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Nucleation of Pd Dimers at Defect Sites of the MgO(100) Surface
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Point defects on oxide surfaces are presumed to be preferential nucleation sites for supported metal
clusters. Under typical growth conditions, dimers constitute the first step in island nucleation. First-
principles calculations on the formation of Pd dimers on regular and defect sites of the MgO(100)
surface show that nucleation occurs with large dimer binding energies at divacancies and charged
oxygen vacancies (F� centers), while it is less favorable on steps and neutral F centers. The extensive
database of defect trapping/attachment properties gives a firm basis to rationalize recent atomic-force
microscopy findings and provides guidelines valid, in general, for ionic substrates.
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the flat (100) terraces, nucleation at steps, F and F� ions fixed at the bulk lattice positions, which reproduce
Nucleation and growth of metal nanoclusters on ox-
ide surfaces from self-assembly of deposited metal atoms
has direct interest in magnetic nanostructures [1], well
defined models of supported metal catalysts [2,3], pho-
tonics, and microelectronics [4]. The diffusion of mono-
mers on the surface and the role played by point defects,
the sites where nucleation and growth occur [5,6], are
essential. A substantial effort has been directed toward
the identification of the point defects on the surface of
oxide materials and, in particular, of MgO, a prototype of
ionic oxides, but a complete mapping of surface defects is
still lacking [7]. One problem is that both the nature and
the concentration of surface defects depend not only on
the oxide but also on the preparation method and on the
form of the sample (high-surface area polycrystalline
material, single crystal, thin film, etc.).

Theory has proved very helpful to gain insight into the
mechanisms of the deposition and nucleation of metal
atoms and clusters. Under typical growth conditions,
dimers constitute the first step in island nucleation.
Recent atomic-force microscopy (AFM) measurements
on the growth of Pd clusters on MgO(100) have shown a
constant island density over a wide span of deposition
temperatures, typical of defect controlled nucleation [6].
The same experiments have also shown that the majority
of the islands are not at steps but have been unable to
identify the point defects involved in the nucleation [6].
There is general consensus that oxygen vacancies at the
surface of MgO, characterized by the presence of one or
two electrons trapped in cavity (F� and F centers, re-
spectively), act as strong traps for the metal atoms dif-
fusing on the surface [8]. However, the most widely
studied point defect in MgO, the F center, was recently
suggested to be inefficient for nucleation of late transition
metals [9], leaving the question of the sites where Pd
nucleates better than at steps largely open.

We report a systematic study of the dimerization of Pd
atoms at various defect sites on the MgO surface. Beside
0031-9007=04=92(9)=096105(4)$22.50 
centers, and divacancies is considered. We show that,
unexpectedly, dimerization is always favorable, although
neutral divacancies and F� centers exhibit a much
stronger tendency to nucleate Pd dimers. As suggested
recently [9], and confirmed by our calculations, OH
groups are also nucleation sites but they are not discussed
here because of the low concentration of these species
under UHV conditions [5,6,3,8]. For the first time, early
stages of nucleation of a metal on a series of qualitatively
different defects on the MgO(100) surface has been
studied on the same footing. The high quality of the
results is assured by the simultaneous use of periodic
and cluster approaches, with controlled treatment of
both charged defects and of extended relaxations. As a
consequence, we are able to provide a database of trap-
ping and attachment energies that can be directly used in
kinetic growth models and in the analysis of experimen-
tal results. We propose explicitly the candidates that ra-
tionalize recent AFM findings [6], revealing the crucial
role which may be played by less studied point defects,
in particular, by the divacancies. The presence of these
centers is consistent with recent AFM studies on UHV-
cleaved MgO single crystal surfaces [10]. We also show
that the trapping (first atom) and attachment (second
atom) properties of a given defect may be considerably
different, and we provide microscopic arguments to ex-
plain these properties.

The calculations are based on gradient-corrected den-
sity functional theory (DFT) using cluster models and
periodic supercell approaches. In the first case, the MgO
surface is represented by a large cluster. The system is
divided in a quantum-mechanical (QM) part, treated at
the DFT level using the Becke-Perdew (BP) exchange-
correlation functional [11], surrounded by interface Mg�

ions described by an effective core potential (ECP) [12]
and by a region of about 900 polarizable classical shell
model ions. All QM and interface ions are fully relaxed.
The cluster is embedded in an array of �3200 classical
2004 The American Physical Society 096105-1



P H Y S I C A L R E V I E W L E T T E R S week ending
5 MARCH 2004VOLUME 92, NUMBER 9
the long-range electrostatic potential. A typical size for
the QM part is Mg13O14Mg�17 for a terrace site. This hy-
brid scheme is implemented in the GUESS code [13] in-
terfaced with GAUSSIAN98 [14]. All electron 6-31G basis
sets have been used for the Mg and O atoms of the QM
cluster, while for Pd we used a small core ECP and a
lanl2dz basis set with the s and d shells partially decon-
tracted [15]. All cluster results have been corrected for
the basis set superposition error. Dimerization has been
studied also with periodic supercell calculations using a
plane wave basis set (kinetic energy cutoff at 396 eV),
ultrasoft pseudopotentials [16], and the Perdew-Wang
(PW-91) exchange-correlation functional [17] as imple-
mented in the VASP code [18]. MgO(100) has been mod-
eled by three MgO layers; during geometry optimization
all atoms in the two surface nearest layers were relaxed,
while the atoms in the third layer were frozen at bulk
positions. The calculations have been performed at the 

point using 4� 4 supercells containing 96 Mg and O
atoms. For the step we used a (510) surface. The atoms
within the supercell are relaxed until the average atomic
forces are less than 0:01 eV= 
A. The results of cluster and
slab approaches (Table I) are generally very similar. The
charged F� center has been studied only with the cluster
model.

Gas-phase Pd2 has a 3
P

�
u ground state, and the sup-

ported dimer can be magnetic as well [19]. Therefore, all
the calculations have been done in spin polarized mode.
However, for supported Pd2 the singlet is always lower
than the triplet. The dissociation energy for the free
molecule, De�Pd2�, is 1.31 and 1.24 eV at BP and PW
levels, respectively, i.e., slightly larger than the experi-
mental value, 1:06� 0:16 eV [20]. Some of the cluster
calculations have been repeated using the hybrid B3LYP
TABLE I. Properties of Pd atoms and dimers
MgO surface. In parentheses are given the value

O5c, terrace O4c, st

Parallel

Ea,a eV cluster 1.50 1.97
periodic 1.36 1.85

(2.35)
Et,

b eV cluster 
 
 
 0.47
periodic 
 
 
 0.49

Edim,c eV cluster 1.85 2.02
periodic 1.86 1.96

Eb,d eV cluster 0.35 0.52
periodic 0.50 0.60

(0.72)
r�Pd-Pd�, Å cluster 2.79 3.11

periodic 2.79 3.00

aEa � 	E�Pd1=MgO	site� � E�Pd� � E�MgO	sbEt � Ea�Pd1=MgO	site� 	 Ea�Pd1=MgO	O5c�.cEdim � 	E�Pd2=MgO	site� � E�Pd� � E�Pd1=MdEb � 	E�Pd2=MgO	site� 	 E�MgO	O5c� � E�
eHere the geometrical relaxation has been exten
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exchange-correlation functional [21] which slightly
underbinds Pd2 (De � 0:96 eV), but the conclusions do
not change [22].

We define the adsorption energy Ea and the dimeriza-
tion energy Edim of Pd atoms at various sites of the MgO
surface as follows:

Ea�	E�Pd1=MgO	site��E�Pd��E�MgO	site�; (1)

Edim � 	E�Pd2=MgO	site� � E�Pd�

� E�Pd=MgO	site�; (2)

where MgO	site indicates the nucleation site. These two
quantities measure the binding energy of a gas-phase Pd
atom to a given MgO site (Ea) or to a Pd atom already
bound to it (Edim). The trapping energy Et is the difference
in Ea between a regular and a defect site. We also define
the dimer binding energy Eb, which measures the stabil-
ity of the adsorbed dimer with respect to two Pd adatoms,
one of which is bound on a terrace O5c anion:

Eb � 	E�Pd2=MgO	site� 	 E�MgO	O5c�

� E�Pd1=MgO	site� � E�Pd1=MgO	O5c�: (3)

Notice that in typical growth conditions only Eb matters
because dimerization is dominated by diffusion of ad-
sorbed atoms and not by direct attachment from the gas
phase. Ea for Pd adsorbed on O5c is 1.4–1.5 eV with a
Pd-O distance of 2.10 Å (Table I). On a terrace the best
geometry of Pd2 is with the molecular axis almost paral-
lel to the surface and the Pd atoms nearly on top of two
O5c anions [Fig. 1(a)]; a similar configuration has been
found recently for Pt2 [23]. The singlet ground state is
0.19 eV below the lowest triplet. In other, less stable,
configurations the triplet is the ground state [19]. On the
MgO(100) terrace the dimer is preferred with respect to
adsorbed at regular and defect centers of the
s for Pt atoms on MgO taken from Ref. [9].

ep F Center F� Center Divacancye

Tilted

4.05 2.70 3.60
3.99 
 
 
 3.00

(6.20) (4.49)
2.55 1.20 2.10
2.63 
 
 
 1.64

2.04 1.89 2.41 3.00
2.02 1.93 
 
 
 3.06
0.54 0.39 0.91 1.50
0.66 0.57 
 
 
 1.71

(0.14) (0.87)
2.63 2.73 2.60 2.57
2.63 2.69 
 
 
 2.55

ite�.

gO	site�.
Pd1=MgO	site� � E�Pd1=MgO	O5c�.
ded to include the � 900 shell model ions.
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FIG. 2. Electron density difference plot of a Pd atom ad-
sorbed on a divacancy, ��MgO=Pd� 	 ��MgO� 	 ��Pd�.

FIG. 1 (color online). Pd2 structures on various sites of the
MgO(100) surface: (a) terrace, Mg13O14Mg�17 cluster; (b) step,
Mg13O13Mg�17 cluster, parallel orientation; (c) step, tilted ori-
entation; (d) F center; (e) F� center, Mg13O13Mg�17 cluster;
(f) divacancy, Mg9O9Mg�16 cluster.
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two adsorbed Pd atoms by 0.35 eV (0.50 eV with PW)
(Table I), indicating that dimerization is possible in prin-
ciple even on terraces.

We consider now the defect sites. Steps are not the
dominant sites in Pd nucleation [6]. One reason is that
Pd binds to an O4c ion at a step with Ea � 1:97 eV, i.e.,
only slightly larger than on a terrace. As a consequence,
Et � 0:47 eV is comparable to the diffusion barrier of Pd
on terrace sites, Ed � 0:34 eV (the estimated experimen-
tal value is Ed < 0:3 eV [6]). Thus, steps are not good
trapping sites for Pd atoms, while they may stabilize
larger clusters. On a step Pd interacts with the O4c ion
r�Pd-O4c� � 2:04 
A but not with the O5c anion in the
lower plane r�Pd-O5c� � 3:28 
A [24]. The addition of a
second Pd atom results in two Pd2 configurations, one
parallel to the step [Fig. 1(b)], with r�Pd-Pd� � 3 
A, and a
slightly more stable one where the molecule is tilted,
r�Pd-Pd� � 2:63 
A [Fig. 1(c)]. Eb � 0:54 eV suggests
that nucleation on a step is possible.

The oxygen vacancy (F center) is one of the most
widely studied defect centers at the surface of MgO
[7,25,26]. In line with previous studies, we find that a
Pd atom binds very strongly to an F center, Ea � 4:05 eV,
and Et is the largest among the defects considered here,
2.55 eV (Table I). The addition of a Pd atom from the gas
phase, Edim�1:89 eV, results in a dimer nearly parallel to
the surface [Fig. 1(d)]. In this configuration one Pd atom is
above the cavity, and the second is oriented towards an
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O5c ion at the border of the vacancy with r�Pd-O5c� �
2:19 
A [27]. The singlet ground state is 0.58 eV below the
triplet. Eb on a F center is 0.39 eVonly (Table I) (a slightly
higher value, Eb � 0:57 eV, is obtained in the supercell
PW calculations). Thus, F centers can act as nucleation
centers, but the dimer could be thermally unstable. This
conclusion is in line with that suggested by Bogicevic and
Jennison [9]; however, while both F and F� centers exist
on the MgO surface, so far all the investigations have been
restricted to the neutral variant.

The stability of the neutral F centers on MgO ultrathin
films grown on metal substrates has been questioned [13].
In fact, the electrons associated to the neutral vacancy
belong to a defect state in the midgap of MgO, about
3.5 eV below the vacuum level. With the Fermi level of
many metals at about 4–5 eV, F centers on thin MgO films
can be unstable with respect to electron transfer to the
metal conduction band and formation of paramagnetic
F� centers. Thus, the role of F� centers should not be
overlooked. A single Pd atom is bound to an F� center by
2.70 eV; the bonding arises from charge delocalization
and metal polarization. F� centers are good trapping sites
with Et � 1:20 eV. The addition of a second Pd atom
results in a strong Pd-Pd bond, Edim � 2:41 eV [Table I
and Fig. 1(e)]. The dimer binding energy, Eb � 0:91 eV,
suggests a potential role of F� centers in nucleation
processes and a considerable thermal stability of the
dimer, at variance with the neutral vacancy.

A defect which has attracted considerable interest only
in recent years is the divacancy [28,29]. This defect con-
sists of a missing MgO pair, has a lower formation energy
than the F centers, is neutral, and is likely to be present in
relatively high concentrations on the surface of MgO
[7,10]. The removal of a MgO unit from the (100) surface
results in a strong perturbation of the electrostatic poten-
tial [28,29], and, despite the neutral charge of this defect,
both geometrical relaxation and long-range polarization
are large. A Pd atom binds to this site with Ea � 3:60 eV
(Et � 2:10 eV). This large adsorption energy is only 10%
smaller than on an F center. The Pd atom takes the
position of the missing Mg ion [Fig. 1(f)]. With respect
to steps, where O4c ions are also present, the peculiarity
of the divacancy is related to the asymmetry of the
096105-3
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electrostatic field [28]. This is responsible for the strong
polarization of the adatom (Fig. 2) and for its partial
electronic depopulation. This results in a strong Pd-Pd
bond and high dimerization energy, Edim � 3:00 eV. In
the periodic supercell PW approach Ea � 3:00 eV is
smaller than in the cluster BP calculations but both
Edim � 3:06 eV and the geometry are very similar to
the cluster results (Table I). The 20% smaller Ea in the
periodic approach may be due to the constraint imposed
by the boundary conditions, but even using a 5� 5 super-
cell, Ea remains virtually the same. For a divacancy we
compute the largest Eb, 1.50 eV (1.71 eV in the supercell
approach). Considering also the easy formation of diva-
cancies, this seems to be one of the best candidates for
nucleation of Pd clusters. The role of divacancies as nu-
cleation centers was first suggested by Bogicevic and
Jennison for the case of Pt [9].

The mobility of Pd atoms on the MgO surface is very
temperature dependent. In several experiments atoms are
deposited at 90–100 K. At this temperature, using the cal-
culated diffusion barrier, Ed � 0:34 eV, and an Arrhen-
ius expression from transition state theory [30], a hopping
frequency of �7� 10	5 Hz and a residence time of
�1:5� 104 s are calculated. At this temperature the mo-
bility depends only on the kinetic energy of the impinging
metal atoms. At room temperature, on the contrary, the
Pd atoms are extremely mobile: the hopping frequency is
of �20 MHz and the resident time 5� 10	8 s. Our re-
sults suggest that Pd dimerization is a favorable process
even on the MgO(100) terraces, although the dimer bind-
ing energy is small (<0:5 eV). This means that if two Pd
atoms collide in the diffusion process they have a finite
probability to form a dimer without involving defect
sites (at least for low substrate temperatures). However,
since the flux of Pd atoms is relatively low (the amount
of metal atoms deposited is usually below 1% of a mono-
layer and roughly corresponds to the defect density,
�1012 defects=cm2 [3,8]) the probability of dimer for-
mation on the (100) terraces is small. Furthermore, once
formed the dimer may exhibit a high tendency to diffuse
on the surface [23,30]. AFM measurements on the growth
of Pd clusters on MgO(100) have shown a constant island
density over a wide range of temperatures, typical of
defect controlled nucleation [6]. Using mean-field nu-
cleation theory the AFM results have been used to fit a
series of parameters that best reproduce the experimental
data: Ea � 1:2 eV, Et > 1:2 eV, Ed < 0:3 eV, and Eb �
1:2 eV [6]. Ed is nearly the same computed here, and the
estimated Et and Eb values are consistent with those
computed here for the divacancy (Et � 2:10 eV, Eb �
1:50 eV) and for the F� center (Et � 1:20 eV, Eb �
0:91 eV). On the other hand, the estimated Et and Eb
values are hardly compatible with the values computed
for the step (Et � 0:47 eV, Eb � 0:54 eV) and the neutral
F center (Et � 2:55 eV, Eb � 0:39 eV).

On the basis of this ab initio study, we provide a
database of trapping/attachment properties for a variety
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of extended and point defects on the MgO(100) surface.
Our results rationalize experimental AFM findings [6]
and stress the crucial role of charged oxygen vacancies
and divacancies in the nucleation process. We relate the
strong attachment characteristics of these defects (espe-
cially as compared to step sites) to the electron trapping
and polarization by the substrate electrostatic field. We
expect that this effect is not restricted to MgO but is
common to the surfaces of highly ionic compounds.
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