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Experimental results are presented for the scattering of well-defined beams of molecular oxygen
incident on clean Al~111!. The data consist of scattered angular distributions measured as a function
of incident angle, and for fixed incident angle, the dependence on surface temperature of the angular
distributions. The measurements are interpreted in terms of a scattering theory that treats the
exchange of energy between the translational and rotational motions of the molecule and the
phonons of the surface using classical dynamics. The dependence of the measured angular
distributions on incident beam angle and temperature is well explained by the theory. Rotational
excitation and quantum excitation of the O2 internal stretching mode are briefly discussed. ©2004
American Institute of Physics.@DOI: 10.1063/1.1760735#

I. INTRODUCTION

Knowledge of the dynamics of energy transfer at the
gas-surface interface is essential for a comprehensive under-
standing of gas-surface chemistry. Molecular beam scattering
experiments provide a useful probe for obtaining information
on energy transfer in surface collisions as well as on trapping
and desorption. Diatomic molecules provide the simplest
scattering probe gases and of particular interest are diatomic
molecules with masses significantly larger than those of hy-
drogen or deuterium which, at thermal and hyperthermal en-
ergies, can often be treated with classical theories for trans-
lational and rotational motion. Although rotational states in
large diatomics can be readily resolved by precision laser
methods,1–4 under typical conditions the rotational excita-
tions in a scattering experiment will have large quantum
numbers and the envelope of the quantum excitations is often
well represented by classical mechanics. Excitation of the
internal vibrational modes of heavy-mass diatomics in sur-
face collisions is well documented5,6 but because of the gen-
erally large energies of these modes, at typical experimental
energies such quantum mechanical excitations occur with
low probability.

The large-mass diatomic molecule usually selected for
use in gas-surface scattering experiments is NO, with metals
most often chosen as the target.1–3,5–11Because of its inert-
ness to chemical reactions, N2 is also often chosen for stud-
ies of energy transfer.4,12 Recently, it has been shown that O2

molecular beams colliding with Al~111! at hyperthermal en-
ergies exhibit predominantly scattering behavior, with trap-
ping and chemisorption being relatively low probability
processes.13 The purpose of this paper is to present new ex-
perimental results for the scattered angular distributions of
the O2 /Al(111) system and to analyze the results with clas-
sical scattering theory.

Oxygen is known to readily react chemically with alu-
minum and any aluminum surface exposed to air will quickly
form a layer of aluminum oxide. However, the specific
mechanisms that lead to the surface oxidation of Al are
poorly understood. Perhaps the most widely studied surface
is Al~111! which has been examined by several experimental
methods that have led to sometimes conflicting conclusions.
Even the question of whether the process of chemisorption of
O2 molecules on Al~111! is predominantly due to direct dis-
sociative adsorption or via an abstraction process, in which
one atom of O2 is chemisorbed and the other atom is re-
turned to the gas phase, or via a precursor physisorption of
the O2 molecule has not been clearly answered.

Early scanning tunnel microscope~STM! experiments
indicated that exposing Al~111! to a room temperature gas of
O2 led to isolated adsorbate atoms at very low coverage,
while at coverages above 3% 131 islands of oxygen were
formed.14 More recently Österlundet al.15 showed, in a mo-
lecular beams study, that the chemisorption reaction prob-
ability was below 1% for O2 beams of very low translational
energy, at or just above 25 meV, but rapidly rises to 90% as
the incident energy is increased to 1 eV. They interpreted the
reaction as direct dissociative desorption. A series of experi-
ments using x-ray photoelectron spectroscopy~XPS! and
high resolution electron energy loss spectroscopy~HREELS!
were interpreted as indicating that the dissociative desorption
is precursor mediated.16 Very recent molecular beams experi-
ments, corroborated by STM measurements and supported
by theoretical molecular dynamics simulations, gave evi-
dence for the existence of an abstraction channel in the dis-
sociative adsorption.17,18 On the other hand, independent
STM studies have pointed out that there are alternative inter-
pretations of the observed oxygen adsorption features.19

Thus, the picture emerging from these widely differing ex-
perimental investigations is that the oxidation of Al~111! is a
complicated process, probably consisting of several simulta-
neous and overlapping channels.
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Further complicating the issue is a recent molecular
beams scattering experiment providing evidence for the ex-
istence of a weakly bound molecular state, one whose bind-
ing energy is less than 0.1 eV.13 An extremely interesting
feature observed in this work was a clearly pronounced dip
in the observed backscattered O2 intensity in the neighbor-
hood of incident beam angles of 25° with respect to the
surface normal, and at energies in the range between 90 and
300 meV. This feature is interesting because the authors of
Ref. 15 found an enhancement of the sticking probability at
nearly the same incident conditions, raising the intriguing
question of why should the sticking probability be substan-
tially larger, not at normal incidence as expected, but at an
incident polar angle where the normal translational momen-
tum is significantly reduced. The observed increase in stick-
ing associated with a concomitant decrease in scattering in-
tensity occurring over a narrow angular range implies a very
specific mechanism may be responsible. Molecular dynamics
simulations utilizing a potential energy surface containing
three molecular degrees of freedom support the proposition
that this feature is caused by steering into a shallow molecu-
lar adsorption well located above the same position in the
surface unit cell as the maximum in the barrier towards dis-
sociative adsorption.13 Conventional spectroscopic measure-
ments such as HREELS and ultraviolet photoemission spec-
troscopy ~UPS! have not observed molecular O2 in a
precursor state. However, the steering mechanism of Ref. 13
provides an explanation for the absence of observable ad-
sorbed O2 because such a state would have a lifetime too
short to be measurable by conventional spectroscopy.

The purpose of this paper is to present observations for
the scattering of O2 from Al~111! and to analyze these data,
together with that presented in Ref. 13, in terms of scattering
theory. The measured data consist of scattered angular distri-
butions as a function of incident polar angle, the dependence
of these angular distributions as a function of surface tem-
perature, and total integrated reflected flux intensities in the
scattering plane. These data are compared with calculations
of a theory that uses classical mechanics to describe the
translational and rotational motions of the molecule, but can
include a semiclassical treatment of the internal molecular
vibrational modes.20,21This theory has been demonstrated to
give a good description of the angular distributions observed
for the scattering of C2H2 from LiF @001 ~Ref. 22!#, as well
as the observed intensities as a function of rotational energy
and the rotational temperatures as a function of incident
translational energy.23 It has also been shown to give a good
description of the angular distributions and translational
energy-resolved spectra for the scattering of CH4 from
LiF~001! and from Pt~111!.24 The molecule-surface scatter-
ing theory used here is an outgrowth of theories that have
been used to describe atomic projectile collisions for which
the primary mechanism for energy transfer with the surface
is exchange of translational energy with the phonon field.25,26

The successful applications of the atomic scattering theory
leads us to expect that the present molecular theory will be
useful in describing the energy exchange to the phonons in
O2 collisions with Al~111! as well as providing predictions

for rotational excitation and the eventual excitation of inter-
nal vibrational modes.

In the following sections of this paper we show compari-
sons of the theoretical calculations with the measured experi-
mental data. The observed angular distributions scattered
from an incident beam at fixed energy and incident angle are
well described, implying that the dominant mechanism caus-
ing the broad shape of the angular distributions is transfer of
incident translational energy to phonons, with rotational tran-
sitions playing a lesser role.

Although energy transfer to phonons is concluded to be
the most important mechanism involved in the present ex-
periments, the question of excitation of electron-hole pairs
should be addressed. In the case of atom-surface scattering of
the rare gases, electron-hole pair excitation appears to be
negligible at thermal energies even at metal substrates.27

However, it has been suggested that this may not be the case
for molecular collisions at metal surfaces.6 Electron-hole pair
excitation has been observed in atomic scattering experi-
ments with rare gases incident on semiconductor surfaces at
much higher energies.28,29 It has more recently been ob-
served in chemisorption of atomic hydrogen on noble metal
surfaces,30–33 but also in this experiment the chemisorption
energies are several electron volt. The most probable answer
to this question lies in the fact that low-energy electron-hole
pair excitations on metal substrates can be treated as
bosons.34–36 Thus, low-energy electron-hole pair excitation
would be indistinguishable from phonon excitation in an ex-
periment at relatively small translational energies involving
multiple quantum excitations such as those considered here.
Electron-hole excitation effects are more likely to be exhib-
ited in experiments of a purely quantum nature such as the
excitation of internal molecular vibrational modes.5,6

This paper is organized as follows: in the following sec-
tion the experiment is discussed and theoretical comparisons
with the observed data are presented. In Sec. III the basic
elements of the theory used to describe the measurements are
presented. In Sec. IV the consequences of the comparisons
between experiment and theory are discussed, and further
calculations are discussed giving predictions for O2 rota-
tional and vibrational excitation probabilities in collisions
with the Al~111! surface. Some conclusions are drawn in
Sec. V.

II. EXPERIMENT

The experiments were carried out under ultrahigh
vacuum conditions~UHV! in a pulsed molecular jet beam
apparatus, and detailed descriptions of the apparatus have
been presented elsewhere.13,37 The molecular beam is ini-
tially generated using a pulsed valve that produces 1 ms
pulses which are then further subdivided by a Fizeau type
chopper rotating at 200 Hz which leads to a stream of 160ms
pulses. A single pulse is picked out of the stream and allowed
to progress toward the crystal target using a fast mechanical
shutter assembly. A skimmer aperture placed halfway be-
tween the jet source and the target limits the illuminated spot
size on the crystal to 4 mm in diameter.

The O2 pressure in the beam source chamber is main-
tained in the range of 2.5–3.2 bar. For the purpose of the
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experiments reported here the source was held at room tem-
perature resulting in a translational energyEi of 90 meV. The
beam has a translational energy width estimated atDEi /Ei

'5%.
The detector is a quadrupole mass spectrometer, housed

inside the UHV chamber, and mounted on a rotatable plat-
form that allows measurements at all polar angles from250°
to 170° in the scattering plane. The flight path between crys-
tal sample and ionizer is fixed at 55 mm. The ionization
volume is approximately spherical and 5 mm in diameter,
leading to a nominal angular resolution of about 4°. Mea-
sured scattered full widths at half maximum~FWHMs! of the
specular beam are approximately 7°, in agreement with this
estimate. The scattered intensity per incident pulse is re-
corded and integrated over time as well as averaged over a
fixed number of pulses. The quadrupole mass spectrometer
acts as a flux detector, thus there is no correction necessary
for the translational energy of the detected molecules. The
incident translational energy is measured directly by placing
the detector at two different positions in line with the inci-
dent beam and recording the delay in arrival time of the
pulses.

The design of the detector consists of a tube open at both
ends, so it will count O2 molecules that enter from either
direction. When the detector is brought near to the incident
beam direction, which is the case for scattering angles near
the surface normal measured for the case of incident beam
angles also near normal, a small number of O2 molecules in
the tail of the angular spread enter the detector from the back
end and are counted before striking the surface. A deconvo-
lution correction is applied to the data under these circum-
stances in order to separate the signals attributable to the
incident beam and that due to the reflected flux. This has the
consequence that data taken at near normal incidence angles
have a somewhat larger uncertainty for scattering angles also
near normal.

Direct measurement of the rotational state distribution of
the incident O2 beam is not possible with this detector. How-
ever, an indirect measurement is provided by substituting NO
gas for the O2 under the same experimental conditions, and
using (111)-REMPI ~Resonantly Enhanced Multiphoton
Ionization! as a detector. An unseeded, room-temperature
NO beam had a rotational temperature ofTR536 K, due to
the mild expansion conditions at which the nozzle was oper-
ated. It is expected that the incident beam rotational tempera-
tures of O2 will be comparable but slightly higher due to the
DJ562 selection rule imposed by the mass symmetry.

The Al~111! single-crystal sample was made of 99.999%
pure Al, cut to within a60.05° tolerance, and had a diameter
of 10 mm. The crystal was cleaned following standard pro-
cedures, and immediately following sputtering, was checked
by Auger electron spectroscopy~AES!. The LMM Al peak in
the AES spectrum was used to monitor surface contamina-
tion, and sputtering was repeated until that peak was maxi-
mal in intensity. Once clean, the sample was annealed to 700
K and surface order was checked by low energy electron
diffraction ~LEED!. The sample was mounted on a cold fin-
ger cooled by liquid N2 which permitted variable crystal
temperatures within the range 98,TS,300 K.

Since for the incident energies of this experiment the
chemisorption sticking coefficient ranges between 0.01 and
0.75,15 the crystal could be exposed to only a very limited
number of pulses before recleaning was necessary. All scat-
tering experiments reported here were performed with ad-
sorbed O coverage of less than 0.1 monolayer.

A series of seven measured angular distributions, taken
with incident energyEi590 meV and a surface temperature
of 298 K, are shown in Fig. 1 for incident angles ranging
from u i510° to 30°. The data, shown as points, consist of
broad peaks with full widths at half maximum of approxi-
mately 20° and peak positions~most probable intensities! at
or slightly larger than the specular positions for each incident
angle.

The curves shown in Fig. 1 are the results of the theo-
retical calculations described in Sec. III below. The solid
curve is for a potential with a physisorption well depthD
550 meV and the dash-dotted curve is forD50.

Shown in Fig. 2 are a series of measurements exhibiting
the development of the angular distribution as a function of
surface temperature. The incident energy is 90 meV and the
incident angle is 20°. As above in Fig. 1 the data points are
shown as symbols, and the solid and dash-dotted curves are
theoretical calculations forD550 meV and 0, respectively.
The data atu i520° of Fig. 1 were taken at an earlier time,
and the differences in the data between that and theTS

5300 K curve here give an indication of the variability in-
herent in the measurements. At low temperature the angular
distributions are narrower, and they broaden slightly with
increasingTS . This broadening is expected since at higher
temperatures there are more inelastic channels open for scat-
tering.

Interestingly, the most probable intensities exhibited in
Figs. 1 and 2 appear at angles near specular or only slightly
larger than specular. Figure 2 shows a clear shift towards
more normal angles~subspecular shift! with increasing tem-

FIG. 1. Angular distributions of the O2 /Al(111) scattering intensity for
different incident angles as shown with an incident energyEi590 meV and
surface temperatureTS5298 K. The experimental data points are shown as
symbols. The calculated results are shown as solid curves for a potential
with well depthD550 meV, and as dash-dotted curves forD50.
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perature and atTS5300 K the most probable intensity is
slightly subspecular. This near-specular behavior, in fact, is
initially somewhat surprising based on simple kinematical
models that do not include the correct conservation laws for
parallel momentum. Such simple models are usually predi-
cated on a flat surface, i.e., one for which the parallel mo-
mentum of the scattering particle remains unchanged. Under
conditions such as the present experiment the incoming mol-
ecule has far greater energy than thekBTS energy of the
surface temperature and consequently the molecules on av-
erage lose a considerable fraction of their translational en-
ergy to the surface. Thus, if the parallel momentum is as-
sumed to remain constant, then this energy loss corresponds
to the molecules losing perpendicular momentum to the sur-
face in the collision, and the scattered angular lobe should
always be distinctly supraspecular, contrary to the observa-
tions. The theoretical calculations presented here do not de-
pend on a flat surface boundary condition, and hence give
reasonable agreement with the data.

Figure 3 more clearly shows the subspecular shift of the
data and its comparison with calculations. The data points
labeleduMAX are the most probable final angles~or peak
positions! of each of the measured curves in Fig. 2. These
points were obtained by fitting each of the data sets of Fig. 2

with a Gaussian curve anduMAX is the peak position of the
Gaussians. The experimental and theoretical results are dis-
cussed further in Sec. IV below.

III. THEORY

The collision of a molecule in a well specified initial
state with a surface is described by the transition rate. In the
case of a molecule initially in a state of linear momentumpi

and angular momentuml i making a transition to a well-
defined final state specified bypf and l f the transition rate
can be calculated from the generalized Fermi golden rule

w~pf ,l f ;pi ,l i !5K 2p

\ (
$nf %

uTfiu2d~Ef2Ei !L , ~1!

whereEi andEf are the initial and final energies of the total
system,Tfi is the transition matrix, the sum is over all final
states of the target surface that can take the molecule to its
specified final state, and the brackets^ & signify an average
over the initial states of the surface. The quantity usually
measured under actual experimental conditions is the differ-
ential reflection coefficient, or fraction of scattered atoms per
unit solid angle per unit final energy which is related to the
transition rate by a simple density of states

d3R~pf ,l f ;pi ,l i !

dV fdEf
T 5

L4

~2p\!3

m2upf u
piz

w~pf ,l f ,pi ,l i !, ~2!

whereL is a quantization length,m is the molecular mass,
andpiz is the component of the incident momentum perpen-
dicular to the surface.

For the scattering of molecules having masses signifi-
cantly greater than hydrogen and with translational energies
greater than a few meV, such as for the O2 measurements
discussed here, a classical description of the collision process
is adequate. If, in addition, the translational energies are
smaller than the excitation energy of internal vibrational
modes, as is also the case here, then only the translational
and rotational modes of the molecule will be involved and
energy exchange to the surface will be mainly through pho-
non excitation. In such situations the differential reflection
coefficient can be evaluated and the specific form that we
will use in this work is that appropriate to a smooth surface
potential that is undergoing thermal vibrations reflecting the
motions of the underlying surface atoms38
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D

3expS 2
2l z
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FIG. 2. Angular distributions for O2 /Al(111) as a function of surface tem-
perature. The incident angle and energy areu i520° andEi590 meV. The
data are shown as symbols, and the calculated curves are forD550 meV
~solid curve! andD50 ~dash-dotted curve! as in Fig. 1.

FIG. 3. Most probable final angle of the scattered angular distributions
plotted as a function of surface temperatureTS for Ei590 meV andu i

520°. The data points are taken from Fig. 2 and the solid and dash-dotted
curves show calculations forD550 and 0 meV, respectively.
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wherep5pf2pi is the scattering vector andP is its compo-
nent parallel to the surface,l5 l f2 l i , Ef ,i and Ef ,i

R are the
respective initial and final translational and rotational ener-
gies, the translational recoil energy isDE05p2/2M with M
the surface atomic mass,DE0

R5 l x
2/2I xx1 l y

2/2I yy1 l z
2/2I zz is

the rotational recoil energy for which theI xx,yy,zz are the
effective principal moments of inertia of the surface andSu.c

is the area of a surface unit cell. In general the constantvR is
a weighted average of phonon velocities parallel to the sur-
face whose value can be explicitly calculated from knowl-
edge of the phonon spectral density at the surface,39 andvR

is similarly a weighted average of frustrated rotational
frequencies.38 However, in the pastvR has been treated as a
parameter39,40 and we take both as parameters here.

The main terms in the differential reflection coefficient
of Eq. ~3! are a Gaussianlike expression in translational and
rotational energy exchange, and Gaussianlike expressions in
P and l z , with all of these having widths depending on the
recoil energies and the surface temperature. The Gaussian-
like terms inP and l z arise from the imposition of conserva-
tion of momentum in the collision process consistent with
the broken symmetry in the direction perpendicular to the
surface. In the perpendicular direction linear momentum is
not conserved, while parallel to the surface the translational
invariance symmetry implies that the parallel momentum
transfer is the sum of all parallel momenta gained or lost to
the surface phonons or other surface excitations. In the quan-
tum limit, translational invariance also gives rise to diffrac-
tion effects for both elastic scattering and inelastic scattering
where phonons are created and destroyed. However, diffrac-
tion and phonon scattering intensities are multiplied by a
Debye-Waller factor exp$22W%, where the argument 2W is a
measure of the total number of phonons transferred in a scat-
tering collision. Under classical conditions of large projectile
masses and energies, such as the experiments described here,

2W is large and the Debye-Waller factor becomes negligible,
suppressing all quantum diffraction effects. The classical
limit is the regime in which exp$22W% is very small, and
diffraction effects disappear, but the conservation of parallel
momentum imposed on the large numbers of phonons trans-
ferred results in the Gaussianlike term inP2 appearing in Eq.
~3!.39 Clearly, in the present experiments diffraction effects
are completely negligible since, for example, typical values
W'10– 40 are obtained for scattering at the average final
energy and maximum intensities shown in all of the graphs
of Figs. 1 and 2.

The prefactors in Eq.~3! or envelope terms involving
inverse powers of surface temperature and recoil energies
ensure the condition of unitarity, i.e., the sum over all states
of the final scattered particles equals the number of incident
particles. The factor ofutfiu2 is a form factor which depends
on the interaction potential and in its simplest form is the
square of the transition matrix taken between the initial and
final states of the projectile. Approximate evaluations oftfi

exist for many potential models of the projectile-surface in-
teraction, but for the case of translational motion and hard
repulsive wall they all approach the following limit:

utfiu→2pf zpiz /m, ~4!

and this is the form used for the calculations shown here.
Although Eq.~3! is useful for cases in which the incident

translational energies are significantly lower than that neces-
sary to excite internal molecular modes~the gas-phase
stretch mode of O2 has an excitation energy of 193 meV! it is
of interest to present the general theory that includes excita-
tion of internal modes. If the molecular modes are assumed
to be harmonic, with no coupling to the rotational modes,
then the transition rate for a single collision can be again
written down in analytic form and is21
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f
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R1DE01DE0

R1\(s51
Nn asvs!

2

4~DE01DE0
R!kBTS

G J , ~5!

where the sum overk ranges over theNA atoms in the mol-
ecule,Nn is the number of internal molecular normal modes,
a j is the creation or annihilation excitation quantum number
of the j th mode, andn(v j ) is the Bose-Einstein occupation
number for thej th mode assuming an incident thermal vi-
brational distribution.I ua j u

(z) is the modified Bessel function

of integer ordera j and argumentz. The argument of the
modified Bessel function is given by

bk,k8~v j !5 (
b,b851

3

pbpb8

1

Nn\Amkmk8v j

3e~n j

k ub!e* ~n j

k8ub8!An~v j !@n~v j !11#, ~6!

where thee(n j

k ub) are the polarization vectors of the internal

modes which are determined through a normal modes analy-
sis.
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Although somewhat more complicated in appearance,
Eq. ~5! is very similar to Eq.~3!. The Gaussianlike term in
energy exchange now includes the\v j energies of all inter-
nal modes excited. The strength of each internal mode exci-
tation is determined by the modified Bessel function. The
additional features are the Debye-Waller factors
exp$2Wk(pf ,pi)% associated with the quantum excitation of
the internal modes, and the presence of quantum interference
indicated by the phase factors depending on the relative po-
sition vectorsDrk,k8

f ,i between molecular atoms in the initial
and final state. Equation~5! is used for the predictions of O2
internal mode excitation calculated in this paper.

An important aspect of our description of the interaction
of oxygen with the Al~111! surface is to address the question
of a precursor physisorption well in the interaction potential,
and to determine its role in both scattering and trapping. For
this purpose we have adopted the simplest model of a pre-
cursor well, a simple square well of depthD in front of the
repulsive surface. Under classical conditions, the principal
effect of an attractive adsorption well is to increase the trans-
lational energy and to refract the incoming molecule, thus
causing it to collide with the surface with higher translational
momentum and more normal polar scattering angle. A square
well includes these two effects. Thus the modifications to
Eqs.~3! and ~5! are that the translational energy is replaced
by Ei , f8 5Ei , f1uDu, and the increase in energy due to the
well appears in the normal momentum aspiz8

25piz
2 12muDu

with a similar equation forpf z8 . The differential reflection
coefficient inside the attractive well is related to that outside
by a simple Jacobian depending on energy, polar angle, and
the well depthD.

The final operation necessary for comparing the state-to-
state transition rates of Eqs.~3! and~5! is to average over all
quantities not measured by the experiment. Since the inci-
dent molecular beam has a distribution of rotational states
approximating an equilibrium distribution at a particular
temperature, an average is taken over an incident Boltzmann
distribution of rotational states, as well as an average over
classical rotational orientations. For the case of Eq.~5! the
excitation of internal modes depends on the orientation of the
angular momentum vector both before and after collision, so
the results must also be averaged over relative orientation
angles.

IV. RESULTS

As briefly discussed above in Sec. II examples of the
experimentally measured O2 scattering angular distributions
from clean Al~111! are shown in Figs. 1 and 2 and compared
to the theoretical calculations using Eq.~3!. The calculations
are averaged over an incident beam with a Maxwell-
Boltzmann distribution of rotational energies with rotational
temperature 35 K. The solid curves are calculations for a
potential with well depthD550 meV and the dash-dotted
curves are forD50. There are two parameters in the theo-
retical expression of Eq.~3!, the weighted parallel phonon
speedvR and frequencyvR . For vR we have chosen the
value 2300 m/s for calculations used to fit the data shown in
this paper. In general,vR is expected to be of the order or

somewhat smaller than the Rayleigh velocity,39 so the value
chosen here compares favorably with the Rayleigh speed
measured at 3200 m/s for the^110& and ^112& symmetry di-
rections of Al~111! ~Ref. 41!. The value ofvR is taken to be
1010 s21, but the calculated results are essentially indepen-
dent ofvR for values of this order of magnitude.

In Fig. 1 it is seen that the theory predicts broad angular
distributions with FWHMs of about 20° and peak maxima
located near the specular positions or slightly subspecular, in
reasonable agreement with experiment. The effect of includ-
ing a well in the interaction is to shift the calculated angular
distribution slightly in the supraspecular direction. This shift
can be understood on the basis of the larger average energy
losses caused by the molecule colliding with the repulsive
surface at a higher effective energy and a more normal col-
lision angle inside the well. Overall, the calculations shown
in Fig. 1 with a 50 meV well seem to agree somewhat better
with the experiment than those without a well, although such
a statement cannot be made unambiguously because the
agreement also depends on the choice ofvR as discussed
below in connection with Fig. 5. Nevertheless, the agreement
shown in Fig. 1 indicates that the results are not inconsistent
with the presence of a small attractive well such as proposed
in Ref. 13.

It is noticeable in Fig. 1 that the experimental points
appear to lie below the calculated curves at final angles in the
neighborhood of the normal direction, and this is especially
the case when the incident angle is also near normal. This
disagreement may be an artifact of correcting the scattered
intensity for the small fraction of the incident beam that can
enter the detector when the detector and incident beam di-
rections are close to each other as discussed above in Sec. II.
In the case of incident angles smaller than 20° an overcom-
pensation of the correction for this effect may account for
much of the apparent discrepancy between experiment and
theory.

Figure 2 shows the most interesting behavior of the mea-
sured scattering data. ForEi590 meV and a fixed incident
angle u i520° the temperature dependent evolution of the
angular distribution lobes is exhibited for 98,TS,300 K.
At the lowest temperatures the most probable intensity oc-
curs at an angle of about 25°, slightly larger than specular.
However, as the temperature is increased up to room tem-
perature the angular distribution lobe undergoes a shift to-
wards the normal direction and even becomes slightly sub-
specular. This subspecular shift with increasing temperature
is more clearly shown in Fig. 3 which plots the most prob-
able final angle as a function ofTS and compares this with
the theoretical predictions.

As discussed briefly above in Sec. II, near specular and
certainly subspecular angular distribution lobes are not ex-
pected on the basis of predictions from simple theoretical
models that do not allow for parallel momentum exchange
with the surface. In situations such as this where the mass
ratio of the projectile molecule to that of the surface atoms is
larger than unity, and where the incident energy is large com-
pared to the temperature of the surface, the molecule will
lose a significant fraction of its incident translational energy.
In fact, calculations of the energy-resolved differential re-
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flection coefficient of Eq.~3! or ~5! indicate that under the
experimental conditions of Fig. 1 or 2 the O2 will lose sub-
stantially more than half its incident translational energy
upon collision. Thus, if the parallel momentum of the pro-
jectile is not allowed to change, the perpendicular momen-
tum will become much smaller which would predict a dis-
tinctly supraspecular angular distribution lobe.

However, the current theoretical models of Eqs.~3! and
~5! allow for the correct transfer of momentum parallel to the
surface, i.e., the parallel momentum of the scattered particle
is equal to the parallel momentum of the incident particle
plus whatever parallel momentum is gained or lost to the
phonons exchanged. Perpendicular momentum, on the other
hand, is not conserved due to the broken symmetry presented
by the surface. Perpendicular momentum is indeed ex-
changed with the surface, but there is no conservation law in
that direction. Thus, the projectile’s final perpendicular mo-
mentum is determined by the combined laws of energy con-
servation and parallel momentum conservation.

Clearly, the agreement between theory and experiment
shown in Fig. 2 indicates that the temperature dependence of
the angular distribution data can be explained by a theory
containing the correct conservation laws, i.e., the present
theory explains the subspecular shift with increasing tem-
perature. As the temperature is increased, proportionately
less energy is lost on average by the scattered particles~i.e.,
they are heated up!. Because of the constraint of conserva-
tion of parallel momentum, more of this increase in energy
goes into the increase of final normal momentum, thus mak-
ing the angular distribution shift towards the normal.

Subspecular shifts of the angular distributions have been
reported for rare gas scattering experiments under energy and
mass ratio conditions similar to those here.25,42–44Figure 4
exhibits some theoretical predictions that indicate that sub-
specular angular distributions, as well as the subspecular
temperature shift are to be expected under a wide range of
initial conditions. Shown in Fig. 4, as a function of surface
temperature, are some calculated most probable angles for
the angular distributions of O2 from three ‘‘pseudosurfaces’’

having mass ratiosm50.16, 1.0, and 1.48 ranging from sig-
nificantly smaller to larger than the valuem51.19 for
O2 /Al. For each of these mass ratios the incident energy is
Ei5100 meV and the incident angle is 55°. It is seen that at
higher mass ratios where the average energy loss is large, the
angular distribution lobe is predicted to be supraspecular at
low temperatures. However, with increasing temperatures
there is a marked shift towards the normal and for small
mass ratios the angular distribution is predicted to become
distinctly subspecular.

Figure 5 addresses the question of the choice of the pa-
rametervR and the well depthD on the calculations. The
angular distribution intensity data foru i520° from Fig. 1 is
compared with calculations for four different values ofvR

ranging from 1500 to 3000 m/s and for two well depths,D
50 and 50 meV. The effect on the calculations of increasing
vR is to narrow the peak and give a small subspecular shift.
The effect of increasingD is to make the angular distribution
broader. This opposing behavior implies that there is a range
of combinations of these two parameters that can be used to
fit the data nearly equally well, as indicated by the fact that
for this incident angle the combination ofvR52000 m/s with
D50 gives agreement essentially as good as the valuesvR

52300 m/s andD550 meV chosen here for all other calcu-
lations. However, regardless of the combinations chosen to
match the data, the theory correctly predicts the dependence
of the angular distributions on incident angle as shown in
Fig. 1 and on temperature as shown in Figs. 2 and 3. Thus,
while the present theory correctly predicts the beam angle
and temperature dependence of the data, it leaves the ques-
tion of well depth ambiguous. Nevertheless, it is consistent
with, and certainly does not exclude the possibility of a small
physisorption well as suggested in Ref. 13.

The total reflectivity measurements as functions of inci-
dent angle reported in Ref. 13 showed an anomalous de-
crease in intensity at very nearly the same angles as an in-
crease in sticking observed in Ref. 15. Since the present
theory does not include a mechanism for chemisorption such
an effect can not be calculated. Instead, at all incident trans-
lational energies the total in-plane reflectivity~i.e., the total

FIG. 4. Calculated most probable final scattering angle as a function of
surface temperature for three different mass ratiosm as shown. The incident
angle isu i555° as shown by the straight dashed line andEi5100 meV.

FIG. 5. Calculations showing the dependence on the parametervR . The
incident angle isu i520° and the data and all other incident conditions are
the same as in Fig. 1 above.~a! well depthD50 and~b! D550 meV.
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intensity in the plane of scattering integrated over all final
energies and all final polar angles! is a monotonically de-
creasing function ofu i and becomes small at grazing inci-
dence whereu i590°. The reason why the calculated in-
plane reflectivity becomes small is because the trapping
probability becomes large at grazing incidence.

Predictive calculations have been carried out for the
scattered intensity as a function of final rotational energy,
since this is a measurement that is often made for molecular
scattering.3,1,2,4,9A significant fraction of the scattered mol-
ecules are rotationally excited, a result that is expected for a
molecule with a small rotational constant ofE0

50.18 meV.45 However, there is negligible effect of the ro-
tational excitation on the calculated angular distributions.
For the calculations shown in Figs. 2 and 3 a pseudoatomic
calculation with no rotational excitation gives essentially
identical results. Thus, the shapes of the angular distributions
at these incident energies appears to be almost entirely due to
exchange of energy and momentum to the phonons at the
surface.

As a final calculation, it is of interest to show predictions
of the full molecular scattering theory of Eq.~5! for the
excitation probability of the molecular internal vibrational
mode. At the incident energies involved in the present ex-
periments the O-O stretch mode, which in the gas phase has
a value of 193 meV, is not appreciably excited. However,
shown in Fig. 6 is a calculation of the excitation probability
for the first excited state of this mode as a function of inci-
dent translational energy. As for the previous calculations, a
rotational temperature of 35 K is assumed for the incident
beam, and the incident and final angles areu i515° andu f

545°. The results have been averaged over all collisional
orientations of the molecule and over angular directions of
the angular momentum. It is seen that the internal mode ex-
citation probability does not become appreciable until the
incident translational energy is well above the mode excita-
tion energy. However, due to coupling with the phonons, the

energy supplied by the surface vibrations gives a small but
nonzero probability of excitation even for incident transla-
tional plus rotational energy less than the internal mode ex-
citation energy. Figure 6 shows that excitation probabilities
of 5%–6% are predicted for incident translational energies of
up to 1 eV. An excitation probability of this order is consis-
tent with measurements made for NO scattering from
Ag~111! at comparable energies, where single-quantum exci-
tation probabilities of up to 7% were observed.5 ~The stretch-
mode energy of NO is 233 meV, quite similar to that of O2 .)

V. CONCLUSIONS

This paper presents experimentally measured scattering
data for well defined beams of O2 molecules colliding with a
clean Al~111! surface and interprets the scattered distribu-
tions in terms of a theory based on a classical mechanical
treatment of the translational and rotational motion of the
molecules. The study of the Al~111! surface is of current
interest because two recent independent experiments have
shown anomalous features in the chemisorption sticking co-
efficient and in the total in-plane scattered intensity under
similar incident conditions for the O2 molecular beam. These
features consist of a sharp increase in sticking15 and a mirror
image sharp decrease in the total reflected flux intensity13 for
incident beam polar angles in the neighborhood of 20° and
incident energies between 100 and 300 meV, and these fea-
tures have been described as being due to a steering effect
associated with a very particular type of weakly bound phy-
sisorption state in the interaction potential.13 The purpose of
the present work is to interpret the observed scattering in
terms of scattering theory and to explain the dependence of
the angular distributions on incident angle and temperature.

The data presented here consist of scattered angular dis-
tributions measured over a range of incident beam angles at
a fixed surface temperature, and for a fixed incident angle,
measurements of the effects of varying surface temperature.
The measured angular distributions consist of broad lobes
with peaks near the specular position. As the surface tem-
perature is raised to room temperature from a low of 98 K;
the lobes broaden slightly and the peak position shifts from
supraspecular to slightly subspecular. The shapes, widths, an-
gular dependence, and temperature dependence of the mea-
sured angular distributions are well matched by the theoret-
ical calculations.

An overall conclusion of this work is that the physical
mechanism causing the shapes and behaviors of the mea-
sured angular distributions is largely dominated by energy
exchange with the phonon distribution of the surface. Rota-
tional energy exchange in the collision process is calculated
to be detectable in the energy-resolved differential reflection
coefficients, but is much less influential on the total angular
distributions. The energy-resolved calculations show that on
average energy is lost when the O2 strikes the surface under
the present experimental conditions, and the typical energy
loss is large compared to the incident energy. Such large
losses of translational energy to the phonon field, as calcu-
lated here in that fraction of incoming atoms that are scat-
tered, will surely also have a strong effect on chemisorption
which is an important interaction channel for this system.

FIG. 6. The calculated excitation probability of the O2 internal stretch mode
as a function of incident translational energy;u i515°, u f545°, D
50 meV and the surface temperature is 300 K.
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The present approach demonstrates that the exchange of pho-
non energy with the surface can be handled in a straightfor-
ward theoretical manner.
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