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We studied the surface femtochemistry of CO/O2 /Pt(111) induced with 0.3 ps laser pulses over a
wide range of wavelength and fluence. Below 10 m J/mm2, the yields depend linearly on fluence.
Above 10 m J/mm2, the yields scale nonlinearly in the fluence. From the dependence of the yields on
wavelength, we determine that the nonlinear surface femtochemistry is influenced by nonthermal
substrate electrons. © 1998 American Institute of Physics. @S0021-9606~98!00920-9#

I. INTRODUCTION

II. EXPERIMENT

It has been well established that high-intensity subpicosecond laser pulses induce reactions among adsorbates on a
metal surface by photoexcitation of electrons in the metal
substrate.1–5 There is an active debate, however, about the
energy distribution of the electrons responsible for the reaction between adsorbates on a metal surface. According to one
proposal, the adsorbates interact with an essentially thermal
substrate electron distribution;6 that is, an electron distribution described by a Fermi–Dirac function. Another proposal
is that the nonthermal, photon-energy-dependent, electron
distribution plays a significant role in the surface reactions.4
Whether the electrons that stimulate the adsorbates have a
thermal or a nonthermal distribution, it is well accepted that
the electrons are not in thermal equilibrium with the
phonons.1–4,7–10
We measured the desorption of O2 and production of
CO2 from CO/O2 /Pt(111) induced with 0.3 ps laser pulses at
267, 400, and 800 nm to determine the dependence of the
chemical reaction on the electron distribution. We find that
the reaction is sensitive to photon energy and therefore we
favor excitation of the adsorbates by nonthermal substrate
electrons.
The yields in subpicosecond photoinduced reactions
have a nonlinear dependence on fluence, a high quantum
efficiency, highly excited nonthermal internal-state distributions, and increasing translational energy with increasing laser fluence.1,3,4,6,8–12 Two-pulse correlation experiments
show that the excitation has a lifetime of about 1 ps.4,7,8,10,13
Time-resolved surface second-harmonic generation indicates
that desorption of CO from CO/Cu~111! is complete in less
than 325 fs.11
When the photochemistry of CO/O2Pt(111) is induced
with continuous light14,15 or nanosecond pulses,3 the yields
of O2 and CO2 scale linearly with fluence and depend
strongly on photon energy. We previously reported the first
data on the transition from a linear to a nonlinear fluencedependence under 267 nm pulse excitation,10 later confirmed
using laser pulses at 310 nm.6 Here we report observations of
this transition at 267 and 400 nm.

We studied the photochemistry of CO/O2 /Pt(111) using
laser pulses from a 1 kHz regeneratively amplified Ti:sapphire laser. The 100 fs, 800 nm pulses are frequency doubled
in a 1 mm thick lithium barium borate crystal and frequency
tripled in a 0.3 mm thick beta-barium borate crystal. The
laser pulse energy is varied with a waveplate and a polarizing
beam splitter. The 267 and 400 nm pulses have 0.26 and 0.3
ps duration, respectively. The 800 nm pulses are chirped to
0.3 ps so the pulse durations at all wavelengths are similar.
The energy of each laser pulse is measured with a photodiode that is calibrated with a power meter. The response
of the power meter varies less than 3% over the range 267–
800 nm. To ensure that there is no nonlinear absorption in
the platinum, we measured the fraction of the laser pulse
energy absorbed into platinum. The measured absorption of
the platinum is constant over the range of fluences used in
the experiments, and is in agreement with the reflectivity
calculated from the published dielectric function of
platinum.16 We also verified that the absorption of the chamber window does not depend on fluence. These results confirm that the laser energy absorbed in the platinum is a constant fraction of the pulse energy measured outside the
vacuum chamber.
The spatial profile of the laser pulses is measured with
an ultraviolet-sensitive CCD camera. The profile captured by
the camera is fit well by a Gaussian function. The fluence
incident on the camera is reduced to a level where the camera response is linear by reflecting the beam off the front
surfaces of two pieces of glass and is further attenuated with
neutral-density filters. To confirm the accuracy of the
camera-based spatial profile measurement, we measured the
spatial profile of a helium–neon laser with the camera and
compared it with the profile determined by scanning a pinhole through the beam while measuring the transmitted light
with a photodiode. The camera and pinhole methods yield
laser profiles that are identical to within 1%.
The absorbed laser fluence is determined from the energy absorbed in the platinum, and the spatial profile of the
laser pulse, accounting for the 45° angle of incidence. The
fluence varies over the profile of the laser spot; values quoted
below refer to the absorbed fluence at the peak of the spatial
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TABLE I. Wavelength dependence of the power law exponent. The yield is
linear in fluence below 10 m J/mm2, but very nonlinear in fluence above
10 m J/mm2. There is no low-fluence yield with 800 nm laser pulses.

F
,10 m J/mm
.10 m J/mm2
2

FIG. 1. Yields of O2 from CO/O2 /Pt(111) obtained with laser pulses of 0.3
ps duration at m 800, d 400, and j 267 nm wavelengths.

profile. The tests described above confirm that there is no
wavelength-dependent, nor any fluence-dependent systematic error in the calculation of absorbed fluence.
The experiments are conducted on a 12 mm diameter
Pt~111! crystal in an ultrahigh vacuum chamber with a base
pressure of 5310211 Torr. All experiments are performed at
a base temperature of 84 K. The crystal is cleaned using Ne
ion sputtering at an ion energy of 500 eV, annealing in
vacuum at 1100 K, and annealing in 1028 Torr oxygen at
500–1000 K.17 Surface order is verified with low-energy
electron diffraction and surface cleanliness is verified with
Auger spectroscopy.18
After cleaning, molecular oxygen and carbon monoxide
are adsorbed to saturation on the platinum surface.15,19 Molecular oxygen is deposited on the platinum surface as soon
as the temperature has fallen below 94 K after a cleaning
cycle. Carbon monoxide is deposited after the oxygen. To
reduce background pressure, all adsorbates are deposited using a tube of 12 mm diameter brought to within 3 mm of the
platinum surface.
The laser-induced O2 desorption yield and CO2 reaction
yield are measured with a quadrupole mass spectrometer operating in pulse-counting mode. We alternate between detecting O2 and CO2 on successive laser shots. Between shots,
we translate the sample to an unirradiated part of the sample
preparation. A potential difference of 290 V is applied between the sample and the ionizer of the mass spectrometer to
prevent stray electrons interacting with the sample. A tube of
4 mm inner diameter extends from the ionizer to the sample.
This tube collects molecules desorbed from the surface
within 14° of the surface normal. The ionizer is enclosed in
mesh to allow the laser-induced desorption and reaction
products to escape. Using a high-speed mechanical shutter,
we reduce the laser repetition rate to allow the gas-phase
products to be pumped out of the chamber between successive laser shots.
The yield depends on the area of the sample preparation
exposed to the laser pulses. To obtain an appreciable yield at
low fluence, a large laser spatial profile of full-width-halfmaximum up to 1 mm2 is used. At high fluence, the spatial
profile is decreased to as low as 0.05 mm2 to reduce the
absolute yield and avoid saturating the pulse-counting elec-
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tronics. The yields reported below are divided by the laser
spot size to allow comparison between runs taken with different laser spot sizes. Below 20 m J/mm2, less than 1% of
the adsorbates is depleted by a single laser pulse; to increase
the signal in this regime, we admit up to 10 pulses at a 1 kHz
rate to one spot on the sample and the mass spectrometer
measures the total yield.
III. RESULTS

Figure 1 shows the yield of oxygen molecules obtained
from CO/O2 /Pt(111) with 267, 400, and 800 nm laser
pulses. Around 10 m J/mm2 there is a clear change in the
dependence of the yield on absorbed laser fluence. Above
50 m J/mm2, the yield saturates because the pulse desorbs an
appreciable fraction of the adsorbed oxygen.4
Below 10 m J/mm2 the yield from 267 and 400 nm pulses
depends linearly on fluence. To determine the linear cross
section in this regime, we measured the decreasing yield
from a single spot on the sample as the surface coverage is
depleted by 3000 laser pulses. The linear cross sections thus
obtained are s 2675(462)310219 cm2 and s 4005(462)
310220 cm2 for 267 and 400 nm pulses, respectively. We do
not observe any linear dependence of yield on fluence for
800 nm laser pulses; continuous light sources with wavelengths longer than 600 nm also do not induce reaction.15
Between 10 and 50 m J/mm2 the yield depends nonlinearly on fluence. The data can be described by a simple
power law, Y 0 ;F p , where p.1 and F is the fluence absorbed in the platinum. As Table I shows, the exponent p
decreases with decreasing wavelength.
The wavelength dependence of the yields is also apparent in a comparison of the absolute yields at a particular
fluence. Table II summarizes the wavelength dependence of
the yields at 1 and 30 m J/mm2. At both fluences, the yield
increases substantially as the wavelength decreases.
Figure 2 shows the yield of carbon dioxide from the
same sample preparation as Fig. 1. The dependence of the
CO2 yield on fluence is similar to that of O2. Table III summarizes the ratio of yield of O2 to yield of CO2. When using
267 or 400 nm pulses at fluences below 10 m J/mm2 ~i.e., in
TABLE II. Wavelength dependence of the laser-induced yield. At all fluences studied, the yield increases with decreasing wavelength.
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FIG. 2. Yields of CO2 from CO/O2 /Pt(111) obtained with laser pulses of
0.3 ps duration at n 800, s 400, and h 267 nm wavelengths.

the linear regime!, the yields of O2 and CO2 are the same.
Above 20 m J/mm2, the yield of O2 is substantially more than
the yield of CO2, and the ratio is smaller at shorter wavelengths. The ratios shown in Table III are not corrected for
the small dependence of the mass spectrometer detection efficiency on species.
IV. DISCUSSION

The desorption and reaction yields at fluences below
10 m J/mm2, shown in Figs. 1 and 2, scale linearly in fluence.
The cross sections are in the range of 10219 and increase
with decreasing wavelength. The yield of O2 and CO2 obtained from CO/O2 /Pt(111) with continuous light15 or nanosecond pulses3 also scales linearly in fluence. The cross sections measured with these low-intensity sources are in the
range of 10219 cm2 and increase with decreasing wavelength. We therefore attribute the linear surface femtochemistry to the same mechanism responsible for the surface photochemistry induced with continuous-wave or nanosecondpulsed light sources.
The excitation of CO/O2 /Pt(111) with these lowintensity sources has been attributed to electronic transitions
into normally vacant orbitals of the O2. 15 This new electronic
configuration causes the adsorbate atoms to move, accumulating vibrational or translational energy that may lead to
desorption or reaction. Two mechanisms for the electronic
transition have been proposed. The photon can stimulate a
direct transition between orbitals in the O2 /Pt(111)
complex.15 Alternatively, the photon may excite an electron
to a state above the Fermi level in the Pt~111! band structure,
from which it crosses into an orbital of the O2 /Pt(111)
TABLE III. Wavelength dependence of the ratio of O2 to CO2 yield. The
ratio is one at fluences below 10 m J/mm2, but O2 desorption is favored over
production of CO2 at fluences above 20 m J/mm2. At fluences above
20 m J/mm2, the ratio is strongly wavelength dependent.
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complex.20 Either way, the electron interacts with the O2
while retaining a substantial portion of the initial photon energy. The surface photochemistry in the linear regime is
therefore governed by electrons with a nonthermal distribution. The wavelength dependence of the cross section is due
to the required matching of the energy of the photoexcited
electron with the energies of the vacant O2 orbitals.
Irradiation of a metal surface creates an electron distribution with thermal and nonthermal components. For intense
subpicosecond laser pulses, the thermal distribution of electrons can reach several thousand Kelvin for a few
picoseconds.1 Several authors attributed the nonlinear dependence of yield on fluence, high desorption yields, and short
excitation lifetimes to these transient hot electrons.12,21–25
The electron temperature depends on the pulse duration and
the fluence absorbed in the platinum, but not on photon
wavelength.26
Our experiments show three ways in which the nonlinear
surface femtochemistry depends on wavelength. The powerlaw exponents summarized in Table I depend on wavelength,
increasing from 4.860.5 at 267 nm to 7.260.5 at 800 nm.
The desorption yields summarized in Table II are also wavelength dependent: at 30 m J/mm2, the yield from 267 nm
pulses is about 4 times that from 400 nm pulses, and about
65 times that from 800 nm pulses. The ratio between O2 and
CO2 yields, summarized in Table III, depends on wavelength, varying from 70 at 800 nm to 25 at 267 nm. The
nonlinear femtochemistry of CO/O2 /Pt(111) depends on
wavelength, and so the thermalized electron distribution cannot be solely responsible for exciting the adsorbates. We
attribute the wavelength dependence of the nonlinear surface
femtochemistry on CO/O2 /Pt(111) to interaction of the adsorbates with electrons from a nonthermal distribution.
Several authors have measured the yield of O2 from
O2 /Pt(111) obtained with two high-fluence subpicosecond
laser pulses incident on the same spot on the sample with a
variable delay between the pulses.4,7 The dependence of the
yield on delay indicates that the sample retains memory of
the excitation for about 1 ps.4 Several authors have measured
the time over which a nonthermal electron distribution persists in a gold film following subpicosecond laser excitation.
In gold, electron thermalization can take about 0.5 ps.27,28
Though there are no published measurements for platinum,
the electron thermalization time in platinum is likely less
than the observed two-pulse correlation time in desorption of
O2 from O2 /Pt(111). The correlation time could reflect the
time required for the adsorbates to dissipate the vibrational
excitation induced by the first laser pulse. Alternatively, it
could indicate that the O2 desorption is also influenced by the
transiently hot thermalized electrons, which cool on this time
scale.
There are practical benefits to being able to access two
different femtochemistry regimes. At high fluence, where desorption is more efficient than reaction, adsorbates can be
desorbed with subpicosecond time resolution for analysis.
The efficient desorption could also be used to create empty
reactive sites and increase reaction rate in a catalytic process
in which site blocking inhibits the reaction. Finally, because
the linear surface femtochemistry is caused by the same
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mechanism as the surface photochemistry induced with continuous light, the dynamics of the surface photochemistry
induced with continuous light can be studied with femtosecond time resolution by limiting the femtosecond pulses to
low fluence.
The transition between nonlinear and linear surface femtochemistry is also of theoretical interest. At low fluence, the
linear dependence of yield on fluence is due to desorption or
reaction caused by a single electronic excitation. Above the
transition fluence, the nonlinearity indicates that cooperative
action of the photoexcited electrons dominates the linear process. These cooperative effects have been described as a frictional coupling between the substrate electrons and the
adsorbates,22 and as a repeated excitation of the adsorbate
within the time required for cooling of the adsorbate
vibration.23
In conclusion, we describe the surface femtochemistry of
O2 /CO/Pt(111) as follows. Linear surface femtochemistry,
observed at fluences below 10 m J/mm2 is due to the same
mechanism as surface photochemistry induced with continuous wave and nanosecond pulses. Above 10 m J/mm2, another excitation mechanism dominates the reaction; yields
are nonlinear in fluence and depend on wavelength. At all
fluences the adsorbates are stimulated by nonthermal electrons. Models need to account for the nonthermal electrons
to predict the wavelength dependence of our data.
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