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Abstract

The processes of electron transfer and dissociative scattering are explored for collisions of state-selected hyperthermal
energy (5-80 eV) NO*(X!S*, ») on GaAs(110) and Ag(111). In conjunction with classical and quantum mechanical
calculations, the experimental data reveal the sequence of neutralization, dissociation, and electron attachment steps
responsible for the emergence of O~ (*P) ions. This mechanism is compared to those which govern the formation of
negative ion fragments in the scattering of state-selected OCS*(X?II; ;) on Ag(111). In the scattering of OCS™, impulsive
mechanical dissociation forms O~(®P) ions; dissociative neutralization leads to S™(*P); and atom elimination yields

SO~(?ID).

1. Introduction

Reactions between translationally energetic molecular
ions and solid surfaces are of practical importance to
catalysis, ion-beam etching, materials processing, and mass
spectrometry. However, effective application of energetic
ion/surface interactions is limited by an incomplete under-
standing of the many reaction channels available. Incident
ion energies ranging from 5 eV to several hundred eV
exceed chemical reaction activation barriers and promote
processes such as activated dissociative chemisorption,
electron transfer, sputtering, surface atom abstraction, im-
pulsive and electronic excitations, and dissociative scatter-
ing. The studies described in this paper were performed to
gain an understanding of the role of electron transfer and
impulsive energy transfer in the dissociation of hyperther-
mal energy molecular ions at a surface.

The mechanisms governing molecular fragmentation in
hyperthermal energy ion—surface collisions can be grouped
into two categories: mechanical dissociation and electron-
transfer induced dissociation. Mechanical dissociation
refers to the impulsive transfer of translational energy into
ro-vibrational energy that subsequently ruptures the molec-
ular bond. For small molecules, and necessarily for di-
atomic molecules, mechanical dissociation is prompt,
forming products on the time scale of half a vibrational
period (ca. 10 fs) [1,2]. In this rapid dissociation event, the
fragments are created in close proximity to the surface and
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can hence subsequently react with the substrate. Re-
searchers have implicated a prompt mechanical dissocia-
tion mechanism in the dissociative scattering of O on
Ag(111) [3,4], CO™ and N; on P4100) [5], BE; on a
gold surface [6], and HY on Ag(111) [7]. In contrast,
mechanical dissociation of large polyatomic molecules is
thought to occur on a much longer time scale because of
the large number of modes available for accommodation of
internal energy. When a large polyatomic molecule im-
pacts a surface, a great deal of translational energy is
transferred into the internal degrees of freedom of the
molecule. The molecule scatters from the surface intact,
but highly excited. It is not until enough internal energy
becomes localized in a particular bond that fragmentation
occurs. Hence, the dissociative scattering of very large
molecules at surfaces occurs in two steps: impulsive en-
ergy transfer upon impact followed by unimolecular disso-
ciation long after the molecule leaves the surface interac-
tion region. This latter mechanism for dissociation is gen-
erally referred to as surface-induce dissociation (SID) [8—
10]. Cooks and co-workers pioneered the studies of poly-
atomic collisions with surfaces [11]. The impetus for his
work is to find new techniques for characterizing large
molecules within a mass spectrometer. SID offers several
advantages over collision-induced dissociation with noble
gas atoms: increased collisional cross sections, more inter-
nal energy deposited in the molecular ion, and a reduced
gas load in the vacuum chamber.

Electron-transfer induced dissociation likewise falls into
two sub-categories. Dissociation can occur when a repul-
sive state of a molecular ion is populated upon neutraliza-
tion of the molecule at the surface. This mechanism is
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referred to as dissociative neutralization (DN). DN has
been implicated as the operative mechanism in the scatter-
ing of H, N, and OF on Ni(111) [12,13], OF on
Ag(111) [3], and HJ on Cu(111) {14,15]. Alternatively,
electron attachment to a neutral molecule can form an
unstable negative ion, which will in turn dissociate. Hei-
land et al. suggest that dissociative attachment (DA) occurs
in the scattering of CO; and CO, on Ni(111) and Pd(110)
[16-18]

A wide variety of polyatomic molecules have been
scattered from hydrocarbon-covered or self-assembled
monolayer (SAM) surfaces [19-21]. Charged particle de-
tection reveals a predominance of cationic rather than
anionic scattered products [22]. Fragmentation via mechan-
ical SID is frequently evoked, and dissociative charge
transfer is rarely discussed. In contrast, a great deal of
molecular scattering on clean surfaces has been performed
and in many of these cases the dominate product channel
is neutralization, which may open another fragmentation
pathway [23,5,24,25]. In a small number of systems, two
electrons transfer to form negatively charged particles
[26,25,27]. Negative ions can subsequently scatter into the
vacuum, fragment, or autodetach an electron. Each of
these processes must be considered when assigning mecha-
nisms to negative ion fragment product channels.

Despite the many proposed mechanisms for how
molecular ions dissociate at surfaces, there has yet to be an
experimental study which definitively addresses the pre-
cise sequence of events that leads to fragmentation. For
example, in systems where negative ion fragments are
formed, it is not clear whether the fragments originate
from a unimolecular dissociation of the negatively charged
parent ion or whether the neutral parent dissociates at the
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surface and the daughter fragments attach an electron prior
to scattering into the vacuum. In addition, it is not known
whether polyatomic projectiles can undergo the same rapid
dissociation that occurs for diatomic molecules. Such is-
sues are difficult to address experimentally, primarily be-
cause ion scattering does not lend itself to sub-picosecond
time resolution. Therefore, we have undertaken a state-
selective study which investigates the negative ion forma-
tion and fragmentation of NO* scattering at hyperthermal
energies on Ag(111) and GaAs(110) surfaces [28]. Our
experiment affords precise control of the incident ion’s
translational as well as internal energy. By comparing the
relative effects that these forms of energy have on O~
emergence, we are able to uncover the rapid sequence of
electron- and energy-transfer events occurring when NO*
collides with GaAs(110) [29,30]. The dissociation dynam-
ics from this study are compared with those operative
when OCS ™, a triatomic, scatters on Ag(111). In the later
system, we identify three distinct fragmentation processes:
dissociative neutralization, rapid mechanical dissociation,
and atom elimination [31].

2. Experimental

Experiments were performed in an ultra-high vacuum
chamber designed specifically to study the scattering of
hyperthermal energy, state-selected molecular ions on sur-
faces. Although the experimental apparatus has been de-
scribed in detail elsewhere [28], a brief summary of the
main features will be given here. The machine, shown in
Fig. 1, consists of a pulsed molecular beam, a laser
ionization source, electrostatic optics for ion transport, a
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Fig. 1. Experimental apparatus.
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sample manipulator, an ion sputtering gun for cleaning,
LEED and Auger surface spectroscopies, and an ion imag-
ing detector for collecting scattered products.

The incident ions are created in a state specific manner
at the intersection of a supersonic expansion of the reactant
gas and the frequency-doubled output of a Nd:YAG
pumped dye laser via resonance enhanced multiphoton
ionization (REMPI). The ions are extracted, accelerated,
mass-selected, and finally decelerated to a specific transla-
tional energy (5-80 eV) before impinging on a clean,
well-characterized, single crystal surface. In each of the
experiments described here, the ions are directed along the
surface normal.

The scattered product ion yields are monitored with a
two-dimensional ion imaging detector, specifically de-
signed to afford mass-, angle-, and velocity-resolution with
near single ion collection efficiency [32]. The mass resolu-
tion of this detector is achieved by pulsed acceleration of
the ions into a field-free flight tube where they are allowed
to spatially separate, according to their velocity inside the
tube, before impinging on a pair of channei-electron
multiplier array (CEMA) plates. The secondary electrons
generated by the CEMA plates strike a phosphor screen.
The image is captured by a CCD camera and digitized by a
computer for storage and processing. This detector is
capable of detecting either positive or negative ions with
equal efficiency. A typical mass spectrum for negatively-
charged products in the scattering of 65 eV OCS* on
Ag(111) is presented in Fig. 2. Each well defined peak in
this spectrum can be assigned to a specific mass. An
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Fig. 2. Time-of-flight mass spectrum of incident OCS™ ions
(- -) and scattered negative ions (- @ —) formed in the scatter-
ing of 65 eV OCS* on Ag(111). The atomic masses of the four
major peaks are, from left to right: 16, 32, 48 and 60.

experiment then consists of monitoring each product chan-
nel as a function of the incident translational and/or
internal energy. Although this detector is rotatable, it was
fixed along the surface normal in the experiments de-
scribed here. The detector has an in-plane acceptance angle
of +21° and an out-of-plane angle of +6°. Because the
same detector is used for collecting both incident and
scattered ions, the relative product yields represent the
number of collected products divided by the number of
incident ions [28]. Error bars indicate 90% confidence
limits in the data.

3.NO*(X!3™*, v) + GaAs(110) and Ag(111)

We have scattered state-selected hyperthermal energy
(5-80 eV) NO™* ions on clean GaAs(110) and Ag(111)
surfaces [33-35,28]. Investigations into the relative effects
of internal and translational energy in promoting dissocia-
tion and negative ion formation have provided insight into
the dynamics governing reaction (1):

NO*(X'L*,»=0-6) + GaAs(110),Ag(111)
— 0~ (*P) + N + 2h* + GaAs(110),Ag(111), (1)

where h* represents a hole in the valence band of the
target. A complete understanding of the mechanism that
governs O~ (®P) emergence requires knowledge of the
precise sequence of neutralization, dissociation, and elec-
tron attachment events.

We have found the NO™ survival probability on both
GaAs(110) and Ag(111) to be <1079, which implies
efficient neutralization along the incident trajectory [28].
The high neutralization probability is consistent with previ-
ous ion-surface scattering studies [5,24,25] and arises be-
cause the bulk valence band of the substrate is resonant
with the ground electronic state of neutral NO [28]. There
are no electronic states within NO to which resonant
dissociative neutralization can occur. Consequently, facile
charge transfer exclusively produces ground state
NO(X?II), and since a concerted, two-electron transfer is
improbable, neutralization precedes both fragmentation and
negative ion formation.

The dynamics of dissociation have been investigated by
studying the effect that translational energy has on O~ ion
yield. Fig. 3a and b illustrates the O~(?P) ion yield as a
function of NO™ incident energy on the GaAs(110) and
Ag(111) surfaces, respectively. As these figures illustrate,
the dependence of O~ yield on NO™ collisional energy is
similar for both surfaces. We observed a threshold for O~
emergence on GaAs(110) of 25 eV and a threshold of 20
eV for Ag(111) scattering. Above threshold, the ion yields
from both surfaces rise monotonically throughout the range
of energies studied. It is of interest to note that the
similarities in the O~ ion yields persist despite the differ-
ences in the electronic and physical structure of the two
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Fig. 3. Relative yield of O~ (P) fragments as a function of
collision energy in the scattering of NO™ (v = 1) on (a) GaAs(110)
and on (b) Ag(111). For each experiment, NO* was incident
along the surface normal and scattered products were detected
around the normal direction.

surfaces. GaAs(110), a semiconductor, is physically corru-
gated on the atomic scale with a work-function of 5 eV
and a band gap of 1.4 eV [36]. This is in contrast to the
atomically smooth Ag(111) metal surface that has a work-
function of 4.7 eV [371].

The endoergicity of reaction (1) is 4.7 eV, which is 4-5
times lower than the observed translational energy thresh-
olds for O~ emergence. Insight into the factors contribut-
ing to such high thresholds was gained through classical
trajectory calculations. The model, which has been de-
scribed in detail previously [29], consisted of a rotating,
vibrating diatom bound by a Morse potential, impacting a
single surface atom, which was harmonically bound to an
infinite mass. The repulsive interaction between the diatom
and the surface was modeled with a pairwise-additive
Hartree—Fock, Borm-Mayer, or Zeigler-Biersac—Litt-
marck potential. The model predicted the translational
energy threshold for the dissociation of NO on GaAs(110)
to be in the range of 15-21 eV, depending upon the choice
of potential. The results from these calculations reveal the
inefficiency of energy transfer into motion along the reac-
tion coordinate. Although, in the energy range of 5-20 eV,
there is sufficient energy available to overcome the endoer-
gicity of dissociation, the coupling of translational energy
to NO internal energy is found to be much weaker than the
coupling to lattice vibrational motion. Therefore, the ma-

jority of available energy is channeled into the surface,
while only a small fraction leads to rovibrational excitation
of NO. Impulsive mechanical dissociation has been in-
voked for a variety of systems and in each case it has been
characterized as an inefficient process [6,38].

Although incident translational energy has been shown
to be an inefficient means by which to drive mechanical
dissociation, we have observed incident vibrational energy
to be an order of magnitude more effective in promoting
fragmentation. Fig. 4 shows the experimentally observed
O~ ion yield as a function of the initial number of NO™*
vibrational quanta at 45 eV collision energy. As this data
indicates, adding 1.7 eV of vibrational energy increases the
O~ yield by 140%, whereas 1.7 eV of translational energy
added to the 45 eV collision energy increases the yield by
only 14% (see Fig. 3) [28]. Although it is intuitively
reasonable to expect a large enhancement in dissociation
when the molecule is initially excited along the reaction
coordinate, our classical trajectory calculations failed to
reproduce the experimental findings. The calculations pre-
dicted that even 15 quanta of initial vibrational energy in
the incident molecule has only a minor effect on the NO
dissociation probability [29]. Therefore, we developed a
quantum mechanical wave packet model in order to treat
electron transfer and dissociation more realistically. A
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Fig. 4. Relative yield of O~ (*P) fragments as a function of initial
vibrational quanta in NO* (v). For this study, the collision energy
was held at 45 eV and the ions impinged along the surface normal
of GaAs(110).
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Fig. 5. Time-dependent quantum trajectories for (a) NO* (» = 0)
and (b) NO+(» = 6) incident on GaAs(110) at 45 eV collision
energy. The expectation values for the center-of-mass to surface
distance, (Z), and the intemuclear axis separation, {r), are
shown along with the population on the neutral and negative ion
diabatic potential energy surfaces as a function of time.

novel procedure for treating the coupling of a molecular
state with a band of substrate electronic states was com-
bined with a mixed classical-quantal treatment of the
nuclear motion [30]. The results of these calculations are in
quantitative agreement with experimental data and provide
further insight into the sequence of events which lead to
the emergence of O~.

The wave-packet calculations illustrate the interplay
between vibrational motion and electron transfer. Fig. 5
tracks the evolution of four dynamical variables during a
quantum trajectory. The expectation value, {Z), represents
the proximity of the molecule’s center of mass in relation
to the surface throughout the scattering event. The time-de-
pendent population of the neutral NO potential energy
surface demonstrates that neutralization efficiently occurs
along the approach to the surface. The model predicts that
virtually all of the incident ions are neutralized, in agree-

ment with the observed experimental results. As the neu-
tral molecule impacts the surface, the molecule’s internu-
clear separation, {r), decreases under compression and
then rapidly expands upon recoil. The second electron
transfer to form negatively charged particles is dependent
not only on the molecule—surface separation but also on
the N-O internuclear distance, because the NO electron
affinity is correlated with bond length. The electron affin-
ity for a compressed NO molecule is negative (unstable to
electron attachment) while it rises as high as +2 eV at a
bond distance of 1.7 A [39]. Therefore, the anion popula-
tion is at a maximum when N and O atoms are separating
and the molecule is still in close enough proximity to the
surface to afford sufficient orbital overlap. In the calcula-
tions, these circumstances occur approximately 5 fs after
impact. After this time, the negative ion population dimin-
ishes due to back-electron transfer to the surface. The O~
yield is defined as the portion of the negative ion wave
packet which extends beyond r = 3A. The calculated O~
yield rises 15 fs after impact and reaches its asymptote 10
fs later.

Fig. 5a and b compares the quantum trajectories arising
from NO*(p*=0) and NO*(v*=6), respectively. As
these figures illustrate, the main consequence of added
vibrational quanta is a greater bond compression at the
classical turning point. Increased compression leads to
more rapid expansion that facilitates negative ion forma-
tion, because the internuclear axis separation, and hence
the electron affinity of NO, is greater at shorter molecule—
surface distances.

The combined experimental and theoretical approach
has revealed the sequence of events which leads to the
emergence of O~ ions in the scattering of hyperthermal
energy NO™ on GaAs(110). We find that efficient neutral-
ization of the impinging molecule creates a coherent vibra-
tional wavepacket. Bond compression upon surface impact
leads to a rapid separation of the N and O atoms that
facilitates O~ emergence. Although this study has pro-
vided a detailed understanding of the dynamics of dissocia-
tion and negative ion formation in the scattering of a
diatomic ion on a solid surface, it is not clear whether
these concepts can be extended to hyperthermal poly-
atomic molecule—surface collisions. As a test case, we
have performed similar state-selected ion—surface scatter-
ing experiments using a triatomic projectile. These results
are presented in the following section.

4. 0CS *(X?I1;3,,0,0,0) + Ag(111)

State-selected OCS ™ (X?II; ,,, 0, 0, 0) ions were scat-
tered on a clean Ag(111) surface [31]. We observed no
positive ion products throughout the translational energy
range of 5—-80 eV. This result indicates that, like NO™ on
GaAs(110) and Ag(111), neutralization is very efficient in
this system. Insight into the dynamics of neutralization can
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Fig. 6. One-electron energy level diagram depicting neutralization
of OCS* on Ag(111). The OCS™ ion is referenced to the
vacuum level and the electronic states of neutral OCS are taken
from gas-phase spectroscopic data. The density of states for the
Ag(111) valence band is shown on the left.

be gained by comparing the energies of the OCS™ affinity
levels with the occupied electronic energy levels of
Ag(111). Fig. 6 presents the density of states of Ag(111)
relative to the relevant energy levels of OCS. In this
figure, the OCS™ jon is referenced to the vacuum level. As
illustrated, there are a number of energy states of the OCS
molecule which may be populated through resonant or
Auger neutralization.

Although the detector used in this experiment is not
sensitive to the neutral products, it can sensitively detect
the products which emerge as negative ions. As illustrated
in the mass time-of-flight spectrum of Fig. 2, the major
negative ion products in this system are S™(?P), O~ (*P),
and SO™(*IT). Fig. 7 shows the relative ion yields for
each product channel as a function of incident energy. In
addition, we have investigated how the exit translational
energy of each product varies with incident OCS™ energy.
We observe that, on average, the products emerge with
approximately 10% of the incident kinetic energy. It is
believed that the majority of the translational energy is
transferred to localized, large amplitude lattice vibrations,
a fraction is partitioned into the formation of electron-hole
pairs, and a minor component generates ro-vibrational
excitation within the impinging molecule.

One possible mechanism for fragmentation in this sys-
tem is SID, whereby collisional excitation of molecular
vibrations induces a delayed unimolecular dissociation [11].
However, if the negative ion fragments observed in the
scattering of OCS™ on Ag(111) were produced via SID,
then OCS™ would have to be the precursor to delayed
dissociation. Although OCS has an electron affinity of

0.46 eV [40], OCS™ does not appear as a product under
any set of initial conditions. This indicates that either
OCS™ is not formed in this system or that it is unstable for
the amount of time that it takes to travel from the surface
to our detector (ca. 5 ps). The latter possibility is dis-
counted, because previous scattering studies suggest that
there should be some fraction of scattered parent molecules
that emerge with less than 0.43 eV of vibrational energy
[28,3]. Therefore, we propose that OCS™ is not the precur-
sor to dissociation. Instead, we suggest that prompt frag-
mentation of OCS occurs in close proximity to the surface
whereby O, S, and SO fragments can attach an electron
prior to scattering into the vacuum.

There are two dissociation mechanisms that could pro-
duce fragments within 20 fs after collision. One such
mechanism is an impulsive transfer of translational energy
directly into the reaction coordinate in a rapid diatomic-like
dissociation process (see Sect. 3). The dissociation of
neutral ground state OCS(X'Z) would lead to CO(X!Z*)
+S('D) and/or CS(X!3*)+ O('D), the asymptotic
products of OCS. The affinity levels of S(*D) and O('D)
lie 3.5 and 3.0 eV below the vacuum level, respectively.
These levels will broaden and bend to lower energies near
the surface, where they can be filled via resonant electron
attachment. Likewise, rapid impulsive dissociation can
occur for excited bound states of the neutral molecule if
these are populated in the neutralization process. Fragmen-
tation on an excited electronic surface will produce either
the 'D or the *P states of sulfur and oxygen.
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