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a b s t r a c t

Geometric structures of AlAsn (n = 1–15) clusters are reported. The binding energy, dissociation energy,
stability of these clusters are studied with the three-parameter hybrid generalized gradient approxima-
tion (GGA) due to Becke–Lee–Yang–Parr (B3LYP). Ionization potentials, electron affinities, hardness, and
static polarizabilities are calculated for the ground-state structures within the same method. The growth
pattern for AlAsn (n = 6–15) clusters is Al-substituted pure Asn+1 clusters and it keeps the similar frame-
works of the most stable Asn+1 clusters (for example AlAs6, AlAs7, AlAs9, AlAs14 and AlAs15 clusters) or
capping the different sides of the low-lying geometry of Asn clusters (for example AlAs8, AlAs10, AlAs11,
ensity-functional theory
tability

and AlAs12 clusters). The Al atom prefer to occupy a peripheral position for n < 12, and starting from
n = 12 clusters, the Al atom completely falls into the center of the As frame. The above growth pattern
is not suitable for AlAsn (n = 1–5, 13) clusters. The odd–even oscillations from AlAsn (n = 5–15) in the
dissociation energy, the second-order energy differences, the HOMO–LUMO gaps, the electron affinity,
and the hardness are more pronounced. The stability analysis based on the energies clearly shows the
AlAsn clusters from n = 5 with an even number of valence electrons are more stable than clusters with

ectro
odd number of valence el

. Introduction

Small clusters composed of arsenic atom have been the sub-
ects of intensive studies for the last two decades. A large number
f studies of arsenic clusters, both theoretical as well as experi-
ental have been reported. (See, for example, the reviews in Refs.

1–5].) One of the main motivations behind these studies is to
nderstand the evolution of physical properties with the size of
he cluster. The question I address here is the effect of doping
y a single impurity on the electronic structure and geometry of
rsenic clusters. In bulk materials, a small percentage of impurity
s known to affect the properties significantly. In clusters, the impu-
ity effect should be even more pronounced and influenced by the
nite size of the system. Liu et al. [6] performed some experiments

n AlnAsm cluster. This experimental work triggered an interest in
imulations of AlAs clusters. Ab initio calculations on properties of
lxAsy clusters have been carried out by several groups [7–13].
ndreoni [7] calculated the structures, stability, and melting of

AlAs)n (n = 2–5) using the Car-parrinello method. Quek et al. [8]

eported tight binding molecular dynamics studies of the structures
f AlmAsn (m + n ≤ 13). Tozzini et al. [9] presented extensive theo-
etical calculations of the geometric and electronic properties of
eutral and ionized AlAs fullerene-like clusters of the type AlxAsx+4

∗ Tel.: +86 3572990082; fax: +86 3572990082.
E-mail address: gl-guoling@163.com.

925-8388/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2010.02.202
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© 2010 Elsevier B.V. All rights reserved.

with a number of atoms up to 52, on the basis of density-functional
theory. Costales et al. [10] used density-functional theory (DFT)
to explore structural and vibrational properties for (AlAs)n clus-
ters up to 6 atoms, finding the same behavior as in the aluminum
nitride clusters. Archibong and St-Amant [11] calculated the low-
lying electronic states of Al3As, AlAs3, and the corresponding anions
at the B3LYP and CCSD(T) levels of theory using the 6-311+G(2df)
one-particle basis set. The adiabatic electron affinities, electron
detachment energies and harmonic vibrational frequencies of both
the anions and the neutral molecules are presented and discussed.
Feng et al. [12] reported a MRSDCI study of the ground and several
low-lying excited states of Al2As3, Al3As2, and their ions. Recently,
Zhu [13] studied the spectroscopic properties for Al2As, AlAs2, and
their ions using density-functional theory (DFT:B3LYP) and com-
plete active space multiconfiguration self-consistent field (CASSCF)
calculations.

To provide further insight on AlAsn clusters, I have carried out a
detailed systematic study of the equilibrium structure and various
electronic-structure related properties of these clusters, employing
both Becke’s three-parameter hybrid functional with perdew/wang
91 and Becke’s three-parameter hybrid functional using the LYP
correlation functional. I investigate the relative ordering of these

structures with the Al impurity occupying the peripheral and
other different position, and show that the ground-state struc-
tures of AlAsn (n = 1–15) have Al taking a peripheral position. The
calculations are explicitly carried out, to my knowledge for the
first time, by considering all electrons in the calculations with

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:gl-guoling@163.com
dx.doi.org/10.1016/j.jallcom.2010.02.202
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Table 1
Calculated bond length (Å), vibrational frequencies w (cm−1), adiabatic electronic affinity AEA (eV), and adiabatic ionization potential AIP (eV), previous theoretical study
and experimental results.

As2 Al2

Our work Theoretical Experimental Our work Experimentala

Bond length (Å) 2.192 2.124b 2.103c 2.596 2.560
w (cm−1) 400.4 412b 394d 429.55c 289.2 350.01
AEA (eV) 0.792 0.739 ± 0.008e 1.39 1.55
AIP (eV) 9.712 9.69 ± 0.02f

a Ref. [19].
b Ref. [2].
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2�u) as its global minimum. AlAs3 is a rhombus with C2v symmetry.
The singlet isomer with 1A1 is lower in total energy than the triplet
and quintet isomers by 0.34 and 2.01 eV, respectively. Therefore,
the spin singlet configuration is the most stable structure. Two dis-

Table 2
The symmetries (sym), the spin multiplicities (multi), and the total energies (Et ,
hartree/particle) of the most stable and low-lying AlAsn (n = 1–15) clusters.

Cluster Sym Multi Et Cluster Sym Multi Et

AlAs C∞v 3 −8.0551 AlAs9 C1 1 −57.2041
AlAs2 C2v 2 −14.2155 AlAs10 C1 2 −63.3387
AlAs C 1 −20.3517 AlAs C 1 −69.4772
c Ref. [20].
d Ref. [21].
e Ref. [4].
f Ref. [3].

o pseudopotentials (with nonlocal gradient corrections). Further-
ore, the all-electron treatment eliminates issues like core-valence

xchange-correlation, which occurs in the pseudopotential treat-
ent when there is no marked distinction between the core and

alence regions. Here, I study the evolution of the ionization poten-
ial, electron affinity, HOMO–LUMO gap, hardness, polarizability,
issociation energy, and binding energy for AlAsn clusters up to
= 15. These physical quantities are compared with their coun-

erparts calculated at the same level (all-electron B3LYP/lanl2dz)
or pure arsenic clusters, which to my knowledge also represent
he first all-electron with gradient corrections calculations in these
ystems.

In the following section, I briefly outline the computational
ethodology. In Section 3 the results are presented and discussed,

nd I conclude in Section 4.

. Methodology and computational details

The selection of distinct initial geometries is important to the
eliability of the ground-state structures obtained. As the cluster
ize increases, the number of the possible geometries increases dra-
atically. In this paper, the conformations of the pure Asn clusters

re obtained by reference to the configurations in Refs. [1–5]. The
eometries with different symmetries are also optimized for each
ize. During the course of choosing initial structures of the AlAsn

lusters, I have considered possible isomeric structures by placing
he Al atom on each possible site of the Asn cluster as well as by
ubstituting one As atom by the Al atom from the Asn+1 cluster.
he TinAl [14], AlPbn [15], and ScnAl [16] stable isomers are also
onsidered as candidates. For all isomers of each cluster, the local
inima of the potential energy surface are guaranteed by the har-
onic vibrational frequencies without imaginary mode. Further,

ifferent spin multiplicities of the low-lying energy isomers are
onsidered. In case the total energy decreases with increasing spin
ultiplicity, I consider an increasingly higher spin state until the

nergy minimum with respect to spin multiplicity is reached.
All calculations were performed using the density-functional

heory (DFT) provided by the Gaussian 03 suite of programs [17].
he density functional is treated with the generalized gradient
pproximation (GGA) corrected-exchange potential of the B3LYP.
he double-� basis set lanl2dz is employed [18].

The accuracy of the current computational scheme has been
ested by the calculation on the As2 and Al2 dimer. The results are
ummarized in Table 1. For As2, I obtain a bond length (2.192 Å)
hat fits well with the theoretical values of 2.124 Å by the MP2

2] and 2.103 Å of experimental bond length [20]. The vibrational
requency (400.4 cm−1), the adiabatic electron affinity (0.792 eV)
nd the adiabatic ionization potential (9.712 eV) of As2 are also
btained, which are in good agreement with the previous theo-
etical and experimental values of 412 cm−1 [2], 394 cm−1 [21],
0.739 ± 0.008 eV [4], and 9.69 ± 0.02 eV [3], respectively. Addition-
ally, the bond length (2.596 Å), vibrational frequency (289.2 cm−1),
and the vertical electron detachment energy (1.39 eV) of Al2 are
obtained, which are in good agreement with the experimental val-
ues of 2.56 Å, 350.01 cm−1, and 1.55 eV, respectively. This indicates
that our approach provides an efficient way to study small AlAsn

clusters.

3. Results and discussion

3.1. Atomic structures

The ground-state geometries of AlAsn (n = 1–15) clusters, and
some low-lying metastable isomers are shown in Fig. 1. For proper
comparison I have also shown the ground-state geometries of pure
Asn (n = 2–16) clusters, which was reported in our recent work [5].
The symmetries, the spin multiplicities, and the electronic states of
the most stable AlAsn (n = 1–15) clusters are summarized in Table 2.

For the AlAs dimer with C∞v symmetry, the optimized results
indicate that the triplet spin state is lower in total energy than the
singlet and quintet isomers by 0.93 and 1.47 eV, respectively. There-
fore, the triplet AlAs dimer with a bond length of 2.420 Å is the most
stable structure; the corresponding electronic state is X3�−.

For AlAs2, the lowest-energy structure is an isosceles triangle
(C2v), in which the Al atom is at the apex, the As–As distance
(2.2955 Å) is longer than that of the As2 dimer, and the bond length
of the Al–As is 2.914 Å. It is a spin doublet and lower by 0.94 and
3.13 eV in energy than the quartet and sextet state. A bent chain
with Cs (2A′′) symmetry in which Al takes a terminal position, and
a linear structure (C∞v) in which Al takes central position, are two
low-lying structures at, respectively, 0.42 and 0.49 eV above the
most stable structure.

The lowest-energy structure of As3 adopts linear structure (D ,
3 2v 11 1

AlAs4 C2v 2 −26.5018 AlAs12 C1 2 −75.6270
AlAs5 C5v 1 −32.6635 AlAs13 C1 1 −81.7681
AlAs6 Cs 2 −38.7817 AlAs14 C1 2 −87.8952
AlAs7 Cs 1 −44.9355 AlAs15 C1 1 −94.0647
AlAs8 Cs 2 −51.0542
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orted tetrahedrons with Cs symmetries are low-lying structures
ying 0.25 and 0.47 eV higher in energy.

The arsenic tetramer has the tetrahedral (Td) structure. In the
ase of AlAs4, four low-lying nearly degenerate structures are
ound, three of which are 3D structure and the other one is the pen-
agon configuration with the impurity Al atom at its vertex position,
hich is the most stable structure. The doublet isomer is more sta-

le than other spin states, in that the total energy of the doublet is
ower by 1.29 and 2.31 eV than that of quartet and sextet isomers.

nd the 3D (C2v, 2A1) isomer, the Cs (2A′′) structure and the square
yramid (C4v, 2A1) are three low-lying isomers, which are above
he lowest-energy structure by 0.05, 0.34 and 0.53 eV, respectively.

For As5, the most stable structure with C2v symmetry is a
etrahedral As4 structure with a twofold atom bond to it. The

ig. 1. Lowest-energy and low-lying structures of AlAsn (n = 1–15) clusters and lowest-en
l atoms, respectively.
ounds 498 (2010) 121–129 123

first three-dimensional (3D) structure of AlAsn occurs at n = 5. The
lowest-energy structure for AlAs5 is with C5v symmetry, which is
derived from the As5 cluster by placing a fivefold Al atom on the
top. The next energy minimum with Cs symmetry is 0.44 eV above
the ground state. The other low-lying structure with the lower Cs

(1A′) symmetry is a distorted triangle prism lying 1.08 eV higher in
energy. It is built from substitution of an As atom by an Al atom
in the triangle prism As6. Another Cs (1A′) structure by capping an
additional Al atom between two As atoms in structure of As5 has

an energy 1.47 eV less stable.

As for As6, the lowest-energy structure is a prism structure with
D3h (1A′

1) symmetry. The AlAs6 (Cs) derived from a boat-shape
As6 by the adding of 1 twofold Al atom between As atoms. More-
over, the doublet isomer with electronic state 2A′ is lower in total

ergy structures of Asn (n = 2–16) clusters. The black and gray balls represent As and
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Fig. 1.

nergy than the quarter and sextet isomers by 2.12 and 3.16 eV,

espectively. Next in the energy ordering is found to be face-capped
riangle prism with C2v (2A2) symmetry in our present optimiza-
ion. It can be viewed as capping an additional Al atom on the square
ace of the triangle prism As6. Two As–As bonds are broken in the
apping procession. It locates at 0.43 eV above the ground state.
inued )

Two structures with both C2v symmetries are lying 0.55 and 1.52 eV,

respectively, higher in energy.

In the case of n = 7, the pure As7 has the similar geometry as the
AlAs6 with C2v (2B1) symmetry. The present calculations consider a
cuneane structure as the ground state of AlAs7 cluster, which can be
derived from a square-face-capped triangle prism As7 by adding an
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dditional threefold Al atom. The symmetry of As7 is changed from
2v to lower Cs symmetry of AlAs7 in the procession. Moreover,
he singlet isomer with electronic state 1A′ is lower in total energy
han the triplet and quintet isomers by 0.93 and 2.15 eV, respec-
ively. Therefore, the spin singlet configuration is the most stable
tructure. Another Cs form with the 1A′ state is a low-lying structure
ith higher energy 0.33 eV. The third AlAs7 isomer in the energy

rdering is a distorted cube structure with Cs (1A′) symmetry lying
.47 eV above the ground state, which is obtained by substitution of
ne As atom by one Al atom in the cube As8. Another Cs form with
he same electronic states as the ground state lies 0.50 eV higher in
nergy.

The lowest-energy structure of As8 is a cuneane structure with
he symmetry of C2v (1A1). The most stable geometry of AlAs8 is
he result of the addition of the Al atom to the lowest-energy struc-
ure of As8 cluster. Moreover, the doublet structure is lower in total
nergy than the quartet and sextet isomers by 1.26 and 2.12 eV,
ndicating that the doublet is more stable than other spin states,
he corresponding electronic state is 2A′′. The Cs symmetry struc-
ure with Al impurity at its center is higher by 0.65 eV. Al capped
nother different position of As8 cluster yields the other low-lying
tructure, which is 0.82 eV higher in energy.

The lowest-energy structures I found for As9 is with Cs symme-
ry, which may be viewed as a dimer attached to the most stable
orm of As7 and have been confirmed to be lower in energies with no
maginary frequencies. For AlAs9 cluster, the ground-state geome-
ry is the Al atom substitute one capping As atom of As10 with C1
ymmetry. The total energy of the ground-state geometry with spin
inglet is lower by 0.35 and 1.50 eV than spin triplet and quintet iso-
ers. Therefore, the spin singlet form is the most stable structure.

he structures of isomer (b), (c), (d) all with spin singlet and with
he same Cs symmetries are above the lowest-energy structure by
.33, 0.82, 1.03 eV, respectively.

Adding two As atoms in the same side of cuneane As8, I obtain

he ground state of As10. The ground-state geometry of AlAs10 clus-
er with C1 symmetry can also be seen as substitutional structure of
s11. The form (a) with spin doublet is lower in total energy by 0.79
nd 2.41 eV than spin quartet and sextet isomers. Therefore, the
tructure (a) with spin doublet is the most stable structure. Other
nued ).

isomers (b), (c) and (d) could be seen as the Al atom capped on the
different positions of As10 and are 0.18, 1.36 and 1.42 eV higher in
energy.

The most stable structure of As11 is the Cs form. By capping Al
atom in the edge of the As11, I could obtain the low-lying geometry
of AlAs11 with C1 symmetry. The optimized results indicate that
the singlet spin state is lower in total energy than the triplet and
quintet isomers by 1.38 and 2.56 eV, respectively. Three low-lying
geometries (b), (c), (d) of AlAs11 all with Cs symmetries are 0.02,
1.13, and 1.59 eV, respectively higher in energy.

As12 cluster has the D3d structure, which can be seen as two
cuneane As8 binding with four same As atoms. The ground-state
structure of AlAs12 is with C1 symmetry which has the same build-
ing model as As12 cluster. Moreover, the total energy of AlAs12 with
spin doublet is lower by 0.74 and 2.45 eV than spin quartet and
sextet isomers. The middle As atom substituting by the impurity
Al atom could get the low-lying structure (b), 0.36 eV higher than
structure (a). Other two low-lying geometries (c) and (d) of AlAs12
all with Cs symmetries are 0.39 and 0.79 eV, respectively higher in
energy.

As13 takes the Cs structure as its ground state. The most sta-
ble AlAs13 is with C1 symmetry. Furthermore, the total energy of
structure (a) with spin singlet state is lower than those of the triplet
and quintet isomers by 1.14 and 1.53 eV, respectively. The structure
of isomer (b) with Cs symmetry is above the lowest-energy struc-
ture by only 0.001 eV in energy, which could be seen as substitute
one As atom by Al atom at the edge of As14. The structures c and d
are 0.53 and 0.92 higher in energy.

The most stable structure of As14 is the Cs (1A′) form, which can
be seen as the combination of As8 and As6. For AlAs14 cluster, the
ground-state geometry (a) is the Al atom that falls into the center
of As15 with C1 symmetry. The total energy of (a) with spin doublet
is lower by 0.35 and 0.67 eV than spin quartet and sextet isomers.
Another low-lying isomers (b) and (c) with the same C1 symmetries

are also the Al atom falling the different positions of the As15 cluster.
Their energy differences are 0.03 and 0.20 eV.

The optimized structure of neutral As15 is with Cs (2A′) symme-
try. The ground-state geometry of AlAs15 cluster with C1 symmetry
can be seen as substitutional structure of As16 with Al impurity
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eplacing the center As atom in the As16 cluster. The total energy
f (a) with spin singlet is lower by 1.39 and 2.63 eV than those of
pin triplet and quintet isomers. Other isomers (b) and (c) are the
l atom capping the outside As atom in the As16 clusters, which is
.67 and 1.07 eV higher in energy.

In summary, the Al impurity in the most stable structures of
lAsn (n = 6–15) clusters can be looked upon as a substitutional
l impurity in the pure Asn+1 clusters (for example AlAs6, AlAs7,
lAs9, AlAs14 and AlAs15 clusters) or capping the different sides of

he low-lying geometry of Asn clusters (for example AlAs8, AlAs10,
lAs11, and AlAs12 clusters). For small clusters, the Al atom prefer to
ccupy a peripheral position, and from n > 12 clusters, the Al atom
ompletely falls into the center of the As frame. The above growth
attern is not suitable for AlAsn (n = 1–5, 13) clusters.

The energy surface of a large molecule can be rather complex and
here could be other stable minimums corresponding to geometries
hat are unexplored. Although the isomers of AlAsn have been stud-
ed extensively and reported in this letter, there can be no guarantee
hat other possible minima do not exist. My results of geometry
ptimization are only predictions, and it would be of great interest
o see more experimental and theoretical studies being done on
hese systems.

.2. Stabilities and electronic properties

I now discuss the relative stability of these clusters by com-
uting the energy that is indicative of the stability. I compute
he atomization or binding energy (Eb) per atom, the dissociation
nergy (�E) for an As atom, and the second-order energy differ-
nces (�2E) as, respectively,

b[AlAsn] = nE[As] + E[Al] − E[AlAsn]
n + 1

, (1)

E[AlAsn] = E[AlAsn−1] + E[As] − E[AlAsn], (2)

2E[AlAsn] = E[AlAsn+1] + E[AlAsn−1] − 2E[AlAsn] (3)

In general the Eb increases sharply for very small clusters and
hen follows a plateau as the cluster size grows. Small humps or
ips for the specific size of clusters signify their relative stabilities.
he Eb of the AlAsn clusters (shown in Fig. 2) is calculated using
he Eq. (1), where E(As), E(Al), and E(AlAsn) represent the energies

f an As atom, an Al atom, and the total energy of the AlAsn clus-
er, respectively. For comparison, I also plot the Eb of the host Asn

luster, Eb[Asn] = (nE[As] − E[Asn])/n, in Fig. 2. As seen in this fig-
re, the average binding energies of the most AlAsn clusters are
igher than those of the pure Asn clusters (except for n = 2 and 12).

Fig. 2. The binding energy per atom of AlAsn and Asn clusters.
Fig. 3. The second-order energy difference �2E and the dissociation energy �E of
the AlAsn (n = 2–15) clusters.

It indicates that the doped Al atom in the Asn clusters contributes
to strengthen the stabilities of the As framework. For AlAsn, the
Eb evolves monotonically with total number of atoms in the clus-
ter. Especially, for n = 1–5, the Eb increases rapidly from 0.79 eV for
AlAs to 1.86 eV for AlAs5 which corresponds to the structure transi-
tion from two to three dimension. The Eb increases gradually in the
range n = 6–15, in which the rate of increase becomes weak (only
from 1.80 to 1.99 eV). In addition, the comparison of As with the BE
curve for AlAsn clusters shows that the small clusters of AlAsn are
strongly bound. As the cluster grows in size, the difference between
the BE curves of AlAsn clusters and pure As clusters steadily dimin-
ishes, indicating that the bonding in doped clusters is essentially
similar to that in pure clusters.

In cluster physics, the dissociation energy (�E) and the second-
order energy differences (�2E) are sensitive quantities that reflect
the relative stability of the investigated clusters. The �E shows the
energy that one atom is separated from the host clusters. The �2E is
often compared directly with the relative abundances determined
in mass spectroscopy experiments. They are defined as Eqs. (2)
and (3). Where E(AlAsn), E(AlAsn+1), E(AlAsn−1), and E(As) represent
the total energies of the most stable AlAsn, AlAsn+1, and AlAsn−1
clusters and an As atom, respectively. As shown in Fig. 3, partic-
ularly prominent maxima of �2E are found at n = 2, 5, 7, 9, 12,
and 13 indicating higher stability than their neighboring clusters.
It is observed that, for the AlAsn cluster, the �E of AlAs2 (2.62 eV),
AlAs5 (2.66 eV), AlAs7 (2.44 eV), AlAs9 (2.33 eV), AlAs12 (2.33 eV)
and AlAs15 (2.87 eV) clusters are higher than other clusters. Thus I
can conclude that the magic clusters are found at n = 2, 5, 7, 9, 12,
and 15 for AlAsn.

I have also calculated the dissociation energy for Al atom, i.e.,
the energy released upon adsorption of Al by a pure As cluster,
according to

Ede = E[Asn] + E[Al] − E[AlAsn] (4)

The calculated values of Ede for the clusters up to AlAs15 ranges
between 1.36 and 3.84 eV (Table 3). The minimum value (1.36 eV)
occurs for AlAs2, while it takes the maximum value (3.84 eV) for
AlAs13.

The HOMO–LUMO gap (highest occupied-lowest unoccupied
molecular orbital gap) is a useful quantity for examining the sta-
bility of clusters. It is found that systems with larger HOMO–LUMO
gaps are, in general, less reactive. In the case of an odd-electron

system, I calculate the HOMO–LUMO gap as the smallest spin-
up–spin-down gap. The HOMO–LUMO gaps as thus calculated are
presented in Fig. 4. For AlAsn clusters, local peaks are found at n = 2,
5, 7, 9, 11, 13, and 15 implying the chemical stability of these clus-
ters is stronger than that of their neighboring clusters. I note that
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Table 3
The dissociation energy for Al atom (in electron volt) (see text for full details) calculated at B3LYP/lanl2dz level.

Cluster

AlAs AlAs2 AlAs3 AlAs4 AlAs5 AlAs6 AlAs7 AlAs8

Ead 1.58 1.36 3.07 1.71 3.04 2.44 2.60 1.79

Cluster

AlAs12 AlAs13 AlAs14 AlAs15

1.65 3.84 2.18 3.49
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AlAs9 AlAs10 AlAs11

Ead 2.20 1.74 2.05

he HOMO–LUMO gaps of AlAsn (n = 4–15) present a similar oscil-
ating behavior as observed for the dissociation energy and the
econd-order energy differences. Clusters with an even number of
lectrons have a larger HOMO–LUMO energy gap and therefore are
xpected to be less reactive than clusters with an odd number of
lectrons. The stability exhibited by even number of electrons clus-
ers is due to their closed-shell configurations that always come
long with an extra stability. It is important to mention that this
esult is agreement with the electronic shell jellium model [22],
here filled-shells cluster with 2, 8, 18, 20, 40, 58, 92, . . . valence

lectrons have increased stability, the mass spectra of cluster distri-
ution shows pronounced intensity in clusters with these number
f atoms, the so-called magic numbers.

Experimentally, the electronic structure is probed via measure-
ents of ionization potentials, electron affinities, polarizabilities,

tc. Therefore, I also study these quantities to understand their evo-
ution with size. These quantities are determined within B3LYP for
he lowest-energy structures obtained within the same scheme.

The vertical ionization potential (VIP) is calculated as the self-
onsistent energy difference between the cluster and its positive
on with the same geometry. The VIP is plotted in Fig. 5 as a func-
ion of cluster size. The corresponding data are given in Table 4. In
eneral, the VIP decreases as the cluster size increases. The peaks
ccurring at AlAsn (n = 2, 5, 7, 13, 14, and 15) are prominent, with
arge drops for the following clusters. Also shown in Fig. 5 are the
IPs of pure arsenic clusters. These have also been calculated at

he B3LYP/lanl2dz level of theory, with structures optimized at
he same level of theory. The comparison of the two curves shows
hat odd–even oscillations are not observed in AlAsn clusters in the
hole, while in pure As clusters, the VIP exhibits odd–even pattern
n the range of n = 2–7, 10–15.
I have also calculated vertical electron affinities (VEA) for these

lusters (see Fig. 6 and Table 4) by assuming the geometry for the
harged cluster to be the same as for the neutral one. The VEA

Fig. 4. The HOMO–LUMO gap of the AlAsn and Asn clusters.
Fig. 5. Ionization potential for AlAsn and Asn clusters.

exhibits an odd–even pattern from n = 5. This is a consequence of
the electron pairing effect. In the case of clusters with an even num-
ber of valence electrons, the extra electron has to go into the next
orbital, which costs energy, resulting in a lower value of VEA.

Another useful quantity is the chemical hardness [23], which
can be approximated as

� ≈ 1
2

(I − A) ≈ 1
2

(εL − εH), (5)

where A and I are the electron affinity and ionization potential, εL
and εH are the energies of the highest occupied molecular orbital

(HOMO) and the lowest unoccupied molecular orbital (LUMO),
respectively. Chemical hardness has been established as an elec-
tronic quantity that in many cases may be used to characterize the
relative stability of molecules and aggregate through the princi-
ple of maximum hardness (PMH) proposed by Pearson [24]. The

Table 4
Vertical ionization potential (VIP) and vertical electron affinities (VEA) of AlAsn

(n = 1–15) clusters at B3LYP/lanl2dz level.

Cluster VIP (eV) VEA (eV)

AlAs 7.54 1.74

AlAs2 7.68 1.75
AlAs3 7.40 1.82
AlAs4 7.49 2.56
AlAs5 8.95 1.67
AlAs6 7.52 2.38
AlAs7 7.91 1.95
AlAs8 7.70 2.93
AlAs9 7.52 2.34
AlAs10 7.10 2.56
AlAs11 7.27 2.13
AlAs12 7.34 2.88
AlAs13 7.76 2.57
AlAs14 8.08 3.16
AlAs15 7.80 2.55
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Table 5
Static mean polarizability 〈˛〉 and mean polarizability per atom (〈˛〉/n + 1) of AlAsn

(n = 1–15) clusters calculated at B3LYP/lanl2dz level. All values are in a.u.

Cluster ˛xx ˛yy ˛zz 〈˛〉 〈˛〉/n + 1

AlAs 787.0 36.6 107.4 310.3 155.2
AlAs2 46.6 106.8 135.2 96.2 32.1
AlAs3 46.9 180.6 130.5 119.3 29.8
AlAs4 56.6 229.9 187.7 158.1 31.6
AlAs5 194.6 194.6 160.0 183.1 30.5
AlAs6 192.4 219.5 232.9 214.9 30.7
AlAs7 226.2 214.3 271.4 237.3 29.7
AlAs8 324.1 289.6 254.5 289.4 32.2
AlAs9 394.6 281.0 239.3 305.0 30.5
AlAs10 426.6 323.6 294.4 348.2 31.7
AlAs11 614.4 303.4 294.0 403.9 33.7
Fig. 6. Electron affinity for AlAsn and Asn clusters.

MH asserts that molecular systems at equilibrium present the
ighest value of hardness. The hardness of AlAsn clusters, calcu-

ated according to Eq. (5) using VIP for the ionization potential and
EA for the electron affinity, is shown in Fig. 7. Assuming that the
MH holds in these systems, I expect the hardness to present an
scillating behavior with local maxima at the clusters with even
alence-electron clusters from n = 5, as found for the relative energy
n Fig. 3, HOMO–LUMO gap in Fig. 4, VIP in Fig. 5 and VEA in
ig. 6. Fig. 7 shows that the even valence-electron clusters from n = 5
resent higher values of hardness than their neighboring clusters. I
o observe the even–odd oscillating feature similar to that already
tressed in the HOMO–LUMO, VIP, VEA, and stability criteria. Sta-
le clusters are harder than their neighbors’ odd valence-electron
ystems.

I present in Table 5 the static mean polarizability 〈˛〉 and mean
olarizability per atom (〈˛〉/n + 1) for the lowest-energy structures
alculated within the B3LYP scheme. The static mean polarizability
˛〉 is calculated from the polarizability tensor components as

˛〉 = 1
3

(˛xx + ˛yy + ˛zz) (6)
The static polarizability represents one of the most important
bservables for the understanding of the electronic properties of
lusters, it is proportional to the number of electrons of the systems,
nd it is very sensitive to the delocalization of valence electrons as
ell as to the structure and shape of the system.

Fig. 7. Hardness of AlAsn clusters.
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AlAs12 466.8 355.0 335.4 385.7 29.7
AlAs13 462.6 394.1 373.1 409.9 29.3
AlAs14 710.7 380.7 357.7 483.0 32.2
AlAs15 739.6 400.0 392.2 510.6 31.9

In Table 5 I note that when going from AlAs2 to AlAs10 and
AlAs12 to AlAs15 the polarizability of the clusters increases mono-
tonically showing the expected proportionality with n (or the total
number of electrons). It is also evident from Table 5 that the
odd–even oscillations, which are present in the dissociation energy,
the second-order energy differences, HOMO–LUMO gap, VEA, and
hardness, are seen here except for AlAs11 with the largest value
(33.7 a.u.).

4. Summary and conclusions

Arsenic clusters doped with a single Al impurity atom has been
studied by an all-electron linear combination of atomic orbital
approach, within spin-polarized density-functional theory, using
the GGA scheme for the exchange-correlation. The Al impurity of
the lowest-energy geometries of AlAsn (n = 1–12) is found to occupy
a peripheral position, while the Al impurities of AlAsn (n = 13–15)
prefer to occupy internal sites in the arsenic clusters. The stability of
the lowest-energy structures is investigated by analyzing energies.
Odd–even oscillations of AlAsn cluster from n = 5 are observed in
most of the physical properties investigated. The stability analysis
based on the energies and the physical properties clearly shows the
AlAsn cluster from n = 5 with an even number of valence electrons
are more stable than clusters with odd number of valence electrons.
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