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We examine the effects of an electronegative coadsorbate on the electron-stimulated-desorption (ESD)
yield and desorbate energies (translational and internal) of a chemisorbed molecule. Specifically, we use
laser resonance-ionization spectroscopy to characterize the ESD of neutral NO from a Pt(111) surface
precovered with atomic oxygen. With increasing oxygen coverage (up to 0.75 monolayer), we observe
the following for the NO desorbate: (1) an exponential increase in specific yield, (2) increased transla-
tional energy, (3) decreased vibrational energy, (4) decreased rotational energy, and (5) a growing propen-
sity to produce the upper spin-orbit level of the spin-orbit-split electronic ground state. The first three
observations are understood in terms of an O-induced reduction in charge transfer from the substrate
into the adsorbate 27 molecular level to screen the electronic excitation (50 ~'). This has the dual effect
of reducing the Auger decay rate 5027 NO)— 50227%NO™), and of lowering the NO vibrational exci-
tation. The consequences of a reduced Auger decay rate are a larger ESD yield and more desorbate
translational energy. We argue that the spin-orbit propensity arises from an O-induced rotational
hindering of the NO excited state. A hindered NO™" rotor, ionized after Auger decay, is reneutralized by
a strongly spin-orbit-split Pt(111) substrate at a greater rate into the upper level than into the lower level.
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I. INTRODUCTION

Often referred to as “poisons” and “promoters” in the
surface science community, electron-withdrawing (e.g., O
and S poisons) and electron-donating (e.g., K promoters)
coadsorbates can greatly modify the physical characteris-
tics of adsorbed molecules' and thus influence the rates of
surface chemistry. As revealed by thermal desorption
and vibrational spectroscopy, coadsorption induces
changes in adsorbate-surface and intramolecular bond
strengths. These changes may derive from different ad-
sorption geometries,>> electrostatic interactions with the
coadsorbate,* or a different charge state of the adsor-
bate.”” " Similarly, shifts in electronic binding energies of
adsorbed molecules can be used to examine the effects of
coadsorbates on charge-transfer screening of the adsor-
bate valence or core holes by the substrate.! Most impor-
tantly, it can be said in general terms that active coadsor-
bates alter the local electron density at the adsorption
site.

Because stimulated surface processes such as electron-
or photon-stimulated desorption (ESD) involve the rup-
ture of surface and adsorbate bonds due to electronic ex-
citation and subsequent atom motion in the excited
state,® they can be extremely sensitive probes of changes
in the local electronic environment. For example, the
ESD yields of CO* and NO* from K-covered Ni(111)
are reduced by a factor of 50 relative to the clean sur-
face.!® A significant drop in the photodesorption of NO
from K-covered Si(111) has also been reported.!! Con-
versely, ESD ion yields have been shown to increase in
the presence of coadsorbed 0.!%!2 The photodesorption
yield of neutral NO from Ni(111) also increases in the
presence of O.!>'* In the present work we report a
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greater than 90-fold increase in the ESD yield of neutral
NO from a Pt(111) surface when it is precovered by 0.75
monolayer (ML) of atomic oxygen. Our purpose here is
to examine in complete detail how coadsorbates affect the
highest-probability electronically stimulated processes,
i.e., those which produce neutral desorbates. In particu-
lar, we discuss the effects of coadsorbed atomic O on the
ESD of NO from Pt(111), which has been studied exten-
sively in the absence of coadsorbates.!> ™18

For molecules chemisorbed on transition metals, some
excited-state lifetimes are an intimate function of the vir-
tually instantaneous electronic screening of the excitation
by substrate charge transfer.!>!®"20 Since substrate
screening generally reduces adsorbate electronic binding
energies, ultraviolet (UPS) and x-ray photoelectron spec-
tra have been used extensively to probe screening effects
in the binding-energy shifts of molecular levels of chem-
isorbed NO and CO.>?'"26 The presence of the
electron-withdrawing O increases binding energies, there-
fore indicating a decrease in substrate screening of core
and valence holes. We show here that a reduction in sub-
strate screening by the presence of the oxygen can also in-
crease lifetimes of excited states responsible for desorp-
tion.

Changes in charge-transfer screening not only affect
electronic excitation lifetimes, but can also alter the de-
gree of vibrational and rotational excitation of the
desorbed molecules.'>?° Internal excitation is particular-
ly pronounced if substrate screening is through a strongly
antibonding molecular orbital of the adsorbate, such as
the 27 orbital of NO. Vibrational excitation of desorbed
NO from the clean surface revealed the presence of
charge-transfer substrate screening of the deep valence
excitation through the 27 levels.!>'®!° (By “clean” sur-
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face, we refer to the absence of coadsorbates such as
atomic O. There are, in fact, no other measurable impur-
ities on the surface at any time.)

The NO+O/Pt(111) coadsorption system was chosen
because it has been well characterized with UPS, vibra-
tional high-resolution electron-energy-loss spectroscopy
(HREELS), and thermal desorption by Bartram, Koel,
and Carter.® Another important aspect in these studies is
the absence of bond formation between NO and O, even
at the highest oxygen coverages (©5=0.75 ML). The
study of  electropositive coadsorbates [e.g.,
NO+K/Pt(111)] is less favorable because there may ex-
ist direct electrostatic interactions between NO and K,?°
analogous to that observed for CO+K/Pt(111).* Final-
ly, the ESD yield of NO increases with O coverage, mak-
ing it amenable to state-selective, laser resonance-
ionization detection methods'> %% yielding quantum-
specific information on the yield, threshold, translational
and internal energies of NO ESD. We show that com-
plete characterization reveals not only an enhanced yield
relative to the clean surface, but also significant shifts in
the translational energy, changes in the vibrational and
rotational excitation, and a definite propensity for popu-
lating the Q=3 spin-orbit state for the open shell
M43, ground-state molecule.

It has been well established that NO adsorbs at both
bridge and atop (terminal) sites on clean Pt(111).>?’
However, at ©45>0.25 ML precoverages, NO adsorbs
only at atop sites.® Atomic oxygen occupies threefold
hollow sites at ©5,=0.25 ML, in a p(2X2) ordered ar-
ray.?»? As ©, increases, the hcp hollow sites become
occupied and the ordering is slowly lost. At ©,=0.60
ML, the p(2X?2) structure is still visible, while it is faint
at the maximum ©,=0.75 ML.?® There is no HREELS
or UPS evidence of O, bond formation, nor is there any
evidence for different site occupation at the highest cover-
ages.”®

II. EXPERIMENT

All experiments discussed below were conducted in an
ion-pumped vacuum chamber with a base pressure below
5% 107" Torr. The chamber is equipped with a cylindri-
cal mirror analyzer for Auger electron spectroscopy
(AES), a quadrupole mass spectrometer for thermal
desorption spectrometry (TDS), a pulsed electron gun,
and a multichannel plate time-of-flight (TOF) apparatus
for the detection of ions produced by laser resonance-
ionization of desorbed neutral desorbates. Details con-
cerning the TOF geometry have been published else-
where.!>1%20 The polished Pt(111) crystal’® was resistive-
ly heated to 1200 K and cooled to less than 90 K. A
type-K (chromel-alumel) thermocouple contacts the side
of the crystal for temperature measurements. The Pt
crystal was initially cleaned by resistive heating and ion
bombardment cycles, followed by annealing at 1200 K.
Cleanliness was confirmed by the absence of C(KLL),
Ca(LMM), O(KLL), etc., in the AES. After initial clean-
ing, the crystal was recleaned by resistive heating.

The Pt(111) surface was precovered with O atoms by
heating it to 400 K while dosing with NO,, which

thermally dissociates. The NO product rapidly desorbs,
leaving only the O atoms on the surface.>?® The NO,
(99.995% purity) was handled in a passivated stainless-
steel gas manifold equipped with a glass cold finger for
freeze-pump-thaw degassing of impurities. The passivat-
ed dosing port consists of a small tube (effusive source) in
front of the crystal which allows for high dose rates
without letting the chamber pressure exceed 2X 10~ 1°
Torr. This was particularly important in order to reduce
background NO due to NO, decomposition on the
chamber walls. The maximum oxygen coverages ob-
tained with this method were ©,=0.75 ML, as verified
by the 0.90 ratio of the AES peak heights I(O(KLL,510
eV))/I(Pt(238 eV)).’! All ©, were measured with AES
before dosing the sample with NO; the depletion of the O
layer due to the Auger electron beam was negligible.?* 28

The O-covered sample was kept at 200 K while dosing
with NO so that only well-defined chemisorbed states
(bridge and atop) of NO formed; i.e., uncharacterized
states that give rise to low-temperature desorption peaks
(<200 K) were absent.> In all experiments discussed
here, saturation coverages of NO were used. Following
dosing, the crystal was rotated away from the dosing port
and allowed to rapidly cool to below 90 K, the tempera-
ture at which all data were collected. TDS of the sample
following data acquisition revealed NO and O, peaks that
were qualitatively similar to those observed previously
for various values of ©,.>?" (A sample NO TDS run for
6,=0.75 ML is shown at the top of Fig. 6.) A high-
temperature tail (7 >425 K) was observed for the NO
peak, which can be attributed to desorption from crystal
supports rather than from defects. This was confirmed
by the lack of N, and O, desorption from the clean sur-
face, which commonly follows NO dissociation at defect
sites.?’

Although extensive details concerning data-acquisition
methods for laser resonance-ionization detection of ESD
neutral desorbates have been published,'*?° a few impor-
tant features merit repeating. All the experiments were
conducted in the TOF mode whereby the burst of neutral
particles produced by a 0.3-1.2-us electron-beam pulse
(1.6X10'® electrons/cm®s during the pulse) traverse a
0.5-cm distance before being resonantly ionized at a
specified delay time by a 4-ns laser pulse. A ribbon-
shaped laser-beam area of ~0.5 cm? (0.1 cm thick) is
sufficient to angle-integrate most of the neutral particles.
The TOF translational energy (E,.,,) distributions were
obtained by computer-programmed steps in delay time
(after a 300-ns electron pulse), corresponding to linear
steps in desorbate translational energy.?’ Although the
data were automatically scaled in energy and corrected
for the velocity dependence of the particle density in the
laser beam, there is still an intrinsic error due to the ve-
locity spread (AV/V) from the electron-beam pulse
width, which increases with decreasing delay time. In or-
der to properly correct for this, however, the actual ve-
locity distribution must be known beforehand. Thus, for
the present experiments, the TOF E , . distributions are
best suited for observing relative changes (e.g., due to
changes in oxygen coverage), rather than for assigning
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absolute energies.

Threshold measurements were obtained by simultane-
ously sweeping the electron-beam energy (Ep,; ) and focus
for a fixed E.,,, (i.e., delay time). The focus and energy
of the electron beam were computer-controlled to insure
a constant spot size (0.016 cm?) on the sample (0.78 cm?).
At Ep, <20 eV, however, it becomes difficult to keep the
beam spot size from increasing beyond the sample diame-
ter. To make sure that the threshold data referred only
to NO on the Pt(111) crystal, it was necessary to subtract
background signal from crystal mounts, etc. This was ac-
complished by thermally desorbing NO from the Pt sub-
strate at 350-400 K, recooling the crystal, and repeating
the scan.

The NO rotational spectrum for a given vibrational
level v'' was obtamed by scanning the laser through the
A3 (V)X ? Il , 32(v") resonance-enhanced (1+1)
ionization®%3? for a fixed Eyy and E,,,,. Saturation and
alignment effects®® for the mean 40-mJ/cm? laser intensi-
ty were calibrated by comparison of calculated rotational
intensities® with the room-temperature v=0 NO gas-
phase spectrum, acquired for NO bled into the vacuum
chamber. All rotational spectra were collected with laser
pulse energies within 15-20 % of the mean energy as
determine by a pyroelectric detector; data at laser ener-
gies falling outside this distribution were rejected.

III. RESULTS

A. NO translational energy distributions

The TOF E,,,, distributions for desorbed NO were ex-
amined as a function of oxygen coverage and internal en-
ergy. The electron-beam energy was 350 eV (changes in
E. .., with Ey, were not observed). Normalized E,,,,
distributions for NO (v=0) as a function of oxygen cov-
erage (©p) on the Pt(111) surface are shown in Fig. 1.
Clearly, there is a pronounced shift in the distributions to
higher energy with increasing oxygen coverage. The shift
becomes evident at ©,>0.4 ML. The E,,,, distribution
at the highest O (0.75 ML) is characterized by a sharp
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FIG. 1. Comparison of the normalized TOF E,,,,, distribu-
tions for the ESD of NO (v=0, J =9.5-11.5 P,, band head) as
a function of O-atom coverage (©¢) on Pt(111).
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FIG. 2. Comparison of the TOF E,,, distributions for the
three observed vibrational levels (v=0,1,2) for the ESD of NO
on ©0=0.75-ML precovered Pt(111). The data were acquired
at the P, band head (J=9.5-11.5) and normalized with
respect to the peak (not to the actual yield) for the purpose of
comparison.

peak centered at 0.18 eV and a low-energy tail which
goes to zero at the lowest energies. This contrasts strong-
ly with the E, ., distribution from the clean surface
(6=0 ML, ©yo~=0.5 ML), which has significant yield
only at the very lowest energies (0.05-eV peak) and has a
low-energy cutoff.!®

When the NO E,,, . distribution for 6,=0.75 ML is
examined as a function of vibrational energy (v=0,1,2),
one can see in Fig. 2 that there are no substantial
differences in peak energies, although there is a broaden-
ing in the v=2 distribution at the lowest E,  energies.
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FIG. 3. Comparison of the TOF E,,, distributions as a
function of rotational energy (E,,, ) for the ESD of NO (v=0)
on ©,=0.75-ML precovered Pt(111). The low-J distribution
was obtained at the P,,Q,, band head (J =1.5-3.5, E,,=15
cm™'). The intermediate-J distribution was obtained at the
R;,Q, (J=16.5, E, =483 cm™!) line. The high-J distribu-
tion was obtained with the R,, (J =24.5, E.,,=1045 cm™!) line
which overlaps with the weaker (~2.2) R,,Q,, (J=30.5,
E.y=1606 cm™"') line. The TOF distribution for the R;,Q
(J =21.5, E,,,=809 cm™') line is not plotted because it is iden-
tical to the high-J distribution. All distributions were normal-
ized with respect to the peak.
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FIG. 4. Comparison of the TOF E,,,, distributions for the
Q=2,1 spin-orbit levels for the ESD of NO (v=0) on
©,=0.75-ML precovered Pt(111). The Q=% data were ac-
quired at the ’Il;,,P,, band head (J=9.5-11.5), while the

:% data were acquired at the 2II,,,P;; band head

(J=8.5-10.5).

Higher vibrational populations ( >v=2) were not detect-
ed. On the clean surface the higher vibration (v=2,3)
E ... distributions revealed an additional *“high-" energy
channel centered about 0.3 eV and extending beyond 0.6
eV. This high E, . channel is either absent for the v=2
distribution at ©,=0.75 ML or is obscured by the large
yield of the dominant channel at 0.18 eV.

Rotationally resolved E,,, distributions for NO
(v=0) ESD from the ©,=0.75-ML precovered surface
are shown in Fig. 3. There is a noteworthy shift to higher
E, .., with increasing rotational energy, which was also
observed for v=1 molecules. In contrast, no shifts with
rotational energy are observed for NO ESD from the
clean surface.'®

Finally, we note that all of the E,, distributions dis-
cussed above correspond to the Q=3 spin-orbit level of
the NO electronic ground state (*Ilg_3,,,,,). Similar
distributions were observed for the } =1 level, as shown
in Fig. 4. The major difference between the two normal-
ized distributions is below the peak, where there is a
broadening at low energy for the Q=1 population. It is
important to note, however, that the absolute yields for
both spin-orbit levels at the lowest E . are the same
within experimental error. In contrast, in nonthermal
laser-induced desorption (LID), E, . distributions for
the Q=2 NO desorbate peaked at higher energies than
the Q=1 distributions.'**’

B. NO yield versus O coverage

The specific NO (v=0) ESD yield increases exponen-
tially with oxygen atom coverage (©,) on Pt(111), as is
shown in Fig. 5. The increase is much greater for the
2H3/2 spin-orbit state, which is roughly 120 cm ! above
the *II, ,, ground-state level.*® The specific yield for each
spin-orbit state at a given ©g was calculated by first in-
tegrating over each E,,, distribution (discussed above),
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FIG. 5. Enhancement in the specific NO (v=0) ESD yield as
a function of O-atom coverage (6,). The specific NO yield for
each spin-orbit state ’Il; , ;,, was obtained at the Py, (Q=%,
J=9.5-11.5) and Py, (ﬂ=%, J=~8.5-10.5) band heads. The
solid curves are single exponential fits.

then normalizing the result to that coverage of saturation
NO. The latter was found previously® to be 0.5-0.6 ML
on the clean surface and inversely proportional to O
with a slope of -—%; thus at ©,5,=0.75 ML, the saturated
NO coverage is 0.15 ML.

At 350-eV electron-beam energy, the yield was close to
its maximum. However, an appreciable fraction of the
yield could be attributed to secondary electrons.’”38
With this in mind, the increase in NO desorption cross
section y at 350 eV due to the presence of coadsorbed O
can be estimated. On the clean surface, y ~6X 10~ ' cm?
for the NO populations at the v=0 P}, (Q=3) and P,
(2=1) band heads (J =9.5—11.5). This is calculated
from the 2X 10® molecules/cm® density of neutral parti-
cles in the laser beam area under the conditions of a 350-
eV electron-beam fluence of 1.6 X 10'® electrons/cm?s, an
NO coverage of 7.5X 10" molecules/cm?, and an average
NO velocity of 5X10* cm/s. Since the electron-beam
area on the surface is ~0.016 cm?, the flux density of
particles in the laser beam is assumed to be reduced by a
factor of 31 (0.5 cm?/0.016 cm?) relative to the density
leaving the surface. At ©5=0.75 ML, the enhancement
in specific yield for the sum of the 21, ,2.1,2 spin-orbit
values relative to the clean surface is about 90+6 for the
same excitation conditions. Since this value has already
been corrected for the increased velocity exhibited at
6,=0.75 ML, the NO (v=0, J =9.5-11.5) cross sec-
tion ¥ is approximately 5X 10~ !7 ¢cm? for the coadsorbed
system. The total neutral NO ESD cross section is
higher, since it must include all vibrational and rotational
levels.

The desorption cross section is comparable to the 6.4-
eV LID cross section of NO from NiO (2X 1077 ¢cm?),"
but about five orders of magnitude greater than the 3-eV
LID cross section of NO from clean Pt(111).*> Since the
flux of desorbing molecules during the electron pulse was
still only ~ 10" molecules/cm?®s from the ©,=0.75-ML
surface, desorbate collisions above the substrate were
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negligible. In fact, this value is seven orders of magni-
tude below the onset of expected collisional distortions.>
Erosion of the surface layer was a concern, however, but
not a serious one since a 350-eV, 1.0-us pulse desorbs
~ 1077 monolayer.

C. Site dependence of NO ESD yield on clean Pt(111)

One of the interesting features of NO chemisorption on
clean Pt(111) is the population of two adsorption sites:
bridge and atop.>?’ At low NO exposures [ <0.3 L (1
L=10"° Torrs)], the bridge site is favored, but at the
highest exposures as used here (saturation), the atop sites
are more populated.”’ The LID of NO from Pt(111) (Ref.
35) was attributed exclusively to NO adsorbed on atop
sites. Earlier, Nezter and Madey found that ESD of
NO™ from Ni(111) derived from atop sites.** In the
present work, it is clear from Fig. 5 that the O-induced
yield enhancement increased exponentially well beyond
6,=0.25 ML, the coverage at which no bridge sites were
occupied by NO.? Thus any conversion of bridge to atop
sites was definitely not the sole basis for these observa-
tions.

In order to see if site conversion plays any role in the
ESD yield of neutral NO from Pt(111), desorption from
the clean surface was examined when atop-bound NO
molecules were selectively removed, as illustrated in Fig.
6. (A similar method was used by Buntin et al.*>)) In the
middle of the figure is shown the TDS of NO from the
Pt(111) surface saturated with NO at 100 K (hence the
presence of the 200-K peak which was not allowed to
form in data-acquisition runs). Thermal desorption from
atop sites (B;) commences at T=300 K, followed by
desorption from the bridge sites (3,) at T'>350 K. If a
saturated surface is annealed at 300 K, then all the atop-
bound NO are either desorbed or converted to bridge-
bound species.>?’ A TDS from the “bridge-only” surface
prepared this way and allowed to cool back to 90 K is
shown at the bottom of Fig. 6. It was found that the
specific v=0 yields and the TOF E |, distributions for
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FIG. 6. Thermal desorption of NO from a ©5=0.75-ML
precovered Pt(111) surface (top) and from a clean Pt(111) sur-
face (middle). The bottom curve shows the NO thermal desorp-
tion from a saturated NO layer on the clean surface which was
annealed at 300 K to drive off atop NO. The B, and B, peaks
refer to desorption from atop and bridge sites, respectively.
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both ?I1;,, | ,, spin states were the same for the bridge-
only surface relative to the regular saturated surface
which has mostly atop NO. Thus there appears to be no
difference, within experimental error, in the stimulated
desorption cross section or E,,, distributions from the
two sites on the clean surface.

D. Threshold for NO ESD from O-covered Pt(111)

The ESD thresholds for the v=0, 1, and 2 vibrational
levels of NO (’I1,,) from the ©,=0.75-ML precovered
Pt(111) substrate are shown in Fig. 7 for a fixed E
window of 0.15-0.27 eV. If we assume that the final
states of the primary electron and the excited adsorbate
electron(s) are at the Fermi level, then the surface excita-
tion energy is given by Ep, + ¢, where ¢ is the 4.1-eV
work function of the electron-gun cathode. Thresholds
for all three vibrational levels are approximately 9-10 eV
for both clean and O-covered surfaces. It is important to
note that there is a complete absence of a “peak” cen-
tered at 12 eV which was previously observed for NO
ESD from the clean surface.!”> We now know from back-
ground scans (Sec. II) that the peak was derived from
ESD of NO from the crystal supports and was thus spuri-
ous.

E. Internal energies of NO ESD from O-covered Pt(111)
1. I).=% spin-orbit propensity

The electronic (2=3,1), rotational, and vibrational
energy distributions of ground-state NO desorbed from
6©,=0.75-ML precovered surface were obtained for a
fixed excitation energy of 350 eV and TOF delay time
corresponding to a E,,,,=0.15-0.27-eV window. Since
the rotational spectra were dominated by the Q=2 spin-
orbit propensity, this effect will be discussed first. On
the clean surface there was no propensity (the Q=2 and
+ populations were equal). In Fig. 8, the specific-yield

data of Fig. 5 are replotted as the relative yield

= 0.15-0.27 eV

Etr‘ans

Normalized NO Yield

0 10 20 30 20 50
Excitation Energy (eV)

FIG. 7. Normalized, unsmoothed, ESD thresholds for the
v=0,1,2 levels of NO from a 0.75-ML O-covered Pt(111) sur-
face. The delay time and electron-beam pulse width (1 us) were
such that the window of E,,,=0.1-0.27 eV. The dashed base
lines have been shifted up from zero for display purposes.
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FIG. 8. 21, ,, propensity vs oxygen-atom coverage (6,). The
I(*;,,)/I(*M, ;) ratios were calculated from the integrated
TOF data given in Fig. 5, while the best-fit curve was obtained
by the ratio of the respective exponential curves in Fig. 5.

I(*Il3,,)/I(*I1; ;) vs ©. One can see that the Q=23
propensity becomes apparent at ©,>0.4 ML and in-
creases with oxygen coverage to a maximum of ~3.5.
The latter is similar to the Q=23 propensity of ~3 for the
LID of NO from clean Pt(111), where no propensity was
observed in the ESD.

The Q=2 propensity is clearly maximum at the lowest
NO rotational energy, as shown in Fig. 9, where J is the
half-integral angular momentum quantum number. Some
of the propensity was lost at high J because of mixing of
the pure Hund’s case (a) wave functions for the =3 and
1 levels due to the spin-uncoupling operator.’? However,
as will be discussed in Sec. IV C, the observed loss in pro-
pensity versus J was considerably greater than that ex-
pected by this mixing.

2. Rotational energy

The rotational energy distributions for the NO
2H3/2,1/2 v=0 spin-orbit levels are shown in Fig. 10. To
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FIG. 9. *I1;,, and °Il,,, intensities normalized by the degen-
eracy factor (2J +1) vs rotational quantum number J for NO
(v=0) desorbed by 350-eV electrons from the ©6,=0.75-ML
covered Pt(111) surface. The solid lines are the least-squares
best-fit curves from each data set. The dashed curve is an extra-
polation of the %I, , best fit to low J.
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FIG. 10. Rotational energy (E,,) distributions of the

M1;,5,1,, NO (v=0) spin-orbit levels desorbed by 350-eV elec-
trons from the 6,,=0.75-ML covered Pt (111) surface.

derive an “average” rotational energy, the slope of the
best-fit line for In[Iyo(J)/(2J +1)] versus rotational en-
ergy is determined. In order to do this independent of
the Q=3 and 1 populations, the spin-orbit populations
were summed at each rotational quantum number from
the individual Q=32 and I best-fit lines. For the v=0
data in Fig. 10, the result is a rotational energy of
449+18 K.

For the v=1 and 2 levels, the same Q=2 propensity of
~3.5 was observed at the band heads. However, due to
the reduced v=1,2 yield, not enough Q=% lines were
resolved to calculate a spin-orbit sum as per the v=0
data. In these cases, only the Q=% spectra for the
v=1,2 levels can be plotted as in Fig. 9 and a best-fit line
determined. If one assumes that the propensity
I(*1,,)/1(*M, ;) in the v=1,2 levels has the same J
dependence as that in Fig. 10, then the Q=1 intensities
can be extrapolated and summed with the Q=1 data.
The average rotational energies estimated in this manner
for the v=1,2 vibrational levels are 531+37 and 501150

K, respectively.

TABLE I. Energies of NO products.

v Population E. .., peak (eV)? E,, (K)

NO ESD from clean Pt(111)®
0 1.00 0.05 543+54
1 0.58+5% 0.05 581+58
2 0.26+5% 0.05 642+64
3 0.43+5% 0.05 481160
NO ESD from 0.75 ML O precovered Pt(111)
0 1.00 0.18 449+18
1 0.38%+5% 0.18 531+37
2 0.21£5% 0.18 501+50
3 not detected

*TOF maxmum on an energy scale.

®From Ref. 15.
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3. Vibrational distributions

The population distribution over the observed vibra-
tional levels was obtained by summing all the best-fit ro-
tational lines for each level out to 1000 cm ! (the detec-
tion limit for v=2). From this procedure, the vibrational
distribution was estimated to be (1.0):(0.38):(0.21) for
v=0, 1, and 2, respectively. Higher vibrational levels
were not detected. The vibrational distribution and rota-
tional energies for the ESD of NO from the ©,5=0.75-
ML precovered Pt(111) surface are summarized at the
bottom of Table I. When compared with the internal en-
ergies of the NO ESD from the clean surface, there ap-
pears to be a distinct decrease in NO internal excitation
from the oxygenated surface.

IV. DISCUSSION

The most dramatic effects of coadsorbed O on the ESD
of NO from Pt(111) are a large yield enhancement and a
pronounced propensity for the desorption of NO mole-
cules into the *II; , (upper) spin-orbit level. Other effects
observed are a shift in the E,,  distributions to higher
energies and decreases in the internal vibrational and ro-
tational energies. The only aspect of the process that has
not changed with the presence of oxygen is the threshold
energy; we correlate the threshold to the creation of a
hole in the 50 molecular orbital of the NO adsorbate.
Thus we begin our discussion with the electronic struc-
ture of the adsorbate-metal system ( Sec. IV A). We find
that the changing yield, translational energy distribu-
tions, and vibrational energies can be understood in terms
of an oxygen-induced reduction in charge transfer from
the substrate into the adsorbate 27 molecular orbital.
This charge screens the desorption-producing electronic
excitation; the change in charge-transfer screening and
the consequences are discussed in Sec. IV B.

Given that the adsorbate is temporarily ionized after
the Auger decay of the excited state, the adsorbate must
be reneutralized using electrons from the strongly spin-
orbit-split Pt(111) substrate. If, in addition, the excited
adsorbate is aligned along the surface normal due to a ro-
tationally hindering potential, then the neutralization
rate into the Q=3 level is greater than that into the
Q=1 level. This results in the observed spin-orbit pro-
pensity in the desorbate, as discussed in Sec. IV C. Final-
ly, in Sec. IV D we will qualitatively discuss factors lead-
ing to the rotational and translational energy distribu-
tions. Thus we see there are basically four aspects which
explain our observations: (a) the desorption producing
excitation, (b) charge-transfer screening of the excitation,
(c) neutralization of a hindered-rotor adsorbate by a
strongly spin-orbit split substrate, and (d) dynamics on
the excited-state potential.

A. Electronic structure and the 50 ~! desorption channel

The energy-level diagram of NO adsorbed on Pt(111) is
shown schematically in Fig. 11. On the far left of the
figure, the Pt valence bands stretch roughly from the Fer-
mi level E; (our zero of energy) to approximately 7 eV
below.**! The NO energy levels in the middle of the

Metal DOS NO levels
A
+2-3 ev _] 2T,
+—> 4 e 278 L
—2-3 ev —
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decay
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—7—9 eV oo LJ
- 60 &
ENERGY
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FIG. 11. Electronic energy-level diagram of NO/Pt(111)
chemisorption. Excitations are screened by the metal through
the 27 bonding level, and intramolecular Auger decay of excita-
tions deeper than 7 eV occur through the 27? configuration
(right).

figure have been mapped out by UPS.>** According to
one-electron theory, interaction between the singly occu-
pied 27 orbital of the NO and the near degenerate Pt dm
valence levels rehybridizes the 27 into adsorbate bonding
(2mg, below Ep) and antibonding (27 4, above E) levels.
The unoccupied 27 4 level has been observed in inverse
photoemission spectra.*> The splitting of the molecular
21 level indicates a substantial 277-metal interaction; thus
excitations involving 27 resonances (e.g., 2mp —2m 4,
dm—21r ;) will be very short lived due to efficient tunnel-
ing to and from the substrate. These excitations are low-
probability desorption channels, hence the small cross
section for 3-eV (d7— 27 ,) LID of NO from Pt(111).%*
The 9-10-eV threshold for NO ESD from both clean
and O-covered surfaces corresponds well with excitation
of the adsorbate So or 17 electrons. The 1.5-eV increase
in binding energy’® of these levels on the ©,=0.75-ML
surface relative to the clean surface is not observed in the
thresholds due to low signal level. Most important is that
the 50 and 17 levels are not degenerate with the metal
valence bands; thus holes in these levels cannot decay by
resonant tunneling, and necessarily must Auger decay.
Since intra-atomic is much faster than interatomic Auger
decay,* the dominant decay channels, for both 50 ~land
17~ ! excitations, use two 27 electrons. The 17! chan-
nel has a much shorter lifetime than the 5o ' because
the 17! Auger decay rate is not inhibited by an ex-
change of angular momentum between the two 27 elec-
trons.!>!® Similarly, deeper excitations are expected to
decay rapidly via shallower levels of the same symmetry
(e.g., a 40 hole filled by a 50 electron). In general,
longer-lived excitations will dominate the desorption pro-
cess; thus we have assigned the primary channel to a 5o
hole.!>!® The desorption of neutral CO from clean and
Cu-covered W(110) also has revealed a long-lived 5o !
channel.*> Finally, given the intimate role of the 5o elec-
trons in reducing the repulsion between the N and Pt ion
cores in the NO-Pt o-donation (or electrostatic)
bond,***7 it follows that a 50 ! excitation will result in a
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repulsive force between the molecule and the surface.

It is consequential that apparently the long-lived two-
hole 50 ~2 excitation on the O-covered surface does not
significantly contribute to the desorption yield. This is
evident by the absence of any structure at ~18-20 eV in
the threshold data. The So ~2 channel is, however, most
likely responsible for the high-energy peak in the v=2,3
E,.,., distributions (mentioned in Sec. III A) for neutral
NO desorption from the clean surface;'” it is also the
dominant channel for neutral CO desorption from
Pt(111) (Ref. 15) and Ru(001).*

B. Charge-transfer screening
and the enhanced ESD yield

Auger electron energies associated with O(1s) core
hole decay in CO on Ni(111) and on Ru(001) indicate
strong 27 screening of two-hole states, made possible by
significant adsorbate-substrate interaction.*>>° We ex-
pect 27 screening of NO one-hole and two-hole excita-
tions on Pt(111) to be similar. Since the 27 orbital is
molecularly antibonding, N-O bonds are weakened by
chemisorption involving metallic “backbonding” into the
27.% It can be inferred from HREELS (Ref. 3) that
coadsorbed O on Pt(111) reduces the NO backbonding:
there is an increase in the N-O bond stretching frequency
along with a decrease in the NO-surface stretch, relative
to the clean surface. Since the NO ground state ap-
parently has less 27 charge in the presence of O, it fol-
lows that there should likewise be an O-induced reduc-
tion in the 27 screening charge for one-hole excitations.
In this section, we focus on the change in charge-transfer
screening of excitations produced by the presence of
coadsorbed oxygen and see how the 50! lifetime and
desorption yield are affected.

There are, however, three other effects due to the pres-
ence of oxygen which might cause a change in the yield
and thus should be addressed. One possibility is that a
new desorption channel opens due to coadsorbed oxygen;
however, the unchanged threshold eliminates all but the
177! as a new channel. Lifetime arguments discussed in
Sec. IV A essentially rule this possibility out. Only in the
event of near-zero 27 occupancy would the 17 hole be
longer lived than a 50 hole; this is because the 5o hole
has a larger inter atomic Auger rate due to larger orbital
overlap with the metal. Near-zero occupancy is extreme-
ly unlikely, however, because the excited molecule would
then have +2 charge (50 ~'27°). Furthermore, if the 17
channel were to “turn on” in the presence of oxygen, we
would expect increased rather than decreased vibrational
excitation in the desorbates due to holes in the strongly
bonding 17 orbital. Thus we conclude that the 50~ exci-
tation dominates desorption both with and without oxygen
present.

A second possibility is a larger localization probability.
In order for desorption to occur, the excitation must lo-
calize (self-trap) on a single adsorbate.’! Our previous
analysis of the coverage dependence of NO ESD from
clean Pt(111) concluded that, at high NO coverages, most
50 ! excitations do not localize.!® The presence of oxy-
gen serves to space the NO molecules and thus reduce the
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50 ! bandwidth. This should enhance self-trapping and
consequently increase the desorption probability. How-
ever, our previous data show that this effect can only in-
crease the desorption cross section by about a factor of
6,'¢ which is still a factor of 15 too small. Thus we con-
clude that self-trapping plays only a minor role in the
coadsorbate effects.

A third possibility is a change in desorption yield due
to substantial changes in the dynamics of the desorption
process. By “dynamics” we mean that the ground-
and/or excited-state potential-energy surfaces are altered
by the presence of oxygen so that nuclear wave-packet
evolution is significantly changed. Thermal desorption
and HREELS data show that ground-state binding ener-
gies and adsorbate frequencies are only mildly affected by
oxygen coadsorption.® Thus we do not expect sizable
changes in the desorption probability due to changes in
the ground-state potential. The excited-state potential is
undoubtedly changed by the presence of oxygen; howev-
er, the oxygen is not expected to greatly change the 5o-
electron density between the N and Pt ion cores, and
hence should not significantly change the respulsive
force. If the repulsive force in the excited-state at the
ground-state equilibrium position did increase, we would,
on one hand, expect a higher probability for desorption,
but, on the other hand, we would also expect a concomi-
tant change in the width of the E,,  distribution. This
follows from the fact that a larger force implies a shorter
time for the desorption event and thus a broader transla-
tional energy distribution. Figure 1 clearly shows little
change in the width of the distribution. We therefore
conclude that dynamics is probably not at the heart of
the increased yield.

Thus we find only one reasonable candidate capable of
simultaneously explaining several of our observations: a
change in the lifetime of the So hole due to a reduction in
the 27 screening. Such a situation causes several things,
even in the absence of changes in the ground- or excited-
state potential energy surfaces: (1) the translational ener-
gy should increase due to increased time for acceleration
in the excited state; (2) the NO excited vibrational popu-
lations should decrease due to a reduction in excited-state
antibonding 27 occupancy; and (3) since most excitations
decay before sufficient acceleration occurs to produce
desorption, we expect exponential dependence of the neu-
tral yield on lifetime. The observation of all three trends
strongly suggests that the lifetime of the primary excita-
tion monotonically increases with oxygen coverage. We
will now show that the coadsorbed oxygen changes the
27 electron density sufficiently to explain the giant yield
enhancement. As noted above, the yield is expected to
have exponential dependence exp(—7,I") on the charac-
teristic or “critical” time 7, for desorption® and the 5o !
lifetime ' ~!. Assuming 7. > 1/T, we expect that lifetime
changes of roughly 1.5-3 would account for the
enhanced yield.

The 50 ' Auger decay rate scales as the square of the
amplitudes C, of the contributing 27" configurations in
the excited-state wave function W*=3%_.C, x*(27"),
where y*(27") is the configuration wave function of the
adsorbate with n2m electrons and a 5o hole. Since a 5o
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hole uses two 27 electrons in the dominant Auger chan-
nel, only the 27" configurations where n =2 contribute
significantly to the rate. No appreciable contributions
come from 27! or 27° since one or two metal electrons
must be used and interatomic Auger rates are much
slower. Since the 27* and 27° configurations are too high
in energy, ¥* is dominated by the 27!, 272, and 27°
configurations (|C,|*+|C,|>+|C;]?~1). In addition,
since the 27% and 27° configurations have approximately
the same Auger rates, the relative decay rate scales as
r<(1—|c,|?.

Oxygen can reduce 27 backbonding in several ways,
such as by direct through-space electrostatic interactions
and by changing the work function ¢. The severity of the
work-function dependence is due in large part to the
weakness of the d7-27 covalent portion of the substrate-
adsorbate bond, the relative neutrality of the excited mol-
ecule in the absence of oxygen, and the proximity in ener-
gy of the positive, neutral, and negative configurations in
the excited state. We argue below that these conditions
are met by this system.

Recent ab initio calculations by Pacchioni and Bagus*’
for CO/Pd(100) found considerably more 7 backbonding
than occurs in first-row elements. They also found that
the greatest cause of chemisorption-induced change in
the C-O vibration was backbonding charge transfer, but
that only a fraction of the binding energy was from this
source. Due to similarities in the dw7-27 orbital for
NO/Pt(111), we anticipate similar conclusions. We as-
sume that about half of the ~1.0-eV Pt-NO binding en-
ergy is due to d -2 interaction and that ~1 electron is
transferred to NO in the ground state. The above-
mentioned Auger experiments**® on chemisorbed CO
suggest facile charge-transfer screening in the two-hole
excited state, in that the screened hole-hole interaction
(U) is small ( <2 eV). If we assume that this also applies
to single-hole excited states of NO on Pt(111), excited
(5071) NO is approximately neutral (.e., is well
screened). Since U also reflects the differences in energy
of the charged and neutral configurations,
U=[E(+)—E(0)]+[E(—)—E(0)], these experiments
also suggest a proximity in energy on the clean surface.

The role of the oxygen is transparent: the work func-
tion ¢ increase lowers the energy of the positive excited-
NO configuration (27') while raising, by the same
amount, the energy of the negative configuration (27°)
relative to the neutral configuration (27%). Since the
dm-2m bond is weak (~0.5 eV), a A¢d of +0.5 eV
changes each of these energies by an amount comparable
to the magnitude of the off-diagonal matrix elements
which mix these configurations and create the d7-27 co-
valent bond. Because of near neutrality on the clean sur-
face and the proximity in configuration energies, A¢ is
also comparable to the small diagonal energy differences.
Thus the resulting 27"-configuration amplitudes are
necessarily very sensitive to A¢g ~0.5 eV, given that other
energies in the problem do not change. We would expect
similar results in any weakly chemisorbed system where
lifetime largely depends on the filling of a partially occu-
pied orbital. Indeed, analogous effects have been recently
observed in the stimulated dissociation of NO, coad-

FIG. 12. The relative 5o ~! excitation lifetime in adsorbed
NO is plotted vs substrate work function. The lifetime is nor-
malized to unity at the work function of the clean Pt surface
(Ref. 3), as indicated. The work function of the substrate with
©,=0.75 ML is also indicated (Ref. 3).

sorbed with O on Pt(111).%

Since the Auger decay rate scales as T < (1—|C, 12), we
expect a decreased rate with increasing ¢. Figure 12
shows the numerical results of relative Auger lifetime
Iy/T vs ¢, where I'y/T'=1 for the clean surface (¢=5.7
eV). The lifetime change shown is not without bound,
however. For lifetimes greater than 10Xthat of the ex-
cited neutral molecule, contributions from interatomic
channels which use a metal electron directly cannot be
neglected. Interatomic channels will thus cause the effect
to saturate at high work functions and/or high direct
electrostatic interactions which make the molecule posi-
tive in the excited state. However, we have shown that
the exponential dependence of yield on lifetime, coupled
with the quadratic dependence of lifetime on wave-
function amplitude, makes ESD an extremely sensitive
probe of coadsorbate-induced rehybridization.

C. Spin-orbit propensity

Our observation of a spin-orbit propensity of
M1, 11, ,~3.5 is very reminiscent of a similar observa-
tion in LID of NO from atop sites on clean Pt(111).3° In
that experiment, 3-eV photons are believed to produce
“hot” electrons which are captured into the short-lived
27, antibonding resonance. In addition to the small
LID yield (~ 107*-107° that of ESD), the translational
energy distributions differ for the two spin-orbit states,
the hotter one being Q=2. In contrast, the ESD spin-
orbit translational energy distributions are virtually the
same (Fig. 4). Finally, LID desorbates are rotationally
and vibrationally cold relative to ESD. Thus there are
more differences than similarities in these two experi-
ments, but nonetheless, the same propensity is observed.
We adopt the philosophy that the propensity in the two
experiments is related.

It has been suggested'*3% that the calculations of
Smedley, Long, and Alexander>? for NO scattering from
a flat surface might be relevant; i.e., the propensity is the
result of a quantum-mechanical interference effect for
scattering on two ground-state potential-energy surfaces
which are degenerate only at the surface normal. We
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disagree with this proposal for the simple reason that
Smedley, Long, and Alexander investigated a very
different physical process: an initially prepared cold (low
J, @=1) NO molecule collides with the surface and
scatters into higher J and both spin-orbit states. In con-
trast, the desorption experiments begin with a hot (many
J), mixed spin-orbit initial state. It is difficult to imagine
subtle quantum-dynamics interference effects would be
able to unmix them. We argue below that the propensity
is due instead to the transfer of an electron from the
strongly spin-orbit-split Pt(111) substrate of the open-
shell NO desorbate.

In order to understand the origin of the spin-orbit pro-
pensity it is first necessary to have an understanding of
the angular momentum of the NO molecule. Because of
the open-shell nature of this diatomic, there are two good
quantum numbers for each vibrational state for which
population distributions are experimentally measurable:
total angular momentum and spin orbit. The total angu-
lar momentum J is the vector sum of three components
J +L +S, where j is the rotor momentum, L is the orbit-
al angular momentum about the center of mass of the
molecule of the single electron in the 27 orbital, and S is
its spin angular momentum.’* The magnitudes of J and S
are conserved, but those of j and L are not. However, the
projection of L(A) onto the molecular axis is approxi-
mately conserved and is 1, and the projection of S(X) is
+1. Since the projection on the molecular axis of the ro-
tor momentum j is always zero, the magnitude of the pro-
jection () onto the axis is + or 2. The spin-orbit quan-
tum number is related to this projection. In the limit of
Hund’s case (a),>* the projection is the good quantum
number; however, NO crosses from Hund’s case (a) to
Hund’s case (b) with increasing J. The spin-orbit states
are coupled (fixed J, different 1) by the Hamiltonian with
matrix element h,,,;,.,=—B[(J —1/2)*—1]'? (Ref.
54) for J =2 3/2; whereas the difference in energy between
them is A4 —2B where A is the spin-orbit parameter
[~119 cm™! for NO (Ref. 36)] and B is the rotational
constant [ ~1.67 cm ™! for NO (Ref. 36)]. Since 4 >>B,
this is a Hund’s case (a) diatomic for moderate J’s. In
particular, the lower spin-orbit level is 90% pure Q=1 at
J=25.5.

We now consider spin-orbit splitting in the Pt substrate
because it is our hypothesis that this is the origin of the
observed propensity. In particular, we contend that the
angular momentum projection of electrons with energies
near E, onto the (111) normal is pertinent. The
significance of E arises because the neutralizing elec-
trons in ESD must be close to it to be resonant with the
21 level of NO (or even an excited NO level); and in LID,
the hot electrons must arise near E because the laser ex-
citation energy is rather low. The significance of the pro-
jection along the normal is that this is the preferred neu-
tralization axis by the nature of being the shortest dis-
tance from the metal to the temporary ion. Recall that in
ESD the desorbate is ionized in the Auger decay of the
excited state. In LID the normal is the axis for hot-
electron transfer onto the molecule (assuming the mole-
cule is not appreciably bent).
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Group-theoretic arguments predict>® that with circu-
larly polarized light, photoemitted electrons from a
strongly spin-orbit split substrate should be spin polar-
ized. In normal incidence, normal takeoff photoemission
from Pt(111) with 13-eV circularly polarized light,’%>’
the observed polarization near E ¢ 1s indeed 50%, or 3:1.
Furthermore, electrons with m ;=3 cannot mix with
those of m; = since they transform with different group
representations in the C;, double group. [This is the
relevant point group for a spin-orbit split (111) surface at
an atop site.] The experiment, together with theoretical
details,>> 8 unequivocally determines that, along the nor-
mal the top-most Pt(111) band which crosses Ep is m; =1

and not m;=7. Hence we conclude that there are ~3
neutralizing electrons with m;=3 to every one with
m;=4.

A different density of states for m; =3 than for m =3
along the surface normal does not in itself guarantee a
propensity in the neutralization. However, if the NO
desorbate is aligned along the surface normal and above
an atop site at the time of reneutralization, then the pro-
pensity would reflect the substrate density of states. The
atop site is in fact the only binding site when oxygen is
present, and in LID it has been shown that the stimulated
desorbates also come exclusively from atop sites. It
should be noted, however, that there is some evidence
that on the oxygenated surface, ground-state NO is tilt-
ed’ and not aligned normal as on the clean surface. We
believe the observed propensity indicates that the desor-
bate does leave the surface oriented along the normal.
Thus, if the ground state is indeed tilted, possibly the ex-
cited state serves to reorient the desorbate. In fact, this
leads to the prediction that angle-resolved ESD will show
a distribution that peaks on normal. Experiments are
currently underway to verify this.

This argument for a propensity is rigorous from sym-
metry alone. The magnitude and the direction of the pro-
pensity is inferred from the circularly polarized photo-
emission experiments. Thus we propose that the ESD
excited-state potential is hindered due to a steric and/or
electronic effect of the coadsorbed oxygen. Previously we
claimed that on the clean surface the excited-state poten-
tial is likely to be a free rotor, consistent with the absence
of any observed spin-orbit propensity and with the in-
dependence of the translational energy distributions on
the rotational quantum number. On the oxygenated sur-
face, however, the translational energy distributions are
no longer independent of rotational quantum number.
This is consistent with a hindered rotor excited state and
is discussed further in Sec. IV D.

We now come to the observation of a loss or dilution of
the spin-orbit propensity observed in ESD as a function
of J (Fig. 9) with fixed E,, . Since the desorbate is not
completely aligned along the normal, it is not a priori ob-
vious that the neutralization rate into the different spin-
orbit states is J independent. Consequently, we have cal-
culated the neutralization rate of a rotating, but non-
translating, hindered rotor. We assumed a wave function
with a distribution in angle from the normal similar to
the ground state with the experimental hindered rotor
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frequency of 510 cm ™!, but an expected value for the ro-
tational energy taken from the measured desorbate distri-
bution of 450 K from Table I (v=0). This rotational en-
ergy is significantly hotter than the ground-state hindered
rotor (Sec. IVD). The calculation includes the coupling
between the two spin-orbit states, as mentioned
above. The decay of the propensity with J due to the
mixing operator should be [1+(F—1)cos’d,]/
[1+(F —1)sin?8,], where F is the propensity and 6; is
the mixing angle {tan26,=2B[(J—1/2)*—1]""%/
(A —2B)}. Our calculation showed effectively no decay
of propensity with J in the absence of the coupling opera-
tor. With F =3 (4) and J =15.5 the propensity is expect-
ed to be 2.7 (3.5) or only a 10% (13%) dilution; neverthe-
less, a 50% dilution is observed. Thus further study is re-
quired to understand the dilution of the propensity with
increasing rotational energy. One obvious shortcoming
of this calculation is the nontranslating desorbate, and
also the uncoupling of translation and rotation. The
translational energy distributions do indicate a weak cou-
pling observed at high J (Fig. 3). In additional, the pro-
pensity is lost for desorbates with the lowest velocities
(<0.15 eV) and relatively low rotational content (Fig. 4).
This loss of propensity for slowly moving desorbates
could be the result of residual interactions with the sub-
strate after neutralization.

What about the LID experiments? A further conse-
quence of the C;, double group and a larger m;=3
(aligned) relative to m; =1 (antialigned) density of states
to interact with the NO molecule is that along the normal
there must be two nondegenerate bonding as well as anti-
bonding potential-energy surfaces due to the interaction
of the NO 27 and Pt d 7 orbitals. The NO 27 orbitals are
very nearly degenerate, whereas the Pt d= orbitals are
split by the large spin-orbit coupling in Pt, d 7 aligned be-
ing higher in energy than d7 antialigned. Thus, assum-
ing that the 27 level is more nearly degenerate with d-
aligned orbitals, then the aligned d-27 bond would be a
stronger bond that the antialigned d7-27 bond. Similar-
ly, the aligned antibonding level should be more repuslive
than the antialigned antibonding level. Crudely speaking,
the hot electron (3:1 m; = 3:m; =) gets captured into the
antibonding resonance. In addition, the bonding state
should have more m;=3 than m;=; character. This
could explain the observed propensity in the LID experi-
ments as well as the observed difference in translational
energy distributions for two different spin-orbit states. A
final note is that the LID data indicate a strongly peaked
desorption distribution about the surface normal,® con-
sistent with our model.

To summarize our interpretation of the ESD results,
the strongly spin-orbit split metal surface (with C;, sym-
metry about each surface substrate atom) has a different
and greater density of states (number of electrons) for
dm-aligned (m;=3) than dm-antialigned (m;=3) elec-
trons. Consequently, the resonant neutralization rate for
aligned NO* —NO? (*I1; ,,) is faster than for *II, ,,. Pro-
viding the NO ESD desorbate is hindered at least to the
point of reneutralization, the propensity is then expected.
Furthermore, it is reasonable to believe that the coad-
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sorbed oxygen causes the excited-state potential-energy
surface to be hindered.

D. Dynamics on the excited-state potential

The dynamics of NO ESD from a clean Pt(111) surface
has been considered previously.'>!® Our best under-
standing can be briefly summarized as follows. The 27-
screened 50! excitation frees the hindered rotational
motion of ground-state NO. Decay of the excitation thus
finds some molecules in an orientation with respect to the
surface which is different from the stable ground-state
equilibrium geometry (normal to the surface with the N
end down). The desorption probability increases consid-
erably when excited NO has rotated more than about 15°
from the normal. Since molecules that have higher rota-
tional energies are more likely to have large deviations
from normal and thus access weakly bound or unbound
regions of the ground-state potential, there is an overall
rotational “heating.” However, the low E ., distribu-
tion of the desorbed NO from the clean surface, together
with the apparent finite probability for E,, =0 (see Fig.
1), indicates that much of the kinetic energy acquired in
the excited state is lost in overcoming the ground-state
binding energy.

Unfortunately, we know little about the topography of
the excited-state potential in the presence of the oxygen.
Nonetheless, we presume it is repulsive along the surface
normal at the equilibrium geometry of the ground state,
and that the repulsive force is not overly sensitive to the
presence of the coadsorbed oxygen. The increased life-
time, relative to that on the clean surface, of the 5¢ 1 ex-
citation in the presence of coadsorbed O enables the mol-
ecule to acquire more translational energy along the
excited-state potential. The increased propagation time
in the excited state also allows the excited molecules to
decay further from the surface and thus access the weak-
est regions of the ground-state potential; this can be seen
in the almost zero yield at the lowest E,, . in the
©,=0.75-ML data (Fig. 1). However, unlike the dynam-
ics on the clean surface, the observed spin-orbit propensi-
ty indicates that the excited state is hindered about the
surface normal. Clearly the hindering must diminish as
the molecule moves away from the surface; thus rotation-
al and translational motion are necessarily coupled.
Hasselbrink®® has pointed out that in the presence of an
anisotropic interaction with the surface as a function of
orientation angle, rotational excitation can occur. That
model has been used to explain the near-linear depen-
dence of translational energies with rotational energies in
LID experiments.'>3>% It is possible that we are seeing
similar effects here, in that we observe higher than ex-
pected rotational energies and a shift (albeit, nonlinear) in
E,.... with rotational energy (Fig. 3). No shift in NO
E, ... With rotational energy was observed for the clean
Pt(111) surface.!® Thus the proposed anisotropy must be
due to interactions with the neighboring oxygen atoms.

From both clean and oxygenated surfaces, we observe
NO desorbates which are rotationally hot (400-600 K)
relative to the available rotational energy from the
ground-state hindered rotor. The ground-state NO-Pt
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system has hindered rotor frequencies of ~465 (Ref. 61)
and 510 cm~! (Ref. 3) on clean and oxygenated
(6=0.75 ML) Pt(111), respectively. In the harmonic-
oscillator approximation, the zero-point energy is ap-
proximately half of the frequency and the zero point is di-
vided equally between kinetic and potential energy. Thus
the available energy is about L the frequency or ~116
(clean) and 128 cm ™! (oxygenated). Both transalate to a
relatively low rotational temperature of ~180 K. It is in-
teresting to note that in the LID experiment, the desor-
bate rotational energy (~200 K) is close to this zero-
point kinetic energy. However, LID is a very low proba-
bility event with a short lifetime, thus very little rotation-
al excitation can occur in the excited state. In contrast,
the lifetime in ESD is long enough for substantial
excited-state dynamics resulting in rotational excitation.
We argued above that for the clean surface, rotational
heating is in part derived from the propensity for high
over low rotor momentum desorption. In addition, there
can be inelastic rotational scattering on the ground-state
potential after deexcitation, since the molecules are deex-
citing close to the surface. We substantiated this heating
with model calculations using a free-rotor excited state.'
However, when the surface is oxygenated, we argued that
the spin-orbit propensity derives from hindered desor-
bates. Thus the major source of rotational excitation for
the NO desorbate on the oxygenated surface must be in-
elastic scattering on the excited-, the ground-state poten-
tial, or both.

V. CONCLUSIONS

The effects of coadsorbed oxygen atoms on the
electron-stimulated desorption of NO from Pt(111) are
varied and illuminating. Specifically we see, with increas-
ing oxygen coverage, an exponential increase in the
desorption yield, an increase in desorbate translational
energy, a decrease in both vibrational and rotational en-
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ergy, and a growing propensity for the upper spin-orbit
level. In understanding these observations, a coherent
picture of the dominant desorption process has emerged.
A valence excitation is created in the adsorbate. Al-
though the excitation is too deep in energy to decay into
the metal valence band, it is screened almost instantane-
ously by the substrate through shallow, metal-absorbate
rehybridized, levels. The excitation promotes atom
motion on the excited-state potential and decays by a
shallow valence Auger process, leaving a temporarily ion-
ized desorbate. The latter must be resonantly reneutral-
ized by the substrate, during which we contend the ob-
served spin-orbit propensity is realized.

It follows that because the valence Auger decay uses
electrons from the same orbital involved in screening the
excitation, the lifetime, and hence the desorption yield
from the dominant channel, is very sensitive to
coadsorbate-induced changes in screening. Similar life-
time arguments should be applicable to enhanced ion
desorption yields from higher energy, two-hole chan-
nels.!” Vibrational excitation of the desorbate is also sen-
sitive to the presence of screening charge since it occupies
a strongly antibonding molecular orbital. Thus as the
electronegative oxygen decreases the screening charge,
the desorption yield increases while the desorbate vibra-
tional excitation decreases. In conclusion, the exponen-
tial dependence of yield on excitation lifetime, coupled
with the strong dependence of lifetime and internal state
populations on the screening charge density, makes ESD
a very sensitive probe of coadsorbate-induced rehybridi-
zation.
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