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Abstract

The adsorption dynamics of O2 on Al(1 1 1) has been studied experimentally using molecular beams and laser

spectroscopy as well as theoretically using a multi-dimensional multi-electronic surfaces model. Experiments find that:

(i) abstractive chemisorption is operative at all translational energies; (ii) it increases markedly with translational en-

ergy; and (iii) rotational excitation of the molecules suppresses the abstraction process. The model calculations semi-

quantitatively reproduce the experimental findings and demonstrate that: (i) a nonadiabatic description is necessary to

reproduce the experimental results and that (ii) the rotational hindrance is due to a restricted cone of acceptance in

direction of the surface normal.

� 2003 Elsevier Science B.V. All rights reserved.

Dissociative adsorption of oxygen is a phe-

nomenon of large relevance to catalysis and ma-
terials processing. Nevertheless, the microscopic

steps of O2 dissociative adsorption, surface mi-

gration and bulk penetration of adsorbed O,

eventually leading to oxide formation are only

rudimentary understood [1,2]. Recently, it has

become evident that the interaction of O2 with

Al(1 1 1) cannot realistically be described by those

methods which have successfully been applied to
O2 transition metal systems [3,4]. Combining re-

sults from scanning tunnelling microscopy (STM)

studies and laser spectroscopic analysis of the
scattered flux, it has been experimentally estab-

lished that at low translational energies the ab-

straction channel is dominating [5]. In this process

only one of the O atoms is adsorbed while the

other remains in the gas phase. At higher energies

ordinary dissociative chemisorption also takes

place – in this case both of the atoms are adsorbed

with only a small distance separating them. The
total sticking probability at thermal energies is

small (s0 � 10�2) and rises with increasing trans-

lational energy to reach 0.9 at about 900 meV [1].

These results are in sharp contrast to the pre-

dictions made by up-to-date density functional

theory. Unanimously, these calculations predict
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nonactivated adsorption [6–8] resulting in a stick-

ing coefficient close to unity even at low transla-

tional energies. This conflict has been interpreted

to point to the significance of nonadiabatic effects

in the adsorption of oxygen, which are beyond the

scope of present DFT codes. It has been proposed
that the abstraction channel results when mole-

cules approach the surface in a nearly upright ge-

ometry, which is favorable for charge transfer.

Rapid transfer of two electrons leads then to bond

fission where one of the atoms may be expelled

into gas phase as a neutral atom.

In this context a contribution from possible

cannon ball like trajectories has also been dis-
cussed [9,10]. Here, one O atom adsorbs and the

second oxygen atom is initially ejected to the gas

phase but later is recaptured by the surface since it

does not have enough energy to escape. Indisput-

able experimental evidence is not yet available for

this channel. However, it cannot be ruled out that

a fraction of the abstraction events leads to can-

non ball like trajectories, because these events
cannot be discriminated by STM from abstraction

events if a distance exceeding approx. 50 �AA finally

separates the two oxygen atoms.

In this Letter we report the experimental ob-

servation of a marked suppression of the abstrac-

tion process by rotations of the incoming

molecule. This experimental observation is cor-

roborated by theoretical model calculations uti-
lizing a multi-dimensional multi-electronic state

model.

The molecular beam scattering experiments

have been performed using an UHV apparatus

[11]. A molecular beam is derived from a pulsed

nozzle, skimmed, and chopped such that gas pulses

of �100 ls duration result. A ceramic tube of 4 cm

length and 1 mm inner diameter has been attached
by a Teflon adapter to the pulsed valve orifice

(General Valve, type 9). The ceramic tube can be

heated to a temperature of 500 K without ham-

pering the functionality of the pulsed valve. Fur-

thermore, the oxygen molecules are seeded in He.

By these means, the translational energy of the

molecules in the beam could be increased to

435 meV. By placing a quadrupole mass spec-
trometer in line with the beam, it has been care-

fully checked that heating the nozzle does not

result in a decrease in beam flux. The translational

energies have directly been measured by placing

the mass spectrometer at two different distances

along the molecular beam and recording the delay

in arrival time of the molecular beam gas pulses.

The molecular beam strikes the Al(1 1 1) sample
at an angle of incidence of 45� with a cross-section

of 4 mm. The Al(1 1 1) sample (�0.5�, £ ¼ 10

mm, purity¼ 99.999%) was cleaned following

standard procedures. Immediately after sputtering,

the surface cleanliness was checked by Auger

electron spectroscopy (AES) and the order of the

surface by low-energy electron diffraction (LEED).

In the scattered flux of O2 molecules, O-atoms
are detected by 2+ 1-photon resonant multi-pho-

ton ionization (REMPI) at 226 nm utilizing the

resonant transition from the (2p) 3P2 ground state

to the (3p) 3P0;1;2 state as intermediate [12]. For this

purpose, a frequency-doubled, tunable dye laser

producing 2.5 mJ/pulse is focused by a 250 mm

lens with the focus located 10 mm away from the

sample. Due to this geometrical arrangement, the
experiment is largely insensitive to the angular

distribution of the O-atoms released from the

surface reaction. The surface was exposed to a

limited number of gas pulses in order to stay

within the low coverage limit (H < 0:05 ML). The

scattering experiments were performed with the

sample held at room temperature.

The particular design of the heatable pulsed
nozzle has peculiar implications on the beam

properties. First of all, the expansion is not as

good as it would be without the attached tube,

resulting in a loss in beam flux of about one order

of magnitude. Secondly, the rotational cooling is

not as effective as in a conventional expansion.

Hence, when heating the nozzle we expect to in-

crease not only the translational energy of the
molecules, but also their rotational temperature.

Direct determination of the rotational state dis-

tribution in the O2 molecular beam is not feasible.

Hence, we resorted to measuring the rotational

temperature using (1 + 1)-REMPI for a beam of

NO produced under the same experimental con-

ditions. Indeed a marked increase of the rotational

temperature from 36 to 154 K is observed when
the nozzle is heated and the beam seeded. We ex-

pect the rotational temperatures to be somewhat
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higher for O2 since the energy gap for rotational

state changing collisions is larger due to the

DJ ¼ �2 selection rule [13].

Theoretical modeling of the complicated se-

quence of charge transfer events prior and during

the dissociation demands the construction of sev-
eral diabatic potential energy surfaces (PESs).

Hence, we constructed a set of semi-empirical PES

that will allow an adequate description of the O2/

Al(1 1 1) dissociation dynamics. The parameters

required for the evaluation of the PES were ob-

tained using available experimental data as well as

results of related first principle calculations.

Four molecular states were considered: the first
PES is the physisorption state in which the neutral

oxygen molecule approaches the Al surface. The

two ionic states labeled superoxide and peroxide

represent adsorbed molecular ions resulting from

charge transfer from the substrate to the molecule.

The two states differ in the amount of charge

transferred to the molecule. The last diabatic PES

describes the dissociated state leading to oxygen
ions bound to the Al surface. The potentials in-

cluded the long range attraction of the ions to their

image polarization or charge depending on the

state, and short range repulsive terms. In the ionic

states the molecular bond was weakened according

to the excess of negative charge transferred to the

molecule. In addition, nonadiabatic coupling po-

tentials were introduced coupling the physisorption
to both superoxide and peroxide states. The two

ionic states were in turn coupled to the dissociative

state. The functional form of these potentials is

described in detail elsewhere [14]. By diagonalizing

the diabatic PESs the adiabatic ground electronic

PES could be compared to the results of DFT cal-

culations. The main discrepancies were found in the

long range part of the PES but the general topology
was very similar to the DFT counterpart [14].

This set of coupled diabatic PES was employed

for a time dependent nonadiabatic simulation of

the dynamics. The cylindrical symmetry induced

by the a flat surface approximation allows a de-

scription of the O2/Al(1 1 1) system using only

three degrees of freedom, r being the internuclear

distance, z the distance of the molecular center of
mass from the surface and h the orientation angle

of the molecular axis relative to the surface nor-

mal. The angular momentum along the azimuthal

angle is conserved in this setup and was added as a

centrifugal term to the potentials.

The initial state of the system was a compact

wavefunction on the physisorption PES varying in

the incident kinetic, vibrational and rotational
energy. The experimental molecular beam was

simulated by averaging the results from many

initial states using Boltzmann weights.

The coupled time dependent wavefunction was

represented on four Fourier grids of Nz � Nr �
Nh ¼ 200� 400� 64 representing a box of 5.4�
3.0 �AA2 with all orientations. Propagation for 30 fs,

measured from the first crossing event, was suffi-
cient for the initial wavefunction to approach

the surface and reflect back on the physisorption

surface. At this time the norm on each diabatic

surface was calculated. We assume that the disso-

ciation probability can be calculated from the

norm on the direct dissociation channel and the

norms on the superoxide and peroxide surfaces.

Due to the long lifetime of the wavefunction on
these surfaces it is strongly influenced by dissipa-

tive surface interactions which will eventually lead

to loss of energy and dissociation.

Fig. 1 shows the calculated dissociation proba-

bility as a function of translational energy ðEtransÞ
in comparison to an adiabatic calculation per-

formed on the ground adiabatic PES and to the

Fig. 1. Calculated total dissociation probability as a function of

incident energy. – , Experiments of [1]; N, diabatic calculation

for v ¼ 0 and rotational temperature of 100 K; j, dissociation

probability calculated from the adiabatic ground state surface

only.
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experimental data of [1]. The nonadiabatic calcu-

lation reproduces the experimental trend, i.e., an

increase in the dissociation probability as a func-

tion of the incident energy reaching saturation

with 60% dissociation at 0.5 eV, compared to 80%

in the experiment. The adiabatic calculation fails
drastically predicting >80% dissociation at every

energy consistent with the barrierless topology of

the adiabatic PES. The existence of nonadiabatic

coupling is the prerequisite for the low dissociation

probability at low incident energy. The dominant

crossing region is associated with slowing down of

the projectile. The magnitude of the nonadiabatic

coupling increases as the molecule approaches the
surface. Thus, an increase in the incident transla-

tional energy is expected to lead to a closer ap-

proach to the solid with an increased probability

of charge transfer. Similarly, stretching the inter-

nuclear distance, by vibrational or rotation exci-

tations, is also expected to result in configurations

that are more favorable for curve crossing [15].

To predict the eventual result of the scattering
event a surface hopping molecular dynamics (MD)

calculation was performed. The MD simulation

was invoked to properly describe the many body

system and to include the energy transfer processes

realistically. It also allowed to follow the event for a

time period that was sufficient to completely de-

termine the products. The wavefunction on the

dissociative PES, at the end of the quantum simu-
lation, was used to generate the initial conditions

for the MD. The forces were calculated using the

same PES used for the quantum calculation with

the addition of a friction force [10]. The friction

coefficient used was adapted from [10] where it was

demonstrated that the main contribution is due

to interaction with the phonones rather than with

the electrons of the substrate. When a trajectory
reached the crossing seam its surface hopping

probability was calculated based on its normal en-

ergy and a nonadiabatic constant estimated from

electronic wavefunction overlap: V12 ¼ 124 meV

and V12 ¼ 46 meV to the triplet and singlet states,

respectively. These values are similar to that used to

describe the coupling between the physisorption

and the superoxide PES. Each dissociative wave-
packet was sampled by 104 trajectories leading to

the calculated product state probabilities.

Fig. 2 shows the experimental data obtained for

the oxygen atom yield when the sample is exposed

to an O2 beam at various translational energies.

The original data have been corrected for the

varying flux of the O2 beam due to dilution in the

seeding gas. Furthermore, it has been assumed
that the final velocity of the O atoms resulting

from the abstraction process does not significantly

vary with the translational energy of the incoming

molecule. This assumption is supported by the

theory. Under these assumptions the corrected

numbers are directly proportional to the partial

sticking coefficient for the abstraction process, i.e.,

the probability for an incoming molecule to un-
dergo that particular process. Where available, we

have labeled the data points with the approximate

rotational temperature of a NO beam under the

same experimental conditions.

The data show a marked increase of the ab-

straction sticking coefficient with translational

energy. Moreover, it is immediately apparent that

an increase in rotational temperature of the beam
results in a strong reduction in abstraction. At the

highest points apparently a reduction of a factor 3

results when the rotational temperature increases

from ca. 50 to 150 K. This effect is remarkable as it

indicates that an increase in available energy is

counterproductive for the reaction studied.

Fig. 2. Partial sticking coefficient for the abstraction reaction,

i.e., probability of undergoing the abstraction process per in-

coming molecule as a function of translational energy. The data

is in relative units, since REMPI does not allow for an accurate

absolute calibration. The labels at the data points give the ro-

tational temperature of an NO beam at the same experimental

conditions.
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It should not be ignored that also the extent to

which the first vibrationally excited state is popu-

lated varies when the nozzle is heated. If we assume

for the moment that no vibrational relaxation in

the beam occurs then the population in v ¼ 1 in-

creases from 7� 10�4 to 1� 10�2 when the gas
temperature is increased from 300 to 500 K. In fact,

we expect some vibrational cooling to occur such

that the populations are even smaller. The popu-

lation in even higher vibrational states is negligible

(<10�4). Hence, regardless of the nozzle tempera-

ture 99% of the molecules are in the vibrational

ground state.

Therefore, the observed effect has to be ex-
plained on the basis of the rotational state distri-

bution in the beam. It has also been observed for

H2/Cu and H2/Pd(1 1 1) [16–19] that rotational

excitation hinders dissociative adsorption, but the

effect has been rather subtle. E.g., Gostein and Sitz

[19] find that the dissociative sticking coefficient

for H2/Pd(1 1 1) at Etrans ¼ 73 meV is 0.76 and 0.54

for J ¼ 0 and J ¼ 3, respectively. The measure-
ments reported here indicate that the reaction

probability decreases by roughly a factor 3 when

the mean rotational quantum number in the beam

increases from 5 to 9. Using the rotational con-

stant of O2 in the ground state (Brot ¼ 1:4456
cm�1) we calculate the fractional population in

J ¼ 0 to Jmax at a given temperature and obtain

F ðJmax ¼ 1; Trot ¼ 35 KÞ ¼ 0:25 and F ðJmax ¼ 1;
Trot ¼ 155 KÞ ¼ 0:062. This reduction is compari-

tible to the experimental observation. Hence, we

conclude that the reaction probability is an order

of magnitude smaller for J P 3 than for low J.

This interpretation of the experiment can be

further rationalized by looking at the correlation

between the intermediate state of the dissociating

molecule and the fate of the atomic products as
calculated. Fig. 3 exhibits a clear correlation be-

tween the polar angle right after crossing onto the

dissociation PES, h, and the final outcome of the

dissociation process. Three distinct orientation

cones are clearly seen: (i) flat orientations lead to a

pair of adsorbates; (ii) intermediate polar angles

result in ballistic motion and large separation

among adsorbates; (iii) nearly normal orientations
result in the escape of one oxygen atom to the gas

phase. An increase in rotational temperature re-

sults in a reduced probability for abstraction by

approx. a factor 5 and an increase in yield of pairs.

Closer inspection of the computational results
shows that for all reaction pathways the key step is

the charge transfer event to form O�
2 . At low

translational energies the favorable geometry for

the curve crossing is the upright orientation. The

time scale of the reaction, 30 fs, is not sufficient for

a large orientation change. Hence, the initial ori-

entation is preserved and an abstraction event is

expected. With increasing rotational energy this
argument loses weight. Hence, the number of ab-

straction events is expected to decrease. At the

same time the channel to dissociation opens be-

cause of the increased rotations.

At elevated translational energies the molecules

reach higher repulsive parts of the potential lead-

ing to a torque that reorients the molecule. This

opens up a larger cone of acceptance for disso-
ciative events. At the same time, the number of

abstraction events continues to increase since a

larger fraction of the incident flux crosses to the

dissociation PES. However, the increase in disso-

ciative events is much stronger.

Combining the results from theory and experi-

ment a clearer picture of the abstraction reaction

Fig. 3. Differential yield of the various final products as a

function of the orientation of the O2 molecular axis with respect

to the surface normal when the system enters the dissociative

state for Etrans ¼ 0:1 eV. Pairs of adatoms separated by more

than 12 �AA are regarded as consequence of ballistic motion. The

solid lines and shaded areas represent the results for Trot ¼ 50 K,

the dashed lines those for Trot ¼ 150 K. Note, the area under

the various curves is the absolute yield of the corresponding

process. The yield of the scattered molecules is not included in

the figure.
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dynamics evolves. Abstraction is confined to a

narrow cone in which the molecules that pass the

crossing seam to the dissociation PES are in an

upright geometry. Rotational excitation of the

molecules suppresses abstraction, since the mole-

cule rotates out of the cone of acceptance. The
results presented here clearly demonstrate that a

nonadiabatic description is necessary in order to

reproduce the apparently activated behaviour

of the sticking coefficient and the suppression by

rotations. Hence, we are convinced that our

experimental and theoretical results represent a

significant progress in our understanding of the

reaction of O2 with Al(1 1 1), nonwithstanding the
quantitative discrepancy with respect to the rela-

tive weight of abstraction vs. pairwise adsorption

and ballistic events. The latter must be attributed

to the still present limitations in the model PESs.
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