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The nondissociative sticking of CO on Pt(111) has been measured as a function of incident
energy and angle. Both these sticking measurements and prior molecular beam scattering
experiments are incompatible with simple theoretical models that describe successfully weak
physisorption interactions. For strong chemical interactions, such as for CO-Pt(111), lateral
and rotational corrugations in the interaction potential are large and play an important role in
the scattering and sticking. Both translational to rotational and normal to parallel energy
conversions cause substantial energy scrambling in the interaction. Classical trajectory
calculations that incorporate these effects realistically predict a rather gentle fall off in sticking
with incident energy, a scaling of sticking with total rather than normal energy and directly
scattered distributions which consist of broad lobular components about the specular
superimposed on an even broader diffuse component. All of these findings are in accord with

experiment.

I. INTRODUCTION

When a weakly interacting atom collides at low incident
energies with a solid surface, i.e., when the interaction is
dominated by physisorption forces, the incident particle ex-
changes energy with the surface mainly by excitation or
deexcitation of surface and bulk phonons. In such cases, sim-
ple classical one dimensional models have been reasonably
successful in describing the general features of the dynam-
ics.! In the so-called soft-cube model, for instance, the atom
with incident energy E; and incident angle 8, collides with a
smooth part of the surface which is connected to the bulk via
a spring. Only the normal component of incident energy
E, = E, cos® 0, is available to excite the lattice. The magni-
tude of the energy transfer between particle and surface (A)
determines the outcome of the collision. If A exceeds E,,, the
particle will be trapped in the atom—surface potential well
and stick to the surface. On the other hand, if A < E,, the
atom will reflect from the surface with an energy loss from
E, of A. Since the parallel component of energy is conserved
the emergent angle is supraspecular and determined solely
by A (at zero surface termperature). Recent measurements
of the angular distributions of scattered rare gas atoms, al-
though showing some deviations from the predictions of the
soft-cube model, nevertheless support the assumption of the
dominance of E, in determining A.>?

Because of this apparent dominance of E, in the direct
inelastic scattering, it has long been assumed that the stick-
ing is also dependent primarily on the normal energy, i.e.
that the sticking coefficient S scales with E,. While this
seems consistent with the known weak lateral corrugations
of physisorption potentials, a number of recent experi-
ments*® have shown that S scales neither with E, nor with
the total energy E,, but is a nonseparable function of both
incident energy and angle. Theoretically, this has been dis-
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cussed in detail in terms of the distinction between trapping
(E, <0) and sticking (E; <0).%’ Particles which initially
trap can either lose parallel momentum via inelastic pro-
cesses and eventually stick or scatter back into the gas phase
by converting parallel to normal momentum via elastic pro-
cesses. On weakly corrugated surfaces, scattering into either
channel is fairly weak. However, both channels are roughly
equivalent, and it is the relative and not the absolute
strengths of the two channels that determines the overall
dependence of S on the incident conditions. When the inci-
dent particle is a molecule rather than an atom, excitation of
internal degrees of freedom can be important, even for weak-
ly interacting systems. In particular, the conversion of trans-
lational to rotational energy has been well studied in scatter-
ing experiments by using laser probes to measure the internal
state distribution of scattered molecules.® While there are
still some questions of detail with respect to conversion pro-
cesses, the sticking and scattering behavior of systems dis-
playing interactions of the physisorption type, whether in
the classical or quantum regimes, is in reasonable accord
with the predictions of simple models or perturbation theo-
ry.

When strong chemical interactions between an incident
molecule and surface are involved (~1 eV), the scattering
and sticking problem is considerably more complex. Nona-
diabatic behavior is more likely and electron-hole pairs
could play a significant role in dissipating initial energy.
Sticking often involves dissociation of the molecule. In these
cases sticking experiments can be instrumental in under-
standing bond-breaking processes at surfaces. When disso-
ciation does not occur, the interaction will nevertheless de-
pend in a non-trivial way on the orientation of the molecular
bond and the impact parameter with respect to the surface
mesh,i.e., the adiabatic potential energy surface (PES) is
expected to display relatively strong rotational and lateral
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corrugations. In addition, the large well depth implies a
strong coupling to the lattice which will, in general, be in-
fluenced by the rotational corrugation. In such circum-
stances, simple models are unlikely to give an accurate pic-
ture of the scattering process and its outcome.

In this paper, we consider the molecular chemisorption
regime explicitly taking the system CO on Pt(111) as an
example. We report sticking measurements for CO on
Pt(111) that span the range of incident energies 0.05-3.5 eV
and incident angles 0°-60°. These measurements show two
qualitative differences from previous measurements on
physisorption systems. First, the sticking persists to consid-
erably higher incident energies, far beyond the estimates of
soft-cube models. Second, S is practically independent of
incident angle, i.e., S scales rather well with the total energy
of the incoming molecule, E;. These features will be shown
to result from the strong rotational and lateral corrugations
of the molecule-surface interaction and are expected to be
quite general for molecular chemisorption systems.

The CO-Pt(111) system was chosen for this study pri-
marily because of the wealth of data that is already available.
Previous molecular beam studies, for example, have demon-
strated that the sticking coefficient of CO on the uncovered
surface at E; ~0.05 eV is ~0.85 at 7, = 300 K,’ and that S
is only weakly dependent on 7,.°!! For the particles that do
not stick, the scattering distribution at large &, is character-
ized by a dominant lobular pattern ( ~40° FWHM) super-
imposed on a weak broad background.>'" . This background
was cited as evidence for desorption from a physisorbed
state,'! which is hard to reconcile with the lack of evidence
for a precursor mechanism for sticking on the bare surface.
As we show below, the observed angular patterns can be
accounted for without involing a separate physisorption
state and in a manner which is in accord with a direct stick-
ing into the chemisorption well. By contrast, the Kisliuk-like
coverage dependence of S and the dominance of a trapping—
desorption component in scattering from the CO covered
surface, do point to a precursor mechanism for CO sticking
on CO covered Pt(111).%!

The organization of the rest of this paper is as follows. In
Sec. IT A we describe the experimental arrangements and
procedure used to measure the sticking coefficient. The re-
sults of the measurements are then presented in Sec. II B and
compared with other data taken for systems displaying a
similar type of interaction. The implications of the data and
the picture of the scattering process they imply are then dis-
cussed in detail with the aid of trajectory calculations in Sec.
III. The main conclusions of our work are then given in
summary form in Sec. IV.

Il. STICKING MEASUREMENTS
A. Experimental

The experimental apparatus and many of the experi-
mental techniques used to measure sticking have been de-
scribed previously*'? and will not be repeated here. The
Pt(111) crystal used in these studies was oriented to within
0.5° of the (111) face as determined by Laue back reflection
of x-rays. The crystal was cleaned by standard procedures of
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repeated oxidation—anneal and sputter—anneal cycles until
all surface impurities were less than 1% as determined by
Auger spectroscopy.

The measurements of nondissociative sticking were per-
formed using the method of King and Wells."* Briefly, a
triply differentially pumped supersonic nozzle beam of CO
initially strikes a quartz plate in front of the Pt(111) surface
and the partial pressure of CO in the UHV chamber is mea-
sured with a RGA. Since CO does not stick on the quartz,
this establishes a pressure P, corresponding to zero sticking.
Rapid removal of the quartz plate allows the beam to strike
the surface and results in a transient decrease in the partial
pressure of CO AP(t) due to sticking on the surface. The
ratio AP(0)/P, is an absolute measure of the sticking coeffi-
cient at zero coverage S ;. Since the vacuum time constant of
the chamber is =~0.7 s, the measurement of AP(0) is aver-
aged over several seconds. Since the sticking coefficient of
CO on Pt(111) is quite high, the flux of the CO beam is
strongly reduced in order to insure that .S, is in fact mea-
sured. This is accomplished both by using seeded beams of
=~ 1% of CO in various gasses and by reducing the duty cycle
of the beam to 2.5% with a chopper.

Beam energies were varied by a combination of heating
the supersonic nozzle and by seeding dilute fractions of CO
in Ar, He, or H, . The beam energies were measured to ~2%
accuracy using time of flight techniques with a flight path of
120 cm. Typical energy dispersions (FWHM) were 10%—
20% depending upon the exact nozzle conditions.

In an attempt to measure dissociative chemisorption of
CO on Pt(111), the C coverage on the Pt(111) was mea-
sured for various exposures of a high energy CObeam. The C
coverage at the center of the beam was estimated from the
ratio of the C(272 eV)/ Pt(237 ev) Auger peak heights.'?
For these experiments, 7, = 500 K. This T, is considerably
above the desorption temperature for molecular CO, but be-
low that where the recombination reaction O(a) + C(a)
—~CO(g) occurs.!*’® Thus, the net result of dissociative
chemisorption would be to form adsorbed C and O at this 7.
With metallic nozzles, some CH, is produced as a contami-
nant in the molecular beam via the catalytic reaction
CO + H, when the nozzle temperature is greater than 700
K. Since CH, dissociatively chemisorbs on Pt(111) at high
kinetic energies to form adsorbed C, such contamination
must be avoided in the studies of CO dissociative chemisorp-
tion. In order to form high energy beams of CO seeded in H,
without CH, contamination, an alumina nozzle was con-
structed by laser drilling a ~100 gm diameter hole in a
thinned portion of the end of a =0.65 cm diameter closed
alumina tube. The end of the tube, in the region around the
hole, was heated by radiation from a surrounding Ta tube
which in turn was heated by RF induction from a water
cooled coaxial coil. The approximate temperature of the
nozzle was monitored with a W /5%Re-W/26%/Re ther-
mocouple mounted on the Ta tube near the nozzle hole.
Temperatures of > 1400 K are readily obtained with a RF
power input of =~400W. At such nozzle temperatures, no
CH, contaminant is formed in the alumina nozzles. Because
of slip, the CO translational energy was limited to =~3.5 eV
as determined by the TOF measurements.
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B. Results

The dependence of S, at 7, =350K on E; at 8, =0°
and 60° is given in Fig. 1. Results for angles between 0° and
60° were intermediate between these two curves.

In the limit £, = 0,5, = 0.88 and is independent of 9,.
The value we observe at E; = 0.06 eV is in excellent agree-
ment with the value obtained previously by Campbell, et al.’
at T, = 300 K. Since S, decreases ~ 15% with T, between
90 to 300 K,'° we anticipate that the low E, limit of S, at
T, ~0 K is 1.0.This is entirely reasonable for sticking direct-
ly into a deep chemisorption well since steric and impact
parameter constraints on the sticking are negligible for E,

= 0. The decrease of the sticking with T, at low E; is a well
known consequence of energy transfer from the surface to
the incident particle, and is evident even in simple cube mod-
els of the sticking.'®

The gradual decreasein S, with E, that is evident in Fig.
1 is, however, inconsistent with the simple one dimensional
cube models. These predict a step decrease at E; ~0.7 eV for
T, = 0 K which becomes somewhat rounded for finite 7.
This gradual decrease in S, with E; is similar to previous
observations of CO sticking on Ni(100).'7 It is, however,
qualitatively different from the behaviour reported previous-
ly for CO sticking on Ni(111).'® We cannot rationalize the
latter observations in terms of the physics described in the
next section.

It is also evident in Fig. 1 that the sticking is nearly
independent of §,, i.e., that the sticking scales approximately
with E;. This is consistent with previous observations for the
sticking of N, on W(100)' and for CO sticking on
Ni(100)." In the latter case, S, actually decreases with 8,
for large E,.

We also wish to stress that no dissociative chemisorp-
tion was observed for any E; produced (<3.5eV). Based on
the Auger S /N limits, we estimate that the CO dissociation
probabilityis < 102 evenat E;, = 3.5 eV. Since the endoth-
ermicity of the dissociation on Pt(111) is at most 1.5 eV, this
result demonstrates that translational activation is not effec-
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FIG. 1. The sticking coefficient at zero coverage S, for CO incident on
Pt(111) at T, = 350K vsincident energy E. The solid points are for §, = 0°
and the open circles are for 8, = 60°. The curves through the points have no
theoretical significance.

tive in promoting dissociation. A similar conclusion was
reached for CO dissociation on Ni(111).2° In addition, no
dissociation was observed on Pt(111) at defects at any E,.
Again, this is similar to observations for Ni(111),° al-
though Steinriick, ez al.*! did observe an energy independent
CO dissociation on Ni(100) defects. In contrast to the low
reactivity of these metals, it has been proposed that transla-
tionally activated dissociation readily occurs for CO on
Cu(110),? although this has not yet been confirmed in oth-
er experiments.

l1l. DISCUSSION

In this section we use a simplified classical-trajectory
model to interpret and discuss the sticking and scattering
results for CO on Pt(111). In view of the large binding ener-
gy (1.4 eV) and the participation of the ? 7* resonance of CO
in the bonding, some electronic nonadiabaticity is certainly
anticipated. We will find, however, that the main features of
the experiments can be interpreted satisfactorily in terms of
adiabatic collisions governed by a single PES having reason-
able properties. Thus, there is no compelling reason to be-
lieve that electronic nonadiabaticity is a dominant factor in
the interaction.

A. General remarks: Inadequacy of soft-cube models

As mentioned in Sec. I, trapping and scattering of inci-
dent particles on a lattice is usually discussed in terms of the
magnitude of energy transfer (A) occurring during the first
round trip within the molecule-surface well. If A exceeds the
normal component of incident energy E,, the particle will
trap on the backswing and may ultimately stick to the
surface. If A is < E,, the particle will scatter inelastically
from the surface. For a collision at normal incidence A is
found to depend approximately linearly on the energy
A =a+ bE,, where a and b are constants that depend on
the masses, the molecule—surface well depth and the vibra-
tional frequencies of the lattice. Assuming a perfectly flat
surface, the sticking coefficient is unity for E, below the
critical energy E, = a/(1 — b), and is zero above this ener-
gy. For parameters appropriate to CO/Pt(111), E. is
around 0.7 eV. The data in Fig. 1, showing a smooth falloff of
the sticking coefficient over ~1 eV, are obviously at vari-
ance with this idealized flat-surface model. In addition, the
scattered angular distributions®'' do not display simple
supraspecular lobes and are therefore also at variance with
one-dimensional models of the scattering. These models fail
because the lateral and rotational corrugations of the PES
are strong and give rise to a very substantial conversion of
the initial normal kinetic energy into parallel kinetic and
rotational energy. A crude argument as to the effect of con-
version mechanisms suggests that they should enhance the
sticking on the grounds that the conversion increases the
time the particle spends in intimate contact with the lattice,
and this should result in a net increase in the average energy
transfer. This argument is somewhat simplistic and can be,
in some circumstances, even completely fallacious because
the couplings are strong and cannot be regarded as acting
independently. To illustrate the combined effects of strong
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corrugations and coupling to the lattice, we consider a classi-
cal model that, although oversimplified with respect to the
actual scattering system of interest, nevertheless contains
the important factors in an integral and realistic fashion.

B. Model PES for CO-Pt(111)

Our model PES for the CO-Pt scattering system is two-
dimensional and represents the “‘substrate’” by an array of
nine Pt atoms (Fig. 2) which interact mutually via harmonic
forces. The force constant is chosen so that the bandwidth of
an infinite linear chain is approximately equal to the band-
width of the bulk phonon bands of Pt** [k = (1/4) M, »?,
with @ = 25 meV]. This array does not represent correctly
any particular “cut” through the Pt(111) surface but is cho-
sen so that each of the three surface atoms in the “strike
zone” has three nearest neighbors connected by springs. The
CO is treated as a rigid rotor that interacts with each of the
five surface Pt atoms via a two-body potential of the form

V=F(V,F-2V,), (H

with V.=Vl +pu(1l—cosy)l] and F
=exp [ —B(R; — R,)]. yis the CO bond orientation with
respect to the line joining the centers of mass, of length R,.
The parameters ¥V, and ¥, govern the strengths of the repul-
sive and attractive parts of the interaction, respectively. The
repulsive branch depends on the CO bond angle via the
orientational parameter ¥ such that the CO axis tends to
orient along the radius vector with the C atom closest to the
Pt. The orientation with the O atom closest to the Pt is the
least stable configuration. This rotational corrugation de-
creases with R; simulating the weak dependence of the long-
range attractive tail on the bond-orientation. If x =0, Vis
simply a Morse potential with depth ¥, and equilibrium
distance R ;. The range of the potential is determined by the
exponent 3, and the value 8 = 1 a. u. was used in all calcula-

tions.

When single-site potentials of the form Eq. (1) are
summed in the geometry of Fig. 2, the orientational depend-
ence of the potential depends on lateral position in a nontri-
vial way. If the CO center of mass lies over the central atom

Emergence
N/
; z=zg
i y
~ @?\ ”
‘Strike Zone'
~ [*N:) ~a —
. ﬁ* 3 Scudding
- I
/ J O\ e

FIG. 2. Schematic diagram of the theoretical model used to calculate stick-
ing and scattering of CO from a Pt surface. The ellipse represents the CO at
orientation to the surface normal. The solid points represent the Pt sub-
strate atoms coupled by harmonic forces. The points O and B are used to
approximate on top and bridge sites, respectively, for the true Pt(111) sur-
face. The lines about the cluster illustrate the planes used to define the emer-
gent and scudding fractions.
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of the cluster, the interaction with this atom dominates and
the bond axis tends to align along the normal with the C
atom down. If the lateral position is slightly displaced, the
central atom interaction remains dominant and the CO
tends to line up along the radius vector joining the centers of
mass of the CO and the central atom, i.e., to become slightly
tilted with respect to the surface normal. Towards a bridge
site, two nearest-neighbor interactions are equally important
and the CO cannot orient optimally with respect to both
sites. The bond axis then tilts back and points along the nor-
mal, optimizing the mismatch with respect to each of the
sites. This behavior is similar to that found in electronic
structure calculations of the interaction of CO with alumin-
ium cluster.>* A further feature of the model interaction is
that the repulsive wall is softer for the bridge site than for the
on-top site. This is in agreement with the lower Pt-CO
stretch frequency in the bridge site relative to the on-top site.
The strength of the lateral corrugation of the potential is
governed by the parameter R . This corrugation decreases
with the normal distance from the surface as expected. Thus,
although highly simplified, ¥ does contain many essential
features of the correct PES.

Calculations were performed using the two sets of po-
tential parameters tabulated in Table I. Also included in this
table are the well depths and corrugations that result when
the lattice sum is carried out over the cluster. Except for the
choice of ¥, which was adjusted to give a reasonable chemi-
sorption well depth (=~ 1.3 V) no attempt has been made to
tailor the PES by fitting to observed site-dependent energies
or vibrational frequencies. In particular, the lateral variation
of V'is not correct in detail, since various studies show that
the on-top and bridge site adsorption energies are nearly
equivalent. Details on an energy scale of order 0.1 eV are,
however, quite unimportant with regard to the scattering
and sticking of particles with energies in the eV range. Poten-
tial I corresponds to a PES qualitatively similar to that used
in previous studies®>*® and thought to represent a reasona-
ble approximation to the true CO/Pt(111) interaction. Po-
tential I, included solely for comparison purposes, is rota-
tionally uncorrugated and has about the same lateral
corrugation as II.

C. Details of the trajectory calcuiation

Classical trajectories using these two potentials were
started at a surface-molecule distance Z, = 14 a.u., where
the interaction is essentially zero. Averaging over initial ori-
entation was with respect to cos , i.e., a phase space appro-
priate for a three dimensional rotor. Impact parameters were
chosen to mimic averaging over the primitive two dimen-
sional unit cell, i.e. between bridge sites about the central
atom (the strike zone). As truncation conditions we re-
quired,

(i) recrossing of the line Z = Z_ (emergence),

(ii) 2N changes of sign in the normal component of the
centre of mass velocity (sticking),

(iii) crossing one of the lines X= + X,  or Z= —a
(scudding). Here X, is a distance much larger than the
lattice spacing, and we have set this equal to 32 a.u. Scudding
trajectories were those that left the cluster either around it’s
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TABLE L. Parameters of potentials I and II. V(y) gives the well depth for CO bond-orientation ¥. The normal
distance of the potential minima from the surface are quoted in parenthesis (a.u.). The corrugation height, 4,
refers to the normal distance between the locations of the 3 eV contour at the on top and bridge sites (Oand Bin

Fig. 2).
On top
Vo(eV) Ro(an) p V0) W(x/2) WVim  V(0)
I 0.8 6.0 0.0 -125 —125 —125
(5.9
(1n 0.9 4.7 1.25 —124 —-060 —-040

— 1.69

—1.56
(4.6) (5.4) (5.8) (4.2)

Bridge
V(wn/2) V(m) h(a.u)
—169 —169 05
(5.4)
—084 -056 06
(4.8) (5.3)

sides, or at very flat emergent angles. In general it is not
possible to decide whether, on an infinite array, these trajec-
tories scatter or stick. Accordingly, we count them separate-
ly and define three coefficients, P,, P, or P, according to
the number of times each truncation condition was invoked.
P, and P, + P, are then taken as lower and upper bounds
for the sticking coefficient on an infinite lattice. These limits
are, of course, not rigorous but serve to define a region where
the sticking coefficient is expected to fall.

D. Sticking probability

Figure 3 shows the expected behavior of the sticking
coefficient S for potential 7, where the rotational coupling is
zero, as a function of E; and for angles of incidence 6, = 0°
3(a) and 6, = 45° 3(b). If we consider only trajectories
where the CO strikes the central Pt atom head on, the stick-
ing coefficient would be a theta function with edge at 0.7eV
[dot—dashed line in Fig. 3(a). Averaging over impact pa-
rameter gives the upper and lower bounds for S referred to
above, P, + P, and P, respectively. The cross-hatched area
is for N = 2, and the shaded area is the extension of the lower
bound that results when A is increased to 4. The increase in
N did not influence the upper limit because no trajectories
that made two round trips emerged on subsequent round
trips. In fact, except for a small band of energies around 1.4
eV, no trajectory that trapped on the first round trip was
found to emerge subsequently. The dip in S around 1.4 eV is
due to some re-emergence of trapped particles at these ener-
gies and is a feature of the lateral corrugation and the precise
manner in which the particles bounced from the back wall of
the potential. As expected, increasing the number of allowed
round trips from 2 to 4 increases the scudding vs the sticking.
At low E;, this is quite dramatic. However, it is very likely
that most of the particles that make two round trips before
scudding would actually stick on an infinite substrate since
they have made three impacts with the surface. Accordingly,
we expect the true S to fall within the cross-hatched area
corresponding to NV = 2. The averaging over the impact pa-
rameter leads to a rounding of the theta function for S at low
E; and a trailing towards higher E;. The rounding occurs
because particles that hit near a bridge site couple less effec-
tively to phonons than particles that hit on top. The tailing is
due to normal-paralle] translational energy conversion on
the first round trip, which reduces emergence following ini-
tial impact viz a viz a perfectly flat surface. For the most

part, scudding trajectories corresponded to extremely effi-
cient normal-parallel energy transfer with the particle re-
flecting from the ‘wall’ of the surface potential on initial col-
lision at angles close to 90°.

Figure 3(b) shows the equivalent S vs E; for 8, = 45°
with N = 2. Except for the enhanced scudding, especially at

{a) 6j=0°
N=4

€ (eV) -

FIG. 3. Sticking calculated for CO—Pt interaction potential I. Sis the stick-
ing coefficient and ¢, is the initial energy. (a) is for 8§, = 0° and (b) is for
6, = 45°. The cross hatched region assumes N = 2 as a criteria for sticking

while the diagonally shaded area is the extension to the lower bound for
N=4 :
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large incident energies, there is no marked difference in the
way S falls off with E; for the two incident angles. Thus, the
Pt array does not display flat surface behavior, i.e., a scaling
of § with the normal rather than the total energy. This is
because, (a) on the scale of energies of order 1 eV the surface
is not particularly flat and (b) the refractive effect of the
deep well substantially lessens the influence of incident angle
on the actual impact conditions.

Figure 4 shows the sticking behavior calculated for po-
tential II and illustrates the effect of the rotational corruga-
tion on the sticking. In contrast to the results for potential I,
many trajectories were found to emerge after making two or
more round trips in the well. Many particles trap on the first
round trip via translational-rotational conversion but then
undergo a reverse transfer and escape. Accordingly, N = 4
was used as the criterion for sticking. We noted above that
translational-rotational conversion might be expected to en-
hance S by allowing the molecule to spend more time inter-
acting with the lattice. Comparing Fig. 4 with Fig. 3, we see
that S is enhanced only at large energies. For energies up to

00 I 1 2 3
€ (eV)—
1.0

{b) Bj =45°
N=4

os| !

€; (eV) =~

FIG. 4. Sticking calculated for CO-Pt interaction potential II. S'is the stick-
ing coefficient and ¢; is the initial energy. (a) is for §, = 0° and (b) is for
@, = 45°. The cross hatched region assumes N = 4 as a criteria for sticking.
The solid points are experimental results for S, at 7, = 350 K.

about 1 eV, Sis actually smaller in the presence of transla-
tional-rotational coupling than in its absence. This complex
behavior results from the fact that translational-rotational
conversion causes two competing effects. One is that such
conversion increases the number of round trips within the
well and thus can enhance energy loss to phonons (the time
delay argument). The second is that such conversion re-
duces energy transfer to phonons in the first round trip since
rotational motion is only weakly coupled to the phonon sys-
tem. The net consequence to sticking depends on which of
the two is most important. At low incident energy, the sec-
ond effect dominates since (in the absence of rotational con-
version) most particles lose enough energy on the first round
trip to stick. At high incident energy, the first effect domi-
nates since (in the absence of rotational conversion) most
particles have enough energy after the first round trip to
emerge. We note that the reduction in the first round trip
inelasticity via rotational excitation is consistent with the
anticorrelation between rotational energy and the energy
lost to phonons observed in scattering experiments for NO-
Ag(111).7

Figure 4(b) gives the expected behavior of S for poten-
tial IT at an incident angle 8, = 45°. There is increased scud-
ding as compared with normal incidence, but it is clear that §
shows no marked dependence on incident angle throughout
the entire energy range considered. Thus, the rotational and
lateral corrugations of potential II, which we believe are
quite realistic, suffice to scramble the incident energy effi-
ciently and give a sticking behavior that displays something
close to total energy scaling. The points in Fig. 4 are experi-
mentally determined values of .S,. These agree reasonably
with the bounds of .S calculated for potential II. Thus, the
results obtained with this potential are consistent with the
experimental data, both with respect to energy and angle
dependence. The discrepancy at very low incident energy is
presumably due to surface temperature effects which are ne-
glected in the calculation.

E. Scattering distributions

Figure 5 shows angular distributions for backscattered
particles, as given by potential II with E; = 1 eV at normal
incidence [Fig. 5(a)] and for 8, = 60° [Fig. 5(b) ]. The dis-
tributions give the number of trajectories emerging in bins at
equal intervals of 5° and refer to probability, not current
density. Only particles that emerged [criterion (i) above]
were included. The absence of scudding trajectories means
that the number of trajectories emerging at very wide angles
is underestimated in the figure. The upper curve is normal-
ized to unity and refers to trajectories that emerged up to and
including the fourth round trip. The lower curve refers to
trajectories that emerged after only one round trip. The
numbers emerging after round trip 1-4 were, respectively,
862, 710, 166, 78 at normal incidence and 727, 849, 142, 44 at
wide-angle incidence (out of a total 3200 trajectories run in
each case). For wide incident angle, the distribution [Fig.
5(b) ] displays a broad maximum in the neighborhood of the
specular direction. This is sometimes taken to imply a flat
surface in the sense that a relatively large number of trajec-
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FIG. 5. The scattered angular distribution calculated for potential II for (a)
6, = 0° and (b) 6, = 60°. The intensity is the fraction of total trajectories
having the emergence truncation condition in a 5° wide bin and 6, is the final
scattered angle. In (a) and (b) the dashed curve is for particles emerging
after one round trip in the well, while the solid curve is for all particles
emerging with N<4. The arrow marks the specular direction.

tories undergo specular reflection. As the distribution for
normal incidence shows, however, [Fig. 5(a)] the surface is
in no sense flat and the occurrence of a near-specular lobe at
wide-angle incidence is merely a sign that the incident paral-
lel energy is less efficiently converted or dissipated than the
normal energy. A part of the parallel energy is retained
throughout the collision and gives a bias, or skew to the
resulting angular distributions of emerging molecules.

In addition to the main lobe, the wide incidence total
scattering distribution exhibits a broad background. Thisisa
common feature of measured angular distributions and is
usually interpreted in terms of trapping desorption. That is,
the lobe in the forward direction is attributed to particles
which scatter directly from the surface and the background
to particles that trap for relatively long times and are then re-
emitted as a result of a thermal fluctuation. The calculations
presented above show that for the chemical interaction con-
sidered, matters are considerably more complex and direct
scattering contributes not only the lobe, but a substantial
background as well. The background arises primarily from
trajectories that make more than one round trip in the well.
Each traverse of the well causes a scrambling of the energy
originally present in the different degrees of freedom so that
the bias of the distribution with respect to the initial parallel
energy is rapidly eliminated.

In arecent paper, Verheij ez al.'! studied distributions of
emerging molecules for molecular beam scattering of CO on
Pt(111) using pulse shape analysis. This enabled them to
separate signals arising from processes with widely differing
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time delays. They found that for wide angle incidence, the
angular distributions corresponding to fast processes dis-
played a strong main lobe and a diffuse component. They
interpreted this in terms of direct scattering (main lobe) and
re-emission from a physisorption region (diffuse compo-
nent). They suggested that the surface potential displays a
double minimum comprising separate chemisorption and
physisorption regions into either of which incoming mole-
cules may be trapped, thermalized and re-emitted. So far as
we are aware, no other data have been presented that sug-
gests an energy diagram of this form. The data of Verheij et
al. were taken under incident conditions (65 meV incident
energy, 585 K surface temperature) that preclude a direct
comparison with our calculated distribution. However, the
qualitative resemblance of the distribution in Fig. 5(b) with
that given in Fig. 6 of Verheij et al. suggests that the observed
fast diffuse component is due to molecules that emerge after
making several round trips in the potential well, while the
strong forward lobe devolves mainly from particles that
traverse the well region only once. This interpretation is con-
sistent with the observation that the diffuse fraction emerges
with lower translational energy. In view of the high surface
temperature (kT,~50 meV), this fraction is effectively
thermalized at the surface temperature for the low incident
energy used in the experiments. However, complete therma-
lization would not be expected at incident CO energies of
order 1 eV.

F. Comparison with other calculations

The calculations described above are limited in several
respects and are intended merely to illustrate behavior rath-
er than to allow a detailed comparison with experiment.
More detailed calculations that are important in the present
context®®?® use the stochastic trajectory approach developed
by Adelman and Doll.?® Billing®® considered explicitly the
inelastic scattering of CO from Pt(111) and performed cal-
culations for an incident angle of 45 deg, incident energies of
0.146, 5.0, 6.0 and 8.0 eV and surface temperatures in the
range 20-1000 K. The calculated sticking coefficient at low
incident energy and elevated surface temperature was found
to be in the range 0.72-0.80. This suggests that the discrep-
ancy between our calculations and the experiment at low
energy in Fig. 4 can be attributed to surface temperature
effects. At an incident energy of 5 eV, Billing found a stick-
ing coefficient of about 0.3. Under similar incidence condi-
tions, our model calculation gives upper and lower limits of
0.18 and 0.0 (i.e., sticking occurred only via the scudding
channel). The difference between the two calculations may
be due to translational-vibrational energy transfer, i.e., the
molecule ceases to behave like a rigid rotor as the energy
approaches the dissociation threshold. The interaction em-
ployed by Billing, though similar to that used in the present
work at low energy, allowed for the possibility of CO disso-
ciation. His finding that dissociation requires incident ener-
gies of order 8 eV is consistent with the complete absence of
CO dissociation in our experiments at £, <3.5 eV.

Mulhausen et al*® discussed NO scattering from
Ag(111) and Pt(111). They calculated angular distribu-
tions for NO/Ag(111), sticking probabilities as a function
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of incident translational energy and the rotational distribu-
tions of scattered molecules. They stressed the importance of
translational-rotational energy conversion on initial impact
and showed that at low incident translational energy that
translational-vibrational energy conversion is of minor im-
portance. This is because of the relatively stiff vibrations and
the tendency of the molecule to roll on hitting the surface,
which weakens the force acting along the bond direction.
The sticking coefficient for NO/Ag(111) was predicted to
fall off with incident energy in a similar fashion to our find-
ing for CO/Pt(111), but on a much smaller energy scale.
The main reason for this difference is the smaller binding
energy assumed for the NO/Ag(111) potential, and to dif-
ferences in the form of the rotational corrugation. Mulhau-
sen et al. assumed an angular anisotropy which produced a
deep well only for = 0°. The heights of the rotational corru-
gations relative to the binding energy are similar to those
used here, but the two corrugations behave differently as a
function of bond orientation and correspond to very differ-
ent values of the well depth averaged over bond orientation.
Asaresult, the net coupling between molecule and surface in
the calculations of Mulhausen et al., as compared with our
calculations for CO/Pt(111), is weaker than the relative val-
ues of the binding energies would suggest. Comparison of
Fig. 5 of Mulhausen et al. and Fig. 4 of the present paper
demonstrate that the energy scale on which the sticking coef-
ficient falls off depends on the form of the angular anisotropy
as well as the maximum well depth.

IV. SUMMARY AND CONCLUSIONS

In summary, the experiments and calculations reported
here suggest the following generalizations for understanding
the scattering and sticking of molecular chemisorbed species
from surfaces.

(1) For systems with well-depths of order 1 eV, the
corrugation of the potential will generally be large and play
an important role. The observation of a strong lobe about the
specular direction in wide-angle scattering is a sign of the
relative inefficiency of conversion or dissipation of the inci-
dent parallel energy, not that the surface is behaving like a
mirror. A substantial amount of energy scrambling is the
rule rather the exception and, as a result, the sticking coeffi-
cient is not likely to display behavior close to the normal
energy scaling suggested by idealized flat-surface models. As
a result, sticking coefficients would be expected to depend
primarily on incident total energy and only weakly on inci-
dent angle.

(2) Translational-rotational conversion is expected to
enhance sticking at energies well above the critical energy,
but to suppress the sticking coefficient at lower energies. The
suppression occurs because the excitation of the rotation
weakens the coupling to lattice vibrations and reduces the
energy transfer.

(3) Rotational and lateral corrugations lead to angular
distributions for directly scattered particles at wide incident

angles that display not only main lobes about the specular
direction but also a diffuse component. The former compo-
nent is due chiefly to trajectories that traverse the well region
only once, while the diffuse fraction is due mainly to trajec-
tories that trap on the first round trip and traverse the well
region more than once. This observation may be important
in connection with the extraction from experimental data
of the relative fractions of direct scattering vs trapping—
desorption.
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