CHINESE JOURNAL OF CHEMICAL PHYSICS

VOLUME 23, NUMBER 4

AUGUST 27, 2010

ARTICLE

First-principle Study of Aun Sc (n=2−13) Clusters
Gui-xian Ge ∗ , Hong-xia Yan, Qun Jing
Key Laboratory of Ecophysics and Department of Physics, Normal College, Shihezi University, Shihezi
832003, China
(Dated: Received on March 14, 2010; Accepted on May 11, 2010)

The geometries, stabilities, electronic, and magnetic properties of Aun Sc clusters have been
systematically investigated by density functional theory. The lowest energy structures of
Aun Sc favor planar structure and the doped Sc atom does not disturb the frame of Aun
clusters with n≤11. For n≥12, Sc atom is fully encapsulated by the Au cages. From the
analysis of the second-order energy difference, the fragmentation energies, vertical ionization
potential, vertical electron affinity, and HOMO-LUMO gap, the clusters with odd Au atoms
possess relatively higher stabilities than their neighbor size. The doping of Sc atom can
greatly improve the stability and change the sequence of chemical activity for Aun . For n≤11,
the total magnetic moments of Aun Sc appear the alternation between 0.00 and 1.00 µB . The
total magnetic moments are quenched when Sc is trapped into the Au cages with n≥12.
Key words: Aun Sc cluster, Equilibrium geometry, Electronic property, Magnetic property

magnetic properties of the 3d transition-metal-doped
gold cluster: M@Au6 clusters (M=Sc, Ti, V, Cr, Mn,
Fe, Co, Ni) have been studied by Zhang et al. [16]. Torres investigated the structural, electronic, and magnetic
properties of Aun M+ clusters (M=Sc, Ti, V, Cr, Mn,
Fe, Au; n≤9) using first-principles density functional
calculations in which the magnetic moment showed pronounced odd-even effects as a function of the cluster size
and resulted in values very sensitive to the geometrical
environment [17]. Neukermans and co-workers [18, 19]
have investigated the stability of cationic gold clusters
doped with a 3d TM atom, Aun TM+ , with TM from
Sc to Zn, and extended their investigations to multiply
TM atoms doped gold clusters AuN XM clusters (X=Sc,
Ti, Cr, Fe; N =1−40, M =0−3) by means of photofragmentation experiments [20].
Although there has been a substantial amount of research for doped gold clusters, most of these works focus
on anionic or cationic clusters. What electronic properties of Aun Sc clusters appear? No systematic studies
on this subject have been reported to our knowledge.
In this work, we will study this interesting question
by using density functional theory and provide an ab
initio structural and electronic investigation for Aun Sc
clusters. This information will be useful to understand
the enhanced catalytic activity and selectivity gained
by using Sc-doped gold catalyst. In order to examine
the effect of Sc atom on gold clusters, geometry optimizations of pure gold clusters are also calculated using
identical method.

I. INTRODUCTION

Clusters are aggregates of atoms (molecules) from
a few atoms to several hundred atoms, which have
intermediate properties between those of the isolated
monomer (atom or molecule) and the bulk or solidstate material. The study of such species has been an
increasingly active research field owing to their unique
structures and completely new physical and chemical
properties. The experimental and theoretical study of
gold clusters is a subject of current interest due to their
unique physical and chemical properties, particularly,
their catalytic activities [1, 2]. The structure and electronic properties of the doped clusters are usually different from the pure clusters. Many studies have been
performed on impurity-doped or mixed gold clusters in
order to enhance the stability of gold clusters and improve their chemical activities, or examine the electronic
shell structures in mixed gold clusters [3–8]. Guo et al.
investigated small Aun Ni− [9], Aun Y2 (n=1−4) [10],
Aun Fe (n=1−7) [11], Aun Pd− [12], and Aun Pd2 [13]
using the density functional method B3LYP with relativistic effective core potentials (RECP) and LANL2DZ
basis set. Small Aun S (n=1−5) and Aun S2 (n=1−4)
clusters have been investigated by Garzón et al. [14].
Yuan et al. investigated geometric, electronic, and
bonding properties of AuN M (N =1−7, M=Ni, Pd,
Pt) clusters [15], and found that the dopant atoms
markedly changed the geometric and electronic properties of gold clusters. The geometries, electronic, and
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TABLE I Spin multiplicity S, bond distance d, binding energy Eb , and vibrational frequency ωe of experimental results and
previous theoretical study.
Dimers
Au2
AuSc

S
1
3

d/Å
2.52
2.55

This work
Eb /eV
2.29
1.68

ωe /cm−1
169.06
234.97

II. COMPUTATIONAL METHOD

Full geometry optimizations were performed using
density functional theory (DFT) in a DMOL3 package
[21]. In the electronic structure calculations, all electron treatment and double numerical basis including dpolarization function (DNP) [21] were chosen. The relativistic effects are very important for Au-type high Z
system in defining geometric properties [22–24]. Therefore our calculations are carried out using the relativistic scheme. The exchange-correlation interaction was
treated within the generalized gradient approximation
(GGA) using BLYP functional. Self-consistent field
calculations were done with a convergence criterion of
10−5 Hartree on the total energy. The density mixing
criterion for charge and spin were 0.2 and 0.5, respectively. The direct inversion in an iterative subspace
(DIIS) approach was used to speed up SCF convergence.
A 10−3 Hatree of smearing was applied to the orbital occupation. In the geometry optimization, the converged
thresholds were set to 4×10−3 Hartree/Å for the forces,
0.5 pm for the displacement and 10−5 Hartree for the
energy change. Harmonic vibrational frequencies were
calculated for the promising stationary points from a
direct structural optimization; if an imaginary vibrational mode was found, a relaxation along coordinates
of imaginary vibrational mode was carried out until the
true local minimum was actually obtained. Therefore,
all isomers for each cluster are guaranteed as the local minima. The on-site charges and magnetic moment
were evaluated via Mulliken population analysis [25].
In order to test the reliability of our calculations,
AuSc and Au2 dimers are calculated; the results are
summarized in Table I. As seen from Table I, our results
are in good agreement with the previous theoretical and
experimental data [26, 27]. Thus, one may expect that
it can also yield accurate prediction for Aun Sc clusters
in this work.

III. RESULTS AND DISCUSSION

In order to discuss the effects of Sc atom to gold
clusters, we first performed some calculations on Aun
(n=2−13) clusters. The stable structures of Aun and
Aun Sc clusters are shown in Fig.1 and Fig.2. Although
we obtained a lot of stable structures for Aun and
Aun Sc clusters at each size, we do not show all of them
in the figures for the sake of simplicity. The structures
DOI:10.1088/1674-0068/23/04/416-424

S
1 [26]
3 [27]

d/Å
2.47 [26]
2.58 [27]

Theory
Eb /eV
2.30 [26]

ωe /cm−1
191 [26]
223 [27]

of Aun and Aun Sc clusters are denoted by arabic number and letter, where the arabic number denotes the
Au atom number and the letter ranks the isomers in
decreasing order of binding-energy. The most stable
structures of Aun in this work are in agreement with
the results of Deka et al. [28].
For n=2, an isosceles triangle (C2v ) is found as the
ground state structure (2a in Fig.1), with two Au–Sc
bonds of 2.59 Å and apex angles of 176.67◦ , respectively.
This finding is identical to Au2 Y [29], Au2 Fe [11], Au2 Ni
[15] and is different from Au2 Pt [15], Au2 Pb [15]. The
triangle with Au occupying apex site (C2v ) is higher
than the lowest energy structure by 1.50 eV.
The lowest energy geometry of Au3 is an obtuse triangle with the angle of 139.61◦ , which is different from the
result that linear chain is the lowest energy structure obtained by Wang et al. [26] and is identical to the Idrobo
et al’s result [30]. A linear structure has a negative frequency in our present calculations. The metastable isomer is an equilateral triangle with Au−Au bond lengths
of 2.67 Å and its energy is 0.14 eV higher than the lowest energy structure.
With respect to Au3 Sc, when a Sc atom is placed
on the center of Au3 cluster (3b0 ), we obtained the
ground state structure (3a in Fig.1) of Au3 Sc(D3h ) with
three Au−Sc bond lengths of 2.52 Å, which is identical
to Au3 Y [29] and is different from Au3 Fe [11], Au3 Ni
[15], Au3 Pt [15], and Au3 Pb [15]. Another “Y-shaped”
structure with the Sc atom occupying apex position is
obtained, and its energy is 3.18 eV higher than the most
stable structure.
A rhombus is the lowest energy structure of Au4 . The
lowest energy structure of Au5 is a “W” shaped structure obtained by one Au atom capping on the lowest
energy structure of Au4 . For Au4 Sc, the most stable
structure is obtained by capping one Au atom on the
bridge site of two Au atoms, which is identical to Au4 Y
[29] and is different from Au4 Fe [11], Au4 Ni [15], Au4 Pt
[15], and Au4 Pb [15]. Two “W” shaped structures with
Sc centered in the middle of bottom lateral are 0.14 and
0.15 eV less stable than the most stable structure, and
this two structures originate from one Au substituted
by one Sc in Au5 (5a0 ). The most stable structure for
Au4 Sc cluster is 0.39 eV lower than triangle bipyramid
with Sc locating on the apex site.
The most stable structure of Au6 is an equilateral triangle embedded in a bigger one. As for the Au5 Sc cluster, the lowest energy structure (5a in Fig.1) originates
from capping one Au atom on the side of the Au4 Sc
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FIG. 1 The lowest energy and some metastable geometries of Aun and Aun Sc (n=2−8) clusters. ∆E is the excess energy
of an isomer as compared to the energy of the most stable one. The gray spheres are the Au atoms while the dark spheres
are the Sc atoms.
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FIG. 2 The lowest energy and some metastable geometries of Aun and Aun Sc (n=9−13) clusters. ∆E is the excess energy
of an isomer as compared to the energy of the most stable one. The gray spheres are the Au atoms while the dark spheres
are the Sc atoms.

isomer (4b in Fig.1), which is different from Au5 Y [29],
Au5 Fe [11], Au5 Ni [15], Au5 Pt [15], and Au5 Pb [15].
Similar to the most stable structure, another isomer
with C2v is 0.01 eV higher than the lowest energy structure. Other isomers 5c and 5d in Fig.1 are higher than
the lowest energy structure by 0.06 and 0.89 eV, respectively.
DOI:10.1088/1674-0068/23/04/416-424

For Au7 , the lowest energy structure is different from
those of empirical methods by Shafai et al. who has
concluded that the lowest energy structure of Au7 is
a pentagonal bipyramid [31]. The lowest energy configuration we obtained is planar capped triangle whose
binding energy is 1.20 eV lower than the pentagonal
bipyramid. The most stable structure of Au7 is 0.67 eV
c
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lower than a hexagon with one gold atom occupying the
center of the ring (7b0 in Fig.1).
The lowest-energy structure for Au6 Sc (6a in Fig.1),
with C1 symmetry, is formed by substituting one Au
atom with one Sc atom on the center of the Au7 structure (7b0 in Fig.1). Clearly, there is no any change for
the basic framework of the Au7 cluster when the Sc
atom is doped into it, which is different from Au6 Y [29]
and is identical to Au6 Fe [11], Au6 Ni [15], Au6 Pt [15],
and Au6 Pb [15]. The isomer similar to the most structure with a high symmetry D6h is 0.02 eV less stable
than the lowest energy structure. Face and edge-capped
one Au atom square pyramid is a metastable structure,
and its energy is 0.78 eV higher than the lowest energy
structure. The triangle prism face-capped one Sc atom
is higher than the lowest energy structure by 0.89 eV.
The lowest energy structure for Au8 cluster is clearly
a planar tetra-edge-capped rhombus (8a0 in Fig.2). Our
calculated minimum energy structure is in agreement
with those reported in the literatures [28, 32–34]. A
capped hexagon is metastable structure and its energy
is 0.304 eV higher than the lowest energy structure of
Au8 .
Similar to Au6 Sc, a capped hexagon obtained by substituting center Au atom with one Sc atom in the metastable structure of Au8 (8b0 in Fig.1) is the lowest energy structure of Au7 Sc, which is different from Au7 Y
[29], Au7 Ni [15] and is identical to Au7 Fe [11], Au7 Pt
[15], and Au7 Pb [15]. A heptagonal with Sc locating
on the center is 0.46 eV higher in energy compared to
the ground state structure. 7c and 7d isomers in Fig.1
are higher than the lowest energy by 0.62 and 0.67 eV,
respectively.
The lowest-energy configuration of Au9 is a biedgecapped hexagon (9a0 in Fig.2). This structure is in
agreement with the results of Walker [28, 33]. A biedgecapped hexagon obtained by substituting central Au
atom with a Sc is the most stable structure of Au8 Sc,
which is different from Au8 Y [29]. Two tetra-capped
square pyramids are the low-lying isomer, and their energy are 0.39 and 0.40 eV higher than the lowest energy
structure, respectively. Other biedge-capped hexagon
isomer is higher than the lowest energy structure by
0.44 eV.
The most stable structure of Au10 is a tricapped
hexagon (10a0 in Fig.2) which is in agreement with the
result obtained by Deka [28], Walker [33], and Li et al.
[34]. Other two tricapped hexagon isomers (10b0 and
10c0 in Fig.2) are 0.20 and 0.62 eV higher than the lowest energy structure, respectively. For Au9 Sc, the lowest
energy structure is obtained by central Au atom substituted with Sc atom in the Au10 isomer (10c0 in Fig.2),
which is different from Au9 Y [29]. Penta-capped square
pyramids (9b, 9c, and 9d in Fig.2) are metastable and
their energy are higher than the most stable structure
by 0.28, 0.45, and 0.67 eV, respectively. Additionally,
another three tricapped hexagon isomers (9e, 9f, and
9g in Fig.2) are 0.91, 1.04, and 1.06 eV higher than the
DOI:10.1088/1674-0068/23/04/416-424
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lowest energy structure, respectively.
For Au11 , we find a planar tetra-capped hexagon
(11a0 in Fig.2) as the minimum energy structure. The
next higher energy structure (11b0 in Fig.2) is also planar and is separated by an energy difference of 0.09 eV
from the structure 11a0 in Fig.2. The planar structure obtained by capping one Au on the Au10 isomer
(10c0 in Fig.2) is 0.16 eV higher than the lowest energy structure. The most stable structure of Au10 Sc is
penta-capped square bipyramid. 3D isomer 10b in Fig.2
is 0.11 eV less stable than the most stable structure.
Planar structure 10c is obtained by central Au atom
substituted with Sc atom in the Au11 isomer (11c0 in
Fig.2) and its energy is 0.12 eV higher than the lowest
energy structure. Other three isomers (10d, 10e, and
11f in Fig.2) which are obtained by central Au atom
substituted with Sc atom in the Au11 isomers (11b0
and 11a0 in Fig.2) are 0.19, 0.43, and 0.52 eV higher
than the most stable structure, respectively.
A planar penta-capped hexagon structure is the lowest energy structure for Au12 (12a0 in Fig.2). This
structure consists of a hexagonal ring with capping at
five positions, three Au atoms on the edges and two Au
atoms at the vertices, which is in agreement with the
results of Furche et al. [35] and Häkinen et al. [32] for
gold cluster anions. This structure has also been obtained by Hou [36] and Deka et al. [28] in their study
of two dimensional gold clusters. Li et al. also obtained this structure [34]. However, this structure was
found to be higher in energy by 0.02 eV than the minimum energy structure, which they found to be three
dimensional. For Au11 Sc, the most stable configuration
is penta-capped hexagon. The isomer obtained by capping one Au atom on the 10b is the meta-stable structure, and its energy is higher than the lowest energy
structure by 0.01 eV. Isomers 11c and 11d in Fig.2 are
0.23 and 0.29 eV higher than the lowest energy structure. Other two penta-capped hexagons are higher than
the most stable structure by 0.37 and 0.62 eV, respectively.
For Au13 , a hexa-capped hexagon is the lowest energy
structure. For n≥12, the Aun Sc clusters adopt cage-like
structure with Sc atom encapsulated in the interior site.
The lowest energy structure of Au12 Sc is two-layered
Au cage with pentagon and hexagon structures on each
layer. Isomer 12c in Fig.2 is 0.17 eV higher than the
lowest energy structure. Other two isomers with triangle, pentagon, and triangle structures on each layer and
with tetrahedral, tetrahedral and tetrahedral structure
are higher than the most stable structure by 0.19 and
0.20 eV, respectively.
The most stable structure of Au13 Sc is obtained by
capping one Au atom on the top of 12d isomer in
Fig.2. A distorted pentagonal prism with two Au atoms
capped on the edge and one Au capped on the bottom
site is higher than the most stable structure by 0.07 eV.
Isomers 13c and 13d in Fig.2 are 0.19, 0.28 eV higher
than the lowest energy structure, respectively. Two plac
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FIG. 3 Binding energy versus cluster size for Aun and
Aun Sc clusters.
LUMO Au 9 Sc

nar structure 13e and 13f in Fig.2 are 0.60, 1.45 eV
higher than the lowest energy structure, respectively.
The overall structural evolutionary trend shows that,
the lowest energy structures of Aun Sc favor planar
structure and the doped Sc atom does not disturb the
frame of Aun clusters with n≤11. For n≥12, Sc atom
is fully encapsulated by the Au cages. From the above
discussion, we know the stable structures of Aun Sc are
similar to that of Aun Y for n≤4, this is because they
both possess the same valence number. With cluster
size increasing, the strong d-d or s-d interplay between
Y and gold atoms originating in the relativistic effects
and unique properties of Y delocalized s-electrons in Ydoped gold clusters, the Y atom markedly change the
geometric and electronic properties of gold clusters, and
the structures of Aun Y early appear 3D than that of
Aun Sc. The similar or different structures appear between doped Sc and other transition metal-doped gold
clusters, which may origin d-d or s-d different degree interplay between impurities and gold atoms, the dopant
atoms change variously the geometric and electronic
properties of gold clusters. Further investigation will
be done for the different transition metal-doped gold
clusters in our future research.
A. Relatives and electronic properties

We now discuss the relative stability of Aun Sc
(n=2−13) clusters. The relative stability of differently
sized clusters can be predicted by calculating the average binding energy of total energies E(n). The averaged
binding energies for Aun and Aun Sc clusters can be defined as the following formula:
1
(1)
[nET (Au) − ET (Aun )]
n
1
Eb0 (n) =
[nET (Au) + ET (Sc) − ET (Aun Sc) (2)
n+1
Eb (n) =

where ET (Aun ), ET (Aun Sc), ET (Au), and ET (Sc) represent the total energies of the Aun , Aun Sc, Au, and
Sc, respectively. The average binding energies for Aun
DOI:10.1088/1674-0068/23/04/416-424

HOMO Au11Sc

LUMO Au11Sc

FIG. 4 The HOMO and LUMO orbitals of Aun Sc clusters
(n=3, 5, 7, 9, 11).

and Aun Sc are shown in Fig.3. The average binding energies of Aun Sc clusters appear oscillation, the clusters
with odd Au atoms are larger than those with even Au
atoms, indicating these clusters with odd Au atoms are
more stable than neighboring clusters. Moreover, the
average binding energies of Aun Sc are far higher than
those of Aun clusters at smaller sizes, indicating the
doping of Sc atom can greatly improve the stability of
Au clusters with smaller sizes. When n≤5, the difference between the host clusters and the doped clusters is
quite large. With cluster sizes increasing, the difference
is smaller compared to those for n≤5, which indicates
the Sc has larger effect on electronic property for n≤5
than the larger Aun clusters with n≥6.
From the above discussion, we know the stability of
Aun Sc clusters is higher than Aun clusters. We have
performed an analysis of the molecular orbitals by examining the electron density of the HOMO and LUMO
states. Figure 4 gives the electron density of HOMO
and LUMO states. As can be seen from Fig.4, the s
and d contributions are found in the HOMOs and LUMOs. The significant d orbital character of Sc in the
frontier orbitals is found. The d-d or s-d interaction between Sc and gold atoms would impact the geometrical
structures and stability of Sc-doped gold clusters. As a
representative, deformation electron density computed
from the total electron density with the density of the
isolated atoms subtracted for the lowest energy structures of Aun Sc clusters are shown in Fig.5. As shown
in Fig.5, the electron deformation density mainly distributes between Au and Sc, further verifying that interaction between Au and Sc is larger than those between
Au and Au, which indicate the doped Sc improves the
stability of Aun .
To further illustrate the stability of the cluster and
the size-dependent behavior, we investigate the second
difference in energy as a function of size. The ∆2 E is
a quantity frequently used as a measure of the relative
c
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Au 6 Sc
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FIG. 5 The deformation electron density for Aun Sc (n=3,
5, 6, 7, 9, 11) clusters.

FIG. 6 Second finite difference of the total energies for Aun
and Aun Sc clusters.

stability of the cluster and is often compared directly
with the relative abundances determined in mass spectroscopy experiments. It is defined as
∆2 E = ET (n + 1) + ET (n − 1) − 2ET (n)

(3)

where E(n) is the total energy of an n-atom cluster. For
Aun Sc clusters, as shown in Fig.6, particularly prominent maxima for are found at n=3, 5, 7, 9, 11, indicating these clusters are more stable than their neighbors,
which is in line with the result of binding energy.
The fragmentation energy (EF ) is another useful
quantity for determining the stability of clusters. The
fragmentation energy of the total energies for Aun Sc
clusters are presented in Fig.7. The fragmentation energy can be defined by the following formula:
EF (Au) = ET (Aun−1 Sc) + ET (Au) − ET (Aun Sc) (4)
EF (Sc) = ET (Aun ) + ET (Sc) − ET (Aun Sc)
(5)
where ET (Au), ET (Sc), ET (Aun−1 ), ET (Aun ),
ET (Aun−1 Sc), and ET (Aun Sc) represent the total energies of Au, Sc, Aun−1 , Aun , Aun−1 Sc, and Aun Sc,
respectively.
As shown in Fig.7, the values of EF (Au) and EF (Sc)
both appear odd-even oscillation, the local maxima of
EF (Au) and EF (Sc) both appear at the sizes of 3, 5, 7,
9, 11, and 13, showing these clusters are more stable,
DOI:10.1088/1674-0068/23/04/416-424

FIG. 7 The fragmentation energy of the total energies for
Aun and Aun Sc clusters.

FIG. 8 The vertical ionization potential and vertical electron affinity of the total energies for Aun Sc clusters.

which is consistent with the results of binding energies
and ∆2 E.
In cluster science, vertical ionization potential (VIP)
is used as an important property to study the change
in electronic structure with the cluster size. We have
calculated the vertical electron potential of all the stable
structures for Aun Sc clusters. This has been obtained
from consideration of the total energies of the neutral
cluster and the cationic cluster at the geometry of the
neutral cluster. Figure 8 gives the relationship between
the VIP and the number of Au atoms. As shown in
Fig.8, the local peak in VIP curve at n=3, 5, 7, 9, 11,
and 13 also hints the stability of 3-atom, 5-atom, 7atom, 9-atom, 11-atom, and 13-atom clusters. These
results agree with above analysis from Eb , ∆2 E, and
EF .
Similar to ionization potential, we calculated vertical electron affinity values for all the minimum energy
structures for Aun Sc clusters and they are plotted in
Fig.8 as a function of cluster size. These clusters with
odd Au atoms are seen to be particularly stable on the
basis of electron affinity, with lower values of electron
affinity than other clusters in the series.
The HOMO-LUMO gap is a characteristic quantity of
metal clusters’ electronic structure and is a commonly
used measure of the ability for clusters to undergo activated chemical reactions with small molecules. For the
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TABLE II Symmetries, bond length between Sc and Au rAu−Sc , average coordination numbers N , atomic charges at the Sc
atom, magnetic moment of the Sc atom, and the total magnetic moment of Aun Sc clusters for the lowest-energy structures.
Cluster
Au2 Sc
Au3 Sc
Au4 Sc
Au5 Sc
Au6 Sc
Au7 Sc
Au8 Sc
Au9 Sc
Au10 Sc
Au11 Sc
Au12 Sc
Au13 Sc

Symm.
C2v
D3h
C1
C1
C1
C1
C1
C2
C1
C1
C1
C1

rAu−Sc /Å
2.59
2.52
2.62
2.69
2.71
2.73
2.73
2.73
2.83
2.71
2.92
2.92

N
2.00
3.00
4.00
5.00
6.00
6.00
6.00
6.00
8.00
6.00
12.00
12.00

Charge on Sc/e
0.87
1.06
1.04
1.06
1.09
1.09
1.07
1.08
1.13
1.06
1.19
1.28

Magnetic moment/µB
1.04
0.00
0.23
0.00
0.10
0.00
0.11
0.00
0.09
0.00
0.00
0.00

Au3Sc

Au7Sc

Total magnetic moment/µB
1.00
0.00
0.99
0.00
0.95
0.00
0.96
0.00
0.70
0.00
0.00
0.00

Au5Sc

Au 9 Sc

Au 6 Sc

Au11Sc

FIG. 10 The spin electron density for Aun Sc clusters (n=3,
5, 6, 7, 9, 11).
FIG. 9 The HOMO-LUMO gaps of the total energies for
Aun and Aun Sc clusters.

lowest energy structures of Aun Sc clusters, the HOMOLUMO gaps are shown in Fig.9. For Aun , the gaps
appear odd-even alternation, the values of even number clusters are larger than that of neighboring odd
number clusters. Namely, the gap for the Aun clusters with even electronic numbers are larger than those
with odd electronic numbers. The valence electronic
configuration of Au is 4f14 5d10 6s1 . There are full sharing electrons for the clusters with even number which
corresponds to the close-shell structure, so their chemical activities are comparatively weaker than those of
the clusters with odd number electrons. So electronpairing effect governs such odd-even alternation, and
this explanation has been based on the presupposition
of valance electron delocalization. The gaps of Aun Sc
appear small odd-even alternation compared to that of
Aun , the values of gap with odd Au atoms cluster are
larger than that of neighboring cluster. In light of the
particular phenomenon mentioned above, it is necessary
to further study the changing trend of the gap. The valence electronic configuration of Sc is 3d1 4s2 , when Sc
is doped on the Aun clusters, there are full sharing elecDOI:10.1088/1674-0068/23/04/416-424

trons for the clusters with odd number Au atoms which
correspond to the close-shell structure, so their chemical activities are comparatively weaker than those of
the clusters with even Au atoms. This should be the
important reason for the odd–even oscillation of the gap
for the Aun Sc clusters.
B. Magnetic properties

The total magnetic moments of the lowest energy
structures of Aun Sc (n=2−13) clusters have been calculated and the results are presented in Table II. Figure 10
gives the spin electron density for Aun Sc (n=2−13)
clusters, as seen from Fig.10, the local magnetic moments of Aun Sc (n=2−13) are not only located on the
Sc sites but also located on the Au. The local spin
moments of Sc atom are found to align ferromagnetically to the Au atoms in clusters with even Au atoms.
The total magnetic moments of Aun Sc with odd Au
atoms are about 0. For Aun Sc with even Au atoms,
the total magnetic moments are about 1.000 µB except
that the total magnetic moment of Au12 Sc is quenched.
The valence electron configurations of the free atom Sc
is 3d1 4s2 . The total magnetic moments are quenched
c
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with odd Au atoms due to electron pairing effects and
the total magnetic moments with even Au atoms are
about 1.000 µB which may be due to the odd number
of valence electrons. For Au12 Sc, the transfer charge on
Sc and coordination number is larger than other clusters with even Au atoms, higher hybridization between
the atomic orbitals of the guest atom Sc and host atom
Au and coordination number results in the quenching
magnetic moment.
IV. CONCLUSION

By using first-principles DFT-GGA calculations, the
geometries, stabilities, and magnetic properties of the
Aun Sc clusters have been systematically studied. The
results are summarized as follows: (i) The lowest energy structures of Aun Sc favor planar structure and
the doped Sc atom does not disturb the frame of Aun
clusters with n≤11. For n≥12, Sc atom is fully encapsulated by the Au cages. (ii) From the analysis
of the second-order energy difference and the fragmentation energies, VIP, vertical electron affinity (VEA),
Au3 Sc, Au5 Sc, Au7 Sc, Au9 Sc, Au9 Sc, and Au13 Sc clusters possess relatively higher stabilities than their neighbor size. The doping of Sc atom can greatly improve the
stability and change the sequence of chemical activity
for Aun . (iii) For n≤11, the total magnetic moments
of Aun Sc appear the alternation between 0.00 and
1.00 µB . The total magnetic moments are quenched
when Sc is trapped into the Au cages with n≥12.
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[3] K. Koszinowski, D. Schröder, and H. Schwarz, Chem.
Phys. Chem. 4, 1233 (2003).
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