure 1e. As a rule of thumb,
larger atomization energies correspond to larger Homo-
Lumo gap and to smaller magnitude of dipole moment.

Figure 1f shows the lowest energy isomer obtained for
(Al2O3)2. The Al atoms form a tetrahedron and the O
atoms cap the edges. This structure differs from the one
obtained from all-electron Gaussian-94 calculations [5] by
a constrained optimization. Another equilibrium geometry
with 0.222 eV/atom lower atomization energy is depicted
in Figure 1g. It can be viewed as the union of the two
Al2O3 isomers depicted in Figures 1a and 1b with a gain
of 0.9 eV/atom after relaxation. The adsorption of an O2

molecule at several initial positions and distances leads,
after relaxation, to the lowest energy isomer (Al2O3)2O2

depicted in Figure 1i. This case can be viewed as the bind-
ing of O2 to two Al atoms of isomer (g), but can also be
viewed as the relaxed product of joining the structures (b)
and (d) of Figure 1. Many other isomers are obtained,
e.g. the one depicted in Figure 1h, where the O2 molecule
binds only one O atom to one of the equivalent Al atoms
of case (f).

3 Results

3.1 Atomic structure

From calculations of the Al coordination numbers and in-
teratomic distances for all the Al-O pairs in the stoichio-
metric (Al2O3)n clusters we find a clear disordered be-
haviour in the range up to n = 16. In fact our data show
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Fig. 2. Histograms of the Al-O pair distances for the lowest
energy stoichiometric isomers with n = 3, 4, 5, 6, shown on the
right. The coordination of Al atoms is indicated by different
grey colours and the corresponding percentages are given for
each case. The range of distances for the bulk amorphous and
α phases is shown in the upper panel. Small spheres stand for
oxygen atoms.

for 4 ≤ n ≤ 16 the majority (60−80%) of Al atoms to
be fourfold coordinated at Al-O distances typical for the
amorphous phases, similar to those found in reference [1].
The radii of bond used for Al and O are 1.4 Å and 0.74 Å
respectively. The number of sixfold coordinated Al atoms,
which is 100% in the ordered phase, never exceeds 8% in
that size range. Details of this evolution and that for the
clusters (Al2O3)n(Ox) with x = 1 or 2 will be presented
and discussed elsewhere. Here we show only, in Figure 2,
the distribution of coordination numbers for the lowest
energy isomer of (Al2O3)n with n = 3, 4, 5, and 6. Our
structure for the case n = 4, Al8O12, is different from the
one obtained in reference [5] by means of a constrained
optimization using the Gaussian 94 series of programs. In
the range of sizes studied in this work, the coordination of
Al atoms can change drastically between isomeric config-
urations. For example, for an isomer of (Al2O3)4 in Fig-
ure 2b with only 0.051 eV/atom lower atomization energy,
we find Al coordinations 3 and 4 in 55.56% and 44.44%
of the Al-O bonds, respectively. For most of the stoichio-
metric and oxidized clusters studied here, we find at least
two structural isomers within an energy range typically
smaller than 0.2 eV per atom showing different degrees
of “order” and different electronic properties, see Table 1
and Figure 4. The two isomers of (Al2O3)7 reported in
our previous work [12], roughly correspond to the low and
high density amorphous cases given in reference [1].

A major structural feature in all (Al2O3)n clusters
studied here is the Al2O2 rhombus, formed between two
AlO4 units sharing two O atoms. This is a typical fea-
ture in aluminum oxide materials and is also found for

Fig. 3. Various elec-
tronic properties of
(Al2O3)n(Ox) clus-
ters, for fully relaxed
geometries, plotted
versus the number n of
Al2O3 formula units.
In panels (a) and (c),
solid line: x = 0; dashed
line: x = 1; dot-dashed
line: x = 2. In panel (b)
is given the adsorption
energy of O on x = 0
and x = 1 clusters, and
O2 on x = 0 clusters.
The arrow in panel (a)
is the calculated bulk
binding energy.

Table 1. The difference in atomization energy ∆Eat (second
column, in eV/atom), the Homo-Lumo gap (third and fourth
columns, in eV), and the magnitude of dipole moment (fifth
and sixth columns, in Debye), for the two lower energy struc-
tures of stoichiometric (Al2O3)n clusters with selected values
of n (first column). The asterisk (∗) in columns fourth and
sixth indicate the higher energy isomer.

n ∆Eat gap gap∗ dipole dipole∗

3 0.2376 3.56 0.56 0.916 8.655
4 0.0492 3.44 3.38 0.479 3.706
5 0.2556 2.27 0.72 8.177 4.976
6 0.0639 2.69 2.21 7.349 9.543
7 0.0001 3.00 3.02 8.868 1.959
12 0.0955 2.46 1.34 6.977 11.772
13 0.1790 2.35 0.45 10.189 5.882
15 0.1515 2.46 1.27 15.197 14.889

small clusters [23]. A detailed analysis of these structural
features will be given in a forthcoming publication.

3.2 Electronic properties

In Figure 3 several electronic properties of (Al2O3)n(O)x

clusters are shown. In panel (a) we see the convergence
of the binding energy per atom of (Al2O3)n clusters to-
wards the calculated LDA value of the bulk α-phase [6],
which is already almost reached for n = 16. We note some
extra stability for the case n = 6. In panel (b) adsorp-
tion energies of atomic and molecular oxygen are shown
for the fully relaxed configurations. Keeping the geometry
of the (Al2O3)n part fixed can result in unphysical values
of the adsorption energies and a dissociation of the O2

part [12]. We see in Figure 3b that the adsorption energy
of an O atom on (Al2O3)n and on (Al2O3)nO clusters is
roughly the same, in the range of ∼ 5−6 eV, whereas the
adsorption energy of an O2 molecule on (Al2O3)n is in the
range of ∼ 2−4 eV. The exception is the case n = 6. Fig-
ure 2c shows the Homo-Lumo gap for all the fully relaxed
clusters calculated in this work. The gap of the (Al2O3)n
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Fig. 4. The Homo-Lumo
gap versus total energy per
atom for the nine lower en-
ergy isomers of (Al2O3)3O2

clusters. Diamonds corre-
sponds to relaxed geome-
tries from initial geome-
tries formed by adding
an O2 molecule to dif-
ferent positions of several
initial (Al2O3)3 isomers.
The squares denote iso-
mers optimized from adding
an O atom to different
(Al2O3)3O isomers.

clusters is reduced in several cases by the effect of O2 ad-
sorption. A similar result has been obtained recently for
silicon nanoclusters [26]. On the other hand, the change
of the Homo-Lumo gap for different isomers of selected
clusters is illustrated in Table 1 and Figure 4.

In Table 1 we give the energy difference for the two
lower energy structures of selected stoichiometric clusters,
and the corresponding Homo-Lumo gap and magnitude of
the electric dipole moments. An index to classify the “dis-
order” of structures, like the chirality index [15], should
be of help to study the relations between structural and
electronic properties of these isomers.

In Figure 4 we show the Homo-Lumo gap for the nine
lower energy isomers of (Al2O3)3O2 within a range of
0.03 eV/atom. Isomers denoted with diamonds are ob-
tained after relaxing initial geometries formed by adding
an O2 molecule at different positions of several (Al2O3)3
isomers. The isomers denoted with squares result from re-
laxing initial geometries formed by adding an O atom to
different (Al2O3)3O isomers. In the first case, the relaxed
geometries show an O2 group whereas in the second case
any O2 group is found generally in the relaxed structure,
and one of the O atoms is bound to only one of the Al
atoms. An exception is the structure with a Homo-Lumo
gap ∼ 3 eV in Figure 4, where the second optimization
route leads to the same geometry than the first route, that
is, with an O2 group. Similar results as those depicted in
Figure 4 are obtained for mostly of the oxidized clusters
calculated in this work.

4 Conclusions

The atomic and electronic structures of (Al2O3)n(O)x

clusters with n ≤ 16 and x = 0, 1, 2 are obtained from
first principles self-consistent LDA calculations. The Al-
O interatomic distances and Al coordination numbers of
the stoichiometric (Al2O3)n clusters display values in the
range of those corresponding to the amorphous phase and
the different allotropic forms of bulk alumina. Structural
isomers showing amorphous-like or more ordered atomic
configurations are found within a few meV/atom energy

difference, particularly for O2 oxidized clusters. The prop-
erties of clusters with an oxygen atom or molecule ad-
sorbed on (Al2O3)n or (Al2O3)nO, considered as alumina
surface models, show a high degree of relaxation with pro-
nounced effects on the electronic structure. In some cases,
the Homo-Lumo gap of the oxidized clusters is reduced
dramatically with respect to the stoichiometric ones.

A large number of isomers is found for the oxidized
clusters, with an enormous variation in their structural
and electronic properties. This fact should be taken into
account by the experimentalists when interpreting their
results about properties of clusters deposited on surfaces.
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