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a b s t r a c t

The Au and K co-deposition on MgO(2L)/Ag(001) is studied by first principles calculations. By compar-
ing the formation energies, several stable Au–K surface structures with different Au–K ratios are found.
The Coulomb attractions between Au and K atoms play an essential role in the stabilities of these struc-
tures. The addition of K atoms in the Au/MgO(2L)/Ag(001) system modifies the electronic properties of
Au significantly. The charge transfer from K atoms to Au atoms is the dominant one, which leads to the
significant increase of Au charges, while the charge transfer from the substrate to Au atoms is sup-
pressed. In the stable structures, the charges of Au atoms are different, which may show different
Au reactivities.

� 2010 Elsevier B.V. All rights reserved.

1. introduction

The structural and electronic properties of Au deposited on me-
tal–oxide surfaces attract many interests because of its unexpected
reactivity. Small Au clusters deposited on the MgO surfaces exhibit
high activities in the reaction COþ 1

2 O2 ! CO2 [1,2]. Further exper-
iments show that the oxygen-vacancies on the MgO surfaces play
an essential role in the unexpected reactivity of Au [3]. A widely ac-
cepted reason is that the electron transfer occurs between defects
and Au clusters. The Au anion makes the bondings of molecules ad-
sorbed on it easier to break and thus promotes the reaction [4,5].

Au atoms deposited on the surfaces of defect free MgO bulk are
neutral and inactive. However, if Au clusters are deposited on ultra
thin MgO films growing on particular substrates like Mo(001) and
Ag(001), the electronic structures of Au clusters are dramatically
changed. Since the thickness of MgO films is less than 1 nm, it is
possible that the charge transfer occurs between Mo (or Ag) and
Au by tunneling [6]. Thus Au atoms are charged [6–8]. The charged
Au atoms can result in various phenomena [9]. One is the change of
morphologies. On the bulk MgO surface, Au atoms form pyramid
like clusters because of Au–Au attractions [10]. While on the
MgO thin films, the attractions between the substrate and charged
Au atoms are strong, therefore the Au clusters become two-dimen-
sional geometry [11,12].

The charge of Au deposited on the MgO films is affected by var-
ious conditions. It is possible to modify the charge values by chang-
ing the substrate, the Au–Au distance or the thickness of the MgO

films [13]. Previous studies show that K atoms deposited on the
MgO film surfaces are positively charged. So we expect that the
strong Coulomb attraction between Au anion and K cation will
modify the charge and morphologies of Au. In this paper, we have
studied the stable structures and their electronic properties of Au
on MgO(2L)/Ag(001) surfaces with K atoms co-deposited. We find
that the Coulomb attractions between Au and K atoms lead to sev-
eral stable structures with various Au–K ratios. The electronic
structures of Au are also affected by K atoms significantly. In Sec-
tion 2 we will describe the model and method used in our calcula-
tions. In Section 3 we will discuss the results of electronic
properties and the stable structures. A conclusion will be given
in Section 4.

2. Method

The calculations have been performed using Vienna ab initio
simulation program (VASP) [14,15]. In all the calculations, we use
the exchange correlation functional with the generalized gradient
approximation of PW-91 [16]. The energy cut-off of plane wave ba-
sis is 520 eV. To analyze the charge transfer, we use the grid based
Bader analysis [17] to calculate the charge around each atoms.

Since the lattice mismatch of MgO and Ag is small (less than
3%), the lattice constants of the MgO films and the Ag substrate
are the same as that of the Ag bulk. We consider the substrate as
a four layer Ag film. The two bottom layers are kept fixed. This sub-
strate reproduces the bulk band structures well [7]. A two layer
MgO film is placed on the Ag surface. Except the two bottom Ag
layers, all other atoms are fully relaxed until the atomic forces
are less than 0.01 eV/Å. We consider various Au–K structures with

0927-0256/$ - see front matter � 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.commatsci.2010.03.017

* Corresponding author. Fax: +86 10 62781604.
E-mail address: junni@mail.tsinghua.edu.cn (J. Ni).

Computational Materials Science 48 (2010) 719–723

Contents lists available at ScienceDirect

Computational Materials Science

journal homepage: www.elsevier .com/locate /commatsci

http://dx.doi.org/10.1016/j.commatsci.2010.03.017
mailto:junni@mail.tsinghua.edu.cn
http://www.sciencedirect.com/science/journal/09270256
http://www.elsevier.com/locate/commatsci


different primitive cell sizes. For the (1 � 1) cell, which contains
four Ag atoms, two Mg atoms and two O atoms each, the k-mesh
is (10 � 10 � 1). For the (2 � 2), (3 � 3) and (4 � 4) cells, the corre-
sponding k-mesh are (5 � 5 � 1), (3 � 3 � 1) and (1 � 1 � 1),
respectively. In all cases, the vacuum thickness is 15 Å.

To compare the stabilities of different structures, we calculate
the adsorbing energy EAuK

b , which is defined as

EAuK
b ¼ �ðE� EMgO=Ag � nAuEAu � nKEKÞ=ðnAu þ nKÞ; ð1Þ

where E is the total energy of a given structure, EMgO=Ag is the energy
of the clean MgOð2LÞ=Ag slab, ni ði ¼ ðAu;KÞÞ is the number of the i
atoms per cell and Ei is the energy of a single i atom. For a given ra-
tio of nAu=nK , the formation energy of the Au–K surface alloy can be
written as

DE ¼ �EAuK
b þ ð1� xÞEAu

b þ xEK
b ; ð2Þ

where x ¼ nK=ðnK þ nAuÞ: EAuðKÞ
b is the adsorbing energy of the most

stable pure Au(K)/MgO/Ag structure and calculated with nKðAuÞ ¼ 0.

3. Results and discussion

Firstly, the situations of Au atoms with different patterns ad-
sorbed on MgO/Ag are considered. Previous work shows that the
(3 � 3) pattern with Au atoms adsorbed on top of Mg have lower
energy than that on top of O [7]. Our calculations show that it is
also true for other patterns. Fig. 1 shows that the adsorbing energy
EAu

b , the charge Q Au of Au and the Au–Mg vertical distance zAu—Mg as
functions of the nearest Au–Au neighboring distance. All the Au
atoms are placed on top of Mg atoms. In all patterns, the Au atoms
are negatively charged. The charge value increases with the in-
crease of the Au–Au distance. As a result, the Mg cations right be-
low the Au atoms are attracted by Au atoms and displaced to the
positions a little higher than the MgO plane. The increase of Au
charge leads to the increase of Au–Mg interaction and the reduc-
tion of zAu—Mg. For the Au (3 � 3) pattern, the Au–Mg distance is
2.57 Å, which agrees with the previous work [7]. Fig. 1c shows that
the charge of Au atoms is significantly modified by the Au–Au dis-
tance. The Au (1 � 1) pattern has a much larger adsorbing energy
than other patterns, which means that other patterns are unstable.

Secondly, we consider the adsorb of K atoms on MgO/Ag. Our
calculations show that K atoms are more likely to be adsorbed on

top of O atoms, which is consistent with the previous results [7].
The strong repulsion between K cations leads to high energy of
the K (1 � 1) pattern and makes it unstable. The adsorbing energy
of K does not increase monotonously with the K–K distance. Our
calculations show that the K (2 � 2) pattern is the most stable
structure. The corresponding EK

b is 0.61 eV. Compared to EAu
b of

2.50 eV, the binding of K atoms on the MgO(2L)/Ag substrate is
rather weak. K atoms adsorbed on the MgO(2L)/Ag is positively
charged. For the K (2 � 2) pattern, The charge of K atoms is about
0.4e. This raises the probability that when Au and K are co-depos-
ited on MgO(2L)/Ag, various structures would be stable because of
the Coulomb attraction between Au and K atoms.

To find the stable structures of Au–K surface alloys, we have cal-
culated the adsorbing energies of the Au–K surface alloy structures
shown in Fig. 2. The first row of Fig. 2 is the structures with
nAu : nK ¼ 1 : 1. In order to make the Coulomb attractions between
Au and K atoms the largest, the atoms are arranged alternatively
like the CsCl structure. In Fig. 2a, the nearest Au–Au neighboring
distance dAu—Au is

ffiffiffi
2
p

times of the nearest O–O neighboring dis-
tance. Since all Au and K atoms are adsorbed on top of the O atoms,
we denote this structure as AuK c

ffiffiffi
2
p
�

ffiffiffi
2
p� �

O
. For the same rea-

son, the structures in Fig. 2b and c are denoted as AuK cð2 � 2ÞO
and AuK cð3 � 3Þ, respectively. For the first two structures, the
corresponding structures with all atoms adsorbed on top of the
Mg atoms are also considered. The AuK cð1 � 1ÞO structure is ex-
cluded because the strong repulsions between K atoms make it
unstable. The other structures in Fig. 2 are those with other Au–K
ratios. The structures in the second row of Fig. 2 are the patterns
with various combinations of K atoms on the O atoms and Au
atoms on the Mg atoms. Since the Au ð1 � 1ÞMg pattern is much
more stable than the other Au patterns, all Au patterns in these
structures are taken as ð1 � 1Þ. On the hand, the K patterns in
Fig. 2d–f are

ffiffiffi
2
p
�

ffiffiffi
2
p� �

, ð2 � 2Þ and ð3 � 3Þ, respectively.
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Fig. 1. (a) Adsorption energy, (b) Au–Mg distance and (c) Au charge of different Au
patterns adsorbed on top of Mg atoms. The x axis is the Au–Au nearest neighboring
distance in the unit of lattice constant a.

Fig. 2. The schematic structures. The dark gray balls and light gray balls denote O
atoms and Mg atoms of the substrate, respectively. The small light balls and dark
balls denote Au atoms and K atoms respectively.
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