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Abstract. The dynamics of charge transfer processes of oxygen on metal sur-
faces is reviewed. Two theoretical frameworks, the adiabatic and the nonadiabatic,
are compared with experiment. The O

2
/Al system is chosen as a representative

example. In the adiabatic approach there is no barrier to dissociation. This fact
contradicts experimental observations of an increase of the dissociation probability
with incident energy. In this study a nonadiabatic framework is formulated where
the encounter takes place simultaneously on four electronic surfaces, each represent-
ing a different charged oxygen species. The dynamics, starting from an oxygen
molecule in the gas phase, is followed by solving the multichannel time dependent
Schrödinger equation. The transition from the diabatic to the adiabatic limit is
explored by varying the nonadiabatic coupling terms. By so doing the dissociation
probability dependence on incident energy changes from a strong monotonic in-
crease in the diabatic case, to a flat dependence in the adiabatic case. The influence
of electronic quenching is also studied, based on a numerical solution of the
Liouville von Neumann equation. The dynamics subject to quenching shows a
stronger initial dependence on incident kinetic energy leading to saturation. The
general trend is quite similar to the dynamics without quenching.

1. INTRODUCTION
Formation of a metal oxide layer on a clean metal sur-
face and oxygen molecules is a complex multi-step
process that differs from metal to metal.1,2 The first step,
common to most metals, is the dissociative adsorption
of the oxygen molecule. At a large distance from the
surface the oxygen is attracted to the metal by weak
dispersion forces. For a perfect metal, the attraction is
just a property of the polarizability of the oxygen mol-
ecule. Upon closer approach, a metal electron can attach
itself to the approaching oxygen molecule, creating a
superoxide, O2

–, adduct. The electron jump causes an
increased attraction due to the coloumbic force between
the negative charge on the oxygen and its image in the
metal. This charge transfer encounter is the universal
first step in the oxidation of metals. In the gas phase,
such an event is known as harpooning.3,4

Additional charge transfer from the metal to the ad-

sorbate leads to another oxygen–metal adduct termed
peroxide, O2

2
–. Eventually, the molecule cannot sustain

the extra charge and dissociates. The process is known
as dissociative electron attachment (DEA). At this point
the molecular surface encounter will branch out into a
variety of stable dissociation products. They include
adsorbed oxygen atoms, gas phase oxygen atoms, or
oxygen negative ions, O–. A flowchart of the possible
dissociation pathways for the oxygen encounters on an
aluminum surface is shown in Fig. 1. Energy balance
determines which of the asymptotic product channels
are open. The metal work functions, together with the
electron affinity of the products and the binding energy
of the products, determine the relative energetics of
each possible reaction channel. For low work-function
metals such as thin Cs films on ruthenium, all the above
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channels are open at thermal collision energies. For
higher work-function metals such as silver, an elevated
incident kinetic energy of the oxygen molecule is re-
quired to open the ionic channels.5

Oxidation of metals has been a subject of extensive
experimental effort.6–22 Dynamical studies start from
oxygen in the gas phase, which enables control of the
impinging energy by utilizing a molecular beam. For
low incident energies the dissociation probability of
oxygen on all metals is low. In some cases, such as
oxygen on silver,9,10,12 the dissociation probability as a
function of incident energy decreases to a minimum,
followed by an increase till finally reaching saturation.
Similar behavior was found for the O/Pt system.23

A different scenario is observed for the oxygen/alumi-
num system, which shows a much higher dissociation
probability and a monotonic increase in dissociation
probability with incident energy reaching saturation.21

In all cases the saturation probability is smaller than
one.

Spectroscopic methods have uncovered the molecu-
lar ion intermediates in cases where the ionic adducts
have been stabilized.24–44 Post-analysis of the dissocia-
tion reaction requires a method for identifying the prod-
ucts. Gas phase products such as O– 45 or atomic oxy-
gen47,46 have been identified. Scanning Tunneling
Microscopy (STM) has been employed to identify
adsorbed oxygen atoms. In the O2/Al system the distri-
bution of separation distances between adsorbed oxygen
atoms was measured. No pairwise correlation between
the single oxygen atom features has been observed. A
statistical analysis of this finding leads to the conclusion
that the average separation must be larger than 80 Å.13,48 At
higher energies two kinds of events were reported; (i) the
formation of paired oxygen atoms separated by a small
distance, and (ii) single oxygen atoms for which no
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Fig. 1. Flowchart of the possible events leading to the dissociation of oxygen on aluminum. The asymptotic stable species are
designated as rectangles. The products are in green, the reactants in brown. The red arrows represent charge-transfer events, the
blue represent back charge-transfer events. The dashed and broken arrows represent secondary, less probable, reaction routes.
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pairwise correlation could be established. The actual
appearance of a pair separated by a large distance has
never been observed experimentally. The low-energy
oxygen beams also showed a larger fraction of oxygen
atoms ejected back to the gas phase.47,46,49

Rationalizing the vast experimental observations re-
quires a theoretical framework for describing the charge
transfer events. The accepted theory for harpooning
reactions in the gas phase is the multi-state surface
hopping originated by Landau, Zener, and Stükenberg
(LZS).50,51 In the present context the approaching oxy-
gen molecule enters on the neutral potential energy
surface (PES). At a certain distance from the metal, the
ionic PES will cross the neutral PES. Will the oxygen
molecule follow an adiabatic route to dissociation? Is a
multi-state description necessary? These questions ad-
dress the main line of conflict between the theoretical
approaches used to simulate the oxygen dissociation
process. Two major arguments are used by the advo-
cates of the adiabatic approach:

• At thermal energies the molecule approaching from
the gas phase is slow. The nonadiabatic parameter
that couples the neutral and ionic potentials is suffi-
cient to restrict the motion to the ground electronic
surface.

• If the neutral molecule survives the crossing point
upon closer approach to the surface, electronic
quenching will transfer the molecule vertically to
the ground ionic electronic surface. Thus the dy-
namics on the electronic excited state is suppressed.

From a modeling point of view, the adiabatic approach
has many computational advantages. The dynamics can
be followed using classical trajectory methods. In addi-
tion, density functional theory (DFT) can be employed
to calculate the ground state potential energy surface.
The electronic model in DFT is well adapted to describe
adsorbates on metals.52 For many oxygen/metal systems
the ground state potential has no barrier to dissociation.
The long-range attraction that scales as z–3 is replaced by
z–1 when the coulomb forces take over. To obtain a
complete ground state PES, extensive high-quality DFT
calculations for the oxygen/aluminum system have been
performed.53–57 These PESs have been calculated for
different orientations of the oxygen molecule with re-
spect to the metal surface. No activation barrier could be
identified in any of the orientations studied. Dynamics
on such a PES will lead to a high dissociation probabil-
ity almost independent of the incident kinetic energy.
These theoretical inferences are in conflict with the
experimental observations. The dissociation probability
dependence on the incident kinetic energy for the
oxygen/aluminum systems is an S-shaped function,

suggesting an apparent activation barrier of ~ 0.3eV.21

At low incident energy the dissociation probability ap-
proaches zero, meaning that most molecules are re-
flected back intact from the surface.

The present work advocates a nonadiabatic approach
as a theoretical framework for rationalizing the oxygen/
metal dissociation mechanism.58–63 A meaningful theory
should be able to explain the following observations:

• The low dissociation probability at low energies.
• The increase in dissociation probability with the

increase in incident energy.
• The saturation of the dissociation probability at a

value of less than one at higher energies.
• The variation of the adsorbate–adsorbate distance

distribution as observed for the range of incident
energies explored.

• The dependence of the dissociation probability and
product distribution on internal energy of the react-
ing molecule.

The basic idea of the nonadiabatic approach is that
the dynamical encounter takes place on more than a
single PES and these states are connected via nonadia-
batic coupling terms. The question to be addressed is
why the encounter does not follow the lowest adiabatic
route? The answer is rationalized by a combination of
several factors. The most important of these is that the
configuration space in which the process takes place is
multidimensional. In order for the oxygen molecule to
accept an extra charge, the O–O bond has to be
stretched. At low incident energy when the approach is
slow, the inertia of the high-frequency oxygen vibra-
tional frequency keeps the bond distance fixed. Only at
closer approach does the crossing seam have a favorable
orientation. Even in a one-dimensional description, ac-
celeration by surface molecular interactions is sufficient
to make the transition at the crossing point nonadiabatic.
This acceleration also means that the typical timescale
of the encounter is of the order of 10–20 fs, and thus
competes with the typical quenching timescale.

At present, a major drawback of the nonadiabatic
theoretical approach is that electronic structure methods
are not able to reliably calculate the excited electronic
states and the coupling between them for the oxygen/
metal systems. A promising approach is the embedded
cluster method pioneered by Nakatsuji for the oxygen/
silver system.64–66 The idea is to divide the calculation
into a primary cluster, describing the neighborhood of
the adsorbate, and the metal continuum. Then a high-
quality CI method is employed for calculating the
ground and excited states of the adsorbate cluster
system. Different approaches of embedding have been
proposed. The most recent is an embedding in a DFT
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description of the metal.67 Although the above methods
show a promising direction, their ability to describe
charge transfer events is still limited. As a result, the
nonadiabatic approach is forced to employ semiempir-
ical description of the PESs.

The nonadiabatic approach contains as a limiting
case the adiabatic description. For a specific value of the
nonadiabatic coupling potentials, the experimental S-
shaped dissociation probability function could be recon-
structed for the oxygen/aluminum system.68 The adia-
batic ground state obtained from the diabatic potentials
and the chosen coupling term matched the results of the
DFT calculation. As expected, this PES has no barrier to
dissociation. The transition from the diabatic to adia-
batic frameworks can be studied by systematically in-
creasing the nonadiabatic coupling potential until the
two approaches converge. This transition is demonstrated
in the present paper for the oxygen/aluminum system.
The calculation scheme follows the previous study.68

Another criticism of the nonadiabatic approach is its
neglect of the continuum of electron excitations in the
metal. The source of the phenomena is the polarization
of the electronic continuum by the transition dipole
coupling the ground and excited electronic states of the
oxygen molecule. The spectrum of the electronic con-
tinuum begins at zero energy and therefore can dissipate
the balance of energy between the neutral and ionic
states of the impinging oxygen molecule. It can be
argued that the existence of this continuum forces the
encounter to follow the adiabatic ground electronic
PES. To include this process in the model, the wave
function description has to be extended to incorporate
non-Hermitian quenching dynamics. Partitioning the
system to a primary part treated explicitly and a bath
describing the metal excitations treated implicitly is a
possible scheme to address the issue. Such an approach
requires a quantum description where the state of the
primary system is represented by a density operator. The
equations of motion become the equations of an open
quantum system. The quenching phenomena is included
implicitly in these equations. Based on this formalism, a
two-dimensional open system model of the oxygen/
aluminum system is studied with the purpose of assess-
ing the influence of quenching on the nonadiabatic dy-
namics.69 The Liouville von Neumann equation for the
density operator is solved numerically, with a Lindblad-
type operator70 used to describe the quenching.

2. DESCRIPTION OF THE NONADIABATIC MODEL

2.1 Potential Energy Surfaces
The basic idea is to assign a PES for each distinct

chemical species. These species are obtained by follow-

ing the encounters leading to dissociation (cf. Fig. 1)
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2
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gas
 → (O

2
)
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 → O1

2
–  → O

2
2– → 2O– (1)

Hence, at least four potential energy surfaces are re-
quired to describe these species: O2 physisorption, O2

–

(superoxide), O2–
2  (peroxide), and 2O– (dissociated oxy-

gen) cf. Fig. 2. These potential energy surfaces were
developed by incorporating the gas-phase experimental
energies of O2, O, O–, and O2

– to describe the asymptotic
energies at large particle–surface distances. A brief de-
scription of each PES is given below. For a detailed
description and discussion, cf. ref 68.

2.1.1 Physisorption potential
A gas-phase oxygen molecule correlates to a

physisorbed O 2 near the metal surface bounded by dis-
persion forces. To a first approximation, these forces are
universal and are the result of the attraction between the
polarizable molecule and its image charge distribution
in the metal. At short molecule–surface distances, the
overlap between the electronic wave functions gives rise
to repulsive forces. The physical picture of the physi-
sorbed state is of an oxygen molecule whose internal
degrees of freedom are only slightly perturbed, i.e., an
almost freely rotating and vibrating molecule. This state
is characterized by a very low molecule–surface vibra-
tional frequency.

2.1.2 Charged intermediates
Two candidates have been suggested as charged in-

termediate molecular species on various metal surfaces.
The first is the superoxide, O2

–; the second is the perox-
ide, O2

2–. The charges 1– and 2– should not be taken
literally. These charges have a precise meaning only
asymptotically. Gas-phase O2

– is stable, but O2
2– will

dissociate immediately due to the strong coulomb repul-
sion (DEA). The actual charge when oxygen is adsorbed
on the metal is quite difficult to assign. A value of 0.8
for superoxide and 1.4 for peroxide has been assigned
by Nakatsuji66 for oxygen on silver at the equilibrium
O2–substrate separation. These intermediate states are
expected to have a much stronger binding to the metal
than the physisorption state, resulting in an increase in
the oxygen–metal vibrational frequency. Due to the par-
tial charge transfer from the metal to the molecule, the
O–O separation in the charged intermediate is stretched
and the molecular bond is weakened and stretched. As a
result the frequency of the  O–O vibration is reduced
compared to its value in the gas phase. The typical O–O
vibrational frequency of the superoxide species is in the
range of 950–1100 cm–1. For the peroxide it is reduced
to 600–700 cm–1.44 The potentials of the charged interme-
diates are expected to exhibit a strong dependence on the
orientation of the molecule relative to the surface normal.
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2.1.3 The dissociative potential
The binding between the atomic oxygen ion and the

metal is described by a combination of a covalent contri-
bution together with an ionic part, corresponding to the
coulomb interaction between the ion and its image
charge. The interaction between the two oxygen ions is
assumed to be given by the direct coulomb repulsion
together with the coulomb attraction to the image charge
of the other ion. The coulomb attraction energy of a
doubly negatively charged oxygen ion adsorbed on a
metal surface is not sufficient to stabilize the negative
ion O2–. Stabilization of O2– requires a metal oxide layer,
which is formed only after complete surface reconstruc-
tion.

2.1.4 Additional species
Molecular oxygen has low-lying excited electronic

states such as the 1∆g and 1Σg
+. These states have been

used as a source for encounters with higher oxygen
energy. Other relevant states are the atomic oxygen
singlet and triplet states. These additional possibilities

mean that the four-state model considered is a simpli-
fied approximation.

2.1.5 The nonadiabatic coupling potential
The largest uncertainty in the potentials lies in the

nonadiabatic coupling terms. The coupling is expected
to decay as a function of the electron density when the
particle–surface distance increases. The value of the
coupling at the position of the crossing seam is a crucial
parameter determining the extent of the nonadiabatic
transfer. Most of the calculations are carried out in the
weak coupling regime where the transfer probability
scales as the square of the coupling term. This means
that provided the general trends are satisfactory, the
absolute dissociation probability can be fit by varying
only one parameter.68

2.2 The Oxygen/Aluminum System as an Example
The nonadiabatic approach is demonstrated in the

present study by the oxygen/aluminum system. The actual
potentials used are defined and tabulated in ref 68. The
nonadiabatic dynamics of the molecular dissociation is
followed by solving the multichannel time-dependent
Schrödinger equation

(2)

where the Hamiltonian is described as

(3)

and the single channel Hamiltonian of state i is

(4)

The coordinates describing the encounter of an oxygen
molecule with an aluminum surface consist of six de-
grees of freedom of the oxygen atoms, with an additional
three degrees of freedom for each Al atom included in
the description. Quantum computational effort scales
exponentially with the number of degrees of freedom.
Therefore, a simulation of the encounter with its full
dimensionality is not realistic. As a consequence, a re-
duced dimensionality approach has been adopted where
only the most significant coordinates are explicitly in-
cluded. Far from the surface, the oxygen/metal potential
is flat. This is the motivation to eliminate the x, y transla-
tional degrees of freedom as well as the dependence on
the azimuthal angle φ. These considerations lead to the
adaptation of cylindrical coordinates where the number

Fig. 2. A typical set of four diabatic potentials for oxygen/
metal systems. The increased molecular bond length of the
charged intermediates should be noticed. The crossing seams
between the different diabatic PESs are also evident.
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of effective degrees of freedom is reduced to four. The
coordinates chosen are: r the intramolecular coordinate,
θ the polar angle, φ the azimuthal angle, and z the
separation of the molecular center of mass from the
substrate. For a flat surface the angular momentum of
the azimuthal angle φ, which describes the helicopter
motion, is conserved. The influence of exciting the azi-
muthal angle on the other degrees of freedom can there-
fore be treated implicitly by the centrifugal potential.

The kinetic energy operator T̂i in these coordinates
becomes

where ρ = 12 r cos θ. Replacing the internal coordinate θ
with the variable c = cos θ avoids the singularity in θ.
Here m is a conserved quantum number characterizing
the helicopter angular momentum associated with the
φ coordinate. The chosen cylindrical coordinates pro-
vide a working grid suitable for employing the Fourier
method.71

In this nonadiabatic representation the wave function
has a form that includes all channels explicitly:

(5)

The initial wave packet for the calculation represents
a free impinging oxygen molecule in the gas phase. It is
therefore located on the physisorption potential. It is
composed of a product of a Gaussian wave function in
the translational z coordinate, a vibrational eigenstate in
the r direction, and a rotational wave packet in θ.

(6)

where χυ(r) is the vibrational eigenstate of molecular
oxygen and φ(c) is the cartwheel wave function. For
zero total angular momentum, φ(c) = 1/   2π and m = 0.

The initial wave function, eq 6, is propagated on a
grid for a time sufficient to be able to identify the
product channels. The grid parameters are set to accom-
modate the energy involved in the process and contain
the volume where the nonadiabatic encounters take
place.72,73 The propagation was accomplished by using
the Chebychev scheme.72 Analysis of the process was
carried out by integrating the flux passing into each of
the possible asymptotic channels.60

3. THE TRANSITION FROM THE DIABATIC TO
THE ADIABATIC LIMIT

Simulations of the experiments were carried out by
constructing an ensemble of initial wave functions rep-
resenting the distribution of excitations of internal de-
grees of freedom and the incident kinetic energy. By
averaging a weighted sum of these initial conditions, a
particular molecular beam experiment could be recon-
structed. In addition to the total dissociation probability
the calculations could be followed to completion, yield-
ing the branching ratios between the different product
states. These quantum simulations were able to recon-
struct the following main experimental observations:49,68

• The variation of the dissociation probability as a
function of incident kinetic energy.

• The branching ratios between abstraction and dis-
sociation channels.

• The post-dissociation adsorbed atomic oxygen dis-
tribution on the surface.

• The influence of incident kinetic, rotational, and
vibrational energy on the branching ratio between
the different products.

The apparent activation energy in the dissociation is
the main issue to be addressed in the present study. The
nonadiabatic simulations reconstruct this phenomena
(cf. Fig. 3). Since the adiabatic description is a limiting
case of the multi-state diabatic approach when the non-
adiabatic coupling is large (cf. Section 1), a smooth
change from an apparent activated behavior to an acti-
vation-less one should take place. To study the transi-
tion, a series of calculations of the dissociation probabil-
ity as a function of incident kinetic energy were
performed, where the magnitude of nonadiabatic cou-
pling potential was scaled upward. As can be observed
in Fig. 3 a gradual transition from an activated behavior
to an activation-less one is found. The findings confirm
the predictions of Sasaki and Ohno56 that the DFT
adiabatic potential will show no activation barrier to
dissociation and therefore is in conflict with experiment.
At small values of the nonadiabatic coupling, the disso-
ciation probability increases significantly with incident
energy. At energies larger than  0.5 eV, the dissociation
probability saturates.

4. THE INFLUENCE OF QUENCHING
Electronic quenching is a jump from the excited to the
ground molecular state, where the balance of energy is
taken away by electron–hole pair excitation. When the
oxygen molecule approaches the surface beyond the
crossing seam with the superoxide state, it has a second
chance of transition via electronic quenching. An ap-
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proximate method to model this process is to employ an
open quantum formalism, which divides the problem
into primary molecular degrees of freedom treated ex-
plicitly and bath degrees of freedom treated implicitly.
The equation of motion for the reduced density operator
ρρρρρ̂ describing the primary system in Liouville space be-
comes:

(7)

The coupling of the primary system to the solid bath
modes is generated by the dissipative superoperator .
Within a Markovian approximation it is cast into
Lindblad’s70 semi-group form

(8)

where F̂l are operators defined on the Hilbert space of
the primary system. These equations allow a consistent
study of a variety of dissipative models by choosing the
appropriate operator F̂l to describe a particular system–
bath encounter.

The electronic quenching operator is modeled by a
lowering electronic operator

(9)

The dependence of F̂Q(z) on z is proportional to the
nonadiabatic coupling potential and the density of states
of the electron–hole pairs.

In order to address the question of how quenching
influences the dependence of the dissociation probabil-
ity on incident energy, the dynamics was modeled using
the Liouville von Neumann equation. The added cost of
propagating the density operator allows only a two-
dimensional description that includes the distance from
the surface to the molecular center of mass, z, and the
molecular bond length, r. This leads to a four-dimen-
sional density operator ρρρρρ̂ (r, z, z′, r′). The calculations
were performed on the same PESs with a frozen flat
orientation. Equation 7 was solved numerically on a grid
by the Newtonian method.74,75

Figure 4 shows the dissociation probability, calcu-
lated from the transition probability to the superoxide
surface for increasing values of the quenching param-
eter FQ in eq 9. The lifetime of the excited state varies
with distance where the value of FQ = 0.025 (a.u.) corre-
sponds to a lifetime of ~10 fs at the farthest crossing
point and is shortened to ~2 fs at the closest approach.

The quenching does not alter the general trend of the
increase in dissociation probability with incident kinetic
energy. However, the dissociation probability saturates at
smaller incident energy values. This behavior leads to a
better fit of the experimental trends (cf. Fig. 4). Compar-
ing the quenching calculations to the experimental obser-
vations at low incident energies allows setting an upper
limit on the quenching parameter of FQ ≤ 0.03 a.u. Higher
values of FQ will lead at low incident energy to dissocia-
tion probabilities larger than the experimental value.

An additional channel of energy dissipation in mol-
ecule–solid encounter is due to excitations of phonons

Fig. 3. Calculated dissociation probability as a function of incident kinetic energy for different nonadiabatic coupling
parameters. For comparison, the adiabatic case and the experimental results for the O2/Al(100) system are shown. The
experimental values contain an additional excitation of internal degrees of freedom. The internal excitation will also contribute
to the dissociation; therefore it appears above the calculated line based on the initial state with υ = 0, j = 0.
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in the solid. The description of such effects can be
incorporated into the nonadiabatic quantum mechanical
description of the system by adding the appropriate F̂
operator.69 In the present study, however, energy dissi-
pation to the surface phonons has been neglected. The
justification for this approximation is based on the dif-
ference in timescales. The phonon excitation processes
occurs on a timescale of picoseconds, while the direct
dissociative adsorption process studied here, occurs on a
time scale of roughly 10–30 fs.

5. DISCUSSION AND SUMMARY
The present study shows that the correct description of
the dissociation of oxygen on metal surfaces is a multi-
surface nonadiabatic framework. Comparing the vari-
ous timescales can shed light on this issue. For the
oxygen/aluminum case, when the oxygen molecule ap-
proaches the surface from the gas phase it encounters
the first crossing point at ~3.1 Å. It reaches the repulsive
wall of the physisorption potential at ~2.4 Å. Accelera-
tion due to the attraction of the oxygen molecule toward
the surface means that this distance is traversed in a
period of ~12 fs, even at an incident energy of
0.01 eV. At a higher incident energy of 0.5 eV, for
example, this distance will be traveled in ~7 fs. The
velocity at the first crossing point and the need to stretch
the oxygen molecular bond causes the probability of the
first nonadiabatic crossing opportunity to be quite small.
Upon closer approach, there are favorable crossing posi-
tions at longer bond distances, which require higher

incident energies. The quenching timescale is compa-
rable to the time scale of an elastic collision. Quenching
contributes to the total dissociation probability without
significantly altering its functional dependence on inci-
dent energy.

The nonadiabatic model can be employed to predict
the branching ratio between the different dissociation
channels. This issue has been addressed in ref 69, which
followed the reaction until the products could be distin-
guished. In that study a semiclassical surface-hopping
technique was used to calculate the trajectory of the
ejected negatively-charged or neutral oxygen atom from
the dissociation point. Back charge transfer was found
to result in gas phase oxygen atoms. Ballistic flight
leads to a large separation between the members of the
dissociated oxygen pair.

The present review has illustrated the necessity for a
nonadiabatic approach for describing the charge transfer
events on metal surfaces. The conceptual difficulty is
the combination of a discrete number of electronic states
of the molecule and the continuum of electronic states of
the metal. The treatment was based on a timescale
analysis that was formulated in a reduced dynamical
scheme. Another possible approach could be based on
the Surrogate Hamiltonian employed, for example, for
the NO/NiO(111) → NO–/NiO(111) system.76,77
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Fig. 4. Accumulated flux on the superoxide state as a function of incident kinetic energy for different values of the quenching
parameter FQ and γ = 0.4 (a.u.). The calculation was carried out on a two-dimensional cut of the three-dimensional superoxide
and the physisorption PES at a orientation parallel to the surface. The experimental dissociation probability is also indicated.
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