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Abstract

The laser induced desorption of CO from Pd(111) at 308 nm and 532 nm is compared to the thermal desorption
by recording FTIR and SFG spectra of the CO molecules remaining on the surface. There is no photodesorption
from a fully ordered CO layer. However, when the CO layer is adsorbed below 270 K, extra sites (assigned to
antiphase domain boundaries) appear in addition to the normal sites (assigned to domains), and the photodesorption
occurs selectively from the extra sites. The relative stability of the various sites is similar under heating and under
laser exposure, but the numerical calculation of laser heating and of the corresponding thermal desorption shows that
laser heating cannot account for the observed photodesorption. © 1999 Elsevier Science B.V. All rights reserved.

Keywords: Carbon monoxide; Chemisorption; IR absorption spectroscopy; Low index single crystal surfaces; Palladium; Solid gas
interface; Sum frequency generation; Surface defects

1. Introduction and rotational energies of the desorbed molecules
using the very sensitive technique of resonantly
enhanced multiphoton ionisation (REMPI).In recent years, it was shown that the energy of
Although REMPI is the most sensitive probe oflaser excited electrons at a solid surface can be
photodesorption and provides direct informationchannelled into the motion of adsorbates and
on the desorption dynamics through the measure-induce surface modifications like photodesorption,
ment of the energy released in the translationalphotodissociation, and reactions among coadsor-
and internal degrees of freedom of the desorbedbates. The emphasis was on demonstrating experi-
molecules, measuring vibrational spectra of thementally that these effects are non-thermal [1].
adsorbate is useful to provide complementaryThis has been done in many cases by measuring
information on photodesorption, because it showsthe distribution of the translational, vibrational
without ambiguity which of the adsorption sites
are sensitive to photoexcitation. Site selective* Corresponding author. Fax: +33-1-60-19-25-93.
effects, if present, may have practical applications,E-mail address: bernard.bourguignon@ppm.u-psud.fr

(B. Bourguignon) like the preparation of a surface where only certain
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sites would be occupied by adsorbates. They may
also provide indications about the topology of the
potential energy surfaces (PES). This is important
because experimental information on ground and
excited states PES is very poor. This is because
photoelectrons in a solid lose their initial energy
at a very short time scale (~1 fs) due to electron–
electron collisions, before desorption may occur.
Thus, desorption is induced by electrons having a
wide dispersion of energy.

A site selective method was employed in a few
cases to probe the laser action. For CO on Pt(100),
a laser was used to produce strong heating
(870 K), and this resulted in the interconversion
of a fraction of the linearly bonded CO to bridge
sites, as observed by Fourier transform infrared
(FTIR) spectroscopy [2]. On Pt(111), the non-
thermal desorption of CO and CO+ is observed
to be site selective [3]. NO is selectively photode-
sorbed from the on-top sites on Ag(111), Cu(111)
[4], and Pt(111) [5–7], while it is photodissociated

Fig. 1. FTIR spectra of CO on Pd(111) when (a) the CO layeron the bridge sites of Pt(111) [8]. On the Si(111)
is fully ordered, and when (b) the CO layer is adsorbed below

7×7 surface, preferential photodesorption of Si ~270 K. The conditions of adsorption are (a) annealing to
adatoms and chlorinated adatoms occurs upon 330 K and cooling to 170 K under a CO pressure of

10−7 mbar, (b) unannealed surface obtained by direct adsorp-irradiation at 248 nm and 193 nm, respectively
tion at 170 K at a CO pressure of 10−7 mbar. Both spectra are[9,10], and 355 and 266 nm [7], as shown by STM.
recorded under 10−7 mbar. Note the reduction in peak of theA few cases were reported where non-thermal site
bridge sites at ~1950 cm−1, and the broadening in peak of the

effects were inferred using indirect methods. For linear sites at 2083–2093 cm−1, in (b) with respect to (a).
example, in the case of O2 on Pd(111), interconver-
sion between sites, and site-dependent desorption
cross-sections, were deduced from temperature with an increased density at the cell boundaries

[13]. Between 0.60 and 0.66 ML, a combinationprogrammed desorption (TPD) of the undesorbed
molecules [11]. of linear and bridge sites is observed. Above

0.66 ML, the structure consists of three-foldCO on Pd(111) may adsorb on a variety of
adsorption sites, depending on the surface cover- hollow and linear sites. The ‘ultimate’ saturation

coverage (in the absence of gas phase CO) ofage. The saturation coverage itself depends on the
surface temperature because the adsorption energy 0.75 ML is obtained at ~100 K [12]. The adsorp-

tion energy decreases with coverage from 1.5 todecreases with coverage, as a result of the repulsive
CO–CO interactions [12]. The order of stability 0.26 eV [12,14].

In our experiments, the lower surface temper-of the adsorption sites for an isolated CO molecule
on Pd(111) is three-fold hollow>bridge>linear. ature is ~150 K, corresponding to a coverage of

~0.63 ML. Well-ordered surfaces exhibiting COThus, three-fold hollow sites are preferred at low
coverage [≤0.33 monolayer (ML), where 1 ML= in bridge (1955 cm−1) and linear (2083 cm−1) sites

are observed (Fig. 1 and Table 1) by adsorbing1.53×1015 cm−2, the density of Pd atoms on the
(111) surface]. Between 0.33 and 0.50 ML, CO CO above ~270 K and cooling the surface in the

presence of CO in the gas phase, in agreementmolecules occupy bridge sites. Between 0.5 and
0.6 ML, CO remains in bridge sites but with a with the literature [15]. When CO is adsorbed

below ~270 K, additional peaks appear (Fig. 1compressed structure that involves large unit cells
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Table 1
Frequencies of the various sites occupied by CO on Pd(111) in the temperature range 150–270 K (from Ref. [16 ])

Sites of the Sites populated in equilibrium Extra sites populated by
normal structure with gas phase COa adsorption below 270 Kb

Type of site Linear Bridge Linear Three-fold hollow Linearc Linear Bridge Three-fold hollowd

Frequencye (cm−1) 2083 1955 2103 1890 2158 2093 1940 1890

a Observed only in equilibrium with gas phase CO above ~10−6 mbar.
b Assigned to domain boundaries.
c Tentative.
d Three-fold hollow sites are observed only for an initial adsorption at a CO pressure larger than 10−6 mbar.
e The frequencies depend on the actual surface temperature and CO pressure.

and Table 1) at 2158 cm−1, 2093 cm−1, stretching modes, considerably split apart because
of their large mutual interaction. In C2v geometry,1940 cm−1, and 1890 cm−1 at the expense of the

intensity of the regular peaks which are still present the antisymmetric mode would be forbidden [12],
and therefore only one single band would result.[16 ]. The overall intensity (sum of all the peak

areas) is constant. The relative intensities of the In principle, this latter possibility is more unstable
because of the repulsive interaction between theextra peaks depend on the conditions of adsorp-

tion. They increase with the CO pressure that is CO molecules. On the other hand, this configura-
tion might result in less coupling with other COsused during the initial adsorption. The peaks at

1940 and 1890 cm−1 are not always measurably and to the small observed bandwidth of 7 cm−1.
In this work, photodesorption is investigatedobserved at our sensitivity. The peak at

2093 cm−1 overlaps the regular peak at both at 308 nm with FTIR, and at 532 nm with
sum frequency generation (SFG) as a probe. Since2083 cm−1. The extra peaks were assigned to anti-

phase domain boundaries in Ref. [16 ]. The exis- SFG uses picosecond lasers having a rather large
peak power, a limitation in its applicability totence of antiphase domains had already been

invoked to explain the large variation of the measure populations of molecules in various sites
may come from the laser induced thermal and/ordesorption kinetics with CO coverage [14]. The

structure in the domains is identical to that of the photochemical desorption. CO on Pd(111) is a
good case to investigate the laser desorptionannealed surface, so that the spectra still exhibit

the ‘normal’ peaks of the linear and bridge sites, because it exhibits simultaneously strongly and
weakly bound adsorption sites. On the other hand,although with a smaller intensity. Domains

nucleate only upon adsorption below ~270 K, non-thermal photodesorption occurs in general
more easily for NO than for CO, and it does notand they disappear by annealing above this tem-

perature. The extra sites are populated with CO occur for NO on Pd(111), suggesting that CO will
not be photodesorbed from Pd(111). We do findmolecules below ~230 K. Among the extra sites,

the site at 2158 cm−1 which was already reported that CO is not photodesorbed from Pd(111) if the
CO adlayer is well ordered. It is only if the adlayerin Ref. [17] is most surprising, since its frequency

is larger than in the gas phase [18]. It was suggested contains the extra sites that CO is observed to
desorb, both at 308 nm and at 532 nm.that this large frequency may result from a CO

molecule occupying a distorted linear site and
interacting with another linear CO on the next Pd
atom [16 ]. An alternative possibility, not proposed 2. Experimental
in Ref. [16 ], is that the two interacting linear CO
molecules are on the same Pd atom. This would The FTIR is used to probe the desorption

induced by an excimer laser operated at 308 nmgive rise to one symmetric and one antisymmetric
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(pulse duration ~20 ns, fluence 9 mJ cm−2, latter is not cooled by a liquid nitrogen flow.
However, the heating is undetectable when thenormal incidence), and the SFG is used to probe

the desorption induced by a YAG laser (532 nm, crystal is cooled (as is the case in the present
experiments). The SFG experiments are done using~10 ps, 0.5 mJ cm−2, angle of incidence: 54°,

p-polarised). The beam uniformity of the excimer the lasers of the CLIO (Collaboration pour un
Laser Infrarouge à Orsay) facility of the LURElaser is evaluated by measuring the laser intensity

through an aperture which is scanned in the beam laboratory [21]. In the present work, we use an
optical parametric oscillator (OPO) pumped by aat a point optically conjugated with the sample. It

is found to be better than 10%. The uniformity of mode locked, pulsed YAG laser. The IR beam
(~10 ps, 2 mJ cm−2, ~1500 pulses per second,the YAG laser is not as precise, because the sample

is a few centimetres in front of the focal point. As 2 cm−1 bandwidth) is scanned in the spectral
region of the CO internal vibration. It is over-a result, the plane which is optically conjugated

with the sample is not accessible. An iris diaphragm lapped temporally and spatially on the Pd(111)
single crystal with a frequency doubled fraction ofis placed in the beam at various points between

the focusing lens and the sample. The laser power the pump laser. The SFG is detected on a photo-
multiplier tube after passing through a combina-is measured as a function of the aperture and

distance from the lens, allowing us to estimate tion of filters and monochromator used to reject
the YAG and IR frequencies. The SFG from theboth the fluence and the uniformity on the sample.

The uniformity is found to be about 20%. The sample is divided by the SFG obtained by mixing
a small fraction of the laser beams into a ZnSesame YAG laser is used both for pumping and

probing. This has two reasons. On the one hand, crystal. This introduces a slope in the baseline
because the response of ZnSe is not entirely fre-the objective is to find out whether the less bonded

sites are stable enough under the laser beams used quency independent. The IR laser path to the
chamber is not purged against atmospheric water,for SFG. On the other hand, we had no means in

these experiments to vary the laser fluence without and this results in a considerable noise below
1900 cm−1, where the H2O peaks are larger, despitemodifying slightly the alignment, which is crucial

to probe the effect of the YAG laser by SFG. This the division by the signal from ZnSe. It results
that the three-fold sites are not reliably observedis why we used the same fluence for pumping and

probing. Although this procedure is not ideal, it in this experiment.
The FTIR experiments are performed in thecan still be used provided that the desorption

efficiency is negligible during the measurement of same UHV chamber using a commercial Mattson
spectrometer at a resolution of 4 cm−1. The spectraa SFG spectrum, and measurable over a time

compatible with the stability of the experimental are obtained after subtraction of a reference
spectrum recorded before adsorption of CO. Sincesetup, which turned out to be the case.

The local laser heating is calculated by numeri- photodesorption experiments last a few hours, the
limitation of our signal to noise ratio in FTIRcal integration of the heat flow equation [19,20].

It is found to be 17 K in both cases, with the experiments arises from long term fluctuations of
the H2O concentration in the path between thedifference that the heating lasts 35 ns (FWHM) in

the case of the excimer, and only 50 ps for the spectrometer and the detector. To minimise this
effect, the subtracted reference spectrum isYAG. Electron diffusion was not included in our

calculation. It can be neglected only in the case of weighted by a factor which is typically in the range
0.95–1.05. This procedure however affects thenanosecond pulses, and therefore the laser heating

is significantly overestimated in the case of the noise of the spectra (because the subtraction is
optimised to minimise H2O lines and not to mini-YAG laser. Besides the local pulsed heating, a

macroscopic CW heating may occur due to the mise the noise), and it also adds specific noise
below ~1900 cm−1 where H2O lines are strongeraccumulation of heat in the crystal and sample

holder. We measured a heating of 30 K for 40 mW (because H2O lines are much larger than CO
bands, the noise on the H2O lines is comparableof radiation absorbed by the Pd crystal when the
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to the CO band intensity). The three-fold hollow
sites are strongly affected, and they are not quanti-
tatively measured in this work, except when the
peak is large (which occurs only when spectra are
recorded with the surface in equilibrium with gas
phase CO above 10−6 mbar: it is not the case
during photodesorption). The low frequency side
of the peak of the bridge sites around 1940 cm−1
is also affected, although to a much smaller extent.
The other peaks are not directly affected, except
through the noise added by subtracting the H2O
spectra. The difference spectra are less affected
because they are recorded at smaller intervals, and
because they are directly subtracted from one
another without using a reference spectrum.

The Pd single crystal is prepared by Ar+ sput-
tering at 1 kV and 350°C followed by several
anneals at 500°C (the first one under 10−6 mbar
of O2). The cleaning method is checked in a
preparation chamber by Auger electron spectro-
scopy and low energy electron diffraction. The

Fig. 2. Photodesorption at 308 nm and 9 mJ cm−2 in 20 ns
surface temperature is measured by a thermocou- probed by FTIR. The calculated laser heating is 17 K (peak
ple which is held firmly against the crystal. temperature) and it lasts 35 ns (FWHM). The spectra are all

recorded at 150 K without CO in the gas phase: (a) initial sur-
face prepared by adsorption at 185 K under a CO pressure of
10−6 mbar. Note the broadening of the band of the linear sites3. Results
at ~2083–2093 cm−1, and the increased relative intensity of the
peak at 2158 cm−1 with respect to the peak of the bridge sites

3.1. Excimer laser induced desorption probed by at ~1950 cm−1, when comparing with Fig. 1b (the larger the
CO pressure during adsorption, the larger the number of extraFTIR
sites); (b) after 5.4×104 laser pulses; (c) after 1.1×105 pulses;
(d) after 3.1×105 pulses. The signal to noise ratio is better forNo photodesorption is found when the CO
the difference spectra (see text).

layer is fully ordered. The results of a laser desorp-
tion experiment at 308 nm are shown in Fig. 2 for sites, the desorption efficiencies (defined as the
a CO layer adsorbed at 185 K. The laser desorption fraction of the population in the adsorption site
itself was made at 150 K. CO desorbs first from desorbed by one laser pulse) are extracted from
the three-fold and linear sites at 2093 cm−1 Fig. 3, assuming an exponential decay of the peak
(Fig. 2b–a). It takes a much larger number of intensities with laser count. They are [6.1±0.4]
pulses to observe a significant decrease of the peak ×10−5 per pulse for the linear+three-fold hollow
at 2158 cm−1 (Fig. 2c–b and d–c). The two normal sites, [5.1±0.6 ]×10−6 for the site at 2158 cm−1,
peaks ( linear sites at 2083 cm−1 and bridge sites) and <3×10−7 for the regular bridge+linear sites.
are not measurably photodesorbed, but the peak The error bars are twice the mean error provided
of the bridge sites shifts to lower frequencies during by the fit.
the initial desorption from the linear and three-
fold sites, and not afterwards. Fig. 3 shows the 3.2. Calculation of laser heating and thermally
evolution of the peak intensities as a function of induced desorption
laser pulse count. Under the assumption that the
peak intensities are proportional to the density of We have calculated the transient surface heating

induced by the excimer laser beam (Fig. 4). WeCO molecules in the corresponding adsorption
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optical coefficients with temperature. The com-
puted laser induced heating is therefore reliable,
providing that the spatial distribution of the energy
in the laser beam is taken into account. As stated
in the experimental section, the measured beam
uniformity is better than 10%, the calculated tem-
perature jump is 17 K, and it lasts 35 ns FWHM.
The thermal desorption yield induced by laser
heating can be calculated by integrating the desorp-
tion rate over the time of the temperature jump.
The desorption parameters are taken from the
work of Guo and Yates [14], who measured the
desorption kinetics as a function of coverage for
several adsorption temperatures down to 87 K.Fig. 3. Peak intensities measured by FTIR as a function of laser
Fig. 5 shows that the set of desorption parameterspulse count during exposure to the excimer laser beam
allows us to calculate temperature programmed(9 mJ cm−2, 20 ns, 308 nm).
desorption (TPD) curves which are in quite reason-
able agreement with Guo and Yates’ TPD results
[14]. The TPD curves exhibit four peaks (one of
them visible only as a shoulder), at ~275 K,
~350 K, ~400 K and 470 K, which correspond
to the desorption from the linear+bridge
(coverage>0.6 ML), compressed bridge alone
(coverage between 0.6 and 0.5), bridge alone (cov-
erage between 0.5 and 0.33 ML) and three-fold
alone structures, respectively. A difference between
the calculated and experimental curves is that the
peaks are more visible in the calculated curves,
perhaps because the desorption parameters vary
stepwise and not continuously with coverage in
the calculation. Since the desorption kinetics varyFig. 4. Calculated laser induced temperature rise and corre-

sponding thermal desorption rate of CO from Pd(111) induced with adsorption temperature, we have calculated
by a laser of 9 mJ cm−2, 20 ns at 308 nm. The laser temporal the thermal desorption efficiency induced by laser
profile is also shown. The CO adsorption temperature is 200 K heating for different adsorption and desorption
and the desorption temperature before a laser pulse is 150 K.

temperatures using the same parameters as for theThe calculation is based on the numerical integration of the
TPD simulation (Table 2). Guo and Yates mea-heat flow equation. The desorption kinetics are from Ref. [14].

The time integrated fraction of thermally desorbed molecules sured the desorption kinetics at 200 K and 87 K.
during the transient heating is 2.0×10−15 per laser pulse. We have assumed a linear variation of the desorp-

tion energy and logarithm of the pre-exponential
factor when the adsorption temperature variessolve numerically the heat diffusion equation, using

the code developed in our laboratory for studying between 150 and 200 K at 0.63 ML. This is quite
reasonable because Guo and Yates measured alaser heating of silicon in the conditions of laser

etching [19,20]. This calculation is very precise quasi-linear dependence between 89 K and 200 K
at 0.5 ML. The results of Table 2 show the extremebecause it is compared to the dynamics of heating

and melting as measured through the Si reflectivity. sensitivity of the thermal desorption kinetics with
respect to both the adsorption and desorptionThe calculation is much more simple in the present

case, where there is no phase transition, and where temperatures. In all cases, the calculated thermal
desorption yield is much smaller than the measuredthere are no strong variations of the thermal and
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Fig. 5. Simulated TPD curves for various initial coverages of CO adsorbed at 200 K on Pd(111) for a heating rate of 1 K s−1. The
inset shows the kinetic parameters taken from Ref. [14] as a function of coverage. The same desorption parameters are used to
calculate the laser desorption yield during one laser pulse.

Table 2 3.3. Picosecond YAG laser induced desorption
Calculated desorption efficiency per laser pulse induced by laser probed by SFG
heating as a function of the adsorption and desorption temper-
atures for CO on Pd(111). Laser fluence 9 mJ cm−2, laser wave-

As explained in the Introduction, photodesorp-length 308 nm, pulse duration 20 ns
tion at 532 nm was also investigated under the

Adsorption Desorption Desorption conditions of the SFG experiments. The SFG
temperature ( K) temperature ( K ) efficiency spectrum (Fig. 6) shows the same peaks as the

FTIR spectra of Fig. 1, with the difference that200 200 1.8×10−11
200 150 2.0×10−15 the peaks are slightly red-shifted and broadened
185 150 6.7×10−15 in SFG. This difference between FTIR and SFG
150 150 1.2×10−13 lineshapes was already observed in a number of

cases. It is often interpreted as a consequence of
an interference between the resonant SFG response

laser desorption yield. For the experimental condi- of the adsorbate and the non-resonant SFG
tions of Fig. 2, the calculated desorption efficiency response of the substrate. The lineshape is particu-
is 6.7×10−15 per laser pulse: this calculated ther- larly affected for CO/Pd(111), and the mentioned
mal yield is smaller than the experimental one by interference effect cannot explain the observed
nine orders of magnitude. Such a difference cannot difference between FTIR and SFG: the interference
be ascribed to the assumptions made above. For could only produce the observed effect if the non-
example, a refined relationship between peak inten- resonant intensity was comparable to the resonant
sity and coverage cannot account for a discrepancy intensity, which is far from being the case for
of nine orders of magnitude between the measured CO/Pd(111) [22]. A more sophisticated theory of
desorption yield and the calculated thermal desorp- the SFG intensity is needed, but it is beyond the
tion. It results that the laser desorption cannot be scope of the present work. Although a fully quanti-
due to the thermal mechanism that is responsible tative interpretation of our data would require this

new theory, it is not necessary to evidence thefor desorption in the TPD experiments.
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Fig. 6) is identical to the initial spectrum, showing
that the photodesorption leaves the sites empty
without further modification of the remaining CO
layer. In particular, the photoexcitation does not
produce a significant photodissociation of CO.
Although the photodissociated fragments are not
directly probed in the spectral region of the CO
stretch, their presence would modify the local
environment of CO molecules and therefore the
vibrational spectrum.

The comparison of the desorption efficiencies
due to the excimer and to the YAG is not straight-
forward, because the YAG has a pulse duration
smaller than the excimer by a factor 2×103, and
30 times less photons per pulse. It makes more
sense to compare desorption efficiencies per
photon, taking into account the difference in

Fig. 6. Photodesorption at 532 nm and 0.5 mJ cm−2 in 10 ps
probed by SFG. The laser heating is lower than 17 K (peak
temperature) and it lasts 50 ps (FWHM). The spectra are all
recorded without gas phase CO. Solid line: initial surface pre-
pared by adsorption at 170 K under a CO pressure of
10−8 mbar. Dotted line: after exposure to 1.7×107 laser pulses.
The surface temperature was 150 K during the desorption
experiment.

large effects of photodesorption which are clearly
visible in the spectra of Fig. 6: after 1.7×107 laser
pulses at 532 nm, there is no measurable change
of the peak assigned to the bridge sites, but the
intensities of the other sites are much smaller: the
YAG laser at 532 nm alone yields a selective
desorption from the same sites as the excimer laser.
The desorption efficiency is only [3±1.5]×10−8
per laser pulse at 532 nm. The corresponding
desorption yield in a single SFG scan of 10 mn is

Fig. 7. Thermal desorption experiment probed by FTIR. The
~3%, which is at the level of the noise of our spectra are all recorded without gas phase CO: (a) initial surface
detection. This is sufficiently small to obtain spec- prepared by adsorption at 150 K under a CO pressure of

5×10−6 mbar (note that the increase in CO pressure withtroscopic information through the SFG spectra,
respect to Fig. 2a has caused an increase of the relative inten-even without gas phase CO in equilibrium with
sities of the peaks at 2158 and 2083–2093 cm−1 with respect tothe surface, but it shows that attention must be
the peak of the bridge sites at ~1950 cm−1); (b) after heating

paid to desorption when intensities corresponding to ~200 K and cooling to ~160 K; (c) after heating to ~230 K
to loosely bound molecules are measured. and cooling to ~190 K. The signal to noise ratio is better for

the difference spectra (see text).The spectrum after readsorption (not shown in



159S. Carrez et al. / Surface Science 440 (1999) 151–162

reflectivity and absorption coefficient. The reflec-
tivity of Pd is 0.698 at 532 nm and 0.537 at 308 nm.
The coefficient of absorption is 8.74×105 cm−1 at
532 nm and 8.94×105 cm−1 at 308 nm: the dif-
ference between the absorption coefficients is
therefore negligible. At 2158 cm−1, the resulting
efficiency per absorbed photon is [1±0.2]×10−6
at 308 nm, and [3±1.5]×10−8 at 532 nm. In gene-
ral, it is found that short wavelengths and short
pulses are more efficient to induce photodesorp-
tion: in both cases the excitation beats more easily
the relaxation. It appears that the change of wave-
length between 308 and 532 nm is quantitatively Fig. 8. Heating probed by SFG: the IR laser is tuned to the
more important for CO/Pd(111) than the change maximum of the peak of the bridge sites (1940 cm−1). The

adsorption conditions are 180 K and 2×10−7 mbar. The SFGof pulse duration from 20 ns to 10 ps.
intensity and the surface temperature are recorded as a functionIn the case of the picosecond experiment, the
of time.calculated laser heating of 17 K is overestimated

because the calculation does not include electron
diffusion which is faster than heat diffusion at the fixed at the maximum of the peak of the bridge

sites (1940 cm−1), while the surface temperature ispicosecond time scale. The actual heating in our
picosecond experiment is probably of a few Kelvin, increased at a rate of ~0.5 K s−1. This allows a

site specific probe of thermal desorption, providingand it lasts only 50 ps. Taking into account this
difference of time scale only, and using the overesti- that the laser spectral width is larger than the

width of the band to be probed. When using themated value of 17 K for the transient heating, the
calculated thermal desorption per laser pulse is CLIO free electron laser, the width may be as

large as 50 cm−1, making it possible to measuresmaller than in the case of the excimer laser by a
factor of 700: the thermal desorption mechanism coverages as a function of time. In the present

experiment we used the OPO of the CLIO facilitymeasured by TPD cannot account for the laser
desorption at 532 nm. which has a width of ~2 cm−1, so the intensity

that we measure is not proportional to coverage,
unless the peak shape of the band to be probed3.4. Thermal desorption
does not vary. The CO bridge site peak is always
observed to broaden when the temperatureFigs. 7 and 8 show results of surface heating.

The only difference in the preparation of the increases. The minimal width is ~20 cm−1 for the
fully ordered surface, and ~30 cm−1 in the pres-surface between Figs. 2 and 7 is the CO pressure

during adsorption, that results in larger peaks for ence of the extra sites. The width may increase up
to ~40 cm−1 upon heating between 200 andthe sites associated with the domain boundaries in

Fig. 7. The heating duration is chosen to observe 300 K. We expect therefore that the SFG signal, if
probed at the peak maximum of the bridge sites,the early stages of heating. The linear+three-fold

hollow sites desorb at ~200 K and the site at will decrease upon heating due to peak broadening
and/or desorption, unless some interconversion2158 cm−1 desorbs at ~230 K. A difference

between laser desorption and thermal desorption takes place. However, an initial increase is
observed upon heating from 175 to 205 K, and itis visible in Fig. 7b–a with respect to Fig. 2b–a:

interconversion from linear and/or three-fold can only be interpreted as the result of the intercon-
version from other sites to the bridge sites.hollow to bridge site seems to occur at the early

stages of heating. By further increasing the surface temperature
(not shown in the figures), the peaks disappearThis is also apparent in the ‘SFG-TPD’ experi-

ment of Fig. 8, where the IR frequency is held sequentially. The linear sites at 2083 cm−1 disap-
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pear first. Then the bridge sites convert to three- Pd:CO by photoexcitation is channelled very
inefficiently into the motion of CO in the surfacefold hollow above ~380 K. These observations

are consistent with the TPD curves of Fig. 5. plane.
The photodesorption is qualitatively under-Readsorption after heating leads to the regular

surface (with no domains and no extra peaks) only stood in the framework of the MGR mechanism
[23]. Most of the photons excite primarily theif the temperature is raised above ~300±30 K.
solid, creating a distribution of photoelectrons
with a wide distribution of energy that may attach
temporarily to the adsorbates. In the case of CO,4. Discussion
the electrons attach in the band formed by the 2p
orbitals, which is almost empty. The energyIn summary, the CO adsorbed at the sites

assigned to domain boundaries are the less stable, transfer from the attached electron to the surface–
adsorbate vibration and to the internal vibrationboth by heating and by laser. There is no laser

desorption from the regular sites. There is one of the adsorbate occurs because the molecular ion
is formed out of its equilibrium position (withminor difference between heating and laser desorp-

tion: interconversion to the bridge sites occurs respect to the surface–adsorbate distance as well
as to its internal coordinates). The observedthermally and not in photodesorption. The non-

thermal nature of the photodesorption is supported absence of interconversion is probably due to the
fact that the equilibrium position of CO in theby the numerical calculation of the thermal desorp-

tion yield induced by the transient laser heating. plane of the surface is similar in the ground and
excited states. The extent of the energy transfer isThis calculation is based on detailed desorption

kinetics measurements [14] and we were able to limited by the lifetime of the molecular ion, and
only a small fraction of the attachments yield asimulate accurately the TPD spectra of Ref. [14]

with the same parameters that we used to estimate photodesorption. In the case where the desorption
fails, another electron attachment may occurthe contribution of thermal desorption in our

photodesorption experiment. The difference before all the vibrational energy is transferred to
the substrate. The desorption rate depends on (1)between the calculated desorption induced by laser

heating, and the experimental laser desorption is the rate of electron transfer, (2) the lifetime of the
molecular ion, and (3) the desorption energy,so large that it cannot originate from the various

assumptions used or from the limitations in our which determines the minimal energy that must be
converted from electronic to Pd–CO vibrationalsignal to noise ratio. This means that the thermal

desorption mechanism operative in TPD cannot energy. The first factor favors strongly bound
molecules, while the last two factors favor weaklybe responsible for laser desorption. Thus, although

the CO layer is critically dependent on temperature bound molecules. The lifetime of the intermediate
ion is the most critical parameter, since it is inas shown by our heating experiments, by the

calculations of Table 2, and by Guo and Yates’ general much shorter than the time of the sub-
strate–adsorbate vibration (where the energy mustresults, photochemical desorption must play a

significant role in the present photodesorption be channelled for the molecule to desorb). If
different sites differ only by the desorption energy,experiments.

It is expected that at the frontiers between the molecule in the less bonded site desorbs more
easily because it is more probable that enoughdomains the molecules are displaced from their

regular, most stable symmetric positions. energy will be converted during the lifetime of the
excitation. It could be, however, that the adsorp-Therefore the relative thermal instability of the

CO molecules at these sites is not surprising. The tion sites also differ by the shape of potential
energy surfaces, and therefore by the dynamics ofinterconversion to the bridge sites due to heating

probably occurs by surface diffusion. Because the the energy transfer. Thus, the fact that CO photo-
desorbs from Pd(111) from the less bonded sitesphoton induced interconversion is negligible, it

seems that in contrast the energy deposited in is reasonable.
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NO on Pt(111) seems to be a case similar to heating cannot account for the observed desorp-
tion efficiency. The difference between domainsCO/Pd(111). The desorption rate at 193 nm

increases by two orders of magnitude when NO is and boundaries can be due to the lower desorption
energy at domain boundaries. The larger photode-directly adsorbed at 80 K instead of being annealed

to 220 K [6 ]. In the case of the annealed surface, sorption rate for defect sites seems very similar to
the case of NO on Pt(111). The absence of photo-NO at saturation occupies linear sites only, but

weakly bound NO molecules are found in thermal desorption from the regular sites may be due to
the longer wavelengths (308, 532 nm) used in thisdesorption spectroscopy after exposure at 80 K

[24,25]. In Ref. [6 ] NO is not probed by a site work than in other studies of NO and CO on
Pt(111) (193 nm), or to differences between Pdsensitive method, but the authors did speculate

that weakly bonded NO was at antiphase domain and Pt band structures above Fermi level. The
present results also show that while weakly boundboundaries. Photodesorption of CO from Pt(111)

at 193 nm was also studied [3]. CO occupies linear chemisorbed molecules can be detected by SFG in
UHV, a weak laser induced desorption cannot besites on Pt(111) at low coverage, and a combina-

tion of linear and bridge sites at saturation. This ruled out.
suggests that the bridge sites are less bonded than
the linear sites, but it is found that the desorption
rate is at least four times smaller for bridge sites Acknowledgements
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