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Abstract

We have investigated desorption and dissociation of O, chemisorbed on Ag(001) induced by collision with hyperthermal
Xe and Ar atoms provided by a supersonic molecular beam. We find that the cross section for both processes increases
rapidly with impact energy and with angle of incidence of the inert gas atom. A model is presented which accounts for the
observed energy threshold and for the trend in the cross section. © 1997 Elsevier Science B.V.

Collision induced dissociation and desorption
phenomena are suspected to play an important role
in catalytic reactions run industrially at high pressure
and temperature and in presence of carrier gases, by
opening up new so far unexplored, pathways [1-3].
The understanding of the energetic and angular de-
pendence of the cross section of these phenomena is
at present limited to the simplest cases of physisorp-
tion [4-7]. For chemisorption [8,9] even a qualitative
understanding of the energetic and angular depen-
dence of the cross section becomes a major task as
the phenomena are influenced by surface corruga-
tion, adsorption geometry and energy transfer to the
surface. This problem is considered in this Letter
with new measurements of the angular and of the
energetic dependence of the cross section for desorp-
tion and dissociation of chemisorbed dioxygen on
Ag(001) induced by Xe bombardment, in conjunc-
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tion with molecular dynamics simulations. The oc-
currence of collision induced dissociation and des-
orption for O, chemisorbed on Ag(110) has been
recently demonstrated [10] but the dependence of the
cross section on the angle of incidence was not
investigated. We shall show that the cross section for
both phenomena increases rapidly with the energy
and angle of incidence of the hyperthermal Xe atom.
While the former effect is expected and indicates
that the process is activated, the latter is new and of
surprising magnitude (a factor 40 when varying the
angle, 6, from 0° to 60°). Interestingly this has not
been observed for any chemisorbed system investi-
gated so far. Employing a simple model we find that
the effect is due to the corrugation of the interaction
potential and to the softness (low Debye tempera-
ture) of the Ag surface, which causes substantial
energy transfer to phonons.

The experiment was performed with the apparatus
described in Ref. [11]. The sample, an Ag(001)
single crystal, is cleaned in UHV by Ar or Ne ion
sputtering and annealing cycles; the cleanliness is
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checked by high resolution electron energy loss spec-
troscopy (HREELS). Firstly molecular oxygen is
dosed on the sample kept at liquid nitrogen tempera-
ture, using a supersonic molecular beam. Exposure
to the Xe beam follows. After dosing with O, and
after each exposure to Xe, a HREEL- spectrum is
recorded. Both the oxygen and Xe are seeded in He
so that translational energies as high as 0.8 eV for O,
and 2.7 eV for Xe can be obtained. Fig. 1 shows the
EEL spectra recorded in a typical experimental run.

Oxygen was predosed at a given exposure (18 s
exposure to O, at an energy E, =0.39 eV corre-
sponding to a coverage @, = 0. 19 ML, as calibrated
by thermal desorption (TDS) [12—14]) chosen so that
the corresponding coverage is at the upper limit for
which the normalized integrated intensity of the
losses around 80 meV (corresponding to the intra-
molecular stretching motion of the chemisorbed O,
molecules [15]) is approximately linear in the molec-
ular oxygen coverage @, [13]. The EEL intensity
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Fig. 1. EEL spectra for Xe atoms of energy Ex, =27 eV
impinging on the surface at an angle 8y, = 60° from the normal,
recorded in-specular with electron energy E, = 3.3 eV at an angle
6, = 63° from the surface normal. The spectrum (a) was recorded
after 18 s exposure to a beam of oxygen (3%) seeded in He (97%)
with the nozzle at room temperature, corresponding to a coverage
@y, = 0.19 ML. Spectrum (b) was recorded after an exposure of
0.9 ML of Xe and spectrum c) after 2.1 ML of Xe. The Xe flux ¢
is 0.07 ML/s. 1 ML corresponds to 1.2 10" atoms /(cm?), the
surface density of Ag atom on Ag(001).

can thus be taken as a measure of the dioxygen
coverage. The other losses associated with the O,
admolecules are due to the molecule—surface vibra-
tion (at 30 meV), with a combination band (at 114
meV) and with an overtone (at 164 meV) [13]. In
contrast to the losses at 80 meV, the loss at 30 meV
does not exhibit a linear behaviour in the same
coverage range [13] and thus cannot be taken as a
measure of @, . The loss at 35 meV is due to atomic
oxygen and is proportional to the atomic oxygen
coverage ®,. As one can see that as soon as the
system is exposed to the hyperthermal Xe beam, the
intensities of the losses at 30 and at 80 meV de-
crease, the latter showing its reported doublet nature
[16]. In contrast the the loss at 35 meV (dissociated
oxygen), initially absent, shows up and increases.
The molecular oxygen intensity is calibrated from
the initial O, coverage while for the O-Ag(001)
mode we have assumed the dipole moment to be the
same as for O—Ag(110). This introduces a system-
atic uncertainty in the atomic oxygen coverage of not
larger than 50% which does not however affect our
conclusions. &, and O, are shown in Fig. 2 as a
function of exposure to Xe for two measurements
taken at the same total energy Ey, =2.7 eV but at
different impact angles 6y, = 0° and 8y, = 60°.

It is apparent that most O, molecules desorb due
to collisions with hyperthermal Xe while a smaller
fraction dissociates. It is also evident that the de-
crease in the O, coverage with exposure to Xe is
much faster at grazing than at normal incidence.
Note the factor 100 in magnitude difference in the
exposure scale. The effect is monotonic with 6 in
contrast with the findings of Szulczewski et al. [8]
for NH; on Pt(111) and of Ceyer for CO on Ni(111)
[4]. The detailed analysis of the different behaviour
of the two O, moieties will be reported elsewhere
[17]. The balance equations for molecular and atomic
oxygen read:

d6,,

ds = _—(Zdes+2diss)q)002’ (1)
0,

ar = zzdiss(p@OZ’ (2)

where @ is the xenon flux (0.07 ML /s, as measured
by a spinning rotor gauge) and 3., and 3, are the
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cross sections for desorption and dissociation, re-
spectively. Assuming that the total cross section,
Sges + 245> 18 linear in @, , we can solve the
differential equations and determine 3, and Siss
by fitting the data of Fig. 2. The initial cross sections
for desorption and dissociation (at 0.19 ML) are
shown in Fig. 3 as a function of energy E and impact
angle 6. The values of the best fit parameters and
their errors are evaluated by a standard Minuit rou-
tine, assuming the error on the molecular and atomic
oxygen coverages to be 0.01 ML.

As one can see, 3, and X increase with E
for both Ar and Xe. The comparison between Xe and
Ar data is possibly complicated by the different mass
ratio with O, and Ag which affects the energy
transfer in the collision process. We will deal with
this problem elsewhere [17]. In this Letter we would
like to focus on the unexpected result that both 3,
and I are greater than one order of magnitude
smaller at normal than at grazing incidence.

To our knowledge such an enhancement at graz-
ing incidence has not been observed for any previous
systems, some of which exhibited an increase smaller
than a factor 2 in X, with 6 (as for Ar-CH,—
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Fig. 2. The total O, coverage (O) and the atomic oxygen
coverage O (<) as a function of exposure to xenon, for the data
of Fig. 1 (right), and for the same xenon energy but at normal
incidence (left). The continuous and dashed lines are the best fit
obtained using the solutions to Egs. (1) and (2).
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Fig. 3. 3, (lower panel) and 3, (upper panel) as a function of

Xe (or Ar) energy at 0.19 ML coverage of O, for 8 = 60°, O (or
O), 6 =0° X (or O).
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Ni(111) [5]) and a comparable or even smaller in-
crease in 3., (as for Ar-NH;-Pt(111) [8] or Xe-
CO-Ni(111) [4D.

The large increase in 3, and in 3, with 6
cannot be explained by geometric arguments, as it
was the case for the doubling of %, for Ar—-CH -~
Ni(111). Mirror collisions cannot account for an
increase of 3, with 6 larger than a factor two;
moreover they are expected to play 2 minor role at
the relatively small molecule—surface distance of a
chemisorbed system. The angular enhancement is
similar for Ar and Xe, so that it cannot be ascribed to
some peculiarity of the impinging atom.

In order to clarify the mechanism which causes
such an increase of X, . with 6 we have performed
a molecular dynamic simulation, using a simple
model similar to the one employed by Beckerle et al.
[5]. Dissociation is not included as a more realistic
and complicated description would be required; such
an assumption is justified in our case by the much
smaller value of 3, with respect to 3, .. The
silver surface is modelled by a square array of rigid
spheres with a given effective mass m,;. The radius
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of the Ag atom is taken as half of the Ag-Ag
distance, i.e. 1.44 A. The oxygen molecule is repre-
sented by a rigid sphere of radius 1.125 A, interme-
diate between the O-O distance (15 A) and the O
covalent radius (0.75 OA). The Xe radius is set at its
covalent value of 2.2 A. The Ag atomic positions are
fixed at the lattice site. This choice of the parameters
models a (100) surface with corrugation c,, = 1.44
A with O, chemisorbed in the fourfold hollow site.
The energy transfer in the collision between the
adsorbate and the substrate depends on the ratio of
the mass of the adsorbate and of the effective mass
of the substrate. The latter implicitly takes into ac-
count the coupling between the atoms of the sub-
strate: the stronger such a coupling, the larger m
and the lower the possible energy transfer to the
substrate. The equations of motion are analytically
determined applying: (a) energy and momentum con-
servation and assuming a hard sphere interaction
potential for the Xe—0O, collision; (b) conservation
of momentum in the direction parallel to the local
surface normal and normal energy transfer E,

m Mege
E,d4—, (3)
(mege +m)

where m is the Xe or O, mass for the Xe—~Ag and
0,-Ag collisions.

The initial position of the Xe atoms is randomly
chosen over a square of 20 X 20 A at a distance of
100 A from the surface. The oxygen molecule is
placed at the fourfold hollow site at a chemisorption
distance of 0.43 A from the geometrical surface
plane. The O, molecule was assumed to have des-
orbed if (a) its normal kinetic energy is larger than
the binding energy and (b) its velocity is directed
away from the surface.

The results were obtained by running 10* trajec-
tories for each energy and angle. The relative error
on 3, is then proportional to 1/ /Ny, , where Ny
is the number of trajectories ending with desorption
of O,. Fig. 4 shows the cross section for desorption
as a function of Ey, at normal and grazing incidence
(60°) for two values of the effective mass m. of the
Ag atoms on a strongly corrugated surface. The
result in the upper panel (m = 1500 amu) corre-
sponds to the limit of a hard material where several
atoms of the substrate are involved in the collision
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Fig. 4. Calculated cross section for desorption on a corrugated
surface (c,, = 1.44 A), for different values of e, Ot @y, = 0%
O: 8y, = 60°.

and only a small energy loss to the substrate takes
place. In the lower panel, however, m; is equal to
150 amu, i.e. approximately 1.5 times the mass of
the free Ag atom and the energy loss is substantial.
Similar results were obtained for Ar.

As one can see in Fig. 4, %, . increases with Xe
energy in both cases: when m_ g = 1500 amu, desorp-
tion occurs for Xe energies higher than about 1 eV
both at normal and grazing incidence; when m =
150 amu, on the contrary, the energy threshold at
normal incidence (=3 eV) is much larger than at
grazing incidence (=1 eV). In the heavy effective
mass limit 3., does not depend on impact angle at
large Xe energy, but it does so at low Ey.. On
diminishing m,;, however, X,  is always much
larger at grazing than at normal incidence. When
me is low, in case of normal incidence, 90% of the
initial Xe energy is transferred to the surface. In
contrast to this, at 6 = 60° this fraction is reduced to
less than one half. Therefore more energy is avail-
able to desorb and eventually to dissociate, the O,
molecule. This suggests that surface corrugation may
play an essential role as it converts part of the
parallel momentum of the O, into normal momen-
tum allowing the molecule to go into the gas phase.
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Within our simple model, it is indeed possible to
simulate the corrugation c,, of the interaction poten-
tial by simply changing the radius of the Ag atom,
while keeping the lattice parameter fixed: as c,,
decreases the surface becomes tlatter and flatter. As
is apparent from Fig. 5, for a chemisorbed molecule
where mirror collisions are negligible due to the low
chemisorption distance, X, may increase substan-
tially with 6y,, decrease and even exhibit a non-
monotonic behaviour, depending on the relative value
of ¢y, My and Ey,. For a flat surface (c,, = 0.01
A) with negligible energy loss to the substrate (m

= 1500 amu, i.e. much larger than the mass of the
substrate atom), conservation of parallel momentum
requires 3. to decrease with 8 (< in Fig. 5). When
the surface~molecule interaction potential is highly
corrugated (c,, = 1.44 A) and energy loss to the
substrate is substantlal (m = 150 amu, i.e. compa-
rable with the mass of the substrate atom) a large
increase of 3, ; with 6 is observed (O in Fig. 5). In
the intermediate case of a moderately corrugated
potential with important energy loss to the substrate
an intermediate behaviour may be observed, giving a
non-monotonic angle dependence of the cross sec-
tion (X in Fig. 5). The first case resembles the low
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Fig. 5. Calculated cross, section for desorption, as a function of
HXE for: (a) cp, = 144 A, myg =150 amu (0); (b) ¢, = 0.36 A,

o = 150 amu (X) and (¢) ¢,, = 0.01 A, myg = 1500 amu ).
In cases (a) and (b) Ey, =2 eV while in case (¢) Ey, =14 eV.
The dash dotted line is a guide for the eye.

energy behaviour of the cross section for desorption
of a physisorbed system where corrugation and en-
ergy loss to phonons are negligible, like the CH ,—~Ni
system of Beckerle et al. [5]; the second case is
similar to the present O,—Ag(001) system, character-
ized by a substantial corrugation, as expected for a
chemisorbed system and a relatively soft substrate
(Ag has a lower Debye temperature than Ni and
energy loss to the substrate is expected to play an
important role). The intermediate case resembles the
non monotonic behaviour of 3, with 6 reported
for the chemisorbed system NH;~Pt(111) [8], where
corrugation is still significant, due to chemisorption,
but not as important as for our system, the (111)
surface being less corrugated than a (001) surface.

Note that the angular dependence of X, is also
strongly energy dependent: at large enough energy,
as long as mirror collisions are negligible, the cross
section is angle independent even on a strongly
corrugated surface. Both the energy threshold and
the energy beyond which the cross section becomes
angle independent are determined by the value of
m: the higher m ¢ the lower the energy loss to the
surface and the lower the energy threshold, as appar-
ent from Fig. 4.

These simulations not only unambiguously
demonstrate that both corrugation and substantial
energy loss to the substrate are required to describe
the 0,-Ag(001) system, but also that depending on
the values of m,; and corrugation a variety of
different angular dependences of X, can be ob-
tained, as indeed experimentally observed.

A detailed inspection of the trajectories leading to
desorption confirms what we anticipated before: mir-
ror collisions (Xe surface reflections followed by Xe
molecule collisions) play no role for Xe-O,-
Ag(001), unlike for the Ar—CH ,~Ni(111) system [5]
because of the short chemisorption distance of O,
which is partially shielded by the surrounding Ag
atoms.

In conclusion we have demonstrated that energy
loss to the phonon system and corrugation are the
key factors in determining the angular and energetic
dependence of the cross section for the desorption of
O,, chemisorbed on a soft metal surface, and the
value of the energy threshold. The large enhance-
ment of 3, at grazing angles was not observed for
previously studied systems, all of which dealt with
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harder substrates and/or with less corrugated sur-
faces.
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