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Abstract

A molecular beam of hyperthermal HCl (J = 0) impinges on a MgO(100) surface and the scattered HCI is probed
state-selectively by using multiphoton ionization. Two regimes are identified. At incident energies of 0.54 and 0.90 ¢V,
scattering is predominantly direct-inelastic, whereas at an incident energy of 0.11 eV, HCI is predominantly trapped and
subsequently desorbs. For example, at 0.11 eV, the angular distribution of the HCI product is cosine-like, whereas at 0.54
and 0.90 eV, the scattered HCl is observed to peak near the specular angle. © 1998 Published by Elsevier Science B.V.

1. Introduction

Surfaces provide rich environments in which a
variety of scientifically and technologically impor-
tant chemical and physical processes take place.
Consequently, much effort has gone into detailed
examinations of the associated elementary processes.
Prominent among these are molecule—surface inter-
actions. Our understanding of such interactions has
been advanced significantly by studies of molecule—
surface collision dynamics, and both experimental
and theoretical studies have been carried out for a
number of systems, focusing primarily on metals
[L=11]. Insulators have also been examined, but to a
lesser extent [12—18].
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An important change of scattering mechanism,
ie., from ‘‘trapping-desorption’’ to ‘‘direct-
inelastic’’ scattering, takes place as the energy of the
molecule—surface collision increases. Scattering that
occurs via the trapping-desorption mechanism has
been observed in systems with large molecule-
surface binding energies and efficient translational
energy loss channels (usually to surface phonons).
For example, trapping-desorption in the NO /Pt(111)
system occurs readily, presumably because of the
large binding energy of 1.1-1.5 eV [3]. Alterna-
tively, both trapping-desorption and direct-inelastic
scattering have been observed in systems such as
N, /Cu(110) [8] and NO /graphite [12]. In addition,
the intermediate ‘‘multiple scattering’” regime has
been identified, with extensive data recorded for the
NO /graphite system [12].

Trapping into both dissociative chemisorption
states and physisoption states with subsequent disso-
ciation have been documented [19]. For the
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HC1/MgO(100) system, we believe that trapping
occurs only into a physisorption state.

In the present study, experimental data are pre-
sented which are interpreted as evidence for the
transition from the trapping-desorption to the direct-
inelastic scattering regimes in the HCl/MgO(100)
system. The results are discussed in terms of the
incident kinetic energy of the HCI molecule (E, )

mc ’»
the angle of incidence (@, ), surface corrugation,
and the thermal energy associated with the surface
temperature (7,). Combining surface science and
molecular beam techniques with quantum-state-
selective laser detection enables the scattering dy-
namics of HCl from the MgO(100) surface to be
examined in detail. Namely, quantum-state-selective
detection allows us to investigate translational-to-ro-
tational energy transfer, determine effects of surface
vibrations on the rotational energy, and measure
differential angular distribution of the scattered HC.
In addition, time-of-flight (TOF) measurements
demonstrate the very long residence times of the
trapped HCL.

2. Experimental

Pulsed HCI molecular beams were prepared by
supersonic expansion of HCI diluted in suitable car-
riers. The beams impinged on a MgO(100) surface
and the resulting state, angular, and TOF distribu-
tions of the scattered molecules were probed by
using quantum-state-selective laser detection. Trans-
lational-to-rotational energy transfer was studied as a
function of E, .. @, . and T,.

E,,. was varied by changing the gas mixture. For
example, seeding 1-2% HCl in 1.5-2.0 atm of Ne,
He and H, at 300 K yields E;,. values of 0.11, 0.54
and 0.90 eV. Depending on the seeding conditions,
from 75 to 90% of the HCI molecules were in the
J =0 rotational state, corresponding to rotational
temperatures (7,,) of 10-20 K.

The piezoelectric molecular beam nozzle (20 Hz,
150-250 s pulse duration) directed the beam
through a differentially pumped region and into the
UHV chamber (base pressure ~ 3 X 107'" Torr)
which housed the MgO crystal. The surface to be
studied was prepared by cleaving MgO along the

(100) plane prior to mounting it on an XYZ® ma-
nipulator and placing it in the UHV chamber. In
order to remove contaminants and surface defects
(oxygen deficiencies), the crystal was heated to 500°C
for two hours in 107> Torr of oxygen. On a daily
basis, Auger spectroscopy was used to check surface
contamination, and surface order was verified by He
diffraction.

HCI1 molecules were detected state-selectively by
using (2 + 1) resonance enhanced multiphoton ion-
ization (REMPI). To obtain the required radiation,
the output of a dye laser was frequency doubled in
BBO to generate tunable radiation near 238 nm
having a linewidth of 0.7 cm™' and an energy of
approximately 0.75 mJ. The laser beam was focused
into the UHV chamber with a 46 cm focal length
lens. The REMPI signal (normalized by the square of
the laser energy) provided a map of HCI rotational
excitation. Rotational distributions were obtained at
the specular angles for all of the @,,. values exam-
ined. When using the V'2" « X'3* gystem and a
300 K ion cell (0.2-0.5 Torr), rotational line strengths
for the (v = 11) < (¢ =10) band were found to be
unity for J = 0-8, and were assumed to be unity for
J=9- 15 [11]. It was found that the Franck-Con-
don factor for the (¢ = 12) « (v = 0) band (used to
detect J=9-12) is smaller than that for (v =11)
« (v =0) by the factor 1.55 + 0.10. Likewisc, the
Franck—Condon factor for the (¢ =13) « (¢ =0)
band (used to detect J = 13-15) is smaller than that
for (v = 11) « (v = 0) by the factor 2.35 + 0.10.

Angular distributions of scattered molecules were
obtained by moving the probe laser along an arc
centered at the molecular beam- surface collision
point and collecting signal at the Q(4) line of the
E'S*(v=0) « X'3" (v =0) transition. A differ-
ent laser system (0.12 cm™' linewidth at 238 nm.
~ 2.5 mJ) was used to acquire angular distributions
at £, =0.11¢eV.

Temporal profiles of scattered molecules were
obtained by recording signal at the E'S* (v =) «
X!'2*(v=0) Q(2) transition as a function of the
delay between the probe laser and nozzle triggers.

Though the present application of the REMPI
technique measured number density rather than flux,
a flux-to-density transformation was not applied to
the rotational state distributions, since the scattered
HCI velocity distributions are unknown. We estimate
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Fig. 1. Boltzmann plots for HCI scattered from 300 K MgO(100)
at E,. values of 0.11 and 0.9 eV (&, . = 15°). The lines are least

nc
squares fits.

that such corrections are smaller than the error bars
of the measurements.

3. Results

Scattered HCI (¢ = 0) rotational state and angular
distributions were recorded while varying collisional
conditions such as E,., @,  and T,. Data were
collected for E; . values of 0.11. 0.54 and 0.90 eV.
The production of HCI (v = 1) was below the detec-
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Fig. 3. Angular distributions for HC1(J = 4) scattered from 300 K
MgO(100) at: (a) E,. =0.11 eV and @, =45% (b) E,. =0.54
eV and @, =30% (¢) E,. =090 eV and 6, = 30°. Data were
not recorded in the range —10°< @, < 30° due to un obstruc-

tion. The solid line is a cosine function.
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Fig. 2. (a) T, values of scattered HC! versus @, at E; .= 0.11, 0.54 and 0.90 eV (7, = 300 K): (b) T,,,, values of scattered HCI versus 7,

at £, =090eV and 6 =15
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shown in Fig. 1. The good degree of linearity dis-
played in Fig. 1 was observed for all such plots,
enabling the rotational distributions to be character-
ized by a parameter, 7, ,. In general, T, , values
increased with E, . (Fig. 2a). For example, for E,

mnc

values of 0.54 and 0.90 eV, T, was 390 and 510 K,

rot

respectively, for 7. =300 K and @, = 15°. How-
ever, a qualitative difference was observed for E,
=0.11 eV, where T,, was found to be 310 + 35 K
for T, =300 K and all values of @, . In this case,
the observation that 7, , = T, suggests that the HCI
molecules may have resided on the surface long
enough to equilibrate their rotational degree of free-
dom with the surface.

Surface temperature effects on 7., were deter-
mined at E, .= 0.90eV and @, = 15°. When T, was
increased from 280 to 480 K, T, increased from
505 to 615 K (Fig. 2b). At E, =090 eV, T,
always exceeded T..

Angular distributions for scattered HCl (v =0,
J = 4) are shown in Fig. 3. Again, there is a qualita-
tive difference between E; . = 0.11 eV and the higher
E,. values of 0.54 and 0.90 eV. For 0.11 eV (Fig.
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Fig. 4. Temporal profiles of incident HCI (J = 0) (solid line) and
scattered HC1 (J = 2) (open circles) at £, =0.11 eV and 0, =

15° for different values of 7. The incident beam profile was
recerded without the surface present.

3a), HCI leaves the surface with a cosine-like distri-
bution (solid line). In contrast, scattering at the higher
energies yields distributions which are peaked near
the specular direction. Note that the near-specular
lobe obtained at E, . = 0.90 eV (Fig. 3¢) is broader
than the one obtained at E, . = 0.54 eV (Fig. 3b).

Temporal profiles of scattered HC1 (¢ =0, J =2)
were recorded at E; . =0.11 eV for 7, values from
150 to 188 K, as shown in Fig. 4. They are com-
pared to the HCI (v =0, J=0) incident pulse. It is
clear that for 7, <188 K the scattered temporal
profiles have tails that extend to long times. For
T, =150 K, the tail can be fitted by an exponential
having a time constant of 1.2 ms. Both the incident
and scattered profiles were obtained at the same
probe position with a probe-surface distance < 1
mm. Though the scattered HCl is delayed because of
its flight time, this accounts for only a few microsec-
onds, which is insignificant on the time scale of Fig.
4.

4. Discussion

The experimental results reported herein are con-
sistent with a molecule—surface scattering mecha-
nism that changes from predominantly trapping-de-
sorption at £ =0.11 eV to predominantly direct-
inelastic at ;. = 0.54 and 0.90 eV. This is the main
conclusion of the present work. As discussed below,
the evidence in support of this includes angular and
product state distributions of the scattered HCI. as
well as the time-resolved scattering studies carried
out at 0.11 eV with different surface temperatures.
Since no PES is available for the HCl/MgO(100)
system, it is not possible to carry out a detailed
comparison between theory and experiment. Thus,
our present level of understanding is qualitative.

Similar observations of the transition between the
trapping-desorption and the direct-inelastic scattering
regimes have been reported by Sitz and coworkers
for N, scattered from Cu(110) [8] and Si(100) [20],
and by Walther and coworkers, who have carefully
examined the NO/graphite system [12]. A comple-
mentary study of HCl undergoing direct-inelastic
scattering from Au(111) has been reported by Lykke
and Kay [11].
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4.1. Trapping-desorption

The binding energy and geometry of physisorbed
HCl on MgO(100) are of considerable importance
for the problem at hand. Though these properties
have not been determined experimentally, McCarthy
et al. [21] have carried out electronic structure calcu-
lations on this system, including a correction for the
electrostatic interaction of the HCI dipole with the
ionic surface. They find well depths of 0.35 and 0.50
eV, respectively (the latter being the global mini-
mum), for the cases of the HCI dipole parallel to the
surface and perpendicular to the surface with the
hydrogen facing the oxygen anion. This illustrates
the large anisotropy of the potential, which suggests
that steering may play an important role in the
dynamics [22].

The trapping of incident HCI is the result of
energy transfer from HCI translational motion to the
crystal phonons. As the vibrationally and rotationally
cold HCI molecules approach the surface, they are
accelerated and steered in the attractive, anisotropic
potential. Because the surface is highly polar and
corrugated, the parallel component of the linear mo-
mentum of the incident HCl may not be conserved,
in contrast to most metal surfaces [11]. Rebounding
HCI molecules can be trapped if their normal kinetic
energy is less than the molecule—surface binding
energy. In this case, the molecules do not escape
directly, but are either trapped right away or return to
the surface where further scattering occurs. These
complex scattering processes can lead to results
which are intermediate between direct inelastic and
trapping-desorption, e.g., scattering that is not local-
ized around the specular lobe (relative to direct-in-
elastic) but does not display full surface accommoda-
tion.

Desorption of molecules which have been trapped
occurs when the molecule—surface coordinate accu-
mulates energy in excess of the well depth (for the
case of no exit barrier). This results in rotational and
translational distributions that are close to equilib-
rium distributions at the surface temperature. Note
that a cosine-like angular distribution of desorbing
molecules is expected on the basis of arguments
similar to those used to describe effusion from a
pinhole [23]. For a pre-exponential factor of 103+
Hz in the Arrhenius equation [24], binding energies

in the range 0.35-0.50 eV yield residence times in
the range 10 ns—-100 ps for 7, =300 K. Thus,
molecules that undergo trapping have mean resi-
dence times on the surface that are very long relative
to the time scale of molecule—surface vibrations.

The present experimental results are consistent
with a mechanism in which the majority of the
low-E, . incident molecules (i.e., 0.11 eV) become
trapped during the molecule—surface collision. Thus,
these molecules become equilibrated at the surface
temperature and re-enter the gas phase via desorp-
tion, which occurs long after the initial encounter.
For example, note the angular dependence shown in
Fig. 3a, which shows the cosine-like angular distri-
bution of the scattered HCI. This angular distribution
differs qualitatively from those at the higher E,
values, the latter showing preference for scattering
near the specular angle. Likewise, the T, values
shown in Fig. 2a show that the HCI rotational excita-
tion is Boltzmann-like at approximately 7,. This
differs from the rotational distributions obtained at
the higher E; . values, in which T, is higher than
T.

The time-resolved desorption results shown in
Fig. 4 illustrate the long residence times. Clearly,
there is more than a single desorption rate, and the
kinetics that give rise to such data may be complex.
From the slow-decay component (using k ==
vexp{—AH/kT}, with v=10" s7"), a AH value
of ~0.3 eV is inferred, which is somewhat lower
than the estimate of McCarthy et al. [21].

Thus, all of the experimental data taken at 0.11
eV are in agreement with the predominance of a

trapping-desorption mechanisni.
4.2. Direct-inelastic scattering

As mentioned above, the results obtained in the
present experiments at the higher E, . values differ
qualitatively from those obtained at E, .= 0.11 eV.
Namely, at 0.54 and 0.90 eV, the scattered HCI
molecules are found to lie preferentially in lobes
near the specular angle, which is consistent with the
predominance of a direct-inelastic scattering mecha-
nism. From the angular distributions shown in Fig. 3,
it appears that there may be some trapping and/or
multiple scattering at these higher E. _, but the domi-

me?>

nance of the near-specular lobe is clear. In addition,
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for the near-specular lobe, the rotational and transla-
tional degrees of freedom are not equilibrated with
the surface (Fig. 2a), again in agreement with a
direct-inelastic scattering mechanism.

Angular distributions have proven to be useful
tools for unraveling the dynamics of molecule—
surface scattering. In the present study, the angular
distribution were seen to broaden when E, . was
changed from 0.54 to 090 eV. In most of the
systems studied to date, the angular distributions of
scattered molecules have been observed to narrow at
higher collision energies, due to the fact that, as the
collision energy is increased, the surface thermal
energy becomes progressively less important [11,18].
However, broadening of the angular distribution at
higher energies has been observed in N,/W(100)
[25], O,/Ag(111) [26] and Xe/Pi(111) [27]. We
tentatively attribute the broadening observed in the
present study to an increase of the effective
MgO(100) corrugation at the higher collision ener-
gies. The MgO(100) corrugation (i.e., 0.32-0.46 A,
as determined from He scattering at 25-150 meV
[28-30]), is smaller than the 0.68 A expected by
interpreting the ionic radii of the Mg*? and O~
ions. At least part of this difference may be at-
tributed to surface charge redistribution, which pro-
vides a modest amount of covalent bonding [31,32].
It is known that corrugation broadens angular distri-
butions relative to flat surfaces [10], and at the higher
incident energies, HCl recoils from turning points
which are closer to the surface nuclei, thus experi-
encing larger corrugation.

An additional mechanism for broadening of the
specular lobe arises from the fact that at higher
incident energies the translational energy losses in-
crease [7]. Scattered molecules that lose more paral-
lel than normal momentum scatter in a subspecular
direction, whereas those that lose more normal than
parallel momentum scatter in a supraspecular direc-
tion. In other words, dispersion in the parallel and
normal components of the momentum can contribute
to angular broadening. In the present case, HCI
translational energy losses become larger at the higher
incident energies, and this can broaden the specular
lobe.

Comparing the results obtained by using
HCI/MgO(100) to those obtained by using
HCl/Au(111) [11] can provide insight into differ-

ences in the scattering of polar molecules from insu-
lator versus (rather inert) metal surfaces. The main
differences that have been observed are the participa-
tion of a trapping-desorption channel at low E, . for
the HCl1/MgO(100) system, as well as the higher
efficiency of k7, — E, energy transfer (0.55 + 0.2)

rot

at high E, . compared to the HCl/Au(111) system.
where the energy transfer efficiency is 0.08 [11].
Also, as mentioned above, the angular distributions
of HCl scattered from Au(111) become narrower as
E,,. increases, which is opposite to the dependence
observed in HCl1/MgO(100). In addition, normal
energy scaling is observed in HC1/Au(111) but not
in HC1/MgO(100).

All of the above differences between the two
systems can be rationalized as due to a larger attrac-
tive well for HCl/MgO(100) compared to
HC1/Au(111) (which is believed to be approxi-
mately 0.23 eV [11]) as well as larger corrugation for
MgO(100) than Au(111). Note that corrugation may
also enhance k7, — E_, energy transfer.

In summary, we conclude that the present data
reflect the transition from trapping-desorption to di-
rect inelastic scattering, as has been observed previ-
ously [8,12], in fact even in one of the earliest
studies of molecule—surface scattering [33]. The pre-
sent results have a great deal in common with the
studies of Walther and coworkers on NO /graphite
[12]. Likewise, similar observations of this change of
scattering mechanism have been reported by Sitz and
coworkers for N, scattering from Cu(110) [8] and
Si(100) [19].
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