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We study the atomic oxygen adsorption on Pb�111� surface by using density-functional theory within the
generalized gradient approximation and a supercell approach. The atomic and energetic properties of purely
on-surface and subsurface oxygen structures at the Pb�111� surface are systematically investigated for a wide
range of coverage and adsorption sites. The fcc and tetra-II sites �see the text for definition� are found to be
energetically preferred for the on-surface and subsurface adsorption, respectively, in the whole range of cov-
erage considered. The on-surface and subsurface oxygen binding energies monotonically increase with the
coverage, and the latter is always higher than the former, thus indicating a tendency to the formation of oxygen
islands �clusters� and the higher stability of subsurface adsorption. The on-surface and subsurface diffusion-
path energetics of atomic oxygen, as well as the activation barriers for oxygen penetration from the on-surface
to the subsurface sites, are presented at low and high coverage. The other properties of the O/Pb�111� system,
including the charge distribution, the lattice relaxation, the work function, and the electronic density of states,
are also studied and discussed in detail. It is pointed out that the O-Pb chemical bonding during surface
oxidation displays a mixed ionic/covalent character. Here the ionicity is featured by a charge flow from Pb 6p
to O 2p states, while the covalency is featured by the Pb 6s2 “lone pair” effect, which results from hybridiza-
tion of Pb 6s and O 2p states.
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I. INTRODUCTION

Lead �Pb� is one kind of heavy metal element with wide-
spread availability. Single crystal Pb is extremely resistant to
oxygen.1 Appreciable oxidation takes place only at relatively
high temperature ��370 K� or at considerable oxygen cov-
erage at room temperature. However, this inoxidability of
lead can be overcome by a so-called two-step treatment:2 �i�
low-temperature �100 K� adsorption, followed by �ii� anneal-
ing at elevated temperatures to above 220 K. The method
itself proves to be a very effective way for low-temperature
surface oxidation. Using this two-step approach, recently the
oxygen adsorption on ultrathin Pb�111� films was experimen-
tally investigated by using the scanning tunneling micros-
copy �STM� and scanning tunneling spectroscopy �STS�
measurements.3 Remarkably, it was found that the surface
oxidation displays a prominent quantum oscillating effect by
varying the thickness of Pb�111� film. Furthermore, it was
found that the O adsorbates can form some magic clusters
with regular size and shape.4 These phenomena of oxygen
adsorption and surface oxidation at Pb�111� remain yet to be
exploited and understood, which is a main driving force for
our present first-principles study. Contrary to the extensive
first-principles studies of the surface oxidation on transition
metals �TMs� such as Cu,5–13 Ag,14–25 Rh,26–29 Pd,30–34

Pt,35–39 and Ru,40,41 and on the simple sp metals such as Al
�Refs. 42–48� and Mg,49–51 ab initio studies of oxygen
chemisorption on Pb�111� surface, in particular, O subsurface
species on Pb�111� surface, are still lacking.

In this paper, we have carried out the first-principles cal-
culations of on-surface and subsurface oxygen adsorption at
Pb�111� in a wide range of coverage. Results for the deter-

mination of stable adsorption sites, work-function and
atomic-relaxation changes, charge densities, electronic struc-
tures, and energy barriers for O diffusion and penetration, are
systematically presented. Like other metals, surface oxida-
tion of Pb is expected to involve three main events: �i� The
initial dissociation of O2 molecules and oxygen chemisorp-
tion on Pb�111� surface, followed by �ii� lattice penetration
of atomic oxygen and oxide nucleation, and finally �iii� crys-
tallization and growth of the stoichiometric oxide phases.
The sequence of these events may be complex, and rather
than successively, they may occur simultaneously, depending
on temperature and pressure. The main purpose of this paper
is to give a partial but definite understanding of events �i�
and �ii� by studying the energetics and structures of atomic O
adsorbates with purely on-surface and subsurface adsorption
sites and with different coverage. A full study involving the
initial dissociation of O2 molecules when approaching to or
accumulating on the Pb�111� surface, and the penetration
process, which involves simultaneous on-surface and sub-
surface adsorption, will be given elsewhere. In particular,
since the atomic oxygen adsorption and diffusion on metal
surface are elementary processes toward the whole surface
oxidation, and the atomic configuration after oxygen chemi-
sorption may give a reasonable anticipation for the tendency
of surface oxidation, it is expected that the present system-
atic first-principles calculations of oxygen adsorption on
Pb�111� is of high interest in relation to understanding the
nature of the O-Pb chemical bonding.

This paper is organized as follows. In Sec. II we give
details of the first-principles total energy calculations, which
is followed in Sec. III by our results for bulk Pb, the clean
Pb�111� surface, and the O2 molecule. The results for purely
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on-surface adsorption as a function of the oxygen coverage
are presented in Sec. IV, where the surface and adsorption
energetics, the atomic geometry, and the electronic structures
are presented and analyzed. In Sec. V, we discuss the purely
subsurface adsorption of oxygen atoms as we did in Sec. IV.
The energy barriers for atomic oxygen diffusion and penetra-
tion are presented in Sec. VI, and the conclusion is given in
Sec. VII.

II. CALCULATION METHOD

The density-functional theory �DFT� total energy calcula-
tions were carried out using the VIENNA ab initio simulation
package52 with the projector-augmented-wave �PAW�
pseudopotentials53 and plane waves.54 In the present film cal-
culations, the so-called repeated slab geometries were
employed.55 This scheme consists of the construction of a
unit cell of an arbitrarily fixed number of atomic layers iden-
tical to that of the bulk in the plane of the surface �defining
the bidimensional cell�, but symmetrically terminated by an
arbitrarily fixed number of empty layers �the “vacuum”�
along the direction perpendicular to the surface. In the
present study, the clean Pb�111� surface is modeled by peri-
odic slabs consisting of ten lead layers separated by a
vacuum of 20 Å, which is found to be sufficiently
convergent.56 The oxygen atoms are adsorbed on both sides
of the slab in a symmetric way. During our calculations, the
positions of the outmost three lead layers, as well as the O
atoms, are allowed to relax while the central four layers of
the slab are fixed in their calculated bulk positions. The
plane-wave energy cutoff was set 400 eV. If not mentioned
differently we have used a �12�12�1� k-point grid for the
p�1�1� surface cell, �6�6�1� k-point grid for the
p��3��3� and p�2�2� cells, and �4�4�1� k-point grid
for the p�3�3� cell, with Monkhorse-Pack scheme.57 Fur-
thermore, the generalized gradient approximation �GGA� of
Perdew et al.58 for the exchange-correlation potential was
employed. A Fermi broadening59 of 0.05 eV was chosen to
smear the occupation of the bands around EF by a finite-T
Fermi function and extrapolating to T=0 K.

In the present paper, the calculations for oxygen atoms in
the five adsorption sites, including on-surface �hcp and fcc�
and subsurface �tetra-I, tetra-II, and octa� sites depicted in
Fig. 1, have been performed for coverage ranging from 0.11

ML to a full monolayer. Specially, the oxygen coverages of
0.11 ML, 0.33 ML, and 0.67 ML were calculated using
p�3�3� surface unit cell, while the coverage of 0.25 ML,
0.50 ML, 0.75 ML, and 1.0 ML were calculated in the
p�2�2� surface cell containing one, two, three, and four
oxygen atoms, respectively. The on-surface top �T1� and
bridge �B2� adsorption sites were also considered. The T1
site was found to be notably less favorable than the fcc and
hcp sites. When the O atom is placed on the B2 site, it
always moves to the fcc site after relaxation. Actually, Fig.
15 will show that the B2 site is a saddle point in the O
diffusion path from hcp to fcc site. Thus in this paper, most
of the on-surface adsorption studies are focused on the fcc
and hcp sites.

One central quantity tailored for the present study is the
average binding energy of the adsorbed oxygen atom defined
as

Eb��� = −
1

NO
�EO/Pb�111� − EPb�111� − NOEO� , �1�

where NO is the total number of O adatoms present in the
supercell at the considered coverage � �we define � as the
ratio of the number of adsorbed atoms to the number of
atoms in an ideal substrate layer�. EO/Pb�111�, EPb�111�, and EO
are the total energies of the slabs containing oxygen, of the
corresponding clean Pb�111� slab, and of a free O atom, re-
spectively. According to this definition, Eb is also the adsorp-
tion energy Ead per O atom, i.e., the energy that a free O
atom gains upon its adsorption. Thus a positive value of Eb
indicates that the adsorption is exothermic �stable� with re-
spect to a free O atom and a negative value indicates endo-
thermic �unstable� reaction. On the other hand, since in most
cases, the oxygen chemisorption process inevitably involves
the dissociation of O2 molecules, thus the adsorption energy
per oxygen atom can alternatively be referenced to the en-
ergy which the O atom has in the O2 molecule by subtracting
half the dissociation energy D of the O2 molecule,

Ead�1/2O2� = Eb − D/2. �2�

With this choice of adsorption energy, then a positive value
indicates that the dissociative adsorption of O2 is an exother-
mic process, while a negative value indicates that it is endo-
thermic and that it is energetically more favorable for oxygen
to be in the gas phase as O2.

III. BULK Pb, CLEAN Pb(111) SURFACE, AND OXYGEN
MOLECULE

First, the total energy of the bulk fcc Pb was calculated to
obtain the bulk lattice constant. The calculated lattice con-
stant is a=5.028 Å, well comparable to the experimental
value of 4.95 Å.60 The 6s and 6p electrons of Pb atoms were
treated as valence electrons and the 5d electrons were treated
as core electrons. This choice of valence and core electrons
has been previously employed to study the electronic prop-
erties of lead oxide �including PbO �Ref. 61� and PbO2
�Ref. 62��. Note that we have also studied the effect of Pb 5d
electrons on the properties of clean and oxygen-adsorbed

FIG. 1. �Color online� �Left panel� four on-surface adsorption
sites including fcc, hcp, bridge �B2�, and on-top �T1� sites. Note
that Pb atoms of outmost three layers are shown by scaled gray
balls �the larger ones are outer Pb atoms�. �Right panel� three sub-
surface adsorption sites including tetra-I, tetra-II, and octa sites.
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Pb�111� surfaces and found no accountable changes by treat-
ing the Pb 5d electrons as valence electrons.63 The orbital-
resolved electronic density of states �DOS� per atom for the
bulk Pb is shown in Fig. 2�a�. The two broad peaks corre-
spond to Pb 6s and 6p states. Compared to the 6s band, the
6p bands are more dispersive due to the extensive character
of the atomic p orbitals. In addition, there is a small s-p
hybridization near the Fermi energy.

The calculation for the atomic relaxations of the clean
surface with p�1�1�, p��3��3�, p�2�2�, and p�3�3� pe-
riodicities �models� provides not only a test of the clean sur-
face with different cell sizes, but is also used to evaluate the
charge density difference used later and assess the changes in
the work function by oxygen adsorption. Our clean-surface
calculation shows that the two outmost Pb�111� layers relax
significantly from the bulk values. The first-second interlayer
contraction is nearly 5% and the second-third interlayer ex-
pansion is nearly 3%, which is in agreement with recent
results from first-principles calculations64,65 and the LEED
experiment.66 Note that the first interlayer separation on most
metal surfaces is contracted compared to the bulk case;
Pb�111� is also a typical example. The third-fourth interlayer
relaxation is practically the same as the interlayer distance in
the bulk. The variation of the work function is negligible for
different surface cells �with a typical value of 3.83 eV, see
the inset in Fig. 7�a�� and is in excellent agreement with
other theoretical results.64,65 The calculated charge density
n�r� �not depicted here� of the clean Pb�111� surface shows
that similar to the other typical metal surfaces,67 there is a
rapid variation in n�r� in the surface interstitial region, with
n�r� falling off sharply in magnitude toward the vacuum and
soon “healing” the discrete atomic nature of the surface. This

sizable charge redistribution near the surface is associated
with the formation of the �uniform� surface dipole layer,
which sensitively determines the work function.

As one knows, surface calculations are very subtle, re-
quiring enough k-point mesh and efficient energy cutoff, the
correct model, and the other details. To test the convergence
of the physical properties of the clean Pb�111� surface, we
have calculated and analyzed the interlayer relaxations
�ij = �dij −d0� /d0 with respect to the bulk interlayer distance
d0=2.903 Å, the surface energy Es, and the work function �
of the clean Pb�111� slabs by using different models with
various k-point meshes. The results are listed in Table I, from
which it reveals that while the atomic interlayer relaxations
are somewhat sensitive to the choice of k-point mesh and the
supercells, the influences to the surface energetics from using
different models are negligibly small. To keep the computa-
tion accuracy as high as possible for reliable comparison
between different adsorption configurations, here we suggest
calculating and analyzing surface energetics and electronic
structures under the same model. For example, a p�3�3�
surface unit cell is needed if one wants to analyze the prop-
erties of surface chemical activity in a coverage range begin-
ning from �=0.11.

Figure 2�b� plots the orbital-resolved site-projected den-
sity of states �PDOS� for the topmost Pb layer of the clean
p�1�1� Pb�111� surface cell. Compared to Fig. 2�a�, one can
see that the surface electronic structure is almost the same as
that of the bulk, with a little anisotropy in the 6px,y and 6pz
orbitals for the surface Pb atom. Note that throughout this
paper we did not consider the quantum size effect on the
atomic and electronic structures, since in our various super-
cell models the substrate has been fixed with the same thick-
ness.

The total energies of the isolated O atom and free O2
molecule are calculated in a cubic cell of side length 10 Å
with a �3�3�3� k-point mesh for the Brillouin zone
sampling. The spin-polarization correction has been in-
cluded. The binding energy of O2 is calculated to be
1 /2Eb

O2 =3.12 eV per atom and the O-O bond length is about
1.235 Å. These results are typical for well-converged DFT-
GGA calculations. Compared to the experimental68 values of
2.56 eV and 1.21 Å for O binding energy and bonding
length, the usual DFT-GGA result always introduces an over-
estimation, which reflects the theoretical deficiency for de-
scribing the local orbitals of the oxygen. The resultant error
in calculating the absolute value of the binding energy, how-
ever, does not matter in this work, since it is the difference in

TABLE I. The calculated interlayer relaxation �ij �%�, surface energy Es �in eV�, and work function � �in
eV� for different clean Pb�111� surface models with different k-point meshes.

Model k-point mesh irreducible k �12 �%� �23 �%� �34 �%� Es �eV� � �eV�

1�1 12�12�1 216 −4.670 2.560 −0.149 0.372 3.830

1�1 6�6�1 54 −5.326 3.066 −0.267 0.350 3.786
�3��3 6�6�1 54 −5.110 2.090 0.160 0.360 3.833

2�2 6�6�1 54 −4.803 2.977 −0.100 0.372 3.830

3�3 4�4�1 24 −4.882 2.890 0.369 0.373 3.832

3�3 3�3�1 5 −5.978 2.831 1.320 0.372 3.834

FIG. 2. �Color online� �a� Orbital-resolved DOS �per atom� for
bulk Pb. �b� Orbital-resolved partial DOS for the clean 1�1
Pb�111� surface layer. The Fermi energy is indicated by the vertical
dashed line at 0 eV.

ATOMIC OXYGEN ADSORPTION AND INCIPIENT… PHYSICAL REVIEW B 78, 035421 �2008�

035421-3



binding energies of two geometries that determines which
one is more stable �if they contain the same amount of oxy-
gen atoms� or how Eb evolves with coverage �if the struc-
tures contain an unequal amount of oxygen atoms�. We will
consider this overbinding of O2 when drawing any conclu-
sion that may be affected by its explicit value.

IV. PURE ON-SURFACE ADSORPTION

For different oxygen coverage �, the binding energies Eb
for oxygen adatom on fcc and hcp sites of Pb�111� surface,
with respect to the free atomic oxygen, are illustrated in Fig.
3 and summarized in Table II. One can see from Fig. 3 that
this quantity for both fcc and hcp adsorption displays a mod-
estly increasing tendency with the oxygen coverage, while
the overall variation in the magnitude of Eb is rather small in
the range of coverage we considered. The increasing binding
energy with coverage indicates a prominent attraction be-
tween the on-surface oxygen atoms and implies a tendency
to form oxygen islands or clusters on the Pb�111� surface.
This result is similar to that of the O-adsorbed Al�111� and
Mg�0001� surfaces, compared to which the increase in Eb
slows down with coverage in the present O/Pb�111� system.
Note that in the oxygen/TM systems, the binding energy Eb

decreases due to the increasing electron occupation of the
antibonding states as a function of the oxygen coverage. On
the other hand, considering the binding energy Eb of atomic
oxygen on the surface with respect to the half of the binding
energy for the O2 molecule �the calculated value of 3.12 eV
or experimental value of 2.56 eV�, the present calculations
predict that in the whole coverage range we considered, the
atomic oxygen on-surface adsorption is stable. Also it reveals
in Fig. 3 that the fcc site is energetically favorable relative to
the hcp site, although their difference in Eb decreases with
increasing �, namely, from 0.19 eV at �=0.11 down to �less
than� 0.01 eV at �=1.0.

To further clarify our observation that the oxygen adsor-
bates tend to form clusters on the Pb�111� surface, here as
one typical example, we consider two kinds of arrangements
for Ofcc adsorbates at the same coverage �=0.33. These two
adsorbate arrangements are shown in Fig. 4. The left panel in
Fig. 4 corresponds to the case of a p��3��3� surface cell,
while the right panel gives one selective adsorbate configu-
ration produced from the p�3�3� surface cell. Obviously,
the oxygen adatoms in the right panel are more clustered
than those in the left panel. Remarkably, the calculated
binding energy is Eb=4.713 eV for the left panel and
Eb=4.85 eV for the right panel, which clearly shows the
preference for the formation of oxygen clusters on the
Pb�111� surface.

Table III presents the calculated results for the relaxed
atomic structures, including the height hO-Pb of O above the
surface, the O-Pb bond length R1, and the interlayer relax-

TABLE II. The calculated binding energy Eb �in eV� and work function � �in eV� as functions of oxygen
coverage for five on-surface and subsurface adsorption sites.

Site �=0.11 0.25 0.33 0.5 0.67 0.75 1.0

fcc 4.750 4.827 4.850 4.879 4.901 4.919 4.934

hcp 4.562 4.666 4.744 4.760 4.809 4.868 4.926

Eb tetra-I 4.771 4.785 4.863 4.887 4.920 5.019 5.139

tetra-II 4.842 4.907 4.927 4.957 5.006 5.053 5.145

octa 4.628 4.545 4.776 4.876 4.870 4.862 5.012

fcc 3.966 4.002 4.107 4.208 5.056 4.501 4.669

hcp 3.941 3.953 4.085 4.205 4.998 4.367 4.599

� tetra-I 3.812 3.787 3.736 3.630 3.463 3.630 3.411

tetra-II 3.809 3.776 3.721 3.680 3.383 3.510 3.214

octa 3.807 3.775 3.716 3.567 3.420 3.504 3.342

FIG. 3. Calculated binding energies of O/Pb�111� systems, with
oxygen in the fcc �solid squares� and hcp �solid circles� sites, as
functions of the oxygen coverage. The solid lines connecting the
calculated binding energies are used to guide the eyes.

FIG. 4. �Color online� Two kinds of configurations for Ofcc ad-
sorbates at the same coverage �=0.33. The oxygen adatoms in the
right panel are arranged to be clustered, while the left panel gives a
uniform distribution. The calculated total energies show that the
adsorption in the right panel is more stable.
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ations �ij for various coverage with O in the fcc and hcp
sites. For more clear illustration, the first and second inter-
layer relaxations ��12 and �23� are also plotted in Fig. 5 as
functions of oxygen coverage. One can see that the adsorp-
tion of oxygen on Pb�111� induces notable changes in the
interlayer distance of the substrate. In particular, the topmost
interlayer relaxation ��12� changes from contraction �about
−5%� to expansion �about 20%�, and on the contrary, the
second interlayer relaxation ��23� changes from expansion
�about 3%� to contraction �about −5%�, for O in both fcc and
hcp sites. This large and sign-inverted change of atomic in-
terlayer relaxations upon oxygen adsorption is unique for
O/Pb�111� when comparing with other oxygen/metal sys-
tems. For instance, at Al�111� surface, the topmost interlayer
relaxation on oxygen adsorption is at most �12=4%,47 while
at Ag�111� surface, there is even no change of interlayer
relaxations before and after oxygen adsorption. The large
expansion in Pb�111� interlayer relaxations reflects the strong
influence of the O adsorbate on the neighboring Pb atoms,
and thus results from important redistribution of the elec-
tronic structure. Concerning the O-Pb bond length R1 at dif-
ferent oxygen coverage, one can see from Table III that for
both fcc and hcp adsorption, the O-Pb bond length varies
around 2.26 Å very little with increasing �. In particular,
the calculated results of R1 by using the same p�2�2� sur-
face model vary only within an amplitude of 0.01 Å
�0.02 Å� for fcc �hcp� site. The short bond length R1 implies
a strong interaction between O and Pb atoms. Note that the
value of R1 for Ofcc is slightly shorter than that for Ohcp,
which is consistent with the fact that the fcc site is more

stable than the hcp site for on-surface adsorption.
Upon on-surface oxygen adsorption, the Pb atoms on the

three outmost layers exhibit lateral and vertical displace-
ments, which are plotted in Fig. 6 for energetically stable fcc
adsorption at different coverage. From the left panel �atomic

TABLE III. The calculated atomic interlayer relaxation �ij �%�, O-Pb bond length R1 �in Å�, and the
adsorbate height hO-Pb �in Å� for different oxygen coverage of on-surface adsorption.

hO-Pb �Å� R1 �Å� �12 �%� �23 �%�
Coverage fcc hcp fcc hcp fcc hcp fcc hcp

0.11 1.116 1.115 2.282 2.289 −3.098 −3.567 1.752 −0.492

0.25 0.914 0.876 2.266 2.268 −1.641 −0.413 1.378 −0.601

0.33 1.047 0.939 2.257 2.274 −1.568 −0.095 0.779 −0.176

0.50 0.975 1.010 2.265 2.269 3.405 4.562 −0.614 −2.498

0.75 0.980 0.944 2.258 2.252 12.995 12.298 −2.445 −3.243

1.00 0.971 0.970 2.271 2.272 20.363 21.002 −5.085 −4.863

FIG. 5. �Color online� Atomic interlayer relaxations as functions
of coverage for oxygen in fcc and hcp sites.

FIG. 6. �Color online� Different structures of oxygen adsorbed
in the fcc site on Pb�111� surface. The left part shows the top view
of the three outmost Pb layers. The right-hand part shows a side
view of the vertical positions of the ions, cut in the plane along the

�12̄1� direction. Note, the gray balls with different scales represent
Pb atoms on the different layers �the larger ball is the outer�, and the
small red balls represent the oxygen atoms. The arrows �not to
scale� indicate the directions of the atomic displacements, with dif-
ferent colors standing for different layers. The numbers that refer to
the arrows are given in angstrom.
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top view� of Fig. 6, one can see that Pb atoms bonded to
oxygen in top layer always move outwards from chemi-
sorbed oxygen for different coverage with the same surface
model. The values of atomic movements are also indicated in
the figure. The right panel �side view� of Fig. 6 depicts the
vertical movement of Pb atoms from the center of mass of
each layer. One prominent feature is that the oxygen at vari-
ous coverage �except for the case �=1.0� we considered
causes a most noticeable rumpling of the second Pb layer,
which can be seen by large value of vertical movement of the
second Pb layer.

We turn now to analyze the electronic properties of the
O/Pb�111� system by first considering the work function �,
which is plotted in Fig. 7 and summarized in Table II for
different oxygen coverage. From Fig. 7, it can be seen that
the work function steadily increases with O coverage for
both fcc and hcp on-surface adsorption. Comparing to the
other TM surfaces such as Ag�111�, we notice that the vary-
ing amplitude of � in the whole coverage at the present
Pb�111� surface is much smaller. In fact, from Fig. 7 one can
see that the change of � with respect to the clean Pb�111�
surface varies from �0.4 eV at �=0.25 to �2.1 eV at �
=1.0 for both fcc and hcp on-surface adsorption, much
smaller than in O/Ag�111� system �from �1.2 eV at �
=0.25 to �4.0 eV at �=1.0�.20 On the other hand, our re-
sults of � versus � can be comparable with those for the
other O-adsorbed sp simple metal surfaces such as Al�111�
�Ref. 47� and Mg�0001�.51 Also from Fig. 7 it can be seen
that the work functions are almost identical for the hcp and
fcc adsorption configurations.

To gain more insight into the nature of Pb-O chemical
bonding during oxygen adsorption onto the Pb�111� surface,
we now analyze our results by means of the electron density
difference �n�r�, which is obtained by subtracting the elec-

tron densities of noninteracting component systems,
nPb�111��r�+nO�r�, from the density n�r� of the O/Pb�111�
system, while retaining the atomic positions of the compo-
nent systems at the same location as in O/Pb�111�. Figures
8�a� and 8�b� present the contour plots of �n�r� for �
=0.25 and �=1.0, respectively. One can see that the charge
redistribution mainly occurs at the surface and involves the
O adatom and the topmost Pb atoms. It is apparent that upon
adsorption, electrons flow from Pb 6p into O 2p orbitals, re-
sulting in a depletion of the surface metallic electrons. With
the increase in oxygen coverage, it shows in Fig. 8 that more
Pb 6p electrons transfer to the localized O 2p orbitals, which
implies that the ionicity of the Pb-O bonding increases with
oxygen coverage. On the other hand, there is also an impor-
tant covalent component in Pb-O chemical bonding �see Fig.
9 below for details�. The unique signature of this covalency
occurred in Fig. 8 is the emergence of Pb 6s2 sterically active
“lone pair,” which, due to the hybridization with O 2p states,
forms an enhanced density on the side of the Pb atom that
points away from the PbO layers. The degree of this
Pb�6s�-O�2p� hybridization increases with oxygen coverage,
which is clearly shown in Fig. 8�b� by more electron accu-
mulation in the mutual spatial region of Pb 6s and O 2p or-
bitals at �=1.0. Prominently, the enhanced Pb�6s�-O�2p�
covalent interaction with oxygen coverage reflects the de-
creased �increased� covalent �ionic� interaction between sur-
face Pb 6p and O 2p atomic orbitals. For pure PbO crystal in
� or � phase, recent theoretical61 and experimental69 studies
have shown that the Pb 6s2 lone pair is a result of the lead-
oxygen interaction. Our present finding shows that this lone
pair also occurs during Pb�111� surface oxidation process
and may play a fundamental role in determining the oxygen
binding energy and large interlayer relaxation upon adsorp-
tion. Another fact shown in Fig. 8 is that similar to other
oxygen/metal systems, the influence of the adsorbed Pb�111�
surface is rapidly screened out on going into the bulk. The
bonding character of the inner Pb layers �from the second
layer for �=0.25 and from the third layer for �=1.0� is

FIG. 7. �Color online� The calculated work function � as a
function of � for different on-surface and subsurface adsorption
sites. The dashed line shows the value of � for clean Pb�111� sub-
strate. As an example, the inset shows the planar-averaged electro-
static potential of clean �dashed curve� and O-adsorbed �solid curve
with �=1.0� Pb�111� slab, with the Fermi energies for both cases
set at zero.

FIG. 8. �Color online� Contour plot of the charge density differ-
ence �n�r� for the on-surface O/Pb�111� slab with oxygen coverage
�a� �=0.25 and �b� �=1.0. Solid and dashed lines denote increased
and decreased electron density, respectively. The contour plane is

parallel with the �12̄1� direction and is perpendicular to the Pb�111�
surface.
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essentially identical to the bulk case, which is typically me-
tallic with a fairly constant charge density between the atoms
with slight directional bonding along the body diagonals.
This can be clearly seen in Fig. 8 by negligibly small
changes in the interior of the ten-layer Pb slab at both low
��=0.25� and high ��=1.0� coverage. The charge accumu-
lation on the surface and charge depletion below the surface
will result in the formation of a dipole moment �in line with
the usual surface dipole layer�, which tends to increase the
work function as discussed above.

Figures 9�a� and 9�b� show the orbital-resolved PDOS for
the on-surface Ofcc layer and the topmost Pb layer at �
=0.25 and �=1.0, respectively. At low coverage ��=0.25�,
the left-side peak of O 2p �around −4.0 eV in Fig. 9�a��
represents the degenerate 2px and 2py states, which hybridize
with the degenerate 6px,y states of the outmost Pb atoms.
Whereas, the right-side peak of O 2p �around −3.2 eV in
Fig. 9�a�� represents the mixed 2px,y and 2pz states �with the
latter a little lower in energy than the former�, which hybrid-
ize with the Pb 6px,y and 6pz states. One can see that the
coupling between Pb 6s and O 2p states is negligibly small
at low coverage, which implies that the lone pair effect of
Pb 6s2 is small at low coverage. In addition, it also shows in
Fig. 9�a� that on the whole, the metallic nature of surface
Pb�111� layer does not change by low coverage of oxygen.
This feature can be seen by the fact that the PDOS at EF for
the topmost Pb layer is comparable with that for clean
Pb�111� surface. With increasing oxygen coverage �Fig. 9�b�
for �=1.0�, four prominent changes involving the O-Pb
chemical bonding occur: �i� the DOS for the surface Pb at-
oms is significantly suppressed at the Fermi level �see Fig.
10 for more clear illustration�; �ii� The energy distribution
around E=−8.0 eV for the surface-layer Pb 6s state be-
comes very narrow compared to the cases of clean and low-

coverage surfaces. Actually, from the band charge density
around E=−8.0 eV, as plotted in the left-side inset in Fig.
9�b�, it can be seen that at this energy interval, the surface Pb
atoms have more and dense charge compared to the second-
layer Pb atoms; �iii� The hybridization of O 2p and Pb 6s
states near the top of the valence band is distinctly enhanced,
which means that the high oxygen coverage favors the for-
mation of Pb 6s2 lone pair. To see this better, we plot in the
right-side inset in Fig. 9�b� the band charge around
E=−1.7 eV, which clearly displays a distorted 6s charge
distribution around the surface Pb atom. More interestingly,
at high oxygen coverage, there also appears an increasing
hybridization between O 2p and Pb 6s states around
E=−8.0 eV, which further supports the physical picture of
Pb 6s2 lone pair; �iv� The energy distance between the two
O 2p �or their hybridized Pb 6p� peaks increases from
0.8 eV at �=0.25 to 2.0 eV at �=1.0. To further illustrate
the incremental influence of oxygen coverage on the surface
chemical bonding, we plot in Fig. 10 the total DOS of the
Ofcc and topmost Pb atoms for different coverage calculated
from the p�2�2� surface model. One can see that the density
at the Fermi energy monotonically decreases with increasing
the coverage, and the metallic 6p bands of the topmost Pb
layer gradually evolve into the insulating bands due to their
ionic as well as covalent coupling with O 2p orbitals. There-
fore, Fig. 10 clearly shows the tendency to the formation of
an insulating surface by the increase in oxygen coverage.
This insulating surface has been effectively used to control
the many-body interaction between the magnetic molecule
and the Pb�111� surface in recent experiment.70

V. PURE SUBSURFACE ADSORPTION

In parallel with Sec. IV, in this section we continue to
study the subsurface adsorption of atomic oxygen without
the presence of on-surface oxygen, namely, pure subsurface
adsorption. For oxygen occupation in subsurface region there
are three different high-symmetry sites. The octahedral site
�henceforth octa� lies just underneath the on-surface fcc site,
and one tetrahedral site �tetra-I� lies below the on-surface
hcp site. A second tetrahedral site �tetra-II� is located directly
below a first-layer metal atom. The coordinates of these sub-

FIG. 9. �Color online� Orbital-resolved partial DOS for the sur-
face Pb layer and the on-surface O adatom �fcc site� with the cov-
erage �a� �=0.25 and �b� �=1.0. The left-side inset in �b� depicts
the band charge density around E=−8 eV, while the right-side inset
plots the band charge density around E=−1.7 eV.

FIG. 10. �Color online� Total DOS of the on-surface O adatoms
�fcc site� and the surface-layer Pb atoms for different values of the
coverage �.
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surface sites were schematically shown in Fig. 1. We per-
formed calculations for oxygen in these different sites in a
wide range of coverage, i.e., from 0.11 to 1.0 ML. Note that
we focus on adsorption immediately below the first Pb layer
as we find that oxygen adsorption deep in the bulk is less
favorable in every case. The case of simultaneous subsurface
and on-surface oxygen adsorption will be studied in a forth-
coming paper. In the following, the energetics, the atomic
structure, and the electronic properties for the subsurface ad-
sorption are discussed in detail.

The calculated binding energies Eb for Otetra-I, Otetra-II, and
Oocta, with respect to a free oxygen atom, are plotted in Fig.
11 and summarized in Table II. One can see that the most
preferred adsorption site is tetra-II site for the whole cover-
age range and among all the on-surface and subsurface ad-
sorption sites considered. This is remarkably different from
the other systems such as O/Ag�111�, O/Cu�111�, and
O/Mg�0001�. For Otetra-II �open circles in Fig. 11� or Otetra-I
�open squares�, the binding energy increases slightly but
steadily with O coverage, which is similar to the case of
on-surface adsorption. For Oocta adsorption �open triangles�,
the binding energy decreases when the coverage � varies
from 0.11 to 0.25, indicating a repulsive interaction between
the Oocta atoms; however, it increases again from �=0.33 to
1.0, so that the effective interaction between the Oocta atoms
is attractive in this coverage range. Despite these different
dependence on coverage, we note that the overall variation in
the magnitude of the binding energy as a function of � is
rather small for the three subsurface sites, namely, 0.33 eV,

0.51 eV, and 0.50 eV for Otetra-II, Otetra-I, and Oocta atoms,
respectively. Compared to the on-surface adsorption, the sub-
surface adsorption is notably more favorable in the whole
range of coverage considered. In fact, the binding energy
difference �Eb between the most energetically stable on-
surface fcc and subsurface tetra-II adsorption increases from
about 0.1 to 0.2 eV for the coverage from �=0.11 to
�=1.0. The result that the subsurface adsorption is more
stable than the on-surface adsorption has also been found in
O/Mg�0001� system,51 but with the different tendency with
respect to oxygen coverage. In the O/Mg�0001� system it
was found that the value of �Eb decreases from about 0.4 eV
to less than 0.1 eV by increasing coverage � from 0.0625 to
1.0.51

Table IV presents the results for the O-Pb bond length R1
and interlayer relaxations in a wide range of coverage for
Otetra-I, Otetra-II, and Oocta adsorptions. For more clear illustra-
tion, the first ��12� and second ��23� interlayer relaxations
with Otetra-II adsorption are also plotted in Fig. 12. One can
see from Fig. 12 that the first interlayer relaxation �12 in-
creases from −5% to about 22% as a function of �, while the
second interlayer relaxation �23 is much insensitive to the
variation of the coverage compared to �12. From Table IV
one can see that the value of R1 for Otetra-II atoms keeps the
most short and stable compared to the other on-surface or
subsurface sites. Whereas, for the octa and tetra-I adsorption
sites, it shows in Table IV that the amplitude of R1 oscillates
with oxygen coverage.

We turn now to study the electronic properties of the
subsurface-adsorbed O/Pb�111� system by first considering

TABLE IV. The calculated interlayer relaxation �ij �%� and O-Pb bond length R1 �in Å� for different oxygen coverage of subsurface
adsorption.

Coverage R1 �Å� �12 �%� �23 �%�
� tetra-I tetra-II octa tetra-I tetra-II octa tetra-I tetra-II octa

0.11 2.342 2.255 2.452 −3.238 −2.058 −3.065 2.875 1.516 1.703

0.25 2.288 2.268 2.379 0.129 0.757 0.037 3.773 2.577 0.436

0.33 2.346 2.265 2.497 −1.405 2.205 0.373 6.139 2.607 1.840

0.50 2.304 2.265 2.380 12.22 6.547 13.77 3.190 3.301 2.557

0.75 2.312 2.265 2.270 15.16 13.92 13.55 6.022 4.809 −1.861

1.00 2.351 2.254 2.327 25.18 21.80 22.25 1.407 5.420 −3.988

FIG. 11. Binding energies Eb for oxygen in the subsurface
tetra-I, tetra-II, and octa adsorption sites as functions of the O
coverage.

FIG. 12. �Color online� Interlayer relaxations as functions of
coverage for oxygen in subsurface tetra-II site.
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the work function � and its change �� with respect to the
clean Pb�111� surface, both of which are illustrated in Fig. 7
and summarized in Table II at different oxygen coverage. It
can be seen that the work function slightly but steadily de-
creases with coverage for subsurface adsorption. The overall
variation in the magnitude of the work-function change ��
is rather small, namely, −0.8 eV, −0.66 eV, and −0.73 eV
for Otetra-II, Otetra-I, and Oocta, respectively. These results of
�� versus � are comparable to those in O/Al�111� system,47

in which relatively small work-function change was ob-
served despite the strong electron transfer between adsorbate
and Al atoms, and was associated with the small adsorption
distance for the O species.71

To gain more insight into the nature of the O subsurface
adsorption, we now analyze our results by means of the
charge density difference �n�r�. Figures 13�a� and 13�b�
present the contour plots of �n�r� for �=0.25 and �=1.0,
respectively, for tetra-II subsurface adsorption. It reveals that
the charge redistribution mainly involves the subsurface O
and the two outmost Pb layers. The electrons flow upon ad-
sorption from the first- and second-layer Pb atoms to O 2p
orbitals. It is apparent that the adsorbed O 2p orbitals are not
the same as those of the free O atom but they are polarized
along the three Pb-O axis. This polarization is reasonable
because the Pb atoms are positively charged. The subsurface
accumulation and the on-surface depletion in the charge den-
sity would result in the formation of a dipole moment �anti-
paralleling with the usual surface dipole layer�, which tends
to reduce the work function as compared to that for the clean
Pb�111� surface, as shown in Fig. 7. Also one can see from
Fig. 13 that the bonding character of the inner Pb layers
�from the third layer� is essentially identical to the bulk case,
while the first- and second-layer Pb atoms show remarkable
changes in the charge density, reflecting the strong influence
of the neighboring subsurface O atom. As with the on-
surface adsorption, both ionic and covalent components exist
in the oxygen/Pb chemical bonding. The ionicity is reflected
by charge transfer and polarization, while the covalency can

be clearly seen from Fig. 13 by the occurrence of Pb 6s2

sterically active lone pairs, which point outward and inward
the slab for the first- and second-layer Pb atoms, respec-
tively.

Figures 14�a� and 14�b� show the PDOS for the subsur-
face Otetra-II layer and the first and second Pb�111� layers at
�=0.25 and �=1.0, respectively. At low coverage ��
=0.25�, O 2p states mainly hybridize with Pb 6p states,
while the interaction between O 2p states and Pb 6s states is
negligibly small. Note that O 2p states couple to 6p states of
the second Pb layer more strongly than those of the first Pb
layer, since the two peaks around −4 eV �below the Fermi
energy� in Fig. 14�a� mainly consist of 2p states of Otetra-II
atoms and 6p states of the second Pb layer, while the contri-
bution from the first-layer Pb atoms is small. The reason is
simply that the 6p states for the outmost Pb layer approach
more close to the Fermi energy due to the metallic nature of
the outmost Pb layer at low coverage. At as high coverage as
�=1.0 �Fig. 14�b��, two prominent new features occur. First,
the PDOS shifts downward in energy and a large spectra
weight near the Fermi energy �from below� becomes very
small. This obviously will lead to the increase in the adsorp-
tion energy. Second, the coupling between O 2p and Pb 6s
states comes to play an important role as a result of the Pb 6s
lone pair effect as discussed above. Remarkably, the differ-
ence in the orientation of the 6s2 lone pair between the first-
and second-layer Pb atoms gives rise to a weight splitting in
the 6s PDOS of the two Pb layers, as shown in Fig. 14�b�. In
addition, compared to the high-coverage on-surface adsorp-
tion �Fig. 9�b��, the narrowing effect of Pb 6s states due to its
coupling with O 2p states is less distinct.

VI. ENERGY BARRIER FOR ATOMIC OXYGEN
DIFFUSION

Diffusion of atomic oxygen after on-surface dissociation
of O2 is an elementary process during the whole surface
oxidation process, which is still in debate for many systems
regarding the existence of “hot” atoms with transient mobil-
ity upon O2 dissociation.72–74 Also, the oxygen diffusion
plays a key role in understanding many important catalytic
reactions, such as oxidation of CO and hydrocarbons in the

FIG. 13. �Color online� Contour plots of the charge density dif-
ference �n�r� for the subsurface Otetra-II /Pb �111� slab with oxygen
coverage �a� �=0.25 and �b� �=1.0. Solid and dashed lines denote
increased and decreased electron density, respectively. The contour

plane is parallel with the �12̄1� direction and is perpendicular to the
Pb�111� surface.

FIG. 14. �Color online� Layer-projected DOS for the Otetra-II

subsurface layer and the outmost two Pb�111� layers.
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catalytic treatment of the automotive exhaust gases. In this
section, by using the DFT total energy calculation, we report
our numerical results of the energy barriers for atomic O
diffusion and penetration in the O/Pb�111� system.

Using the nudged elastic band �NEB� method,75–77 which
is capable of finding saddle points and minimum energy
paths on complicated potential surfaces, we have calculated
the on-surface and subsurface diffusion-path energetics of
atomic oxygen. The results are shown in Fig. 15�a� for low
��=0.25� coverage and in Fig. 15�b� for high ��=1.0� cov-
erage. Note that in each figure �Fig. 15�a� and 15�b�� the
number of atoms keeps invariant in the on-surface and sub-
surface calculations. Thus it also reveals in Fig. 15 the rela-
tive stability of O adsorption among various on-surface and
subsurface sites and the corresponding oxygen binding en-
ergy differences. For the on-surface adsorption, our calcu-
lated diffusion barrier from fcc to hcp site is 0.52 eV at �
=0.25 and 0.74 eV at �=1.0. The hcp site is less stable than
the fcc site within the coverage 0��	1, although the bind-
ing energy difference between Ofcc and Ohcp decreases rap-
idly when increasing � �see Fig. 3�. Thus the on-surface
diffusion barrier from hcp to fcc site presents an activation
barrier with the value of 0.35 eV at �=0.25 and 0.73 eV at
�=1.0. For the subsurface adsorption, Fig. 15 shows that all
of the three sites we considered, i.e., the tetra-I, the tetra-II,
and the octa sites, present the local energy minimum along
the oxygen subsurface diffusion path. The subsurface diffu-
sion barrier from tetra-II to tetra-I site is 0.76 eV at �
=0.25 and 0.64 eV at �=1.0. For the diffusion from tetra-I
to octa site, the calculated energy barrier is 0.28 eV at �
=0.25 and 0.25 eV at �=1.0. For the diffusion from tetra-II
to octa site, the calculated barrier is 0.37 eV at �=0.25 and
0.29 eV at �=1.0. The octa site is less stable than the tetra-I
site, while the tetra-I site is less stable than the tetra-II site.
Thus the subsurface diffusion barrier from tetra-I to tetra-II
site presents an activation barrier with the value of 0.62 eV at
�=0.25 and 0.64 eV at �=1.0. In the same way, the activa-
tion barrier for octa→ tetra-I diffusion is 0.11 eV at �
=0.25 and 0.16 eV at �=1.0, while the activation barrier for
octa→ tetra-II diffusion is 0.01 eV at �=0.25 and 0.18 eV at
�=1.0.

To investigate subsurface oxygen in more detail with re-
gard to the energetics of its formation, we now study the

penetration process of oxygen atom. Note that although the
subsurface tetra-II site is most stable, the direct oxygen pen-
etration into this site from the on-surface adsorption without
bypassing the other subsurface sites is very unfavorable,
since this site is located beneath a surface Pb atom. There-
fore, here we only consider the penetration of an oxygen
atom from the on-surface fcc �hcp� to the neighboring sub-
surface octa �tetra-I� site at the coverage �=0.25. For this
purpose, we fully relax the first three Pb layers, and restrain
the oxygen atom when approaching to the first Pb layer step
by step to search for the transition state with high energy.
The calculated penetration paths and the energy barriers from
the on-surface fcc to subsurface octa site and from the on-
surface hcp to subsurface tetra-I site are shown in Fig. 16, in
which the s coordinate indicates the penetration distance of
the O atom with respect to the initial on-surface fcc or hcp
adsorption site. The calculated penetration barrier from on-
surface fcc to subsurface octa site is 0.352 eV. The transition
state, i.e., the atomic geometry of the energy maximum in the
penetration path, corresponds to the oxygen atom 0.1 Å
above the surface Pb layer. For penetration from the on-
surface hcp to the subsurface tetra-I site, the calculated acti-
vation barrier is as small as 0.065 eV, which implies the most
favorable path for the oxygen penetration. The transition
state corresponds to the oxygen atom 0.4 Å below the sur-
face Pb layer. Comparing to the energy barriers for the O
on-surface diffusion, one can see that the oxygen atoms can
easily intrude into the subsurface and bond with the second-
layer Pb atoms rather than searching for a more stable on-
surface site �fcc site� to settle down. Even though an oxygen
atom settles down at the stable on-surface fcc site, it also can
penetrate into the subsurface stimulated by a slight perturba-
tion.

VII. CONCLUSIONS

In summary, we have systematically investigated the ad-
sorption of atomic oxygen on the Pb�111� surface and sub-

FIG. 15. �Color online� Total energy for an oxygen atom carry-
ing out the on-surface �filled squares� or the subsurface �open
squares� diffusion on Pb�111� face at the O coverage of �a� �
=0.25 and �b� �=1.0. Here the total energy is given in reference to
the most stable subsurface tetra-II occupation.

FIG. 16. �Color online� Total energy for an oxygen atom carry-
ing out the penetration from the on-surface fcc to the subsurface
octa site �filled squares� or from the on-surface hcp to the subsur-
face tetra-I site �filled circles� of Pb�111� lattice. Here the O cover-
age is set �=0.25 and the total energy is given in reference to the
on-surface fcc occupation. s coordinate indicates the penetration
distance of the O atom with respect to the initial on-surface fcc or
hcp adsorption site.
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surface, as well as the energy barriers for atomic O diffusion
and penetration in these systems through first-principles
DFT-GGA calculations. We have considered a wide range of
coverage using different surface models �i.e., p�3�3�, p�2
�2�, p��3��3�, and p�1�1� surface unit cells� for adsorp-
tion in the on-surface fcc and hcp sites, as well as in the
subsurface tetra-I, tetra-II, and octa sites. For the on-surface
adsorption, the fcc site is more stable than the hcp site for the
whole coverage range considered. The difference of the oxy-
gen binding energies between these two sites decreases with
increasing coverage. In particular, at the coverage of 1 ML,
the binding energy of Ohcp is almost equal to that of Ofcc,
implying a critical coverage for the stability conversion be-
tween the on-surface fcc and hcp sites. The atomic geometry,
the work-function change, the charge density distribution,
and the electronic structure upon the O on-surface adsorption
have also been studied, which consistently show the funda-
mental influence by the ionic as well as covalent bonding
between the O adatom and the first-layer Pb atoms. Remark-
ably, this influence in the energetics and atomic structure is
monotonically enhanced with increasing the O coverage,
which is highly interesting. For instance, the increase in the
O binding energy for the fcc or the hcp site with increasing
the coverage implies the effective attraction between the O
adsorbates, which will make it favorable for the formation of
the oxygen island or cluster. Furthermore, we have found
that with increasing oxygen coverage, the surface Pb 6s2

lone pair effect becomes prominent. Also, the surface elec-
tronic DOS at the Fermi energy rapidly decreases with oxy-
gen coverage, which will further stabilize the system in ac-
cordance with the increase in binding energy.

For the subsurface adsorption, we have shown that the
tetra-II site is more stable than the tetra-I and octa sites. A

similar correlation between the binding energy and the cov-
erage has been found for Otetra-I and Otetra-II, which also im-
plies the effective attraction between the adsorbed O atoms
and the tendency to form oxygen island or cluster at subsur-
face sites. The other atomic and electronic structural proper-
ties of the subsurface adsorption have also been investigated.
The observed increase in the first-second Pb interlayer ex-
pansion, the decrease in the work-function change ��, and
the decrease in the PDOS at the Fermi energy as functions of
the O coverage consistently show the stabilization of the
O-Pb chemical bonding, which is featured by the charge
transfer from the first- and second-layer Pb atoms to the sub-
surface O atom, as well as by the formation of the Pb 6s2

lone pair.
Given the observation that the oxygen subsurface adsorp-

tion is more stable than the on-surface adsorption, we have
then calculated the on-surface and subsurface diffusion-path
energetics of atomic oxygen. The activation barrier for the
on-surface or the subsurface O diffusion becomes high when
increasing the coverage, which indicates the competition be-
tween the attractive interaction from the adsorbate and the
substrate and the repulsive force among the adsorbates. In
particular, we have shown that the activation barrier for the
penetration from the on-surface hcp to the subsurface tetra-I
site is as low as 0.065 eV, which indicates that the oxygen
atoms can directly incorporate into the lead �below the top-
most Pb layer� right after on-surface O2 dissociation at low
coverage.
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