Shape resonance enhancement of vibrational excitations for CO
chemisorbed on Ni(111) probed via inelastic electron scattering
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This paper examines how the formation of a transient negative ion during the scattering of an
electron from CO chemisorbed on Ni(111) can lead to significant enhancement in the
probability for vibrationally inelastic scattering. We specifically report on the incident energy
dependence for transient negative ion formation for a ¢(4X2) overlayer. The signature for this
resonance is the energy dependence of the probability for vibrationally inelastic scattering from
the CO intramolecular stretch and a CO frustrated rotation, both broadly peaking in the vicinity
of 18 eV. Additional support for this scattering mechanism comes from the monotonic rise in
scattering intensity for both of these vibrational modes as the final (detector) angle moves
towards the surface normal under otherwise fixed kinematic conditions. We also observe the
presence of weak first overtone scattering for the CO intramolecular stretch under resonant
scattering conditions. All of the aforementioned observations are consistent with the formation
of a £ shape resonance which is slightly lower in energy, and has a shortened lifetime, than in
the gas phase. We also report dispersion measurements along the (112) direction for the
c(4X2) structure, as well as for a saturated (\/7/2>< ﬁ/2) R19.1° CO/Ni(111) overlayer
which give information about intermolecular couplings in these compressed structures.
Discussions are presented, including wave packet arguments, which emphasize that the presence
(or absence) of vibrational excitation in a given vibrational coordinate following negative ion
formation can be used to infer important details about femtosecond nuclear coordinate evolution

for the system in the excited state.

INTRODUCTION

Resonantly enhanced inelastic electron scattering is be-
coming a powerful tool for probing the structure and dy-
namical properties of adsorbed molecules.” The classic
review articles of Schulz®* provide a rather remarkable
tutorial on the origin and characteristics of such “tempo-
rary negative ions” in the gas phase. These articles, and the
work referenced therein, provide a solid framework for
initiating studies of adsorbed species. One of the central
issues in this area of endeavor concerns how the properties
of such resonances differ from those found in an isotropic
ensemble in the gas phase. For example, the presence of a
nearby and strongly interacting interface can significantly
modify the angular characteristics for injection into and
emission from such transient states—with such angular
distributions containing important information on the
symmetry of the resonance as well as adsorbate geometry.
Strong bonding interactions, such as those which occur
upon molecular chemisorption, can also lead to large en-
ergy level shifts (including the disappearance of low lying
resonances), changes in width, and significantly shortened
lifetimes for such transient states.

From the point of view of chemical physics, further
motivation for conducting scattering measurements involv-

*)Permanent address: Research Department, Electronics and Telecommu-
nications Research Institute, P.O. Box 8, Daedeok Science Town, Dae-
jeon, Korea, 305-606.

BJILA Visiting Fellow, 1992-1993.

ing negative ion resonances is that they may enable us to
probe the short-time, i.e., femtosecond dynamics of tran-
siently formed negative ions on surfaces. Wave packet ar-
guments suggest that we can obtain information about the
short-time temporal evolution for adsorbed systems by: (i)
observing which intramolecular and molecule-surface vi-
brational modes become excited following transient nega-
tive ion formation; and (ii) quantifying the extent to which
the characteristic overtone progressions are truncated with
respect to gas phase behavior for the rotational and vibra-
tional modes which couple to the scattering process.> An-
other hope is that electrons scattering by such resonant
processes will be able to couple with normally forbidden
spectroscopic transitions, or those which have minimal
scattering cross sections for more conventional interroga-
tion via dipole and impact scattering, yielding new infor-
mation on the potential energy surfaces for adsorbed spe-
cies.

Under resonant scattering conditions, the incident
electron is attached to a quasibound state of the molecule/
surface system. Shape resonances, which involve injection
of the incident electron into a previously unoccupied or-
bital of the adsorbate without further modification of the
core electron distribution, are particularly attractive for
such studies. Here, e.g., if the electron is placed in an an-
tibonding orbital of the adsorbate, the internuclear separa-
tion of the negative ion state will be extended relative to
that of the ground state. When the electron escapes, the
molecule is abruptly returned to the ground state with
modified nuclear coordinates and consequently may be vi-
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brationally or rotationally excited. Strong overtone pro-
gressions may also be present for specific normal modes
depending on several factors, including the relative posi-
tion and shape of the excited state (negative ion) potential
relative to that of the ground state, as well as the lifetime of
the resonance.

Such shape resonances have been observed for various
physisox'bed1'2’6'9 and chemisorbed">'%!* molecules on
surfaces. Our initial measurements have focused on the
c(4%2)-CO-Ni(111) system. In the gas phase, CO is
known to have at least two major shape resonances— a 2II
resonance residing at relatively low energy (1 <E;<3 eV)
(Ref. 15), and a 3 resonance at higher energy (16 <E;
<23 eV).'%7 Chutjian et al, 16 performed crossed molecu-
lar beam-electron beam measurements on CO and ob-
served broad peaking of the ratio of the scattered intensity
for v=1 excitation to that for elastic scattering near E;=20
eV, indicating a resonant excitation process in the energy
range 15-25 eV. This was initially attributed to formation
of many doubly excited states of CO™. Subsequent and

more detailed vibrationally inelastic scattering measure-

ments by Tronc et al.!” confirmed the existence of such a
high lying resonance, basing their conclusion on the clear
observation of vibrationally enhanced scattering at an im-
pact energy of 19.5 eV (with a width of 7 eV). Angularly
resolved inelastic scattering measurements confirmed this
as a *= molecular shape resonance, formed by attachment
of an electron to the unoccupied 2po¥ (i.e., 60) orbital of
CO, which decays via a partial wave channel which has
significant f~wave (/=3) character.!” Recent surface stud-
ies have also probed these resonances. For example, Jensen
and Palmer!® have observed enhancement of the v=0-1
intramolecular stretch mode for CO physisorbed on graph-
ite at incident energies consistent with those for both the
211 and 23 resonances of CO. In this case, the 2= resonance
was at 19 eV, just slightly lower than in the gas phase.
They also showed, based on angular distribution measure-
ments, that orientationally ordered CO molecules within a
commensurate monolayer have their molecular axes ap-
proximately parallel to the surface, with some evidence for
out-of-plane tilting. (Information on molecular orientation
and negative ion symmetry for adsorbed species can most
readily be extracted from such measurements when one
partial wave dominates the cross section.!®) Demuth et al°
have also seen clear evidence of the lower lying resonance
for CO physisorbed on polycrystalline Ag. [Very recent
work by Jacobi and co-workers on crystalline Ag(111)
(Ref. 20) discusses the possible quenching of this state;
other interpretations of their results are also possible.”] Ja-
cobi et al.?® have also studied resonance scattering from
CO overlayers of varying thickness physisorbed on
Ag(111), finding significant overtone intensity for CO
when intermediate rare gas layers were placed beiween CO
and the substrate, as well as for thick films (8 L deposi-
tion), but not for CO monolayers. Sanche and Michaud?!
have also studied resonant scattering from CO in the con-
densed state, with the resonance falling at about 19 eV.
Finally, the most relevant investigation to the present
study is that for CO chemisorbed on Ni(110).”* Here, a
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broad resonance was seen centered at 18 eV, i.e., shifted
downwards from the gas phase value by about 1.5 eV. The
downward trend in the position of the resonance in going
from the gas phase to the condensed state to, ultimately, a
chemisorbed system is most likely due to screening effects,
in our case, primarily involving interaction of the transient
negative ion with its image in the Ni(111) substrate and
the surrounding environment.

In this paper, we report the resonant enhancement of
inelastic scattering from two vibrational modes for CO
chemisorbed on Ni(111). These modes are the CO in-
tramolecular stretch and one of the low energy frustrated
rotations® for CO in a ¢(4X2) structure. The primary
data consist of incident energy dependent measurements
under fixed geometric conditions, final angular distribution
measurements under otherwise fixed kinematic conditions,
and preliminary measurements of first overtone scattering
from the CO stretch under resonant conditions. It will be
shown that the electron energy loss intensities of both
modes were found to peak broadly around E;=18 eV, pre-
sumably due to scattering into a = shape resonance at this
energy. The intensities of scattering from these modes also
increased as the final scattering angle was moved towards
the surface normal, consistent with a = type resonance and
the molecular axis being aligned normal to the surface
plane, providing further confirmation of the postulated
scattering mechanism. To our knowledge, these measure-
ments are the first to demonstrate that a molecule-surface
mode can be excited for a chemisorbed system as a conse-
quence of resonant electronic excitation. These results join
those of Jacobi and Bertolo,2® who observed excitation of
the molecule-surface stretch for N, physisorbed on
Al(111), in showing that various molecule-surface modes
can be excited under resonant scattering conditions. Such
observations, given appropriate calculations, can be used to
examine quantitatively the short-time dynamics of ad-
sorbed molecules.>?”?° However, even without such calcu-
lations, one can learn much about nuclear coordinate evo-
lution by simply taking note of which vibrational modes
become excited (and which do not become excited) fol-
lowing resonant excitation.

EXPERIMENT

The experiments were performed in an ion pumped
stainless steel ultrahigh vacuum (UHV) chamber (base
pressure of 5 10™!! Torr) equipped with a high resolu-
tion electron energy loss (HREELS) spectrometer for per-
forming inelastic electron scattering measurements, low
energy electron diffraction (LEED) for assessing surface
order and overlayer structure, a double pass cylindrical
mirror analyzer for Auger measurements of surface clean-
liness, a quadrupole mass spectrometer for residual gas
analysis and thermal desorption measurements, and an ion
sputter gun for sample preparation. The HREELS sec-
trometer consists of a two-stage monochromator and a
single-stage analyzer which are based on 127° cylindrical
deflection optics.’®*! The analyzer rotates independently in
the plane defined by the incident electron beam and the
surface normal. Detector motion covers a range of 55°, for
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a total included angle 82° <[©;4-© /] < 137°, where ©; is the
incident angle and ©  is the outgoing angle with respect to
the surface normal. This arrangement permits scattering
experiments to be performed at various final wave vectors
without varying incident kinematic conditions, a useful
configuration for comparing results with scattering calcu-
lations. Finally, the incident angle was fixed at ©,=65° in
order to reach a scattering angle as close as possible to the
surface normal (O r=20°), while still being able to scan the
specular beam.

The Ni(111) crystal was cleaned by repeated cycles of
Ar* ion sputtering (1 kV, 6 uA, T,=300 K) and anneal-
ing at T;=1150 K. In this paper, we deal with two differ-
ent well-ordered CO overlayers—a c(4X2) overlayer
structure which forms at temperatures below 200 K when

the CO coverage is ©,,=0.5, and a ( \/'_1/2>< ﬁ/Z) R19.1°

CO/Ni(111) structure, which forms upon saturated dos-
ing at low temperatures with ©,,=0.57. These overlayers
are quite complementary for probing adsorbate dynamics.
The c(4X2) overlayer consists of CO bound to the Ni
substrate with only one type of coordination. The long-
held view, based upon vibrational analysis*?®~@ is that
the CO resides in twofold coordinated bridge sites. Very
recent surface extended x-ray absorption fine structure
(SEXAFS) and photoelectron diffraction (PED) mea-
surements (see Note added in proof) have called this c(4
X2) structural assignment into question, with the SEX-
AFS and PED measurements favoring bonding at
threefold coordinated hollow sites. The (\/7/2>< \/7/2)
R19.1° CO/Ni(111) structure has a 3:1 ratio of bridge-
bonded to on-top bonded CO molecules.32(9~(® CO over-
layers were prepared by dosing through a leak valve (un-
calibrated ion gauge reading was 1.3X10~° Torr) with
T=150-170 K. The actual extent of ¢(4X2) growth was
assessed by in situ monitoring of the half-order superlattice
diffraction spot with the electron spectrometer’s angle-
resolved analyzer. This diffraction spot was also used for
aligning the azimuthal orientation of the crystal. Sharp
c(4x2) LEED spots were observed routinely with this
growth procedure. Vibrational spectra recorded in the
specular direction provided further confirmation of c(4
X 2) overlayer growth, as characterized by a CO intramo-
lecular stretch at 234 meV and Ni—CO stretch at 50 meV.

RESULTS AND DISCUSSION

We begin this section by presenting the primary data
which support the existence of a resonant scattering chan-
nel for CO chemisorbed on Ni(111). The two characteris-
tic signatures upon which we will focus are (i) the depen-
dence of vibrationally inelastic scattering as a function of
incident electron energy, including the enhancement of vi-
brationally inelastic cross sections for some adsorbate nor-
mal modes in the vicinity of 18 eV, and (ii) the angular
distributions of the emitted electrons. One should remem-
ber that while dipole scattering will peak at the specular
angle,® resonant scattering will characteristically have a
final angular distribution which will depend on both the
symmetry of the resonance and the geometry of the
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FIG. 1. A schematic view of the three stages which comprise the elec-
tronically resonant scattering process: (1) Injection of the incident elec-
tron under resonant conditions to form the transiently bound negative
ion. Probability of injection depends on electron energy, incident angle,
molecular geometry, and symmetry of the resonance. (2) Nuclear coor-
dinates evolve on the excited state (negative ion) potential energy surface,
typically for femtosecond time scales, with movement due to the forces
generated by the presence of an extra electron in the molecule/surface
bonding system. (3) Electron ejection from the transiently formed state.
Emitted electron is energy analyzed, as a function of final scattering angle,
to examine excitation in both the intramolecular and -molecule-surface
vibrational degrees of freedom on the ground state potential energy sur-
face. The presence (or absence) of vibrational excitation in a given coordi-
nate gives a snapshot of short time scale nuclear coordinate evolution for the
system in the excited state.

adsorbate-substrate system.>>**> Both of these criteria are
satisfied by the data, providing support for the formation of
a temporary negative ion state whose energy level is
broadly peaked around E;=18 eV. Further evidence of
resonance formation, briefly discussed later in this section,
is provided by the observation of (very weak) first over-
tone scattering for the CO intramolecular stretch under
resonant scattering conditions. The apparent truncation of
this vibrational progression at the first overtone suggests
(given reasonable assumptions about the shape and posi-
tion of the excited state potential relative to that of the
ground state) that the lifetime of this resonance is very
short, significantly shorter than in the isolated molecule
limit. Figure 1 presents a schematic view of the electroni-
cally resonant scattering mechanism which illustrates the
three stages upon which we will focus in the following
paragraphs: transient negative ion formation via injection
into the resonance, nuclear coordinate evolution on the
negative ion potential energy surface, and finally electron
ejection and detection.

Figure 2 shows a series of HREELS spectra for the
¢(4X2) CO overlayer in which the incident energy of the
electron beam E; was systematically varied between 7 and
30 eV, while the scattering geometry was held constant
with ©;=65° and © ;=20°. The contribution from dipole
allowed scattering in this configuration is negligible due to
the large angle between the detector and the specular an-
gle. These spectra show the emergence and subsequent dis-
appearance of a loss feature at ~37.5 meV, with the signal
having a broad maximum peaking at about E;=18 €V.
This 37.5 meV loss peak has been previously assigned as a
frustrated rotation of CO on Ni(111) (Ref. 25). This low
energy mode may have mixed character due to hybridiza-

. tion with a nearly degenerate zone-edge surface phonon

mode on Ni(111).253! Figure 3 shows a similar collection
of HREELS spectra, but for the energy loss range which
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FIG. 2. Incident energy E; dependence of the electron energy loss spectra
for ¢(4X2)-CO-Ni(111) at T,=170 K with 7<E;<30 eV. Enhance-
ment of the spectral feature for the frustrated rotation of CO (37.5 meV})
in the vicinity of E;=18 eV is due to the formation of a transient negative
ion shape resonance. Measurements were done with fixed scattering ge-
ometry ©,=65° and © ;=20 along the (112) direction. Spectral accumu-
lation times per channel: 14, 18, and 25 €V—5 s, 10 and 30 eV—7 5; 7
eV—7.5s.
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FIG. 3. Incident energy E; dependence of the electron energy loss spectra
for ¢(4X2)-CO-Ni(111) at T,=170 K with 7<E;<30 eV. Enhance-
ment of the spectral feature for the C~O internal stretch in the vicinity of
E;=18 eV is due to the formation of a transient negative ion shape res-
onance. Measurements were done with fixed scattering geometry ©,=65°
and ©;=20° along the (112) direction. Peak position shifts are due to
mode dispersion (see Fig. 12). Solid lines are Lorentzian fits to assist
viewing. Spectral accumulation times per channel were 10 s for 30 eV and
5 s for all other energies.
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FIG. 4. Energy dependence of shape resonance scattering leading to en-
hanced excitation of (a) CO intramolecular stretch and (b) CO frus-
trated rotation normal modes. Solid lines are fits to assist viewing. Inte-
grated peak intensities are plotted for CO in a c(4X2)-CO-Ni(111)
structure. The electron scattering geometry was fixed at ©,= =65 and ©f
=20° along the (112) direction.

encompasses the CO intramolecular stretch. At E;=7 €V,
a small peak is observed at 234 meV which is about 1/100
of the intensity for the specular CO intramolecular stretch.
As the incident beam energy is scanned, we again see the

_ characteristic incident energy dependent enhancement of

inelastic scattermg in the vicinity of 18 eV. These data are
reminiscent of those previously reported for the CO/
Ni(110) system.22_24 {(We also see some movement of the
peak position as the beam energy is changed which is due
to mode dispersion; as expected, this is not accompanied by
any change in the frequency observed at the specular angle.
Moreover, the added widths seen for these peaks may be
due to concurrent excitation of low energy librations
and/or phonon modes—we unfortunately did not have the
resolution to address this issue. This possibility has been
discussed previously for the case of condensed CO films.?!)
Figure 4 summarizes the above findings, for both the frus-
trated rotation and intramolecular stretch modes, by plot-
ting the probability of vibrationally inelastic scattering vs
incident beam energy. The results for both of these mea-
surements are, within experimental uncertainties in the
data, identical—giving strong evidence for a broad nega-
tive ion state that is slightly lower in energy than the doc-
umented 23 resonance for gas phase CO.!”

Tronc et al.!” observed resonant enhancement of vibra-
tionally inelastic scattering from gas phase CO at 19.5 eV
with an impact energy width of about 7 eV, i.e., 16<E;
<23 eV. The data shown in Fig. 4 have a width of ~15
eV, approximately twice as wide as in the gas phase. This
is not surprising given the smaller lifetime that would be
expected for a transient negative ion state of a chemisorbed
molecule on a metallic substrate.
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FIG. 5. Final scattering angle (©,) dependence of the electron energy
loss spectra for ¢(4X2)-CO-Ni(111) at T';=170 K along the (112)
direction with E;=18 eV and ©,=65". The intensity of the spectral feature
due to the frustrated rotation of CO (37.5 meV) increases monotonically
as the final scattering angle approaches the surface normal. This enhance-
ment is consistent with that expected for scattering involving a = shape
resonance at this incident energy. (Note that the dipole allowed C-Ni
stretch appears at ~50 meV under specular conditions ©,=0,=65".)
Spectral accumulation times per channel—1.5 s for 65° and 5 s for all
other angles.

Additional and very informative information about the
scattering mechanism comes from the angular distributions
for electrons emitted under resonant “injection” condi-
tions. Such data is shown in Figs. 5 and 6 for the low
energy (adsorbate frustrated rotation) and high energy
(adsorbate intramolecular stretch) electron energy loss re-
gimes, respectively. For the data shown in these figures, we
held the incident energy and incident angle fixed at E,=18
eV and ©,;=065°, and varied the final scattering angle from
20° to 65°.

In Fig. 5, we show at © =65° (the specular angle) a
50 meV energy loss peak which is the dipole allowed
Ni-CO stretch. As O is systematically moved towards the
surface normal, a new peak appears at 37.5 meV, which, as
previously discussed, is assigned to a frustrated rotation.
The intensity of this peak increases monotonically as ©
approaches the surface normal. This behavior, shown
graphically in Fig. 7(b), is consistent with scattering in-
volving a = resonance in which the molecular axis is per-
pendicular to the surface plane. (We also note that the
data in Fig. 5 may suggest the presence of a second feature
that is obscured in the energy loss side of the diffuse elastic
peak. Unfortunately, the quality of the data does not allow
us to definitely assign this to enhancement of a frustrated
translation as opposed to changing multiphonon contribu-
tions to the scattering.)

Figure 6 shows a series of energy loss spectra in the CO

stretch regime which map out the final angular distribution

for inelastically scattered electrons under fixed incident,
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FIG. 6. Final scattering angle (©,) dependence of the electron energy
loss spectra for ¢(4X2)-CO-Ni(111) at T,=170 K along the {112)
direction with E;=18 eV and ©;=65". The intensity of the spectral feature
due to the intramolecular stretch of CO increases monotonically as the
final scattering angle approaches the surface normal. This enhancement is
consistent with that expected for scattering involving a = shape resonance
at this incident energy. Spectral accumulation times per channel: 65°—1.5
s; 60°—2 5; 50°—5 s; 40°—7 5; 30°—7 s5; 20°—5 s,

and electronically resonant, kinematic conditions. (The
frequency dispersion of these loss peaks is due to CO-CO
intermolecular interactions and will be discussed later in
this paper.) The composite angular distribution compiled
from these spectra is shown in Fig. 7(a). Here we again see
a smooth increase in scattering intensity as © ; approaches
the surface normal. However, unlike the distribution
shown in Fig. 7(b), we also see a (much stronger) inten-
sity lobe which peaks at the specular angle—expected be-
havior for the dipole allowed CO intramolecular stretch
transition. Taken together, the data presented in panels (a)
and (b) of Fig. 7 lend strong support to a scattering mech-
anism involving a 2-type molecular resonance. -

Another feature of electronically resonant scattering,
typically seen in the gas phase, is the presence of a strong
overtone progression in vibrational energy loss spectra.!?*
One can envision this overtone progression as (indirectly)
mapping out temporal evolution of the initially formed
wave packet on the excited state potential energy surface,
as shown schematically in Fig. 8. In this view, the excited
state wave packet evolves on the negative ion potential
energy surface and subsequently decays back to the ground
state, leaving the molecules with a distribution of final vi-
brational states whose details depend critically on the ex-
cited state lifetime, as well as the shapes and relative posi-
tions of the ground and excited electronic surfaces.
Gadzuk has written extensively on the details of this pro-
cess. > We also reiterate that the presence (or absence)
of vibrational excitation in a given coordinate gives a snap-
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FIG. 7. Angle dependence of the emitted electron following injection into
the CO 2 shape resonance at E;=18 eV. The angular distributions for
electrons coupling to either the CO intramolecular stretch (top panel) or
CO frustrated rotation (lower panel) peak along the CO internuclear
axis, i.e., normal to the surface. These angular distributions are consistent
with those expected for scattering involving a CO = shape resonance.
(The CO stretch also peaks at the specular angle due to dipole allowed
scattering.)

shot of short time scale nuclear coordinate evolution for
the system in the excited state.

Figure 9 presents two energy loss spectra, taken under
resonant scattering conditions (E;=18 eV, ©,=65°, and
©,=20"), which demonstrate the presence of the first
overtone signal arising from the CO intramolecular
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FIG. 8. A schematic wave packet diagram for transient negative ion
scattering which illustrates femtosecond time scale propagation on the
excited potential energy surface. The resulting overtone progression on
the ground state contains information on the negative ion lifetime. For
simplicity, not all Franck—Condon transitions are shown.
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FIG. 9. Evidence for overtone scattering along the {112} direction in-
volving the CO intramolecular stretch under resonant scattering condi-
tions. The upper spectrum is for an overlayer prepared by warming a
c(4X2) structure from T'=170-300 K. This structure contains an ad-
mixture of bridge-bonded and on-top bonded CO molecules which ex-
plains the presence of two peaks in the vicinity of 220-260 meV. The
lower spectrum is for a ¢(4X2) structure. The truncation of the progres-
sion at the first overtone is due primarily to the shortened lifetime of the
resonance for chemisorbed CO vs that in the gas phase; the spectrum may
also be influenced by energy loss dependent sensitivity changes in the
spectrometer. Accumulation times per channel for the three spectral re-
gions (elastic, n=0-1, and n=0-2): 170 K—S35, 5, and 10 s, respec-
tively; and 300 K—S5, 10, and 24 s, respectively.

stretch. Data are shown for a low temperature ensemble in
a ¢(4X2) structure, as well as for a room temperature
ensemble which contains an equilibrium admixture of on-
top and bridge-bonded species (plus, perhaps, some three-
fold coordinated species). The apparent truncation of the
CO stretch progression at the first overtone (given the
small cross section, we did not have sufficient sensitivity to
find the next overtone) attests to the very short lifetime of
the resonance for chemisorbed CO, with our I(v=1)/I(v
=2) ratio being larger than the gas phase value. Even in
the gas phase, this CO resonance is relatively short lived,
having I(v=1)/I(v=2) and I(v=1)/I(v=3) cross sec-

_ tion ratios of 6/1 and 22/1 at E;=19.5 €V, respectively.!”
_(Overtone ratios for condensed CO films?*! and for CO

physisorbed on graphite!® are quite similar to those in the
gas phase.) Combining such overtone data with other in-
formation, namely knowledge of the shape of the excited
state potential and its position with respect to that for the
ground state, one can quantify the lifetime of the excited
state. Such wave packet calculations are not yet available
for this system.

The final group of measurements we wish to report
deal with intermolecular interactions between adsorbed
CO molecules. These interactions can be assessed by mea-
suring the wave vector dependent energy dispersion for the
CO intramolecular stretch. We report such measurements
along the (112), i.e., TM symmetry direction of Ni(111),
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FIG. 10. Final scattering angle (©) dependence of the electron energy
Ioss spectra for a saturated ( 7/2X 7/2) R19.1° CO/Ni(111) structure
which has a 3:1 ratio of bridge-bonded to on-top bonded CO molecules.
The angle dependencies of the CO intramolecular stretch peaks contain
information about intermolecular interactions and form the basis of the
dispersion curves plotted in Fig. 11. Solid lines are nonlinear least squares
fits with two Lorentzian functions.

for two different overlayers—a ¢(4X2) overlayer, and a
CO saturated (©,,=0.57) (7/2X+1/2) R19.1° CO/
Ni(111) overlayer which contains a 3:1 admixture of
bridge-bonded to on-top bonded CO molecules. These
measurements complement our earlier study of wave vec-
tor dependent dispersion for one of the CO frustrated
translation modes of the c¢(4X2) system.”> We also note
that we have referenced AK, for these measurements,
which were performed here under resonant conditions,
with respect to the incident beam. This was possible due to
the short lifetime of the 23 CO shape resonance, i.e., mem-
ory of the incident state was not lost since “dephasing”
interactions are substantially slower than the lifetime of the
resonance, as is the energy relaxation lifetime for this
mode.3® Figure 10 shows a series of spectra for the (
\/7/2>< \/'_//2) R19.1° CO/Ni(111) overlayer which re-
veals that bridge-bonded molecules have significant disper-
sion as data is collected further into the surface Brillouin
zone (SBZ), whereas the data for on-top sited molecules
are dispersionless. This behavior can be seen clearly in Fig.
11, which presents dispersion data for the two different
overlayers. The dispersion curves for more highly coordi-
nated molecules, whether in the c(4x2) or ( \/7/2><
ﬁ/2) R19.1° CO/Ni(111) structures, exhibit essentially
the same behavior—with the frequency systematically de-
creasing as AK) is increased out towards the edge of the
SBZ. This dispersion is due to strong CO dipole—dipole
interactions within the adsorbate layer, and is reminiscent
of earlier work on ¢(2X2)-CO-Cu(100) (Ref. 38) and
(2% 1)-CO-Ni(110) (Ref. 39), which also showed ~5%
frequency changes across the SBZ. As noted above, the
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FIG. 11. Dispersion curves for the CO intramolecular stretch for two
different overlayer structures. Open circles are for a ¢(4x2)-CO-
Ni(111) overlayer at T,=170 K with E;=18 eV and ©,=65°. Filled
circles are for bridge-bonded and on-top bonded CO taken from a satu-
rated ( ﬁ/ZX \/7/2) R19.1° CO/Ni(111) overlayer at T,=110 K with
E;=18 ¢V and ©;=65". Open squares are from the incident energy de-
pendent data of Fig. 3. The adsorbate’s three-domain-averaged surface
Brillouin zone edge is marked by an arrow at —1.12 A~! (Ref. 37).

data for on-top sited molecules were dispersionless. We
may explain this as being due to the lower density of, and
further separation between, on-top sited CO molecules.
Similar reasoning was given by Andersson and Persson®®
who observed basically no dispersion for a dilute and dis-
ordered CO layer on Cu(100) having about 1/4 of the
c(2X2) coverage. It has also been suggested that the lack
of dispersion for on-top sited molecules may be due, in
part, to screening by the surrounding sea of bridge-bonded
species.

CONCLUSION

In this paper, we have examined several aspects of how
transient negative ion formation can influence the scatter-
ing of an electron from a chemisorbed molecule CO/
Ni(111). In order to simplify our analyses, most measure-
ments were intentionally carried out on a c¢(4X2)
overlayer, a structure which consists exclusively of CO
bound with one type of coordination. In this study, our
primary focus has been on the extent to which formation of
a resonant electronic state can influence inelastic scattering
probabilities for various vibrational/librational modes of
the molecule—surface system. Such measurements are quite
important as they contain information on, e.g., the ener-
getic location and width of the excited electronic state,
vibrational structure on the ground state potential, and
especially the short-time dynamics of the system. We es-
pecially wish to reiterate that even without sophisticated
scattering calculations, one can learn much about (femto-
second) nuclear coordinate evolution on the excited sur-
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face by simply taking note of which vibrational modes be-
come excited—and which do not become excited—
following resonant excitation.

In our experiments, we have dealt with a relatively
high lying resonance for CO, which is formed by attaching
an electron to an antibonding 2po¥ (i.e., 60) molecular
orbital of CO, leading to the formation of a > molecular
shape resonance. This state is believed to decay, primarily,
via a partial wave channel which has significant f-wave
(I=3) character.'”

One of the signatures which we observe for this reso-
nance is the incident energy dependence of the probability
for vibrational inelastic scattering from the CO intramo-
lecular stretch and a CO frustrated rotation, both broadly
peaking in the vicinity of i8 eV. The position of this reso-
nance is somewhat lower than the gas phase value of 19.5
eV, presumably due to screening effects arising from inter-
action of the negative ion with its image and the surround-
ing environment. Additional support for this scattering
mechanism comes from the monotonic rise in scattering
intensity for both of these vibrational modes as the final
(detector) angle is moved towards the surface normal un-
der otherwise fixed kinematic conditions. This is the ex-
pected behavior for a = shape resonance for a molecule
oriented perpendicularly to the surface plane. We also ob-
serve the presence of first overtone scattering for the CO
intramolecular stretch under resonant scattering condi-
tions. All of the aforementioned observations are consistent
with the formation of a 2 shape resonance which is slightly
lower in energy—and has a shortened lifetime—than in the
gas phase. These results provide the first evidence for ex-
citation of a molecule-surface normal mode due to elec-
tronically resonant scattering from a chemisorbed system.
The importance of observations such as this is that they
give a glimpse of how the nuclear coordinates for the
molecule—surface system evolve on the excited state’s po-
tential energy surface. For example, the observation of ex-
citation for the CO intramolecular stretch following reso-
nance formation, including overtone excitation, is
consistent with the expected behavior for transient popu-
lation of an antibonding molecular orbital of the molecule.
Here the intramolecular bond begins to elongate during the
lifetime of the resonance with vibrational excitation in the
final state providing the telltale for this behavior. Similarly,
observation of excitation for a frustrated rotation implies
that the molecule (which in its ground electronic state
already deviates instantaneously from its time-averaged up-
right orientation due to thermally excited librational mo-
tion) starts to bend over in the negative ion state, possibly
due to attraction towards its image. (See Note added in
proof for further comments on the geometric orientation of
the initial state.) Different spatial anisotropies in the at-
tractive and repulsive parts of the excited state potential, as
compared to the neutral electronic surface, may also con-
tribute to rotational reorientation.*'**? Interactions with
such librations may also be influenced by rotationally in-
elastic electron—molecule scattering cross sections, as noted
for gas phase collisions. 214344

One should note that such resonantly enhanced inelas-
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tic scattering measurements provide a nice complement to
electron induced desorption experiments for probing the
short-time dynamics of molecular adsorbates. Detailed
analysis of desorption events, including velocity and final
quantum state analysis, can be used to extract information
on the dynamical evolution of adsorbed molecules whose
geometries evolve into nonbonding orientations. Examples
of this include rotational reorientation during the lifetime
of an excited state, termed “desorption by electronically
stimulated adsorbate rotation” for NO/Pt(111) (Ref. 41),
or desorption due to attraction of the transient negative ion
into a repulsive region of the ground state potential.*’ Elec-
tronically resonant inelastic scattering measurements also
add new supporting information to surface photochemistry
experiments which, in many instances, actually proceed via
attachment of photoexcited electrons originating from the
substrate.

Finally, we have presented dispersion measurements
for both on-top and bridge-bonded species in a saturated
(772 \[7/2) R19.1° CO/Ni(111) overlayer, for mole-
cules in a simpler ¢(4X2) overlayer. These dispersion
curves contain information about intermolecular couplings
in these structures. These measurements complement our
earlier study of wave vector dependent dispersion for one
of the CO frustrated translation modes of the ¢(4X2) sys-
tem.?> Such resonantly enhanced scattering experiments
may prove to be of further utility by allowing normal mode
frequencies to be observed for vibrational coordinates that
typically have cross sections that are too small to permit
observation via other, more conventional scattering chan-
nels. ,

Future efforts will attempt to identify systems which
live long enough to reveal more extended overtone progres-
sions than observed herein for CO/Ni(111). It is hoped
that such overtone progressions will be able to serve as
clocks for excited state lifetimes when combined with data
from gas phase measurements and wave packet calcula-
tions.>*?° Recent theoretical work suggests that longer
lived excited states should indeed exist for adsorbates and
be experimentally accessible.*¢

Note added in proof. Very recent surface extended
x-ray absorption fine structure’’ (SEXAFS) and photo-
electron diffraction*® (PED) measurements indicate that
the CO molecules may reside in threefold coordinated hol-
low sites for the 6,,=0.5 c(4X2)~CO-Ni(111) overlayer.
These results call into question the long-held view, based
upon vibrational analysis.?®~(d) that this overlayer is
comprised of CO molecules bound at twofold coordinated
bridge sites. The proposed structure derived from the new
SEXAFS measurements would place the adsorbates in
rather close proximity to each other, with a closest CO-CO
separation of only 2.88 A. The authors state*’ that interad-
sorbate repulsions in this structure could be decreased by a
slight tilting of the CO molecules away from the surface
normal, and that they could not at this time determine to
better than =+ 10° whether the hollow sited CO molecules
were oriented along the surface normal. Such tilting of the
equilibrium geometry away from the surface normal, if
present, would be expected to enhance the probability of
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coupling to frustrated rotational excitations during nega-
tive ion formation. We also note that the saturated 6,
=0.57 (ﬁ/2 X \/7/2) R19.1° CO/Ni(111) overlayer
cannot be formed with a 1:3 combination of on-top and
threefold hollow sited molecules.*2(®)32(47 Tt therefore
seems likely that this overlayer should still be considered to
consist of a 1:3 admixture of on-top and bridge-bonded
molecules. Other examples of multiply sited* and single®®
bonding configurations for CO on Ni(111) at various cov-
erages and temperatures exist in the extensive literature for
this system. For example, an early PED study of a ( \/5
X \/5 JR30° CO/Ni(111) overlayer demonstrated the pres-
ence of only bridge-bonded CO molecules at 8,,=0.33.%
Viewed together, such observations imply that CO mole-
cules repeatedly switch their binding sites as coverage is
varied from low to saturation values, and emphasize that
further improvement in our understanding of interadsor-
bate and adsorbate—substrate interactions is still needed.
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