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The dissociative adsorption of O2 molecules on clean and oxygen-precovered Fe�110� and Fe�100� surfaces
has been studied from first principles. For the relatively open Fe�100� surface, we find that along the most
favorable reaction channel, O2 dissociation remains a nonactivated process up to almost full monolayer cov-
erage. The differential heat of adsorption decreases only slowly with increasing oxygen precoverage. The
potential energy profile for dissociation shows a dip, which is indicative of the formation of a very short-lived
nonmagnetic peroxo precursor. On the close packed Fe�110� surface, the differential heat of adsorption begins
to decrease already at a modest precoverage. For dissociation on a surface precovered with about 0.44 mono-
layer of oxygen, a low barrier begins to appear in the entrance channel. In the transition state, the incoming
molecule is in a superoxo state with a magnetic moment of 1�B. Our results are discussed in relation to the
electronic and magnetic properties of the partially precovered surfaces and to the available experimental
results.
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I. INTRODUCTION

The adsorption of oxygen molecules on a metal surface is
a very common process that is of fundamental importance in
oxidation, catalysis, and corrosion. The adsorption of small
diatomic molecules such as oxygen may be molecular or
dissociative, while dissociation may be activated or nonacti-
vated, may be a direct process, or may occur via a molecular
precursor state. Because of the importance of the Pt-group
metals as oxidation catalysts, considerable effort has been
spent in investigating oxygen dissociation on these surfaces.
Detailed density-functional simulations of the adsorption
process on the �111� surfaces of these metals1,2 demonstrated
that molecular oxygen dissociates via a molecular precursor
state. Two distinct molecular precursors: a paramagnetic
superoxo-like �O2

−� and peroxo-like �O2
2−� nonmagnetic states

have been identified. On Pt�111�, the precursor is relatively
stable, with a barrier for dissociation that is nearly of equal
height as the desorption energy. This facilitates the experi-
mental investigation of the precursors, which has confirmed
the theoretical predictions.3 Similar precursor states have
also been predicted to exist on Pd�111� and Ni�111� surfaces,
but on these metals, dissociation is facilitated by a lower
reaction barrier.2 On noble metal surfaces, O2 dissociation is
an activated process, but very recently Alatalo et al.4 showed
that on Cu�100� surfaces, a “steering” effect �similar to the
one discussed first for H2 dissociation5,6 on Rh, Pd, and Ag
surfaces� may help to find a low-barrier dissociation channel
for low kinetic energies. On more reactive clean surfaces
such as those of Fe, dissociation on the clean surfaces is
known to be a direct nonactivated process. However, less is
known on the dissociation process on surfaces that are at
least partially precovered with adsorbed oxygen atoms.

Experimental investigations7–17 as well as our previous
theoretical work on the adsorption of atomic oxygen on the
�110� and �100� surfaces of Fe �Refs. 18 and 19� revealed
interesting differences in the reactivities of these surfaces. At

high temperature, oxygen adsorption on the �100� surface
leads to the formation of a p�1�1� monolayer �ML�, which
was identified as a two-dimensional FeO�100� oxide film
with a local magnetic moment on the Fe atoms comparable
to the local moment in bulk antiferromagnetic Fe oxides and
larger than the moment on the surface atoms on a clean
Fe�100� surface. The formation of a compact overlayer is
preceded by the formation of p�2�2� and c�2�2� super-
structures at lower oxygen coverages. At low temperatures,
up to a coverage of ��0.8 ML, the sticking probability S of
impinging oxygen molecules remains close to unity, fol-
lowed by a very sharp decrease to almost zero sticking.
These studies indicate that at low temperature, adsorption of
O2 on Fe�100� occurs through a mobile precursor followed
by disordered dissociative adsorption. Initially, O atoms oc-
cupy fourfold hollow sites, but at higher coverages, occupa-
tion of bridge sites has also been reported. At room tempera-
ture, a different behavior was observed: S remains
approximately constant up to ��0.35 ML, followed by a
linear decrease up to ��1 ML.7–10

On the close packed Fe�110� surface, at high temperatures
saturation occurs already at ��0.4 ML, preceded by the
formation of c�2�2� and c�3�1� superstructures. The stick-
ing probability decreases linearly up to saturation, followed
by a minimum and, subsequently, a maximum at higher oxy-
gen exposure. The minimum in S marks the onset of the
formation of an oxide film. The surface of the Fe oxide
formed on Fe�110� is ferromagnetically ordered with an
alignment of the magnetization antiparallel to that of the
substrate.20–23 Originally, this has been interpreted in terms
of an antiparallel coupling of the moments in an FeO�111�
surface and the underlying Fe�110� substrate but, alterna-
tively, the formation of an Fe3O4�111� instead of an
FeO�111� layer has been proposed.21 The mismatch between
the FeO�111� and Fe�110� interfaces prevents the growth of a
thicker FeO layer and induces the growth of a ferrimagnetic
Fe3O4 film on top of the FeO layer.11–17
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Very recently, the growth, structure, and morphology of
ultrathin FeO�111� films on a Fe�110� surface, which were
formed by exposure to atomic or molecular oxygen, were
investigated by Busch et al.24 by using various experimental
techniques. This investigation demonstrated that for an oxi-
dation by atomic instead of molecular oxygen, the gas expo-
sure required for growing an FeO film can be reduced by
almost 2 orders of magnitude because dissociation and stick-
ing do not limit the growth process. Also, only the exposure
to atomic oxygen leads to the formation of a well ordered
FeO�111� film with a low defect concentration. However,
ion-beam triangulation experiments show that the formation
of a well ordered FeO�111� film is hampered by the mis-
match between the rectangular geometry of the Fe�110� sur-
face and the hexagonal geometry of the FeO�111� planes.
These observations agree with our result19 that on Fe�110�,
the adsorption of atomic oxygen remains an unactivated pro-
cess up to full monolayer coverage, while a pronounced de-
crease in the differential heat of adsorption with increasing
oxygen precoverage suggests that the dissociation of molecu-
lar oxygen might become an activated process. At about 0.5
ML of oxygen on the �110� surface, the energy gain by ad-
sorbing an additional O atom is comparable to the energy
�per atom� required to dissociate an O2 molecule.

In view of the evident importance of a deeper understand-
ing of the incipient oxidation of Fe surfaces, it is rather sur-
prising that, to the best of our knowledge, so far no ab initio
investigations of O2 dissociation on O-precovered Fe sur-
faces have been performed. The present investigation aims to
fill this gap. We present the results of density-functional cal-
culations of the potential-energy profile for O2 dissociation
on clean and partially oxygen-precovered surfaces as a func-
tion of increasing coverage and report detailed results for the
chemical bonding and for the variation of the electronic and
magnetic properties of the impinging oxygen molecules
along the reaction path for dissociation.

II. COMPUTATIONAL DETAILS

All calculations have been performed by using density-
functional theory as implemented in the Vienna ab initio
simulation package �VASP�.25 Electronic exchange and corre-
lation effects are treated in a generalized-gradient approxi-
mation �GGA� by using the spin-polarized version of the
Perdew–Wang26 �PW91� functional. It is important to em-
phasize that the GGA is necessary to achieve a correct de-
scription of the structural and magnetic ground state of bulk
iron.27,28 The electron–ionic core interactions are treated in
the projector-augmented-wave29 �PAW� formalism. The PAW
approach is a genuine all-electron approach and avoids the
necessity to include nonlinear corrections to the valence-core
interactions. A plane-wave basis with a 400 eV energy cutoff
was used. In all calculations, we apply the lattice constant of
2.844 Å, which we previously30 determined to give the bulk
properties of bcc Fe in good agreement with experiment. Our
previous studies of the adsorption of atomic oxygen on Fe
surfaces were based on ultrasoft pseudopotential calcula-
tions. The improved accuracy of the PAW approach leads to
adsorption energies larger by about 0.1 eV/atom on Fe�100�

and by 0.2–0.5 eV/atom on Fe�110�. We note that the larger
differences occur only at a coverage for which the O layers
are already unstable relative to the formation of a bulk oxide
�see below for details�.

Both surfaces were modeled by periodically repeated
slabs consisting of five Fe layers separated by a vacuum
layer of �15 Å. A 3�3 surface unit cell allows us to vary
the Fe coverage of the surface in increments of 0.11 ML.
Brillouin zone integrations were performed by using a 3
�3�1 Monkhorst–Pack grid.31 To accelerate k-point con-
vergence, a Methfessel–Paxton32 smearing with a width of
0.2 eV was used. The adsorbates were placed on one side of
the slab only and a dipole correction33,34 was applied to com-
pensate for the electrical field gradient through the slab. The
positions of Fe atoms in the three topmost layers and the
coordinates of all O atoms were optimized until the forces on
all unconstrained atoms converged to less than 0.025 eV /Å.

To determine the potential-energy profile for the dissocia-
tion of an incoming O2 molecule, the nudged elastic band
�NEB� method35,36 was used. For each intermediate state
along a reaction path connecting the initial and final states,
the total energy is minimized in the subspace perpendicular
to the reaction coordinate, while the position along the reac-
tion path is kept fixed. The final state for dissociation is
determined by the results of our previous studies of the ad-
sorption of atomic oxygen on Fe�100� and Fe�110�. On the
�100� surface, the stable adsorption site for oxygen is in the
fourfold hollows �fh�; on the �110� surface, it is the long-
bridge �lb� position as determined by ab initio
calculations,18,19,37 which are in agreement with
experiments.17,38,39 Hence, the final state for O2 dissociation
are two neighboring lb sites connected via a short-bridge �sb�
site on the �110� surface, and two neighboring fh sites con-
nected via a bridge �br� site on the �100� surface. The initial
state was an oxygen molecule with the center of gravity lo-
cated 4 Å above the sb or br sites, respectively, and with the
molecular axis pointing via the final adsorption sites. The
reaction coordinate is the z coordinate of the center of grav-
ity of the O2 molecule, and the onset of dissociation is moni-
tored by the stretching of the intramolecular bond length.
Note that the NEB method does not restrict lateral displace-
ments or a canting on the incoming molecule that might be
induced by interactions with preadsorbed O atoms. The NEB
calculations determine the potential-energy profile along the
bottom of the reaction channel.

The potential energy of an oxygen molecule approaching
the clean or oxygen-precovered iron surface is calculated as
the total energy difference with respect to the total energy of
the slab representing this surface, EX, and the energy of an
O2 molecule in the gas phase, EO2, according to

E =
1

2
�EO2/X − EX − EO2� , �1�

where EO2/X stands for the total energy of the system consist-
ing of the iron substrate �eventually, plus predissociated oxy-
gen atoms� and the approaching O2 molecule �or O atoms,
depending on whether the dissociation has already taken
place�. Hence, the energy difference defined by Eq. �1� mea-
sures the differential heat of adsorption of oxygen atom on a

BŁOŃSKI, KIEJNA, AND HAFNER PHYSICAL REVIEW B 77, 155424 �2008�

155424-2



precovered surface. The oxygen precoverage � is defined as
the ratio of the number of adsorbed atoms to the number of
atoms in an ideal substrate layer.

If, in addition, at a fixed distance from the surface the
variation of the total energy as a function of the O-O distance
is monitored, a two-dimensional cut through the potential-
energy surface �a so-called elbow plot� is constructed.

The calculated bond length of an O2 molecule in the gas
phase is 1.22 Å and the atomization energy is 143 kcal /mol
�note that an increased plane-wave cutoff of 700 eV is
required to achieve perfect convergence for the free
molecule40�. The corresponding experimental values are
1.208 Å �bond length� and 118 kcal /mol �atomization
energy�.41 It is well known that the large error in the atomi-
zation energy of the molecule can be corrected by adopting a
hybrid functional.42 However, it has also been established
that all currently known hybrid functionals perform badly for
metals �and, in particular, for itinerant magnets�.43,44 There-
fore, the only possible choice for the adsorbate/substrate sys-
tem are the conventional GGA functionals such as those
adopted in the present study. We have also checked that for
the adsorbate/substrate complex, it is legitimate to choose a
lower cutoff energy than for the gas-phase molecule without
introducing any significant error in the calculated potential-
energy profiles.

III. RESULTS AND DISCUSSION

A. Dissociation on clean and oxygen-precovered Fe(100)

Figure 1 shows the potential-energy profile, the equilib-
rium bond length, and the magnetic moment of an O2 mol-
ecule approaching the clean or partially precovered Fe�100�
surface as a function of the distance of the center of gravity
of the molecule from the surface plane. The inset in each
panel displays the initial and final positions of the atoms as
well as the positions of the preadsorbed oxygen atoms. The
local magnetic moments on the oxygen atoms have been
calculated by projecting the plane-wave components of all

occupied eigenstates onto spherical waves inside an atomic
sphere �of the radius rO=0.82 Å� surrounding the oxygen
atoms and integrating the resulting local density of states.
Because of the unavoidable overlap of the oxygen spheres
with the tails of the eigenstates centered at the Fe atoms of
the substrate, the magnetic moments calculated for the dis-
sociated and adsorbed O atoms are never exactly zero, but it
is not possible to uniquely separate the physically realistic
magnetization induced by the ferromagnetism of the sub-
strate and the magnetism resulting from the overlap of the
atomic spheres �which is a mere artifact�. Additional infor-
mation on the differential heat of adsorption �and the final-
state geometry�, calculated as a function of coverage, is com-
piled in Table I.

The first column panels in Fig. 1 show that O2 dissocia-
tion on a clean Fe�100� substrate is a nonactivated, strongly
exothermic process. On approaching the Fe surface, the
stretching is only modest up to a distance of about 2.25 Å, at
smaller distances, the O-O distance abruptly increases, which
signals dissociation. The strong elongation of the O-O dis-
tance between z�2 and 1.7 Å is accompanied by a sudden
disappearance of the magnetic moment. Adsorption induces
a buckling of the Fe substrate and an incipient outward re-
laxation of the top layer. For all further details of the final
adsorbed configuration, in particular, concerning the magne-
tism of the substrate, we refer to our earlier work.18,19

The configuration for the second dissociation event �O
precoverage �=0.22 ML� has been chosen such that only
one of the additional final adsorption sites is a nearest neigh-
bor to an already preoccupied hollow. This is the largest
distance compatible with our 3�3 surface cell. Although
dissociation is still nonactivated and the differential adsorp-
tion energy shows only a modest decrease �see Table I�, sig-
nificant changes are observed in the reaction scenario: �i� the
breaking of the O-O bond occurs only at a much smaller
distance �z�1.4 Å�. �ii� The loss of the magnetic moment is
observed already at a very modest stretching of the intramo-
lecular bond. �iii� These observations indicate that the mod-
est inflection in the potential energy profile at z�2 Å �not a

FIG. 1. �Color online�
Potential-energy profile and the
variation of the calculated O-O
bond length, dO-O, and the aver-
aged magnetic moment �per O
atom�, M, with the oxygen dis-
tance to the Fe�100� surface, zO-Fe.
Insets display initial, molecular
�filled circles�, and final atomic
configurations �open circles�.
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real local minimum� is significant—it indicates the existence
of a very short-lived molecular precursor in a nonmagnetic
peroxo �O2

2−� state.
A similar scenario applies to O2 dissociation at a precov-

erage of �=0.44 ML. In this case, we have explored two
different configurations, as shown in the inset of Fig. 1. In
configuration A, the atoms of the dissociating molecule have
each only one O atom in a nearest-neighbor position, while
in configuration B, one atom has two O nearest neighbors.
Again, we find indications for the existence of a precursor
state. The energies of this state are −0.814 and
−0.852 eV/atom �−0.672 eV /atom� at heights of 1.999 and
1.998 Å �2.036 Å� above surfaces precovered with 0.22 and
0.44 ML of oxygen, respectively �numbers in parentheses
refer to configuration B at 0.44 ML�. In this precursor state,
the molecule axis is tilted with respect to the surface plane,
but the difference in the heights of the O atoms forming the
molecule, �z, does not exceed 0.2 Å. The O-O bond length
is stretched to 1.45 and 1.434 Å �1.416 Å�, and the magnetic
moment decreases to a very low value of �0.1�B. The bond
length calculated for this precursor state is almost the same
as found by Eichler et al. for a peroxo-like precursor on
Pt�111�.2 Due to repulsive interactions between the adsorbed
oxygen atoms, the final configuration A is lower in energy by
0.255 eV/atom.

To investigate the possible existence of a precursor
mechanism more closely, we have calculated the potential
energy of the impinging molecule as a function of the O-O
bond length along the entire reaction channel, which pro-
duces the elbow plot shown in Fig. 2 for the clean and 0.22
ML precovered Fe�100� surfaces. The result for the clean
surface is characteristic of direct and barrierless dissociation:
the O2 molecule enters the dissociation channel at a height of
4 Å and with a bond length of 1.22 Å, and its energy de-
creases monotonously, leading to a minimum at a distance of

0.61 Å from the surface. On the precovered surface, we find
a broad plateau of the potential energy at the bottom of the
reaction channel extending from z�1.7 to 1.35 Å.

Figure 3 shows the difference-electron densities calcu-
lated for the precursor state at two different rates of precov-
erage. The picture demonstrates the electron transfer to anti-
bonding 2�� states of the oxygen molecule, which is
accompanied by an only very modest accumulation of elec-
trons in bonding states between adsorbate and substrate. The
formation of strong adsorbate-substrate bonds occurs only
after the molecule approaches the surface more closely. Our
result is in agreement with the observation7 that at low tem-
perature, the adsorption of O2 on the Fe�100� surface occurs
through a mobile precursor.

The reaction scenario changes at a precoverage of 0.67
ML. A prerequisite for the dissociative adsorption of a fourth
O2 molecule is that two vacant hollow sites in nearest-
neighbor positions are available. Only the energetically less
favorable final-state configuration B of the preceding adsorp-
tion event satisfies this condition; in configuration A, the
remaining vacant sites are only next-nearest neighbors. The
potential-energy profile shows that dissociation remains a
nonactivated process, but the differential heat of adsorption
decreases to 2.64 eV/atom, and the profile shows no indica-
tion of a precursor state. Bond stretching and demagnetiza-
tion of the impinging molecule are more continuous pro-
cesses than in the earlier dissociation steps.

An analysis of the variation of the final-state configura-
tions with increasing oxygen coverage shows two main
trends: �i� the adsorbed oxygen atoms sink deeper into the
hollows and the buckling of the O layer is very modest. �ii�
The adsorbate-induced outward relaxation of the top Fe layer
increases with coverage and the Fe layer also shows a quite
pronounced buckling. Magnetic moments on the substrate
atoms increase with increasing coverage, which reach at full

TABLE I. The differential adsorption energy E, buckling of the Fe layers, bi
Fe, and of the O adlayer, bO,

relaxed interlayer distances in the substrate, dij, and distance between the oxygen adlayer and the uppermost
Fe layer, zO–Fe, calculated for different O coverages, �. For labeling of different phases at the 0.67 ML
coverage, see insets in Figs. 1 and 3. Note that in Figs. 1 and 3, the O precoverage is given, whereas here �
refers to the final coverage.

Surface
�

�ML�
E

�eV/atom�
b1

Fe

�Å�
b2

Fe

�Å�
b3

Fe

�Å�
d12

�Å�
d23

�Å�
bO

�Å�
zO–Fe

�Å�

�100� 0.00 1.36 1.45

0.22 −3.466 0.08 0.13 0.03 1.42 1.46 0.61

0.44 −3.320 0.12 0.11 0.01 1.48 1.44 0.02 0.56

0.67A −3.277 0.02 0.07 1.54 1.44 0.50

0.67B −3.022 0.13 0.10 0.01 1.53 1.44 0.06 0.51

0.89 −2.635 0.19 0.07 0.01 1.60 1.43 0.02 0.46

�110� 0.00 1.99 2.01

0.22 −3.443 0.09 0.03 0.01 2.00 2.01 1.07

0.44 −2.957 0.25 0.08 0.02 2.01 2.01 0.12 1.11

0.67A −2.045 0.25 0.06 0.02 2.03 2.01 0.18 1.12

0.67B −1.728 0.37 0.12 0.03 2.05 2.01 0.25 1.14

0.89 −1.396 0.34 0.13 0.06 2.07 2.02 0.31 1.07
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monolayer coverage values comparable to the local magnetic
moments in the antiferromagnetic Fe oxides. However, the
surfaces remain ferromagnetic—we refer to our earlier work
for a more detailed discussion.18,19

To complete the analysis, we report in Fig. 4 the surface
energies as a function of the oxygen chemical potential, as
calculated in the grand canonical ensemble.18,45,46 In agree-
ment with our previous results, we find that the O-covered
surfaces are stable with respect to a bulk Fe oxide �the rel-
evant reference is FeO or wustite� up to the highest coverage.
However, we also find that the different energies of configu-
rations A and B at �=0.67 have a significant influence on
the dissociation process. The low-energy configuration A is
the stable surface phase over a wide range of chemical po-
tentials, almost up to the limit set by the energy of the bulk
oxide. Hence, although dissociation at this coverage is still a
nonactivated process, provided that nearest-neighbor surface
vacancies exist, the repulsive interactions between adsor-
bates prevent the formation of such a distribution of adsor-
bates, which limits the saturation coverage to ��0.67 ML.

B. Dissociation on clean and oxygen-precovered Fe(110)

The potential-energy profiles for O2 dissociation on the
close packed clean and precovered �110� surfaces are shown

in Fig. 5. The information on the geometries and energetics
of the final configurations is compiled in Table I. On the
clean surface, O2 dissociation is a nonactivated, strongly
exothermic process. At a low coverage of 0.22 ML, the ad-
sorption energies on the �100� and �110� surfaces are almost
exactly the same. The equilibrium adsorption sites are the

FIG. 2. �Color online� Contour graph for the potential energy of O2 molecule approaching a clean �left panel� and an O-precovered
��=0.22 ML� Fe�100� surface �right panel� as a function of the O-O bond length and the height of the oxygen above the surface. The
contour interval is 0.2 eV. The insets display the geometry of the adsorbate/substrate complex at the potential-energy plateau for the
impinging molecule at �1.5 Å to the surface.

FIG. 3. �Color online� Surfaces of constant electron-density dif-
ference �0.007 e /Å3� for the “precursor” state for O2 dissociation
on an Fe�100� surface precovered with 0.22 and 0.44 ML of O.
Only the accumulation of electron charge is displayed.
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FIG. 4. �Color online� Surface energy of the oxygen-covered Fe
�100� and �110� surfaces as a function of the oxygen chemical po-
tential. The vertical lines mark the upper limit to the chemical po-
tential beyond which the formation of a bulk iron oxide �FeO or
wustite� is energetically favored.

DISSOCIATIVE ADSORPTION OF O2 MOLECULES ON… PHYSICAL REVIEW B 77, 155424 �2008�

155424-5



pseudo-threefold hollows �pth�. This is in contrast to our
previous results based on calculations with a 2�2 surface
cell where we found adsorption in lb sites. The different
predictions for the equilibrium sites result from the varying
impact of repulsive lateral interactions between the adsorbed
atoms. In the large 3�3 cell used in the present study, steric
repulsions drive the two adsorbed atoms from the neighbor-
ing lb to the pth sites, which admit a slightly larger O-O
distance. In a 2�2 cell, an isolated O atom is adsorbed in a
lb site, and this remains the stable adsorption site also at
higher coverage. The occupation of two sites leads to a cov-
erage of 0.5 ML, and the steric interactions between atoms in
the periodically repeated cells balance the repulsions be-
tween the atoms in the same cell—equilibrium is achieved
for atoms in lb sites.

The adsorption of molecular oxygen on a surface precov-
ered with 0.22 ML oxygen follows the same scenario as O2
dissociation on the precovered Fe�100�. The potential-energy
profile shows a slight inflection at the energy of
−0.692 eV/atom and at a distance from the surface of 2.02 Å
�in a tilted position, �z=0.3 Å�, with an O–O bond length
stretched to 1.419 Å. In this state, the molecule has lost its
magnetic moment �the projection on the atomic spheres
yields 0.03�B�. Hence, prior to dissociation, the molecule
goes through a nonmagnetic peroxo-like state, although this
is not a true precursor state in the absence of a real potential-
energy minimum. However, in contrast to the more open
Fe�100� surface, O precoverage of the Fe�110� surface leads
to a pronounced decrease of the differential heat of adsorp-
tion, which drops by almost 0.5 eV/atom. It is worth noting
here that repulsive interactions between the adsorbed O at-
oms induce a rearrangement in the already adsorbed O ad-
layer, as schematically depicted in the inset in Fig. 5: one of
the oxygen atom adsorbed in a pth site at �=0.22 ML moves
to a lb position after the second dissociation event. The lat-
eral displacement is also accompanied by a modest change in
the magnetic moment: the magnetic moment of the O atom
in the lb site is 0.06�B, while the moment of the oxygen
atoms adsorbed in pth sites is almost zero �0.02�B /O atom�.

At higher oxygen precoverages ��=0.44 ML�, we have
explored two configurations differing in the final locations of
the adsorbed O atoms �see the insets in Fig. 5�. In configu-
ration A, adsorption takes place in two nonequivalent sites:
one with two, the other with only one nearest-neighbor O
atom. In this case, adsorption is an activated process, with a
barrier of about 0.5 eV/atom. In configuration B, both final
adsorption sites have only one O neighbor, and the potential-
energy profile shows a monotonous decrease along the entire
reaction channel. Thus, at a precoverage of 0.44 ML, the
activated and barrierless dissociation channels coexist. The
nonactivated reaction also leads to a significantly higher dif-
ferential adsorption energy. The difference is 0.32 eV/atom
and implies that at this precoverage, a steering effect may
play a role in the dissociation process.

The transition state identified for configuration A is lo-
cated at a distance of 2.5 Å from the surface, where the O–O
bond length is about 1.3 Å and the molecule retains a mag-
netic moment of 1�B with an orientation antiparallel to the
magnetic moment of the substrate atoms. This means that at
the transition state, the oxygen molecule assumes a
superoxo-like �O2

1−� state and couples antiferromagnetically
to the substrate.

Figure 6 shows the difference-electron densities calcu-
lated for the precursorlike state at �=0.22 ML and for the
transition state at �=0.44 ML. These graphs visualize the
transfer of electrons into the antibonding 2�� state of the
dissociating molecule, but—unlike on the Fe�100� surface—
also the incipient accumulation of a bond charge representing
the adsorbate-substrate bond. The lower part of the figure
shows the magnetization density associated with the remain-
ing magnetic moment of the superoxo transition state, which
demonstrates the rather localized character of the magnetic
moment.

On a surface covered with 0.67 ML of oxygen, further
dissociative adsorption of molecular oxygen is possible only
starting from the energetically less favorable configuration B
because only in this configuration do two vacant nearest-
neighbor sites exist. The potential-energy profile shows only

FIG. 5. �Color online�
Potential-energy profile and varia-
tion of the O-O bond length, dO-O,
and of the average magnetic mo-
ment of the impinging molecule
�per O atom�, M, with the distance
of the center of gravity of the mol-
ecule from the surface, zO-Fe. In-
sets display the initial molecular
�filled circles� and final atomic
configurations �open circles�. Note
that repulsive interactions may in-
duce displacements of pread-
sorbed oxygen atoms: the atoms
depicted by a dashed circle move
first during O2-O /Fe�110� adsorp-
tion to the long-bridge position
and then relax back into the
pseudo-threefold hollow site.
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a minimal reaction barrier of �0.1 eV/atom. The intramo-
lecular O–O bond is broken when the molecule approaches
the surface at �1.8 Å, but the molecule loses its magnetic
moment already at a distance of �2.5 Å. The differential
heat of adsorption is further reduced to −1.4 eV/atom. In
addition, the variation of the surface energy with the chemi-
cal potential of oxygen above the surface shows that already
at ��0.45 ML, the O-covered Fe�110� surface becomes un-
stable against the formation of a bulk oxide layer �see Fig.
4�. This is in agreement with our previous results18 for
smaller surface cells.

Hence, the strong decrease in the differential heat of ad-
sorption and in the surface energy with increasing O cover-
age as well as the appearance of a dissociation barrier indi-
cate that on the close packed Fe�110� surface, saturation is
already reached at a coverage of about 0.4 ML. In a strongly
oxidizing atmosphere, oxygen atoms will diffuse into the
bulk, which contributes to the formation of a bulk oxide. Our
findings are supported by experiments by Vescovo et al.,20

according to which a p�1�1� oxygen overlayer �correspond-
ing to a fully covered surface� is not formed even at 300 K,
and by ultraviolet photoemission spectroscopy measurements
by Pirug et al.,47 which suggest that oxygen penetrates into
the bulk already at ��0.4 ML.

Table I summarizes the results for the differential adsorp-
tion energies and the structural characteristics for the final
configurations. The differential heat of adsorption decreases
very strongly with increasing precoverage. At 0.67 ML of
oxygen, it reaches only about 40% of the value calculated for
a clean surface. The adsorption geometry also significantly
differs from that on the Fe�100� surface: the distance of the
O overlayer from the surface is about twice as large and
adsorption in pseudo-threefold hollows coexists with adsorp-
tion in long-bridge sites, depending on the local adsorbate
distributions. The coexistence of different adsorption sites is
also reflected in a rather substantial buckling of the O over-
layer, which reaches 0.3 Å at the highest coverage. O atoms
adsorbed in the lb positions sink deeper into the surface than
those adsorbed in pth sites.

IV. SUMMARY AND CONCLUSION

We have presented detailed density-functional theory
studies of the dissociative adsorption of molecular oxygen on
clean and O-precovered Fe �100� and �110� surfaces. To-
gether with our earlier investigations of the adsorption of
atomic oxygen,18,19 the additional results provide a rather
complete picture of the incipient oxidation of iron surfaces.
The adsorption of atomic oxygen is a direct and barrierless
process on both clean surfaces. A partial precoverage with
oxygen only leads to a linear decrease of the differential heat
of adsorption on �110�, while on �100�, adsorption is almost
unaffected by preadsorbed oxygen. In contrast, the scenarios
for the dissociative adsorption of molecular oxygen are dis-
tinctly different.

On Fe�100�, a nonactivated reaction channel may be
found even on a surface nearly completely covered with oxy-
gen. However, as dissociation requires at least two vacant
sites in neighboring hollows, the probability that an imping-
ing molecule enters such a barrierless channel, which leads
to dissociation, decreases with increasing oxygen coverage.
This observation explains that at low temperatures, the stick-
ing probability remains close to unity up to ��0.8 ML,
while at room temperature, it begins to decrease already for
��0.35 ML: it is well known that steering effects guiding
the molecule toward the most favorable reaction channels are
more efficient at low temperatures and low kinetic energies.
For low and intermediate O precoverages ��=0.22 and 0.44
ML�, our calculated potential-energy profiles display a pla-
teau �or even a very shallow minimum� at a distance of about
1.5 Å above the surface. The O–O bond length and the mag-
netic moment of the O2 molecule correspond to a peroxo-like
�O2

2−� precursor state. The existence of a highly mobile pre-
cursor had been postulated on the basis of the coverage de-
pendence of the sticking probability measured at low tem-
peratures.

On the Fe�110� surface, we find activated and nonacti-
vated channels for O2 dissociation already at �=0.44 ML,
which depend on the distribution of the preadsorbed O at-
oms. The transition state corresponds to a magnetic
superoxo-like �O2

1−� configuration. It is important to empha-
size that the activated reaction channel leads to an energeti-
cally more favorable distribution of the O atoms, but one that
hinders further dissociative adsorption. These results agree
with the observation that upon exposure to molecular oxy-
gen, saturation occurs already at ��0.4, while the adsorp-
tion of atomic oxygen leads to the formation of ordered ox-
ide films, which is in agreement with our earlier results. That
the formation of an oxide films is favored over the formation
of a denser O overlayer also agrees with our results on the
variation of the surface energies with the chemical potential
of oxygen in the reactive atmosphere.
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FIG. 6. �Color online� Surface of constant electron density dif-
ference �0.007 e /Å3� �a� for the precursorlike state for O2 dissocia-
tion on an Fe�110� surface precovered with 0.22 ML and �b� for the
transition state for dissociation at �=0.44 ML �configuration A�.
Only the accumulation of electron charge is displayed. �c� Magne-
tization density of spin-down electrons corresponding to
−0.07 e /Å3 at the transition state.
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