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We have investigated vibrational excitation of physisorbed O, by electron impact in the 4-14-eV
range, where a single broad resonance is observed in gas-phase studies. We show that by orienting the
molecule in two different alignments on the surface of graphite it is possible to selectively populate two
different negative-ion resonance states in this energy range, the %%, state (at ~8.5 eV) and the 211, state
(at ~6 eV), each of which leads to molecular vibrational excitation. Calculations show that this selec-
tive resonance population arises from the distinctive differential electron-capture cross sections of the
two molecular states, into which electrons are “fed” by the surrounding surface structure.

PACS numbers: 79.20.Kz, 34.80.Gs, 61.14.Dc, 68.35.Bs

The role of short-lived molecular resonances in a
variety of surface processes is a topic of increasing atten-
tion. These transient species are now not only known to
be of considerable significance in a whole set of sur-
face spectroscopies [electron-energy-loss spectroscopy
(EELS),!"® photoemission,® inverse photoemission,’ x-
ray absorption,® and surface enhanced Raman scattering
(SERS)’], but they are also postulated to act as inter-
mediates in a range of pathways in surface chemical dy-
namics (molecule-surface scattering, '® adsorbate molec-
ular dissociation,'! electron- (Ref. 12) and photon- (Ref.
13) stimulated desorption, and electron-beam-stimulated
reactions.'* In this context the negative-ion resonances
which are beginning to be observed in electron-impact
studies of various adsorbates are of particular impor-
tance, since they elucidate details of the resonance life-
time'®> and symmetry*'® in addition to the resonance en-
ergy. Here the physisorbed O; molecule has been a key
model system and the subject of intensive investigation,
exposing a wide spectrum of new phenomena, 24121317

Vibrational excitation of physisorbed O, via a reso-
nance located somewhere between 5 and 10 eV has been
a common feature of various EELS studies,'>* yet the
identification of the resonance(s) remains elusive, and
both the %, and 2I1, negative-ion states have been in-
voked. The situation is due, in part, to the uncertainty
over the identity of the single broad resonance observed
in gas-phase EELS experiments.'® In this Letter we
demonstrate that resonant vibrational excitation of O,
can proceed via both the *T, (at 9 eV) and 2I1, (at 7
eV) states. We show that these negative ions can be
preferentially selected by orientating the O, molecule in
two different alignments on the surface of graphite and
exploiting the distinct differential electron-scattering
cross sections of the two states.

The ground-state O, molecule has two electrons with
parallel spins in the highest occupied 2px; molecular or-

bital, leading to the well-known paramagnetic moment
of the molecule. An electron can be added to the system
in various ways to create a negative ion, and potential-
energy curves for the low-energy negative ions have been
calculated.!” On energy grounds, the resonance in the
cross section for vibrational excitation of gas-phase O,
(centered at 9.5 eV) observed by Wong, Boness, and
Schulz'® was attributed to the *T, state (a single-
particle shape resonance), though a contribution from
the 2I1, state (a core-excited Feshbach resonance),
which is also known to lead to dissociative attach-
ment'22% (at 7 eV), could not be excluded. Various
workers have subsequently observed a vibrational reso-
nance at approximately the same energy in the phy-
sisorbed phase, "> but the distribution in measured reso-
nance energies over these studies (from 5 to 9 eV) is too
broad to be attributed solely to experimental errors (typ-
ically 0.5 eV). One possible interpretation' of these
conflicting results is that there are indeed two reso-
nances, one or other of which manifests itself more
strongly in different contexts. This Letter explores that
possibility.

Our experiments were performed on the O/graphite
system. O, was dosed onto the graphite surface at low
temperatures (7~25 K) to create either the low-
coverage submonolayer 6 phase or the higher-coverage
$2 phase. The established crystallographic structures of
these phases were confirmed with low-current low-energy
electron-diffraction (LEED) measurements.?! The O,
molecular axes lie approximately parallel to the surface
in the & phase,?? and approximately perpendicular to the
surface in the ¢2 phase.?> EELS measurements were
performed with a wide-angle spectrometer described pre-
viously.4

Figure 1 shows the observed resonance profiles for the
two phases, obtained by measuring the intensity of the
v=0-1 fundamental vibrational excitation of O, as a
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FIG. 1. Resonance energy profiles obtained from an EELS
study of the monolayer & and {2 phases of O,/graphite at 23 K.
The experimentally observed intensity of the v =0-1 vibrational
excitation of O, at 191-meV energy loss (normalized to the
diffuse elastic intensity) is plotted as a function of the incident
electron energy. The angle of incidence is 60° from the normal
in each case, and the detection angle is (a) 20° and (b) 40°.

function of incident electron-beam energy. The loss in-
tensities were normalized against the diffuse elastic in-
tensity, though other normalization procedures were
found not to shift the resonance peak energies signif-
icantly. In the & phase, Fig. 1(a), a single peak is ob-
served, centered at ~8.5 eV. This is ~1 eV below the
center of the broad gas-phase peak, a result readily attri-
buted to the attractive interaction between the negative
ion and its image in the substrate.?* In the {2 phase,
Fig. 1(b), a resonance is again observed, but this time
shifted down in energy to ~6 eV. This shift in reso-
nance energy relative to the & phase cannot be accounted
for in terms of the image interaction, which is expected
to be very similar for the é and {2 phases, since both are
monolayer structures.

There are two possible causes for the observed shift in
energy of the resonance profile between the § and {2
phases. Recently it was shown that multiple elastic
scattering of electrons on route to and emerging from a
resonance can lead to shifts in the measured resonance
energy as a function of adsorbate structure.'” However,
explicit calculations of this effect in the present case pre-
dict a shift of <0.5 eV between the § and {2 phases,
which clearly cannot account for the (reproducibly) ob-
served 2.5-eV shift. This leaves us with the alternative

1302

™ () . 8- Phase
P

[=

3

re}

=

8

Fy

=

c

[}

2

s

0 i 1 L 1 n I 1 1 1 " L 1 1
5 0 5 10 15 20 25 30 35 40 45 50 55 60
Emission Angle (°)

% | (b) {2 - Phase
=

c

3

r-]

r .
s

>

=

(73

c

[}

]

E

0 " n n Laiaat e " " 1

5 0 5 10 15 20 25 30 35 40 45 50 55 60
Emission Angle (°)

FIG. 2. Angular distributions of resonantly scattered elec-
trons. Shown is the intensity of the v =0-1 O, vibrational exci-
tation as a function of detection angle (labeled with respect to
the surface normal), for the § phase (at 8.5 eV) and the {2
phase (at 6.5 eV). The electron-beam energies are chosen to
be near the peaks in the resonance profiles of Fig. 1. The angle
of incidence is 60° in each case. Note the dip in intensity
along the normal to the surface in both cases. The solid lines
are the angular distributions calculated for electron scattering
via the *Z, resonance in the & phase (assuming a molecular tilt
of 15° from the surface) and the I, resonance in the {2 phase
(assuming a molecular tilt of 15° from the normal).

explanation of the energy shift, namely, that we are ob-
serving different resonances in the two phases.

In order to confirm this explanation we show in Fig. 2
the angular distributions of vibrationally inelastic elec-
trons obtained near the center of the resonances in the &
and {2 phases. Such angular distributions depend upon
the symmetry of the resonant state, as well as the orien-
tation of the molecules on the surface.*'® At the quali-
tative level, the measured angular distributions look
rather similar in the two phases: note, in particular, the
minimum of intensity along the normal to the surface in
both cases. We recently proposed a set of selection rules
which give rise to nodes in the angular distribution of
electrons emitted from negative-ion resonances under
conditions of high structural symmetry. For example,
the distribution of electrons emitted in a po partial wave
from a molecule lying down flat on a surface shows a
node along the surface normal if there is a structural
mirror plane running through the center of the molecule.
Given that in the & phase the O, molecules are approxi-
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mately flat (and that the structure has, for zero molecu-
lar tilt, the requisite mirror plane), and that the *Z, res-
onance is expected to emit electrons in a po wave,!$ we
are led to the conclusion that in the § phase the reso-
nance observed is the %%, state. The 21, state, emitting
electrons in a pr wave, would give substantial intensity
(in fact, a maximum) along the surface normal in the
“lying down & phase. When we come to the {2 phase,
the similar observed angular distribution demands that
the resonance identification be reversed. Here a pr (con-
sistent with the 21, state) would give a minimum on thé
normal, while a po wave (consistent with the %, state)
would give substantial intensity in that direction. Thus it
appears that the 6-eV resonance in the {2 phase is
predominantly due to the I, state, not the *%, state;
i.e., the resonance observed has switched between the
two phases.

The conclusion that the 8.5-eV resonance in the &
phase has po symmetry (%, ), while the 6-eV resonance
in the {2 phase has pz symmetry (°I1,), is confirmed by
full calculations of the angular distributions in the
two cases (solid curves in Fig. 2), performed using the
LEED-type multiple-electron-scattering framework de-
scribed previously.?® For the & phase, the best fit to the
data is obtained with a po partial wave (and a small
molecular tilt of 15° from the horizontal), while in the
£2 phase, the best fit comes from a pr wave (and again a
small tilt, 15°, from the vertical2%).

The question that remains is why we observe the
different resonances in the two phases. On the face of it
there are again two possibilities. (i) The 21, resonance
is quenched by interaction with the surface in the &
phase, and similarly the *Z, resonance in the ¢2 phase.
(ii) The electron-scattering geometry chosen causes the
43, state to be preferentially populated in the & phase,
and the I, state in the {2 phase. On the basis of stud-
ies of a number of different molecules physisorbed on
graphite,?’ where we find that the reduction in resonance
lifetime compared with the gas phase, judged by the rel-
ative overtone intensities, !’ is very small, we reject (i) as
the major factor. (Though in the case of chemisorbed
molecules where the interaction with the surface is
stronger, and where resonances are also observed,>? this
type of effect appears more likely.) This leaves us with
(i1). The point here is that the electron wave field ap-
proaching a given molecule has to “supply” a partial-
wave component of the appropriate symmetry, to be cap-
tured by the molecule, in order to populate a particular
resonant state.'®!” To form a *Z, resonance a po wave
is needed; for the I1,, a pr. The amplitude of a particu-
lar partial wave which impinges on the molecule in ques-
tion will be a function of the angle of incidence of the
electron beam and of the surface structure through
which the incident electrons elastically scatter.'” Simi-
larly, in electron emission from the resonance, the
efficiency with which a given emitted partial wave cou-
ples to the plane wave actually detected by the electron

analyzer is a function of the collection angle and the sur-
face structure. What we need to know are the relative
proportions of the po and pr partial waves which can
couple the incident wave field to the detected plane wave
via the negative-ion resonances in question (*x, and 211,
respectively), for the § and {2 phases, given the scatter-
ing geometry used in each case. Our calculations reveal
that the proportions of these partial waves are highly
sensitive to the orientation of the molecule relative to the
incident and detected electron beams—a feature which
is manifest (for given molecular orientation) in the struc-
tured angular distributions of Fig. 2. Further, we find
that the ratio po/pr is significantly larger in the § phase
than in the {2 phase over the whole energy range we
have investigated— by a factor of 5.5 at 6 eV and 4.7 at
8 eV, for example, values which are nicely consistent
with the observed predominance of the po-symmetry ‘L,
resonance in the 5 phase (and, conversely, of the pr-
symmetry *I1, state in the {2 phase). It is this “selective
resonance population” which enables us to resolve the
two different resonances in the present case, and isolate
both their energies and their symmetries.

Thus it appears we are able to account for the variety
of O, resonance energies observed in different EELS
studies of physisorbed O,."'** Depending on the adsor-
bate structure in any particular system, and on the
scattering geometry utilized, either the *%, or the I,
resonances (or both), with their different energies, may
be. substantially populated. The gas-phase results'’ are
also explicable: the single broad resonance contains both
4y, and 1, contributions, with the *X, dominant, pre-
sumably because it couples more strongly to vibrational
excitation. In terms of the spectroscopies and chemical
processes involving intermediate resonant states outlined
at the start of this Letter, our results focus attention on
the need to provide an electron wave field with the ap-
propriate symmetry, and not just the requisite energy, if
a resonance is to be efficiently populated.
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