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We report a surface photochemistry study using ultrafast pulses of vacuum ultraviolet~vuv! light for exci-
tation. Tunable vuv radiation~10–38 eV! is produced via high harmonic generation. We have studied the
model system of physisorbed O2 on graphite. The only observed desorption product is O1, the yield of which
is measured as a function of the excitation photon energy. The kinetic energies of the desorbed ions are
obtained by time-of-flight measurements with the pulsed source. These measurements enable us to suggest that
the O1 desorption proceeds through more than one channel and to identify the electronic transitions that may
be involved in the dissociative ionization of the physisorbed O2 .
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Surface photochemistry is important in a wide range of
fields from interstellar chemistry1,2 to semiconductor
processing.3,4 Adsorbed molecular oxygen, in particular, has
served as a prototypical system, the study of which has led to
a number of advances in our understanding of surface pho-
tochemistry. Most of these studies have concentrated on pho-
tochemistry induced by low-energy photons~infrared, vis-
ible, and near ultraviolet! on metal5–11 and semiconductor
surfaces.12–15Ultrafast laser excitation of O2 on Pd led to the
first observation of dissociation induced by multiple
excitations.16 The role of electron capture~negative-ion reso-
nance formation17! in the photochemistry of O2 has also been
explored.18 Nanosecond and femtosecond excitations have
been used to initiate photochemical reactions between coad-
sorbed O2 and CO to form CO2 ,19–24 leading to subsequent
single-molecule experiments with the scanning tunneling
microscope.25

The photochemistry induced by vacuum ultraviolet~vuv!
photons is of particular interest because vuv photons can
excite a range of different molecular electronic states, which
may exhibit specific resonant behavior.26,27The dynamics of
the electronic states of the free O2 molecule are well known
from gas-phase studies,28–31 and comparisons with the ad-
sorbed phase lead to insights into the effects of adsorption on
electronic structure and dynamics. It is also of interest to
compare the vuv photochemistry of physisorbed O2 to that of
chemisorbed O2 , such as O2 chemisorbed on Si(111)-(7
37).27 Previous synchrotron-based studies32–35 of phys-
isorbed O2 on graphite have revealed interesting new dynam-
ics that appear to be operative only at higher photon ener-
gies. Adsorbed O2 has also been involved in the first study to
use high harmonic generation~HHG! to follow the course of
a photochemical reaction.36 In that study, vuv photons pro-
duced by HHG were used toprobe the infrared-initiated pho-

tochemistry of O2 chemisorbed on Pt~111! via ultrafast pho-
toemission measurements. HHG has also been employed37 to
probe the ultrafast photodynamics of Br2 dissociation in the
gas phase as well as electron dynamics at surfaces.38,39

In this Brief Report, we employ ultrafast vuv pulses to
induce surface photochemistry. The vuv source, described
elsewhere,40 is based on HHG in argon or xenon and delivers
~after selection with a monochromator! ;1010 photons s21.
Such a source has two principal attractions to initiate reac-
tion dynamics—it is tunable and has a pulse duration on the
order of a picosecond. We report the yield of desorbed O1

ions resulting from the photodissociation of O2 /graphite ex-
cited at 10–38 eV using harmonics 7 to 23~H7 to H23!. For
an O2 coverage of;4 monolayers~ML !, we observe the
onset of O1 desorption at;17 eV, a plateau at 19.5–29 eV,
and a steep increase in cross section above 29 eV. The ion
kinetic energy distributions, derived from time-of-flight
~TOF! measurements, permit a discussion of the decay chan-
nels that occur for excitation at different photon energies
associated with the opening of additional decay channels at
high photon energy.

The experiments employed an ultrahigh vacuum~UHV!
chamber ~base pressure,10210 Torr) equipped with a
liquid-He cryostat and a mass spectrometer. The sample was
cooled to 20–22 K and measured with a rhodium-iron resis-
tance thermometer. Gas dosing@with O2 ~99.998% purity! or
CO ~99.997% purity!# was performed via a leak valve at a
chamber pressure of 231028 Torr. For all experiments an
exposure of 12 langmuir (1 langmuir51026 Torr s) was
used, which we believe corresponded to an O2 coverage just
under 4 ML. The leak valve was closed during data acquisi-
tion such that experiments were performed in the absence of
gas-phase O2 but at a pressure slightly above the base pres-
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sure of the chamber due to the influx of argon or xenon from
the HHG source chamber. To minimize this, a series of ap-
ertures are used to isolate the source chamber from the UHV
chamber. Furthermore, a pulsed valve, working at 1 kHz,
was used to decrease the total gas load. The amounts of Ar or
Xe detected in the mass spectrometer during vuv irradiation
were always negligible in comparison with the ions C1 or
O1. A vuv monochromator selected the desired harmonic
generated by the HHG process.40 The monochromator reso-
lution was sufficient to ensure that only the selected har-
monic is incident upon the sample while all others were sup-
pressed. A removable scintillator was placed in a differential
pumping chamber between the monochromator and UHV
chambers to measure the vuv photon flux before it reached
the highly oriented pyrolytic graphite sample. The vuv beam
direction was adjusted to maintain a constant photon flux on
the surface sample. This was determined for all harmonics by
measuring the yield of photoelectrons acquired with the mass
spectrometer~Hiden!. The mass spectrometer was modified
to allow TOF measurements in addition to quadrupole mass
spectrometry~QMS!. The channeltron signal was detected
before discrimination with a multichannel analyzer triggered
by the laser. To accelerate ions created at the surface by the
pulsed vuv irradiation, a dc voltage was applied between the
sample and the entrance grid of the mass spectrometer. De-
tection of desorbed neutrals was not attempted, given the
signal levels involved.

Calibration of the mass spectrometer used in TOF mode is
key to the identification of the ionic species desorbed. Thus,
we collected TOF spectra for ions desorbed from both phy-
sisorbed O2 /graphite and physisorbed CO/graphite. In both
cases we observed the desorption of only one positively
charged ionic fragment. Variation of the extraction voltage
~25, 50, or 100 V! allowed us to identify unambiguously the
masses of the ionic fragments and to measure the drift length
(D50.273160.0009 m). The only ionic fragment observed
to desorb from;4 ML films of O2 on graphite held at 20 K
~for all photon energies! was O1. Only C1 ions were de-
tected from;4 ML CO/graphite at 20 K for excitation at
32.55 eV.

The tunability of the HHG source allowed us to measure
the O1-ion yield from physisorbed O2 ~;4 ML! as a func-
tion of photon energy. Each experimental point represents
the signal accumulated in 15 min, as shown in Fig. 1. The
main features apparent in Fig. 1 are~i! a slow rise in the O1

signal out of the background noise with an estimated appear-
ance threshold of 1761 eV, ~ii ! a plateau region where the
yield is relatively constant to at least 26 eV, and~iii ! a further
steep increase in the yield above 29 eV. The yield of O1

measured for physisorbed O2 differs markedly from the yield
of O1 from chemisorbed O2 . For the latter case, Dujardin
et al.27 recorded a monotonically increasing O1 desorption
signal with a threshold at 33 eV.

The time structure of our vuv pulses allowed us to mea-
sure readily kinetic energy distributions and the concomitant
additional dynamical information. Furthermore, since the
photon energy is also tunable, we were able to make these
measurements as a function of excitation energy. We made
such measurements with both H15~23.25 eV! and H21

~32.55 eV!. From the calibrated total flight distance, we were
able to determine the initial kinetic energy of the O1 ion,
EK , as it left the surface, from the following equation:41

EK5

mD2

2t2 2eV. ~1!

Here,m is the mass of the ion,D is the drift length,t is the
measured flight time, andeV is the kinetic energy acquired
by the ion of chargee in the acceleration region. In Figs. 2

FIG. 2. Comparison of the kinetic energy distributions of pho-
todesorbed O1 ions from;4 ML of O2 /graphite at 20 K excited at
H15 (hn523.25 eV). Also plotted is the gas-phase dissociative
photoionization data athn521.23 eV from Ref. 28.

FIG. 1. Measurement of the O1-ion yield as a function of the
photon energy generated by the high harmonic vacuum ultraviolet
source for a coverage of;4 ML of O2 /graphite at 20 K. The ion
acceleration voltage to the time-of-flight detector was 100 V.
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and 3, the TOF data have been transformed into kinetic en-
ergy distributions~KED! for the two photon energies. Corre-
sponding gas-phase data28 at similar photon energies are
overlaid for comparison. These KED’s allow us to hone in on
the mechanisms of surface photodynamics in a way that is
not possible from the yield measurements alone.

For excitation at 23.25 eV, Fig. 2, the kinetic energy dis-
tribution consists of one peak at;1 eV. Excitation at 32.55
eV, Fig. 3, leads not only to the 1-eV peak but also to sig-
nificant broadening on the high-energy side of the distribu-
tion. There is also significant signal nearEK50 eV in the
latter case. Within our signal-to-noise ratio, the KED’s are
remarkably similar to the KED’s reported by, e.g., Gardner
and Samson28 and Luet al.31 for dissociative photoionization
of gas-phase O2 . The similarity between the gas- and
adsorbed-phase distributions pertains to the breadth of the
KED’s; however, the magnitudes of the features within the
distributions differ significantly. In particular, the peak near
EK50 in the gas phase is greatly reduced in the surface
experiments. This observation is consistent with the idea that
ions created with less than a certain criticalEK will be re-
captured by the polarization potential at the surface. Signifi-
cantly, in gas-phase photodissociation of O2 , at least 90% of
the fragmentation events lead to O1 with near zero kinetic
energy.28,31 Since these ions are incapable of escaping from
an adsorbed layer we should not expect the O1 yield versus
photon energy to be the same for the adsorbed phase com-
pared with the gas phaseeven if dissociative photoionization
is governed by essentially the same dynamics at the molecu-
lar level in both cases.

From the similarity of the kinetic energy distributions
measured in the gas and adsorbed phases, we conclude that
the dissociative photoionization dynamics in the physisorbed

layer is substantially governed by the same molecular dy-
namical pathways as those observed in the gas phase. Previ-
ous studies utilizing synchrotron radiation could not conclu-
sively determine whether direct or substrate-mediated
excitation was occurring.32,35 In the photon energy region
from 17 to 22 eV, i.e., 0–5 eV above threshold, the excitation
of the physisorbed O2 must be direct~as opposed to substrate
mediated!, since photoelectrons produced in this region do
not have sufficient energy to initiate dissociative ionization
and thus desorb O1 ions. In the gas phase, high kinetic en-
ergy O1 channels begin to participate appreciably at photon
energies .26 eV. Therefore, the production of O1 at
32.55-eV excitation may in principle arise either from direct
or substrate-mediated processes. Significant changes in the
ion yields compared with the gas phase are apparent; in par-
ticular, the lowestEK features are at least partially sup-
pressed and, in consequence, the higherEK features are rela-
tively enhanced. In contrast, the dissociation dynamics of
physisorbed O2 differs significantly from the dynamics of
chemisorbed O2 . This fact is related either to a change in the
excitation probability or, perhaps more importantly, to a
change in the excited-state relaxation dynamics in the phys-
isorbed versus the chemisorbed state.

Lafosseet al.30 have identified 12 mechanisms for disso-
ciative photoionization of free O2 in the range 20–28 eV. A
two-step process describes the dynamics. First, the molecular
ion and a photoelectron are created. Second, the O2

1 dissoci-
ates and the energy of the molecular ion in excess of the
dissociation energy is partitioned equally between the O
atom and the O1 ion. Drawing on the work of Lafosseet al.
and Lu et al.,31 we surmise that for excitation at 23.25 eV,
the primary photoinduced ion desorption mechanism is exci-
tation to the O2

1(B 2Sg
2) state followed by fragmentation

into the first dissociation limit, O1(4S)1O(3P). This pro-
cess leads to O1 ions with a kinetic energy centered at;1
eV, consistent with the data in Fig. 3 for excitation at 23.25
eV and corresponding also to the 1-eV peak observed for
excitation at 32.55 eV. At 32.55-eV excitation, two additional
channels become available, both proceeding via O2

1(c 4Su
2)

and both leading to high kinetic energy O1 ions ~>2 eV!.
One channel couples to the first dissociation limit, whereas
the other couples to the second dissociation limit, O1(4S)
1O(1D). All other channels lead to the production of low or
near-zero kinetic energy O1 and therefore make a less sig-
nificant contribution to the KED’s we measure. The accessi-
bility of the additional channels, particularly the high-energy
ones, correlates with the increased photodesorption cross
section. We can exclude the desorption of O2

1 followed by
gas-phase dissociation of the molecular ion, for if this were
to occur, theEK50 peak would be the most prominent fea-
ture in the KED.

O2 /graphite has a rich phase diagram of structures in the
monolayer and multilayer regime that display different ad-
sorbate orientations. In the multilayer phase studied here, O2
is oriented roughly along the surface normal.42 Extension of
these experiments to other coverages, molecular phases, and
to different systems would certainly be of interest. Detection

FIG. 3. Comparison of the kinetic energy distributions of pho-
todesorbed O1 ions from;4 ML of O2 /graphite at 20 K excited at
H15 (hn532.55 eV). Also plotted is the gas-phase dissociative
photoionization data athn540.79 eV from Ref. 28.
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sensitivity improvements might also allow for the detection
of desorbed negative ions. In any event, theEK measure-
ments facilitated by the pulsed nature of a laboratory-based,
tunable HHG source will provide an important new tool in
the elucidation of photochemical dynamics in the vuv region
of the spectrum.
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