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CO photodesorption from Pt(111) induced by femtosecond laser pulses is probed by IR� visible sum
frequency generation (SFG). Steady state analysis of SFG spectra at varying CO pressure and laser
fluence allows one to measure a �5 orders of magnitude decrease of the photodesorption rate constant
when CO coverage decreases from 0.37 to 0.07 monolayer. We ascribe this effect in the framework of the
Menzel-Gomer-Redhead mechanism to electron delocalization in the CO layer. The lifetime of
electronic excitation decreases when coverage decreases.
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beam onto the sample in a copropagating, colinear con- �d�CO�ads � s��CO�PCO
t=L1; (1)
Laser induced photodesorption is an important basic
phenomenon related to surface chemistry and its control
by electrons. Several aspects of photodesorption are at
least semiquantitatively understood in the framework of
the Menzel-Gomer-Redhead (MGR) mechanism [1], de-
sorption induced by multiple electronic excitations, and
electronic friction mechanisms [2]. Ultrafast lasers allow
one to characterize temporally electron mediated pro-
cesses [3–5] and also to measure the energy flow between
electrons and adsorbate degrees of freedom [6–8]. How-
ever, a comprehensive and predictive understanding is
still to be achieved. For example, the prototype CO or
NO photodesorption is phonon mediated on certain met-
als such as Ru and electron mediated on others such
as Cu, Pd, and Pt, in a, so far, nonpredictive way.
Similarly, observed site selectivities [including the case
of CO=Pt�111� [9] ] are hard to rationalize. In this work,
we use sum frequency generation (SFG) to probe CO
coverage on Pt(111) in ultrafast pump-probe experiments.
We show that SFG can be used to measure the photo-
desorption yield in a broad range of CO coverage using a
steady state approach and varying the CO pressure and
the pump laser fluence. We observe a dramatic effect of
coverage on the photodesorption rate constant, which
seems to be related to electron delocalization in the CO
2�� states involved in photodesorption.

The Pt(111) sample is prepared under UHV using stan-
dard methods (Ar ion bombardment, annealing to
900 �C, heating under 10�7 mbar of O2), and controlled
using Auger electron spectroscopy and LEED. An am-
plified Ti:sapphire laser at 800 nm pumps at 1 kHz an
optical parametric amplifier (OPA). The OPA produces
tunable IR radiation between 1 and 10 �m. The residual
beam at 800 nm is split into a pump beam (up to 50 �J,
130 fs), and a probe beam, the linewidth and wavelength
of which is adjusted by means of a pulse shaper.
Vibrationally resolved SFG spectra are obtained by over-
lapping this �2 �J, �4 ps, �4 cm�1 FWHM ‘‘visible’’
beam and the �3 �J, �145 fs, �150 cm�1 FWHM IR
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figuration. The spectral resolution in SFG depends only
on the bandwidth of the visible laser and spectra can be
acquired in the spectral range covered by the IR pulse
without scanning the frequency [10,11]. The beams are
spectrally filtered and dispersed by a monochromator on a
512 pixel CCD camera which allows one to record SFG
spectra in a region of 310 cm�1 centered at ca. 700 nm.
The measured spectrum is readily converted into a vibra-
tional spectrum by subtracting the frequency of the
visible probe beam. We have checked that sample heating
due to the pump beam cannot bias our results [8].

Figure 1(a) shows a series of SFG spectra recorded at
specified delays after a pump pulse at 800 nm. A full
analysis of the pump-probe spectra is reported elsewhere
[8]. It is based on a similar model as in [6,7]. A two tem-
perature model [12] is used to evaluate the time resolved
electron, phonon, and adsorbate vibrational mode tem-
peratures (Fig. 2). SFG emission is calculated in the time
domain using the inputs of the two temperature model
and of anharmonic coupling of CO internal vibration with
the lower frequency Pt-CO modes. Two modes must be
invoked as for CO=Ru�0001� [7], but in contrast to this
system a direct interaction between electrons and frus-
trated rotation with a time scale <200 fs is found for
Pt(111).

In this Letter, we focus on the photodesorption yield.
The CO band is not measurably different before (delay,
�5 ps) and after (200 ps) the pump pulse, showing that
the change in CO coverage �CO in a single pulse is smaller
than our noise limit of �10�2 monolayer (ML) [1 ML �
1:5	 1015 cm�2, the density of atoms on Pt(111)]. This is
not unexpected: a desorption yield smaller than 10�3 ML
was reported for CO=Pt�111� at absorbed fluences
<35 Jm�2 [13]. However, photodesorption can be shown
to occur from our data. We collect spectra at 1 kHz under
steady state conditions of photodesorption and readsorp-
tion. Therefore, the CO coverage is limited by readsorp-
tion. The adsorption between two laser pulses has the form
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FIG. 2. The two temperature model applied to CO=Pt�111�.
The absorbed laser fluence is 19 J=m2. Also shown are the
temperatures of frustrated rotation and frustrated translation as
extracted from full simulation of pump-probe spectra [8].

FIG. 3. Photodesorption rate constant as a function of CO
coverage as derived from the kinetic steady state analysis of
SFG spectra, and result of the model fit (see the text). The
model is not appropriate for coverages above 0.33 ML. Also
shown is the sticking coefficient as a function of coverage [14]
used in the data analysis.

FIG. 1. SFG spectra of CO on Pt(111) at 300 K: (a) pump-
probe spectra as a function of delay between pump and IR
probe lasers; delays are �10, �5, �3, �1, �0:75, �0:5, �0:25,
0, 0.25, 0.5, 0.75, 1, 1.5, 2, 2.5, 3, 4, 5, 7.5, 10, 30, 40, 50, 75,
and 100 ps from top to bottom. (b) Pump-probe spectra at a
fixed delay ( � 5 ps) as a function of pump laser fluence;
fluences are 14, 27, 41, 55, and 70 J=m2 from top to bottom,
and the corresponding estimated coverages are 0.36, 0.26, 0.22,
0.14, and 0.10 ML. (c) Spectra as a function of CO coverage as
collected during CO adsorption at low pressure; estimated
coverages are 0.03, 0.08, 0.11, 0.15, 0.19, 0.22, 0.25, 0.28,
0.29, 0.32, 0.36, 0.38, and 0.44 ML. The peak frequency shifts
to the blue continuously with coverage. The intensity of linear
sites decreases above 0.33 ML because a fraction of molecules
occupies bridge sites.
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where s��CO� is the sticking coefficient (Fig. 3); PCO
t=L1

is the number of CO molecules (in ML) impinging onto a
unit surface during one period (
t � 1 ms) of the
laser. Expressing PCO in mbar, L1 � ��TM�0:5=2:67	
1022 mbar s [15], with T the temperature in K, M the
molar mass of CO in g, and � � 1 ML � 1:50	
1015 cm�2. At the surface temperature of 300 K used in
this work, L1=
t � 5	 10�3 mbar. It follows that at 5	
10�8 mbar the desorption yield is 10�5 ML=pulse. We
observe that the steady state coverage is smaller than
the saturation coverage, but much larger than 10�5 ML.
Therefore, the desorption yield is larger than 10�5 ML=
pulse at saturation and decreases with coverage. To quan-
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tify this variation, we express the steady state conditions.
The photodesorption induced by a single pulse of ab-
sorbed fluence F can be written in the standard form

�d�CO�des � k��CO��COFn: (2)

With this definition, a dependence of k��CO� on coverage
corresponds to a deviation from a first order desorption
rate. The exponent n was found to range from 7.3 for a
pulse duration 125–155 fs to 9.1 for 205–285 fs [13].
Under steady state conditions (1) and (2) result in

k��CO� � s��CO�PCO
t=�L1�COFn�: (3)

At a given coverage, obtained for two different combina-
tions (P1; F1) and (P2; F2) of PCO and F, n is given by

n � ln�P1=P2�= ln�F1=F2�: (4)

We have measured a series of SFG spectra at �5 ps delay
with PCO and F varying in the range 5	 10�8 to 2:5	
10�5 mbar, and 14 to 70 absorbed J=m2, respectively
[Fig. 1(b)]. We obtain n � 7:3
 1, the average of three
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measurements at �CO � 0:22, 0.15, and 0.10 ML, which
indicate no trend of variation with coverage, and in agree-
ment with Ref. [13], suggesting that our steady state
approach is correct. In Ref. [13], n is derived from an
entirely different type of data, namely, time of flight mass
spectrometry.

We have recorded independently SFG spectra as a
function of CO coverage in the absence of the pump laser
[Fig. 1(c)] in order to extract the coverage from the
pump-probe spectra. The variation of SFG intensity
with coverage turns out to be quite similar to that of
the Fourier-transform infrared absorbance, with a maxi-
mum at �0:33 ML where linear sites are most populated
[16]. With n and the dependence of SFG intensity with
�CO, we can calculate k��CO� using Eq. (3) for each pump/
probe spectrum, taking s��CO� from the literature [14]
(Fig. 3). The result is shown in Fig. 3. It reveals a decrease
of the rate constant by �5 orders of magnitude from 0.37
to 0.07 ML.

Before we discuss this result, we come back to details
of the pump-probe spectra. Comparison of Figs. 1(b) and
1(c) reveals that the CO bandwidth is larger for pump-
probe spectra at �5 ps delay (where direct influence of
the pump is excluded) than for spectra without the pump.
A shoulder at �2085 cm�1 appears at 0.26 ML and
below, and the CO band frequency does not decrease
with coverage below 0.2 ML in the pump-probe spectra.
This shows that the CO layer is partly disordered by the
ultrafast laser excitation. It might be that at low coverage
some CO occupy bridge sites, which are not probed in this
work. In such a case, �CO would be underevaluated.
According to (3), k��CO� would then be overevaluated,
and since the disorder appears at low coverage, the varia-
tion of k with �CO would be even larger than in Fig. 3. In
addition, photodesorption from bridge sites is at least
4 times less efficient than from linear sites [9], which
reduces quantitatively the possible impact of bridge sites
on our kinetic analysis.We can safely conclude that k does
vary by at least 5 orders of magnitude.

The generally accepted photodesorption mechanism
can be sketched as follows: (a) Pt� h� ! Pt�; (b1) Pt� �
COads ! Pt� COads

�; (b2) COads
� ! COads

�#; (c) Pt�
COads

�# ! Pt� � COads
#; (d) COads

## ! COgas; (e) Pt� !
Pt#. Photons are absorbed by Pt at step (a). Pt� refers to a
distribution of excited electrons resulting from processes
of time scales below 1 fs (absorption, electron diffusion,
and electron-electron collisions). Electronic energy is
transferred at steps (b1) and (b2) from electrons to CO
degrees of freedom through a MGR-type mechanism [1].
Electrons are temporarily transferred into the CO 2��

band. COads
� and CO# correspond, respectively, to elec-

tronically and vibrationally excited CO. Step (c) is the
return of excited electrons into bulk Pt. COads

## desig-
nates the fraction of CO# which have gained enough
energy to desorb at step (d). Step (e) is the relaxation of
Pt electronic excitation to phonons. Equilibrium between
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electrons and phonons is achieved in Pt in �1 ps (this
value increasingly slightly with laser fluence) (Fig. 2).

We now discuss which steps of the desorption mecha-
nism can be influenced by CO coverage. Steps (a) and (e)
can hardly be affected by CO coverage. At step (b1) the
CO coverage can influence the rate of energy transfer
from Pt electrons to CO by modifying the work function,
hence the energy of the CO 2�� band relative to Fermi
level. The band dispersion can also change due to in-
creased CO-CO interactions (although the dispersion
due to Pt-CO interaction is much larger). The probability
P of electron attachment of 2�� during a laser pulse can
be evaluated in the form [4]

P �
ZZ

f�E; t�DOS��E�dEdt; (5)

where f�E; t� is the energy distribution of the laser excited
electrons at time t, approximated by a Boltzmann distri-
bution g�Te�t�
, where Te�t� (Fig. 2) is calculated by the
two temperature model [8].We describe the 2�� band by a
normalized Gaussian distribution of width 0.3 eVcentered
at 2 eVabove Fermi level at zero coverage, and 1.85 eVat
0.33 ML [14]. Two photon photoemission spectroscopy
(2PPE) reveals no variation of the CO 2�� bandwidth
with coverage between 0.10 and 0.50 ML [17]. We have
corrected the energy of CO states in 2PPE to account for
the different nature of states involved in 2PPE and in
photodesorption [18]. We find that P varies with coverage
by a factor of �2 at 42 J=m2 absorbed fluence.

At the desorption step (d), the desorption yield can
depend on coverage through the decrease of desorption
energy from 1.5 to 1.3 eV with increasing coverage be-
tween 0 and 0.33 ML [14]. Assuming that desorption
proceeds thermally at this step with the temperature
Tads of frustrated rotation, the desorption probability in-
creases by a factor �3 (at 42 absorbed J=m2) at 0.33 ML
with respect to zero coverage. Another effect of coverage
can occur at step (d), namely, a dynamical effect related
to CO-CO collisions which enhance at large coverage
energy transfer into CO motion perpendicular to the
surface. This effect is not demonstrated experimentally,
but its calculated impact on the desorption yield depen-
dence on coverage is 1.5 for CO=Cu�100� using molecular
dynamics calculations [19]. This impact is expected to
depend on the metal-CO potential energy surface and
could perhaps be larger on Pt. If all desorption events
were due to CO-CO collisions, a second order kinetics
would result, with a desorption yield proportional to �CO

2

(instead of �CO), leading to an increase of k��CO� by 5.3
from 0.07 to 0.37 ML. Therefore the expected impact of
CO-CO collisions on the coverage dependence of the
desorption rate is at most 5.3.

It results from the above estimates that work function
and desorption energy together with dynamics of CO-CO
collisions can account only for a desorption yield decrease
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with decreasing coverage by about �1 order of magni-
tude instead of the experimental 5 orders of magnitude.
Thus, a much more dramatic effect must be present. Let
us consider the possibility that at step (c) the lifetime of
excited electrons in the CO layer decreases with decreas-
ing coverage. At 0.33 ML the CO layer is entirely ordered
with the �

���
3

p
x

���
3

p
�R30� structure, and CO states have a

well-defined parallel momentum kk. When an electron is
attached into the 2�� band, it has a 2D motion according
to its value of kk. As coverage decreases below 0.33 ML,
the CO layer keeps locally the same structure, but with
defects consisting of missing CO. The defects imply an
increasing tendency of excited 2�� electrons to be dif-
fused back into the bulk in a time �exc��CO� decreasing
with increasing defect density. Let us express �exc��CO� as
�hopn��CO�, where n��CO� is the number of CO molecules
‘‘visited’’ by the electron before it is scattered back into
the bulk and �hop is the inverse of the hopping frequency
from a CO molecule to the next. In the multiple excitation
extension of the MGR model [4], the desorption rate
scales as exp���des=��n�
, with �des the time required
for CO� to evolve into the configuration of no return
leading to desorption. �des is characteristic of the CO�

dynamics and does not change with coverage. It was
estimated to be 12 fs by modeling the MGR process in
the case of CO=Cu [4]. � is the excitation lifetime of an
individual molecule and n � n0, the number of sequential
excitations per molecule, as determined by the laser
fluence. If we take into account electron delocalization
within the CO layer, � � �hop, and n � n0n��CO�, because
each electron attached to the CO layer now interacts
sequentially with n��CO� molecules. Therefore the
desorption scales as exp���des=��hopn0n��CO��
 �
exp���des=��exc��CO�n0�
, with �exc��CO� the lifetime of
electronic excitation in the whole layer. Assuming that
electrons are diffused back to Pt at each collision with a
defect, �exc��CO� can be modeled as the ratio of the
average distance between two missing CO to the velocity
v of electron diffusion in the 2�� band: �exc��CO� �
a��CO

sat=��CO
sat � �CO�
1=2=v, with a � 4:81 (A the near-

est neighbor distance in the CO structure at �CO
sat �

0:33 ML. We take �des=n0 � 12 fs and fit the experimen-
tal data with v as a single parameter (Fig. 3). The experi-
mental results are well reproduced with v � 5:15 (A=fs,
corresponding to a CO-CO hopping time of 0.93 fs, and to
a kinetic energy of 0.75 eVassuming a free electron. These
values do not seem unrealistic. The CO 2�� electrons
diffuse from, and return to, the largely dispersed Pt 6px
and 6py bands (where electrons are nearly free) which
cross the CO 2�� band. The Pt bulk states most coupled to
CO 2�� are those which correspond to the crossing,
�2 eV above Fermi level: they presumably have several
eVof kinetic energy. Above 0.33 ML, the surface defects
are due to excess CO and correspond to the walls between
�

���
3

p
x

���
3

p
�R30� and c�4	 2� domains of local coverage
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0.33 and 0.5 ML, respectively. We did not model this
coverage range because we have only two experimental
points above 0.33 ML, but these points do seem to obey a
different model.

In conclusion, we measure a dramatic decrease of the
photodesorption yield with decreasing coverage, which
can be attributed to the decreased lifetime of electronic
excitation in the CO layer. This emphasizes the impor-
tance of electron delocalization in the CO 2�� states
involved in photodesorption.
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