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Structures and magnetic properties of AunTi+2 (n � 7) clusters
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Abstract. Base on the density-functional theory, the structural and magnetic properties of AunTi+2 (n � 7)
clusters are investigated. The two titanium atoms form a dimer in the gold clusters. The second-order
energy differences and HOMO-LUMO gap provide a clear explanation of the abundance peaks and odd-
even staggering observed recently in photofragmentation experiments. The magnetism of AunTi+2 cluster
shows an odd-even effect when n increases from 1 to 4 and drops to zero at n = 5 and 7. The local magnetic
moment and charge partition of Ti 4s, 3d orbitals are discussed. The peculiar magnetic properties are
related to the structures and the hybridization between the Au 5d, 6s states and Ti 3d, 4s states.

PACS. 75.40.Mg Numerical simulation studies – 36.40.Cg Electronic and magnetic properties of clusters
– 61.46.Bc Clusters

1 Introduction

Since the electronic shell structure has been observed ex-
perimentally in alkali metal clusters, a simple phenomeno-
logical model named spherical jellium model [1] in which
valence electrons move freely in an effective electrostatic
potential provided by ionic cores and the other valence
electrons, successfully explained size-dependent features of
these clusters. After then, this model has been extended to
noble metal clusters [2,3], but it is not suits for transition
metal (TM) clusters with an open d-shell. The stability
of typical transition metal clusters as a function of the
cluster size is often discussed in terms of shells of atoms,
relating the number of atoms needed to form a compact
symmetric structure to an enhanced stability [4]. And the
d electrons are responsible for most interesting properties
of TM doped clusters.

Recently, some interesting works on the highly stable
TM doped gold clusters with a large gap between highest
occupied molecular orbital (HOMO) and lowest unoccu-
pied molecule orbital (LUMO) have been reported MAun

for M =Mo and W when n = 12 [5,6] or M =Zr and
Hf when n = 14 [7]. In order to understand the inter-
play between electronic and geometric effects in bimetal-
lic clusters, Neukermans and co-workers investigated the
stability of cationic clusters AunM+ and AgnM+ [8–10],
with M from Sc to Ni, by means of photofragmentation
experiments. The observed intensity shown an enhanced
abundance for specific cluster sizes and could be discussed
on the basis of the jellium model. Motivated by the exper-
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imental progresses, first-principle calculations of AunM+

(M = Sc, Ti, V, Mn, Fe, Au; n � 9) have been per-
formed [11]. A peculiar magnetism of AunM+ is observed
and found to depend on the interaction between the im-
purity and host atoms.

More recently, Neukermans et al. have extended in-
vestigations to multiply TM atoms doped gold clusters
by cationic photofragmentation mass spectrometry [12].
They found that for AunX+

2 (X = Sc, Ti, Fe, and Cr) the
observed enhanced stability can be relate the electronic
shell model, but it is not straightforward to count the
number of delocalized electrons. Despite success in sta-
bility of clusters, however, the fragmentation experiment
provides poor information on the other properties such as
geometrical and electronic structures. Furthermore it is
imperative to investigate the influence of doped TM atoms
on structures and electronic properties in the bimetallic
clusters. Under this background, we perform spin-density
functional calculations for two titanium atoms doped gold
clusters, aim at explaining enhanced stability of clusters
observed by the experiment and presenting a detailed
study of the growth behavior and magnetic properties
from a first principles approach.

2 Computational details

Our calculations on the geometric and electronic struc-
tures of AunTi+2 (1 � n � 7) based upon the spin-
polarized density functional theory (DFT) using the
DMol3 package [13]. The electron density functional is
treated by the generalized gradient approximation (GGA)
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with the exchange-correlation potential parametrized by
Perdew and Wang (PW91) [14]. The relativistic effect is
significant for gold clusters. A relativistic effective core po-
tential (ECP) and a double numerical basis set together
with polarization function are used in the calculations.
Geometry optimizations are performed by the Broyden
Fletcher Goldfarb Shanno (BFGS) algorithm without any
symmetry constraints. Self-consistent-field procedures are
done with a convergence criterion of 10−3 a.u. on the gra-
dient and displacement, and 10−5 a.u. on the total energy
and electron density.

3 Results and discussion

3.1 Atomic structures and stability

The ground-state geometries of AunTi+2 (n = 1–7) clus-
ters and typical stable isomers are presented in Figure 1,
where the host atoms Au is shown in a dark sphere. The
most stable structure of AunTi+2 cluster can be obtained
by adding one gold atom to that of Aun−1Ti+2 . The geom-
etry of AuTi+2 cation in the lowest energy state is an isoce-
les triangle in which Au atom is at the apex. The lowest
energy structure for Au2Ti+2 being a rhombus can be con-
sidered as a gold atom bind to the AuTi+2 cluster or sub-
stituted two gold atoms with Ti2 in Au+

4 . The first three-
dimensional (3D) structure occurs at n � 3. Three Au
atoms form an equilateral triangle cycling the Ti2 dimer.
The most stable structure for Au4Ti+2 with C2V symmetry
can be considered as a gold atom added to that of Au3Ti+2 .
By adding a gold atom to the structure of Au4Ti+2 , we
get the pentagonal bipyramid of Au5Ti+2 , which is the
largest binding energy structure for Au5Ti+2 . The most
stable structure of Au6Ti+2 can be obtained by adding an
Au atom to the most stable structure of Au5Ti+2 . While
symmetrically adding two Au atoms to the pentagonal
bi-pyramid structure, we get lowest energy structure of
Au7Ti+2 . In contrary to cationic AunTi [10] and Aun [15–
17] (n � 6) clusters favor to planar structures, however,
the Aun−1Ti+2 clusters prefer compact structures, similar
to those of pure titanium clusters [18]. This indicates that
the titanium atoms have a significant effect on the struc-
tures.

As a general trend, the two titanium atoms form a
dimer in the gold cluster and sit in the center. This is
similar to the case of Au8Ti2 clusters [19,20] in which the
Au atoms prefer on the surface and the Ti atoms tend
to locate in the center. The calculated binding energy of
dimers, Eb(Ti–Ti) (2.131 eV) > Eb(Ti–Au) (1.918 eV) >
Eb(Au–Au) (1.075 eV). Thus, the two Ti atoms form a
dimer and the dimer locates in the center does in favor
of stabling the clusters. It is interesting to note that the
Ti–Ti distance (Tab. 1) in AunTi2 clusters are 2.331 Å,
2.279 Å and 2.307 Å respectively for n � 3, smaller than
that of bare cationic titanium dimer with the bond length
2.353 Å. For larger size clusters, the Ti–Ti distance is in
the range of 2.370 Å to 2.488 Å, slightly longer than that
of rare Ti+2 . The most stable structures of AunTi+2 (n � 5)

n= 1 1-I 1-II 1-III

Fig. 1. Equilibrium geometries of the few isomers of cationic
AunTi+2 clusters, with n � 7. The gold atoms are represented
by dark spheres. The Roman numerals identify each geometry
in Table 1.

have the shortest Ti–Ti bond length and the maximal
numbers of Ti–Au bond than the other low-lying energy
structures. This trend is interrupted for larger size clus-
ters. As for Au6Ti+2 cluster, however, the 6-I has shorter
Au–Ti distance, though 6-I have slightly larger Ti–Ti bond
than 6-II. For the Au7Ti+2 , the most stable structure 7-I
has one more Au–Au bond than 7-II (Fig. 1). It can be
understood that the gold atoms will play a more and more
important role in determining the structures of AunTi+2
clusters as the cluster size increasing.

In Figure 2 (top), we present the second-order differ-
ence of total energies E(n) defined by ∆2E = E(n + 1) +
E(n− 1)− 2E(n), which is a sensitive quantity that char-
acterizes relative stability of atomic clusters as a function
of cluster size. A clear odd-even staggering and noticeable



M.X. Chen et al.: Structures and magnetic properties of AunTi+2 (n � 7) clusters 515

Table 1. The average coordination number n, average
first-neighbor Ti–Au distance, dAu−Ti (Å), Ti–Ti distance,
dTi−Ti (Å) and binding energy per atom, Eb (eV) of the few
low energy isomers of cationic AunTi+2 clusters for (n � 7).
The geometry notation is that of Figure 1.

System n dAu−Ti dTi−Ti Eb

1-I 2 2.598 2.331 1.126
1-II 2 2.456 0.873
1-III 1 2.432 2.561 0.829
2-I 4 2.599 2.279 1.805
2-II 4 2.605 2.321 1.771
2-III 4 2.593 2.378 1.763
3-I 6 2.605 2.307 2.158
3-II 6 2.610 2.563 2.053
3-III 5 2.573 2.834 2.018
4-I 8 2.623 2.370 2.331
4-II 8 2.598 2.800 2.234
4-III 6 2.547 3.507 2.190
4-IV 6 2.547 3.220 2.136
5-I 10 2.647 2.421 2.499
5-II 10 2.567 2.689 2.337
5-III 7 2.525 3.363 2.274
5-IV 6 2.596 2.157
6-I 11 2.736 2.378 2.559
6-II 12 2.819 2.294 2.540
6-III 12 2.807 2.479 2.497
6-IV 10 2.613 2.467 2.479
7-I 12 2.687 2.488 2.650
7-II 12 2.677 2.506 2.633
7-III 13 2.809 2.414 2.585
7-IV 12 2.696 2.527 2.557

Fig. 2. (Top) Second-order energy differences (∆2E) and (bot-
tom) HOMO-LUMO gap (eV) of the ground state versus num-
ber of gold atoms for AunTi+2 clusters.

peaks for ∆2E at n = 3 and 5 are found. The peaks at
Au3Ti+2 and Au5Ti+2 indicate that these clusters should be
more stable than the clusters with neighboring sizes. The
coincidence of pattern seen in ∆2E with the experimental
abundance [20] indicates a good total energy calculation.
The HOMO-LUMO gap presented in Figure 2 (bottom)
also shows an odd-even staggering. It is currently believed
that the higher the gap, the higher the cluster stability.

Table 2. Positive charge on Ti2 dimer and charge transfer
(in a.u.), local magnetic moment on the Ti2 of AunTi+2 clusters
with (n � 7) and total magnetic moment (in µB), obtained
from Mulliken population analysis.

Clusters Charger Charge Magnetic moment Total magnetic
transfer on Ti2 (µB) moment (µB)

AuTi+2 1.082 0.067 1.95 2.0
Au2Ti+2 1.196 0.182 0.99 1.0
Au3Ti+2 1.250 0.228 1.61 2.0
Au4Ti+2 1.230 0.212 0.80 1.0
Au5Ti+2 1.232 0.210 0 0
Au6Ti+2 1.295 0.274 0.75 1.0
Au7Ti+2 1.246 0.180 0 0

Table 3. The charge and magnetic moment of 3d and 4s states
for per Ti atom of AunTi+2 .

3d 4s
n Charge Magnetic Charge Magnetic

moments moments
1 2.700 0.944 0.617 0.010
2 2.706 0.463 0.481 0.045
3 2.686 0.877 0.386 0.022
4 2.703 0.437 0.350 0.013
5 2.730 0.000 0.313 0.000
6 2.693 0.402 0.330 0.023
7 2.642 0.000 0.355 0.000

Peaks in the HOMO-LUMO gap appear at the same n
values already commented on for ∆2E.

3.2 Charge and magnetic moment

We performed Mulliken population analysis for the lowest
energy structures and the atomic charges of Ti dimer of
the AunTi+2 are list in Table 2. One finds that the Ti2
of AuTi+2 loses more than one electrons and there is a
weak charge transfer from Ti2 to Au atom. Starting from
n = 2, the amount of charge on Ti2 converges to a constant
value. It does mean that the Ti+2 cation can form in the
AunTi+2 clusters. Previous studies demonstrate that the
charger of ionic AunM clusters are mainly distribute at
the transition metal impurities [11,12,21]. And the charge
has a significant effect on the magnetism of clusters.

Basing on the optimized geometries, we have calcu-
lated the magnetic properties of AunTi+2 clusters (results
are shown in Tab. 2). We consider different spin states for
multiplicity of the state. The ordering of the atomic mag-
netic moments for each spin state is given after calculation.
For small AunTi+2 clusters with n = 1 to 4, the total mag-
netic moment shows a pronounced odd-even effect and is
mainly located on the Ti+2 dimer. Small amount of spin
is found on the Au atoms. However, larger AunTi+2 with
n = 5 and 7 are completely nonmagnetic, whereas Au6Ti+2
has a magnetic moment of 1.0µB. A detailed analysis of
the atomic charge and the local magnetic moment is per-
formed. The charge and spin of 3d and 4s orbitals for
Ti atoms in AunTi+2 clusters are listed in Table 3. Obvi-
ously, the magnetic moment of the Ti atoms is mainly due
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Fig. 3. The partial density of
states (PDOS) of s, and d or-
bital for (a) AuTi+2 ; (b) Au2Ti+2 ;
(c) Au6Ti+2 ; (d) Au7Ti+2 ; spin up
(positive) and spin-down (nega-
tive) densities are given in each
case. The dashed lines locate the
HOMO.

to 3d electrons of Ti atoms. For free Ti atom, the ground-
state electronic configuration is 3d24s2. In the cases of
AunTi+2 clusters, the 3d state gain about 0.7 electrons,
meanwhile the 4s state loses some amount of electrons.
It suggests that there is a strong hybridization between
3d orbitals and 4s orbital of the titanium atoms, which
has a remarkable influence on the magnetism of AunTi+2
clusters.

It should be noted that there is a charge transfer from
Ti atoms to Au atoms in AunTi+2 (Tab. 3). And the charge
transfer mainly happens between Ti 3d, 4s and Au 5d, 6s
states, which indicates the Ti 3d, 4s orbitals hybridize
with Au 5d, 6s orbitals. To explore the origin of pecu-
liar magnetic properties, we show the partial density of
states (PDOS) of Au 6s, 5d and Ti 3d, 4s orbitals for
represented AunTi+2 clusters in Figure 3. The spin-down
density is plotted as negative. The Fermi level of cluster
is presented as a dashed vertical line and shifted to zero.
Despite a larger gap between the Au-5d band and the
Ti-3d band is observed for small AunTi+2 clusters with
n = 1 and 2. However, there is a hybridization between
the Ti 4s state and Au 5d, 6s states. For Au2Ti+2 , the 4s
state tend to deeper energy levels than in AuTi+2 , which
suggests that the interaction between Ti 4s orbital and
Au 5d, 6s orbitals become stronger. As the size of clus-
ter increasing, the Au-5d band is close to the Fermi level
and overlaps with the Ti-3d band. These results imply
that the hybridization between Ti 4s, 3d and Au 5d states
might be one major reason for the peculiar magnetic prop-
erties. Previous studies have also shown that the mag-
netism of TM doped clusters is importantly influenced by
the hybridization between the s, d orbitals of TM and
host atoms [9,21–25]. On the other hand, the most stable
structure of AunTi+2 cluster can be obtained by adding a
gold atom to that of Aun−1Ti+2 . As the addition of a gold

atom, there is structural transition along with a significant
change of magnetism. Comparing the DOS of AunTi+2 and
that of Aun+1Ti+2 , it can be clearly seen that the addi-
tional gold atom has a significant effect on the Ti-3d DOS
(Fig. 3). Furthermore, the transition size for the formation
of a pentagonal bipyramid structure with high symmetry
is at n = 5. And the structure for Au7Ti+2 can be obtained
by symmetrically adding two Au atoms to the pentagonal
bi-pyramid structure. Thus, there might be some corre-
lation between the geometry structure and the magnetic
moment.

4 Conclusions

Using first-principles calculations, we investigate the
atomic and electronic structure of cationic gold cluster
doped with double titanium atoms, AunTi+2 . Tow tita-
nium atoms form a dimer in the clusters and the bond
length of the dimer is slightly changed as the cluster
size increasing. Trends versus n of HOMO-LUMO gap,
second-order energy differences of total energies, show
these magic numbers and odd-even effects coincide with
the experimental abundance. The magnetism as a function
of AunTi+2 cluster shows an odd-even effect and quenched
at n = 5 and 7. Detailed analysis revealed that the struc-
tures and interactions of Ti 3d, 4s orbitals with Au 5d, 6s
orbitals make important contribution to the magnetism.
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