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Density functional study of Al-doped Au clusters∗
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The equilibrium geometries and electronic properties of AunAl, up to n = 13, have been systematically investigated

using the density functional theory. The results show that, for the AunAl clusters, two patterns are identified. Pattern

one (n = 2, 3, 8), the lowest-energy geometries prefer two-dimensional structures. Pattern two (n = 4 − 7, 9–13), the

lowest-energy geometries prefer three-dimensional structures. According to the analysis of the binding energy and the

fragmentation energy, AunAl clusters with odd n are found to be more stable than those with even n. The same trend

of alternation can be illuminated according to the computational results in the HOMO–LUMO gap, the ionization

potential, and the electron affinities. The Al atom not only changes the structures of pure gold clusters, but also

enhances their stabilities. NBO analysis indicates 6s orbital of Au atom hybridizes with 3p orbital of Al atom.
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1. Introduction

During the last decade, gold clusters have re-
ceived widespread attention due to their potential ap-
plications in catalysis, medical sciences, sensors and
so on.[1−4] Many experimental and theoretical efforts
hitherto have been devoted to structures, stabilities
and properties of gold clusters.[5−17] In order to en-
hance the stability of gold clusters and improve their
chemical activities, many studies have been performed
on doping gold clusters.[18−37] For example, using an
ab initio molecular dynamics simulation method, Ma-
jumder et al have observed the structure and elec-
tronic properties of AunSi (n = 1 − 8)[38] and AunS
(n = 2 − 10)[39] clusters to understand the influ-
ence of the doping atom on the geometrical and elec-
tronic structures of free gold clusters. Employing first-
principles methods, Yuan et al [40] reported the ground
state geometric and electronic structures of AunM

(n ≤ 7, M=Ni, Pd, Pt) clusters and found the dopant
atoms markedly change the geometric and electronic
properties of gold clusters. Furthermore, Chen and
Yan studied the stability and structures of AunTi
(n = 2 − 16).[41] Wang et al studied the structures
and electronic properties of AunCu (n = 2− 9).[42]

In recent years, increasing effort has been devoted

to the study of the geometric and electronic properties
of nanoclusters composed of Au and Al atoms, both
for theoretical reasons and for their potential applica-
tions in the emerging field of nanotechnology. In 1999,
Bouwen and his co-workers[43] produced bimetallic
AunAl using a dual-target dual-laser vapourization
source. In this year, Heinebrodt et al [44] have stud-
ied the bimetallic cluster ions of composition AunAl+

using time-of-flight mass spectrometry. Very recently,
Majumder et al [45] performed geometry optimizations
and electronic property calculations of Au5Al cluster.

It is obvious that the existent theoretical study
on AunAl clusters is not sufficient, and the detailed
structural and electronic properties of AunAl (n > 5)
clusters are still unclear. So far, there are no system-
atical first principles calculations on AunAl clusters.
Therefore, it is desirable to extend the study of AunAl
clusters to larger size so as to obtain a comprehensive
understanding of their structures and properties. In
order to give further insight into the AunAl clusters
system, in this paper, we perform first-principle calcu-
lations for atomic structures and electronic properties
of these clusters. In Section 2, we briefly describe
computational methods, and finally, our results and
discussions are presented.
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2. Computational details

Based on the PW91PW91 functional[46] and CEP-121G[47] basis set, the geometry optimizations of small
AunAl clusters with n ≤ 13 are carried out by solving the Kohn–Sham equation[48] in the framework of density
functional theory (DFT). The effective core potential method is invoked to calculate these clusters in order to
take consideration of remarkable inner electron relativistic effect of gold atom. The number of distinct initial
geometries is important to the reliability of the obtained lowest-energy structures. In the present work, we
choose the initial structures of gold clusters by two ways as follows: first, considering the configurations of the
Au clusters available from the previous studies,[7−9] we optimized the equilibrium geometries of Aun clusters.
Second, the initial structure of Aun is generated using a genetic algorithm (GA).[49] The GA is shown to be an
effective way to produce a large number of isomers for further DFT optimizing. On the basis of the optimized
pure gold clusters, we construct the initial configuration of AunAl by directly adding or substituting a Al atom.
In all, the equilibrium geometries of AunAl clusters are optimized, and their stabilities are reassured accurately
by the harmonic vibrational frequency calculation. Therefore, all isomers for this cluster are surely the local
minima.

The geometries and electronic properties are quite sensitive to the exchange and correlation functional
used in the DFT method. To test the quality of the PW91PW91/CEP-121G scheme for the description of the
AunAl clusters, we analyse dimer in detail and show the results in Table 1. The exchange-correlation functional
of the Slater exchange functional[50] and the Vosko–Wilk–Nusair correlational functional (SVWN5),[51] hybrid
three parameter Becke (B3) and Perdew and Wang’s 1991 gradient-corrected correlation functional, hybrid three

Table 1. The binding energies (Eb), bond lengths (Re), and vibrational frequencies (ωe) of Au2

and AuAl clusters at different levels.

cluster method basis set Eb/eV Re/Å ωe/cm−1

Au2 SVWN5 SDD 2.77 2.499 189

CEP-121G 2.82 2.489 193

LANL2DZ 2.78 2.490 193

B3PW91 SDD 1.89 2.553 170

CEP-121G 1.92 2.545 172

LANL2DZ 1.90 2.546 171

B3LYP SDD 1.86 2.579 163

CEP-121G 1.91 2.571 164

LANL2DZ 1.87 2.573 162

PW91PW91 SDD 2.19 2.556 168

CEP-121G 2.25 2.546 170

LANL2DZ 2.20 2.547 169

experimental[17] 2.30 2.472 191

AuAl SVWN5 SDD 4.03 2.395 329

CEP-121G 3.89 2.430 317

LANL2DZ 3.96 2.449 312

B3PW91 SDD 3.05 2.440 304

CEP-121G 2.95 2.460 297

LANL2DZ 3.02 2.474 295

B3LYP SDD 3.06 2.455 294

CEP-121G 2.95 2.470 290

LANL2DZ 3.01 2.483 289

PW91PW91 SDD 3.44 2.436 306

CEP-121G 3.33 2.456 300

LANL2DZ 3.38 2.469 298

experimental[17,52] 3.34 2.339 333
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parameter Becke (B3) with Lee–Yang-Parr (LYP) correlation functional,[53] and the gradient corrected exchange
and correction functional of Perdew and Wang (PW91PW91)[54] are investigated for Au2 and AuAl clusters,
respectively. The binding energies (Eb), bond lengths (Re), and vibrational frequencies (ωe) of Au2 and AuAl
are calculated by different functionals with three ECP basis sets (Table 1). Compared with theoretical and ex-
perimental calculations, the results from PW91PW91/CEP-121G are relatively closer to experiment than from
other methods, although the bond length and the frequency have larger errors than the results of experiments.
Furthermore, using this method, the calculated lowest-energy structure of Au7 cluster is in excellent agree-
ment with the experimental result.[54] Therefore, in this paper, the PW91PW91/CEP-121G method is used to
study small AunAl clusters. All calculations are implemented with the Gaussian 03 program package.[55] The
convergence criteria of optimization is set to 10−6 a.u. for energy gradient and atomic displacement.

3. Results and discussion

3.1. Equilibrium geometry

In this work, we have studied AunAl at the PW91PW91/CEP-121G level by DFT. The lowest-energy
structures and some low-lying isomers of AunAl are plotted in Fig.1. The isomers are labelled with two indices:
the first one (number) represents the number of Au atoms in the cluster, and the second one (letter) ranks the
isomer in the descending order of the binding energy. For comparison, the lowest-energy structures for pure
Aun+1 clusters are also shown in Fig.1, which have been explored with the same computation scheme and agree
well with previous theoretical results except for n = 13 and 14.[9]
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Fig.1. The lowest energy and low-lying structures of AunAl clusters and the lowest-energy

structures of pure Aun+1 (n = 2− 13) clusters.

The lowest-energy structure (2a in Fig.1) of Au2Al cluster can be obtained by directly adding one Al atom
to the pure Au2 cluster. It is an isosceles triangle with an obtuse-angle, similar to that of Au3 as shown in Fig.1.
It is to be noted that the shortest Au–Al bond (2.419 Å) of Au2Al is weakened compared to the shortest Au–Au
distance (2.590 Å) of Au3. The other three isomers of Au2Al are two linear and one isosceles structures. The
energy difference between these isomers and its lowest-energy structure are 0.189 eV, 0.676 eV, and 3.063 eV,
respectively.

The lowest-energy structure of Au3Al cluster (3a in Fig.1) can be obtained by substituting one Al atom
for one Au atom from the low-lying Y-shaped isomer of the Au4 cluster (3b0 in Fig.1). It is different from
the lowest-energy structure of the Au4 cluster (3a0 in Fig.1). The lowest-energy structure of Au4 is a rhombus
configuration, in agreement with previous calculations.[7−9] But the distorted rhombus structure of Au3Al (3b
in Fig.1) is found to be 0.322 eV higher in energy than the lowest-energy geometry.

For AunAl clusters, the first important structural change occurs at n = 4. From Au4Al to Au7Al clusters,
the lowest-energy structures are all found to be non-planar, different from those of the pure Aun+1 (4≤n ≤ 7)
clusters. The lowest-energy configuration of the Au4Al cluster (4a in Fig.1) can be obtained by substituting
one Al atom for one Au atom in the X-shaped structure of the pure Au5 cluster (4b0 in Fig.1). The planar
M-shaped structure of Au4Al is 0.142 eV higher in energy than its lowest-energy configuration.

The lowest-energy structure of Au5Al cluster (5a in Fig.1) can be obtained by changing the site of a Au
atom on the low-lying structure of Au5Al cluster (5b in Fig.1), which is a capped foursquare pyramid with four
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Au bases, an Al apex and an Au cap. The next isomer is higher in energy (∆E=0.426 eV) than this structure.
It should be mentioned that the results are in agreement with ones of Majumder et al.[38] Furthermore, the
planar structure is significantly higher in energy than the lowest-energy structure by 1.310 eV.

For the Au6Al cluster, the lowest-energy struc-
ture (6a in Fig.1) is obtained by substituting one Al
atom for one Au atom from the Au7 cluster, which is a
capped triangle configuration. Two planar isomers of
Au6Al cluster are slightly higher by 0.187 eV and 0.438
eV in total energy, respectively. Among 3D structures,
the pentagonal bipyramid is higher in energy than the
lowest-energy structure (∆E = 0.564 eV).

The lowest-energy structure of Au7Al can be ob-
tained by adding an Au atom in one of the Au6Al clus-
ters (7a in Fig.1). The other three low-lying isomers
(7b, 7c and 7d in Fig.1) are substitutional structures
of Au8 cluster and are higher in energy than the 7a
by 0.392, 0.501 and 1.260 eV, respectively.

The next important structural change occurs for
the Au8Al cluster, which favours a planar geometry.
The lowest-energy structure of Au8Al cluster (8a in
Fig.1) can be obtained by substituting one Al for one
Au atom from one of the Au9 clusters as shown in
Fig.1. Both of the Au8Al and Au9 clusters are di-edge-
bridged hexagon configurations with different bond
length. Several possible nine-vertex geometries of 3D
structures including the capped pyramid and tetra-
capped tetrahedron et al are all studied. All of the
3D structures are higher in energy than the lowest-
energy structure by 0.224, 0.301, 0.394 and 1.141 eV,
respectively.

All of the Au9Al to Au13Al clusters still prefer
non-planar structures, different from those of the pure
Aun+1 (9 ≤n≤ 13) (shown in Fig.1). For Au9Al clus-
ters, a 3D structure (9a in Fig.1) is found to be lowest
in energy, which is obtained by substituting one Al
atom for one Au atom from the low-lying isomer of
the Au10 cluster (9b0 in Fig.1). Several possible ge-
ometries obtained by adding Al atom to the isomers
of Au9 cluster are investigated but were found to be
at least 0.208 eV higher in energy.

For Au10Al clusters, several isomeric structures
were calculated. The lowest-energy configuration can
be obtained by substituting one Al atom for Au from
the low-lying structure of the Au11 clusters (10b0 in
Fig.1). The planar geometry (10b in Fig.1) from the
lowest energy structure of Au11 is higher in energy
than the lowest-energy state by 0.061 eV.

By preferring 3D configuration, Au11Al follows
the same trend as that of Au10Al. The lowest-energy
configuration can be obtained by substituting an Al
atom for one Au from the low-lying structure of the
Au12 clusters (11b0 in Fig.1). But the structure (11b
in Fig.1) is slightly higher than this lowest-energy con-
figuration in energy by 0.001 eV. This may be because
both structures come from the same configuration of
Au12 cluster.

We perform an extensive computational search
for the global minimum structure of Au12Al and find
that the lowest-energy configuration (12a in Fig.1) is
obtained by substituting one Al atom for Au from
the low-lying structure of the Au13 clusters (12b0 in
Fig.1). Three metastable isomers are shown in Fig.1 in
12b–12d and these isomers are higher in energy than
the lowest-energy state by 0.396, 0.751, and 1.118 eV,
respectively.

The biggest cluster studied in this work is the
Au13Al cluster. The lowest-energy structure of
Au13Al (13a in Fig.1) can be obtained by adding one
Au atom in the lowest-energy configuration of Au12Al.
The binding energy of the lowest-energy structure
is the 2.250 eV/atom, which is the only higher
0.028 eV/atom than the next isomer (13b in Fig.1).
It is to be noted that the lowest-energy structures of
Au13 and Au14 clusters are three-dimensionially dif-
ferent from the planar configurations of Aun+1 (2 ≤
n ≤ 12).[9]

According to the discussion above, it is concluded
that the lowest-energy structures of AunAl clusters
can be obtained by adding one Au atom or substi-
tuting one Au atom in the interior or peripheral site
of the pure gold clusters. From n = 2 to n = 8,
the lowest-energy structures of AunAl clusters can
be described as an Al atom prefering the endo-site
of the Aun+1 clusters. From n = 9 to n = 13, the
lowest-energy structures of AunAl clusters can be de-
scribed as an Al atom occupying the peripheral site
of the Aun+1 clusters. For the AunAl clusters, except
for Au8Al, the turnover point from two-dimensional
to three-dimensional geometry occurs at n=4, which
is different from the ones of AunS, AunTi, AunCu
and AunSi (n = 6, n = 8, n = 5 and n = 3,
respectively).[33,34,38,39]
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3.2.Relative stability

In order to analyze the stability of AunAl,
we have calculated their average binding ener-
gies. The average binding energies for the AunAl
clusters can be defined as the following for-
mula: Eb(AunAl)=[nE(Au)+E(Al)-E(AunAl)]/(n +
1), where E(Au), E(Al), and E(AunAl) represent the
total energies of the most stable Au, Al, and AunAl
clusters, respectively.

Fig.2. Size dependence of the binding energy per atom

(Eb) of neutral, ionic AunAl and Aun+1 (n = 2 − 13)

clusters.

The binding energy per atom for AunAl neutral
and ionic clusters against the number of atoms is
shown in Fig.2. For comparison, we have also plot-
ted the binding energy per atom for Aun+1 clusters,
which clearly indicates that the substitution of the Au
atom by Al enhances the binding energy of the given
clusters. This is due to the lower bond length of the
Au–Al (2.455 Å) than Au–Au (2.546 Å). The bind-
ing energy of AunAl reveals the even-odd effect with
enhanced stability at odd-numbered clusters, which is
consistent with the tendency of Aun+1. For Al doped
clusters, the average binding energy increases substan-
tially as compared with the binding energy of the host
cluster, but finally tends to saturate. The average
binding energy curves for anionic and cationic clusters
show a different nature as that of the neutral, which
does have not obvious even-odd effect. As shown in
Fig.2, an addition of one electron increases the Au–
Al interaction by decreasing the Au–Al bond lengths
in anionic clusters. This will enhance the binding en-
ergy of AunAl− as compared with a neutral one as
well as compared with the host clusters. However, the
removal of electron decreases the Au–Al interaction,
which results in less stability for the cationic clusters.

The stability of these clusters is also analysed
by examining fragmentation energies. Here, we
consider two fragmentation channels involving ei-
ther an Au atom or an Al atom. The fragmenta-
tion energies for a neutral AunAl cluster are calcu-
lated as ∆1E(AunAl)=E(AunAl)-[E(Aun)+E(Al)],
∆2E(AunAl)=E(AunAl)-[E(Aun−1Al)+E(Au)],
where E is the total energy of the system.

Figure 3 shows the fragmentation energies for the
AunAl clusters with respect to Au and Al atoms. ∆1

is the energy gain in adding an Al atom to Aun clus-
ters, and ∆2 is the energy gain in adding an Au atom
to an Aun−1Al cluster. It is found that the interaction
of the Al atom with the Aun clusters is energetically
more favorable than the Au atom, which is in agree-
ment with the lower bond length of Au–Al than Au–
Au. For Al induced clusters, the energetically lowest
fragmentation channel is the lowest 2.01 eV for Au4Al
cluster. These behaviours of ∆1 and ∆2, and more
precisely, ∆1 À ∆2 for all n, indicate that the addi-
tion of Al to an Au cluster is energetically favorable.
It is to be noted that the curves has obvious odd–even
change, which is consistent with the change tendency
in binding energy.

Fig.3. Size dependence of the fragmentation energy (eV))

of AunAl (n = 2 − 13) clusters via loss of a Al atom and

a Au atom.

3.3. Electronic properties

The highest-occupied molecular orbital (HOMO)
and the lowest-unoccupied molecular orbital (LUMO)
gap, having relations with the relative chemical reac-
tivity of clusters, is of much importance in theoreti-
cal researches. It is found that systems with larger
HOMO–LUMO gap are less reactive. In our work, the
HOMO–LUMO gaps of the lowest-energy structures
of AunAl and Aun+1 clusters are calculated, and the
results are displayed in Fig.4. As shown in Fig.4, the
HOMO–LUMO gaps of AunAl are usually larger than
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those of Aun+1 clusters except at n = 5 and 10. The
gaps are close to each other at n = 5, 7, 9, 11, 13 and
2, 4, 6, 8, 10, 12, respectively. There is a maximum
at Au3Al (2.372 eV) and a sharp minimum at Au10Al
(0.177 eV). There is an obvious odd–even oscillation
between the size number and the gap of AunAl. It is
consistent with the change of Aun+1 cluster on gaps.

Fig.4. Size dependence of the HOMO–LUMO gap (Egap)

of AunAl and Aun+1 (n = 2− 13) clusters.

The vertical ionization potential (VIP) is an im-
portant parameter to understand the chemical stabil-
ity toward ejecting out one electron from its HOMO
energy level to the continuum. The larger the VIP,
the deeper the HOMO energy level, which leads to
less reactivity or higher chemical stability. In this
work, the VIPs of AunAl and Aun+1 clusters are cal-
culated and shown in Fig.5. For AunAl clusters, the
odd n have larger vertical ionization potential, corre-
sponding to their higher stability. The Aun+1 clusters
with odd n were found to have larger vertical ion-
ization except for n = 2, which is in agreement with
previous results.[9] In addition, there is the same trend

Fig.5. Size dependence of the vertical ionization poten-

tials (VIPs) of AunAl and Aun+1 (n = 2− 13) clusters.

for AunAl and Aun+1 the vertical ionization potential
generally decreases with cluster size. A distinct phe-
nomena for AunAl clusters is that n=3 has a higher
vertical ionization potential than the others, which
is attributed to its stable structure. Au10Al has the
smallest VIP (6.312 eV), in agreement with the pre-
vious experimental result.[44]

Electron affinity (EA) is an important parameter
to understand the stability of cluster. In this work,
the EAs of AunAl and Aun+1 clusters for their lowest-
energy structures are calculated and shown in Fig.6.
The AunAl clusters with odd n are found to have lower
EAs than even n. The data of Aun+1 clusters has the
same tendency. However, Au3Al cluster has the lowest
EA (1.729 eV), corresponding to the highest stability.
From Fig.6, we can see EAs of AunAl are all lower
than those of Aun+1. In addition, there is a trend for
AunAl and Aun+1 that the EAs generally increases
with cluster size.

Though the doping of Al atom enhances the chem-
ical stabilities of gold clusters, it does not change the
variational trend of the electronic properties. In the
Periodic Table, the valance electrons for the Au and
the Al atoms will be [core]5d106s1 and [core]3S23p1,
respectively. They have only one s-valance electron
and one p-valance electron, respectively. The experi-
ments have found that these clusters with one valance
electron have the same even–odd effect.[56,57]

Fig.6. Size dependence of the electron affinities (EAs) of

AunAl and Aun+1 (n = 2− 13) clusters.

3.4.Natural bonding orbital analysis

In order to understand the bonding nature in
these AuAl bimetallic clusters, we have studied the
natural bond orbital analysis[58] at their lowest-energy
geometries. The natural electron configurations for
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each of the atoms in the case of the Au2, Al2 and AuAl
dimers are provided in Table 2. In Table 2. Au2 and
Al2 dimers have the natural electron configuration of
[core]6S1.055d9.946p0.01 and [core]3S1.983p1.02 at each
of the Au and Al atoms respectively. In the CEP-
121G basis set the valance electrons for the Au and Al
atoms will be [core]5d106s1 and [core]3S23p1, respec-
tively. From Table 2, it is evident that few electron
transfer occurs in both Au and Al dimers. Whereas
in the case of the AuAl dimer, a partial charge trans-

fer is found to occur, in which about 0.5 electron is

transferred from the 3p orbital of Al to the 6s orbital

of Au atom. This is primarily related to the differ-

ing Pauling’s electronegativity of Au and Al atoms.

The order of magnitude of their electronegativity is

Au (2.54)>Al (1.61). It is notable that there are large

amounts of charge transformations in AuAl due to the

difference of electronegativity between the Au and the

Al atoms.

Table 2. The natural electron configuration of Au2, Al2, and AuAl dimer in their lowest-

energy states structures.

cluster atom number natural electron configuration

Au2 Au(1) [core]6s1.055d9.946p0.01

Au(2) [core]6s1.055d9.946p0.01

Al2 Al(1) [core]3s1.983p1.02

Al(2) [core]3s1.983p1.02

AuAl Au(1) [core]6s1.635d9.867s0.017p0.01

Al(1) [core]3s1.963p0.53

4. Conclusions

we have studied equilibrium geometries and elec-
tronic properties of AunAl and Aun+1 clusters using
the density functional theory. For AunAl (n = 2, 3
and 8) clusters, the lowest energy structures favour
planar structure. From n = 4 to n = 13, except for
n = 8, the lowest-energy structures of AunAl clusters
favour 3D structures. Those structures are obtained
by substituting one Au by Al atom from Aun+1 clus-
ters as well as by placing the Au atom on each possible
site of the Aun−1Al clusters. Furthermore, the stabili-
ties of AunAl clusters present obvious even/odd alter-

nations phenomenon and the AunAl clusters with odd
n are more stable than those with even n, which are in
agrement with the case of Aun+1 clusters. we find the
same trend of alternation in the HOMO–LUMO gap,
the vertical ionization potential and the electron affini-
ties. Though the doping Al atom does not influence
this even/odd alteration, it changes the structures of
free gold clusters and enhances their stabilities. Fi-
nally, we study the natural bond orbital analysis of
AunAl clusters at their lowest-energy geometries. The
results show about 0.5 electron transfers from the 3p
orbital of Al to the 6s orbital of Au atom.
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