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Desorption of CO from Ru „001… induced by near-infrared femtosecond
laser pulses

S. Funk, M. Bonn, D. N. Denzler, Ch. Hess, M. Wolf, and G. Ertl
Fritz-Haber-Institut der Max-Planck-Gesellschaft, Faradayweg 4-6, D-14195 Berlin, Germany

~Received 6 August 1999; accepted 13 March 2000!

Irradiation of a Ru~001! surface covered with CO using intense femtosecond laser pulses~800 nm,
130 fs! leads to desorption of CO with a nonlinear dependence of the yield on the absorbed fluence
~100–380 J/m2!. Two-pulse correlation measurements reveal a response time of 20 ps~FWHM!.
The lack of an isotope effect together with the strong rise of the phonon temperature~2500 K! and
the specific electronic structure of the adsorbate–substrate system strongly indicate that coupling to
phonons is dominant. The experimental findings can be well reproduced within a friction-coupled
heat bath model. Yet, pronounced dynamical cooling in desorption, found in the fluence-dependence
of the translational energy, and in a non-Arrhenius behavior of the desorption probability reflect
pronounced deviations from thermal equilibrium during desorption taking place on such a short time
scale. © 2000 American Institute of Physics.@S0021-9606~00!70122-X#

I. INTRODUCTION

In the traditional view of thermally activated surface re-
actions energy is transferred from the substrate to the adsor-
bate center-of-mass system solely via lattice phonons. How-
ever, surface reactions can also be triggered by coupling of
the substrate electronic degrees of freedom to the adsorbate
center-of-mass system.1,2 Examples for this interaction in-
clude vibrational energy relaxation on metals,3,4 charge
transfer in gas–surface interactions,5 atomic scale friction,6

electron stimulated desorption,7 and surface
photochemistry.8 The time scales of these processes lie in the
pico- to femtosecond regime. Recently, considerable
progress in ultrafast laser spectroscopy has laid the ground to
elucidate the dynamics of the underlying elementary pro-
cesses of charge and energy transfer directly in the time
domain.9,10

In particular, a new class of nonequilibrium surface re-
actions has been established, in which the reaction is driven
by the high density of excited substrate electrons induced by
intense femtosecond laser pulses.11 Examples of these pro-
cesses include the desorption of small diatomic molecules
from various metal11–18 and oxide surfaces19 and the photo-
oxidation of CO with coadsorbed oxygen.20–23 These sys-
tems share some common characteristics, namely~i! a highly
nonlinear dependence of the desorption yieldY on the ab-
sorbed fluenceF, ~Y}Fn, with 3<n<8 reported!, ~ii ! an
ultrafast response time~0.3–2 ps! in two-pulse correlation
experiments,12,21 ~iii ! highly vibrationally excited desorption
products,11,17,19and~iv! branching ratios substantially differ-
ing from those found by excitation with ns-pulses or
cw-light.20,23,24Some of these findings are incompatible with
conventional thermal or photochemical mechanisms and it
was demonstrated that the observations can be explained by
direct electronic-vibrational coupling between the transient
hot electron distribution in the substrate and the adsorbate
degrees of freedom.

Two conceptionally different frameworks have been em-

ployed to describe fs-laser induced desorption. First, an ad-
aptation of the Menzel–Gomer–Readhed model to the high
electronic excitation conditions, the ‘‘desorption induced by
multiple electronic transitions’’~DIMET! was proposed.13

The first step of this process is depicted in Fig. 1~a!. After
electronic excitation by a hot substrate electron, which is
tunneling into a negative ion resonance, the adsorbate is ac-
celerated towards its new equilibrium position. This results
in an energy gain after the transition back to the ground state
depending on the lifetimet of the excited state. Due to the
fs-laser induced high density of excited substrate electrons, a
second excitation of the adsorbate may occur before vibra-
tional relaxation is completed. Several of these cycles may
result in an energy transfer, which is sufficient to overcome
the barrier towards desorption. This causes a nonlinear de-
pendence of the cross section on the excitation density in the
substrate. Sophisticated trajectory calculations are necessary
to calculate desorption probabilities within this model. In
contrast to this diabatic picture of electronic transitions be-
tween different potential energy surfaces~PES!, an alterna-
tive, adiabatic approach involves coupling between the elec-
tronic system and the adsorbate vibrational degrees of
freedom within the electronic ground state of the adsorbate
via electronic friction.25,26This frictional approach was origi-
nally introduced to describe the reverse process of the
substrate-mediated vibrational heating we are interested in;
The vibrational energy relaxation on metals via electron hole
pair excitation in the substrate.27–29 Brandbyge and co-
workers have extended the frictional approach to comprise
both DIMET and frictional coupling within a unified
formalism.30 The complexity of the DIMET process, which
depends on the shape of the PES and the excited state life-
time, is reflected in this formalism by a friction strength
which strongly varies with temperature and adsorbate–
substrate distance for an energetically high lying resonance.

Also shown in Fig. 1~a! is the phonon-mediated excita-
tion channel leading to desorption. Here scattering with sub-
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strate phonons vibrationally heats the adsorbate–substrate
bond resulting in vibrational ladder climbing to overcome
the activation energyEa . The strength of this coupling has
again been treated theoretically concerning its contribution to
vibrational energy relaxation.31 It is found to depend criti-
cally on the energy match between the surface phonons and
the vibrational quanta along the reaction coordinate.

To investigate whether the mechanism of a surface reac-
tion is either electronically driven or phonon-mediated vibra-
tional heating, one can take advantage of the thermal non-
equilibrium between the substrate electron and phonon
system following fs-laser excitation. Figure 1~b! depicts the
time-evolution of the electron (Tel) and phonon (Tph) tem-
perature at the surface as consequence of a fs-laser pulse
centered att50 ps. Because of their low heat capacity, the
electrons are heated up to temperatures far above the equi-
librium melting point. Subsequently the electrons equilibrate
with the phonons on a 2 pstime scale~on Ru! by electron–
phonon scattering. This is considerably faster than diffusive
heat-transfer into the bulk which takes tens of picoseconds
@not shown in Fig. 1~b!#. Exciting the system with a second,
delayed fs-laser pulse, the correlation function of the tem-
perature transients is either narrow for the fast electronic
slope or wide for the slow heat-transfer into the bulk. This is
used in two-pulse correlation experiments, where the depen-
dence of the desorption yield on the delay between the two
pump pulses is a measure for the persistent time of the ad-
sorbate excitation leading to desorption.

To model the outcome of such experiments, the phonon-
mediated channel for vibrational heating and its electronic
counterpart are incorporated in an empirical friction model32

to calculate the adsorbate vibrational temperature of the re-
action coordinate. Utilizing an Arrhenius type expression to
quantitatively calculate the desorption rate, this model has
been applied to fs-laser induced desorption of CO/Cu~001!
by Struck and co-workers.17

In this article we present results on the desorption dy-
namics of CO from Ru~001! induced by intense femtosecond
laser pulses~800 nm, 130 fs, 200–600 J/m2 incident fluence!.
CO/Ru~001! was chosen because it is a well-characterized
adsorption system on a transition metal surface.33–37 The

measured nonlinear fluence-dependence and the two-pulse
correlation of the desorption yield are analyzed using the
empirical friction model mentioned above. The strong
electron–phonon coupling allows for heating the lattice to
temperatures far above the equilibrium desorption tempera-
ture on a picosecond time scale. Since there is no electronic
adsorbate resonance within reach of the transient hot electron
distribution, this indicates a phonon-mediated desorption
mechanism, which is consistent with the two-pulse correla-
tion response that persists for tens of picoseconds. The yield
of this laser-induced desorption by ultrafast heating is found
to be inconsistent with the equilibrium Arrhenius behavior
presupposed by the model. Also the average translational
energy of the desorbing molecules is substantially lower than
2kBTS expected for the calculated surface temperatureTS .
These features originate from the nonequilibrium conditions
in ultrafast laser heating and are discussed within a detailed
balance picture and on the basis of stochastical trajectory
calculations by Tully.38

II. EXPERIMENT

Experiments were performed under combined use of an
ultrahigh vacuum~UHV! chamber and a high power Ti:sap-
phire femtosecond laser system. Figure 2 schematically de-
picts the experimental setup.

The laser system consists of an Ar1-laser~Coherent, In-
nova I-425! pumped Ti:sapphire oscillator~MIRA 9000!,
which is taken as a seed for a chirped-pulse amplification
system~Quantronix, TitanII!,39 consisting of two Nd:YLF
pump lasers, a stretcher, a regenerative and a multipass am-
plifier, and a compressor. After being stretched to 200 ps the
pulses are amplified to 300mJ in the regenerative stage,
pumped by 6 mJ of frequency-doubled Nd:YLF output. A
pulse picker is used to clean the RGA output from pre- and
postpulses before it is send through a two-stage Ti:sapphire
multipass amplifier, which is pumped by two frequency-

FIG. 1. ~a! Electronically driven vs phonon-mediated vibrational heating of
the adsorbate center-of-mass system. Shown are the potential energy sur-
faces of the electronic ground and excited state~ads and ads2! as a function
of the reaction coordinateR. ~b! The nonequilibrium of electron (Tel) and
phonon (Tph) temperatures, caused by fs-laser excitation, allows us to dis-
criminate between both contributions~calculated for Ru!.

FIG. 2. Schematic diagram of the experimental setup combining high power
femtosecond laser technology with ultrahigh vacuum. Solid lines indicate
the beam pass for the desorption experiments while the dashed lines show
the SFG-setup.
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doubled Nd:YLF lasers with 29 mJ in total. After pulse-
compression to 110 fs~FWHM!, the system typically pro-
vides 800 nm pulses of 4.5 mJ pulse energy at a repetition
rate of 400 Hz. The pulse picker allows for adjusting the
repetition rate down to 20 Hz.

The sample is mounted in an UHV chamber with a base
pressure of 2310210mbar. It is fixed between a pair of tan-
talum wires, which are welded to tungsten posts mounted to
the copper head of a liquid nitrogen Dewar. This way the
sample can be cooled down to 95 K. Heating is provided
alternatively by electron bombardment from the backside of
the crystal or by resistive heating through the tantalum wires.
A NiCr–Ni thermocouple is used to measure the sample tem-
perature up to 1530 K. A quadrupole mass spectrometer
~Balzers QMS421! is mounted through the bottom of the
chamber in order to allow optical access to the sample
through a cross beam ion source in line of sight of the QMS
~see Fig. 2!. Thermal desorption spectroscopy~TDS!, along
with low energy electron diffraction~LEED! and Auger elec-
tron spectroscopy~AES!, both utilizing a retractable electron
optics ~VSI ErLEED!, are employed as surface probes. Ad-
sorbates can be dosed to the sample either directly through a
retractable pinhole doser~5 mm orifice! or via the back-
ground pressure using a leak valve. A gas handling system
provides control over various gases, e.g., of different isotopic
composition. The UHV chamber is mounted in a circular cut
of the laser table to enable stable and easy laser beam align-
ment.

For the desorption measurements the total output of the
800 nm amplifier is send unfocused or slightly focused
through a MgF2 window into the UHV chamber to irradiate
the sample under normal incidence~solid lines in Fig. 2!.
The pulse energy and hence the fluence can be varied by
changing the pump power of one of the Nd:YLF lasers. Be-
cause of the high incident fluences of up to 600 J/m2 the
beam profile gets distorted by self-focusing in the entrance
window. To account for the resulting changes in the applied
fluence, the profile is recorded at a position equivalent to the
sample by a CCD camera after having passed a reference
MgF2 window; both windows were tested to cause similar
self-focusing. A precise determination of the beam profile is
necessary for the yield-weighing procedure described below.
For the two-pulse correlation measurements the beam is split
in two parts of equal energy, one of them passing a computer
controlled delay line and a polarization flipper to minimize
interference effects when both pulses are overlapped in space
and time on the sample under a skew angle of 309.

Reaction products are detected by the mass spectrometer
after a 25–50 mm flight path along the surface normal. The
QMS can be operated in a single molecule counting mode,
using a multichannel scaler~SRS SR430! as counter, or in a
current mode, requiring gated integration electronics~SRS
SR250!. Depending on the signal intensity, the favored de-
tection method was chosen to achieve optimum signal to
noise ratio while simultaneously avoiding saturation effects
in the detection process. Time-of-flight spectra are recorded
by measuring the time difference between the laser trigger
and the arrival of the molecules at the QMS ionizer with the
multichannel scaler.

The Ru~001! single crystal surface was cleaned by dos-
ing oxygen and subsequently heating to 1500 K to oxidize
and desorb carbon contamination.40 Only when highly con-
taminated, Ar1-sputtering~3 kV! at 1000 K and annealing
for 10 min at 1500 K in a 231027 mbar oxygen atmosphere
was necessary. Care was taken to desorb all the oxygen from
the surface prior to adsorption of CO. The surface quality
and cleanliness was judged by TDS, only during the initial
cleaning procedure LEED and AES were utilized.

Desorption experiments are performed under steady state
conditions by dosing the sample continuously in a CO back-
ground of typically 231028 mbar. The coverage is set by
adjusting the surface temperature; 100–200 K are used for
saturation coverage ~0.68 monolayer, 1 ML
51.5831015cm22!, whereas 430 K yields the ()
3))R30° coverage ~0.33 ML, further referred to as
)-coverage!.33 After opening a shutter, the surface is irradi-
ated by a sequence of laser pulses that depletes the coverage;
we report the first shot yield which is obtained from a fit to
the total single shot yield as a function of laser shots. In
between experiments a pause of typically 120 s allows the
sample to be redosed via the background.

Also shown in Fig. 2 is the optical setup for time-
resolved surface vibrational spectroscopy. The goal of these
experiments is to monitor changes of the intramolecular
C–O stretch mode during the desorption process directly in
the time domain. We employ a scheme for sum-frequency
generation~SFG!, utilizing a broadband fs-infrared and a
narrowband upconversion pulse.41 SFG asx (2)-process is in-
terface sensitive, thus allowing for vibrational spectroscopy
with ~sub-!monolayer sensitivity. Using fs-pulsed IR-light
combines two effects. First, because of the broad spectrum of
fs-pulses, the complete spectral region of interest is covered
without tuning the IR frequency. Using multichannel detec-
tion a complete spectrum can be obtained by one shot. The
spectral resolution is determined by the narrowband upcon-
version pulse. Secondly, fs-pulsed operation allows SFG to
be utilized as a probe in an ultrafast detection scheme.

The principle setup for the SFG experiments is indicated
by the dashed lines in Fig. 2. To generate the broadband
fs-IR pulses we use 3 mJ of the 800 nm amplifier output to
pump a TOPAS~‘‘traveling-wave optical parametric ampli-
fier of superfluorescence,’’ Light Conversion Ltd.! for opti-
cal parametrical generation~OPG! and two-pass amplifica-
tion ~OPA! of signal and idler in a singleb-barium borate
~BBO! crystal.42 For tuning, the phase matching angle and a
grating are adjusted to select and amplify only the desired
wavelength from the super-fluorescence continuum. Subse-
quently the difference frequency between signal and idler is
generated in an AgGaS2 crystal. This provides a laser source
for IR pulses of typically 130 fs duration that are tunable in
the range of 2.4–10mm with a pulse energy of 5–30mJ,
depending on the IR wavelength. The narrowband upconver-
sion pulse of typically 5mJ pulse energy is generated by
spectrally shaping a portion of the amplifier output. The IR
pulse is sent into the UHV chamber to irradiate the sample
under grazing incidence to achieve maximum IR-induced po-
larization of the adsorbate layer. Here the IR pulse is over-
lapped in space and time with the upconversion pulse. The
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resulting SFG signal is spatially filtered by apertures and
spectrally cleaned by shortwave-pass filters. After passing
through an imaging spectrograph it is detected with photo-
multiplier sensitivity by an intensified and gated CCD cam-
era to record the complete spectrum simultaneously. Figure 3
shows a first result of this SFG scheme for CO/Ru~001! at
)-coverage. Only that part of the broadband-IR pulse,
which is resonant with the C–O stretch mode, is efficiently
upconverted to the visible by the narrowband pulse of 783
nm wavelength. The measured Lorentzian linewidth of 9
cm21 ~FWHM! includes the spectral width of the upconver-
sion pulse of 5 cm21. For time-resolved SFG-spectroscopy
another portion of the 800 nm amplifier output can be used to
initiate a reaction which is subsequently monitored by a
time-delayed SFG-probe to obtain transient vibrational
spectra.43

III. RESULTS

Irradiation of CO adsorbed on Ru~001! with intense 800
nm 130 fs laser pulses leads to desorption of molecular CO;
no indication for dissociation was found. The dependence of
the desorption yield on the laser fluence for saturation cov-
erage~0.68 ML! is depicted in Fig. 4. The measured pulse
energy and beam profile are used to calculate the yield-
weighted absorbed fluence^F& for each measurement~reflec-
tivity R50.61!. In order to do this, the fluence dependence
of the yieldY is parameterized by a power-lawY}Fn. The
fluence and the resulting yield of each camera pixeli enter a
weighting procedure ^F&5SYiFi /SYi5SFi

n11/SFi
n ,

where n is fitted to the data in a self-consistent manner.17

This is done to compensate for changes in the beam profile
when the fluence is adjusted. The experiment yields a power
law of n54.560.5, shown as dashed line in Fig. 4.

The cross section for desorption can be evaluated from
the depletion of the coverage after multiple-pulse excitation
which is shown in the inset of Fig. 4. In case of a linear
dependence of the yield on the fluence the coverage after the
j th laser shot decays followingu j5u0 exp@2sF(j)#, where
F( j )5S i 51

j Fi is the accumulated incident fluence, summed

over the number of laser shots~analogously the amount of
accumulated incident photons could be used!. In the case of
a nonlinear fluence-dependence the equation describing the
depletion of the coverage can be generalized tou j5u0

3exp@2bFeff(j)#.
15 Here the effective accumulated incident

fluenceFeff(j) is defined asFeff(j)5Si51
j Fi

n , wheren is the
exponent of the power-law~bFeff is used as the ordinate in
the inset of Fig. 4!. In doing this the depletion curves of all
fluences can be fitted by the sameb, provided that the
power-law gives a good description of the fluence-
dependence. In Fig. 4 this is shown for two different fluences
confirming the power law ofn54.5. The effective cross sec-
tion is then defined asseff5bSFi

n/SFi which simplifies to
seff5bFn21 for summation over pulses of identical fluence.
Hence,seff is dependent on the fluence and, for pulses of
^F&5305 J/m2, it is determined to beseff51.7310218cm2,
in agreement with the value obtained assuming a linear de-
pendence on the fluence. The desorption probability per
pulse at this fluence isPdes5seffF50.2. This high desorption
probability is consistent with the results of scan experiments.
Here, after having scanned the whole surface with the de-
sorption laser, we determined the desorbed fraction by the
reduced intensity in TDS to be roughly consistent withPdes.
We can therefore conclude that the CO desorption signal
does not arise from minority species. It should be mentioned
that for fluences higher than̂F&'350 J/m2, given the
Gaussian shaped spatial pulse profile, saturation of the de-
sorption (Pdes51) during a single pulse in its spatial center
can not be excluded. Saturation may not be apparent from
the fluence-dependence for pulse profiles differing from a
flat-top.

As mentioned in the Introduction, insight into the dy-
namics of the excitation process can be obtained from two-
pulse correlation measurements. In these experiments, fol-

FIG. 3. SFG-spectrum of the internal stretch mode of CO adsorbed on
Ru~001! taken at)-coverage~200 K!. The narrow band~5 cm21! upcon-
verting pulse of 783 nm wavelength determines the spectral resolution.

FIG. 4. Dependence of the CO desorption yield on the absorbed yield-
weighted laser fluencêF& at a surface temperature of 200 K for saturation
coverage~0.68 ML!. Incident fluences range from 200 to 600 J/m2. The
dashed line shows the parameterization by a power-law^F&n with n54.5,
the solid line is a fit according to the friction-model described in Sec. IV.
The inset depicts the depletion of the surface coverage after multiple-pulse
excitation for two different fluences. Both data sets are fitted to the same
double exponential decay with 80% of the initial amplitude being described
by the faster channel yielding a cross section ofseff51.7310218 cm2 at
^F&5305 J/m2 ~data normalized for clarity!.
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lowing a pump–pump scheme of ultrafast detection, the
time-integrated yield is measured as a function of the delay
between the pump pulses, leading to a time resolution which
is limited only by the pulse duration. Results for the satura-
tion coverage@0.68 ML CO/Ru~001!# are shown in Fig. 5,
indicating a time response of 20 ps~FWHM!. The total ab-
sorbed fluence of̂F&5250 J/m2 is the sum of both pump
pulses which have a fluence ratio of 52/48; negative delays
indicate that the stronger pulse precedes. It should be noted,
that despite our efforts to minimize interference between the
two pump pulses by cross polarizing them, intensity modu-
lations of;10% were inevitable, giving rise to an additional
systematic error for delays within the autocorrelation width.

Two-pulse correlation measurements of the)-coverage
yield a time response of 19 ps~FWHM, not shown in the
figure!. The ratio of the desorption probability per pulse be-
tween saturation and)-coverage at the same absorbed flu-
ence of^F&5250 J/m2 is Pdes~sat!/Pdes())51.960.6.

To characterize the energy release into the desorbing
products we have measured the translational energy of the
CO desorbed along the surface normal. Figure 6 shows an
exemplary time-of-flight spectrum to illustrate the evaluation
procedure where the spectra are fitted by two modified
Maxwell–Boltzmann distributions. The necessity to use
more than one component reflects the fact that, due to the
Gaussian spatial pulse profile, the signal is an integral over a
whole range of fluences; no further meaning is attributed to
the two components of the fit. The flux-weighted average
translational energy is calculated by analyzing the momenta
of the resulting distribution.44 As can be seen from the inset
of Fig. 6, varying the absorbed fluence in the range of 70–
240 J/m2 leads to pronounced changes of the translational
temperaturê Etrans&/2kB between 250 and 850 K. All time-
of-flight data were taken from saturation coverage at 100 K
sample temperature.

In isotope exchange experiments, where the surface is
covered with a 50/50-mixture of12C16O and13C18O, no iso-
tope effect was found in the composition of the CO desorp-
tion.

IV. MODELING

Femtosecond laser-induced desorption can be described
by coupled heat baths for the electron, phonon, and adsorbate
degrees of freedom, each characterized by its own
temperature.17,26,32Figure 7 illustrates the flow of energy fol-
lowing fs-laser excitation within this model. The dynamics
of the reaction are described by frictional coupling resulting
in a delayed energy transfer between the electron, phonon,
and adsorbate subsystem. The reaction rate is calculated by
an Arrhenius expression. We refer to this model as the em-
pirical friction model.

Initially, absorption of photons in the substrate (hn) cre-
ates a nonequilibrium electron–hole pair distribution which
thermalizes by rapid electron–electron scattering. The elec-
tronic system can subsequently be described by an electron
temperatureTel . Time-resolved experiments on gold at low

FIG. 5. Femtosecond two-pulse correlation of CO desorbing from Ru~001!
at a surface temperature of 200 K~0.68 ML!, indicating a time response of
20 ps~FWHM!. The dashed line is a guide to the eye, the solid line reflects
the result of friction-model calculations described in Sec. IV~note the loga-
rithmic scale of the time-axis in the main graph!.

FIG. 6. Time-of-flight distribution of CO desorbing from Ru~001! after
irradiation with 800 nm fs-laser pulses. The mean energy is calculated from
a two-component modified Maxwell–Boltzmann fit and its dependence on
the absorbed fluence is shown as circles in the inset~100 K initial sample
temperature!. The solid line represents the adsorbate temperatureTadsduring
the desorption to visualize the pronounced dynamical cooling effect dis-
cussed in Sec. V.

FIG. 7. Schematic representation of the energy flow in femtosecond laser-
induced desorption assuming frictional coupling of the electron and phonon
heat baths to the adsorbate degree of freedom.
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excitation densities (DTel'100 K) have shown that this ther-
malization occurs on a time scale of several hundreds of
femtoseconds but becomes even faster at higher fluences.45,46

In our experiments on Ru typical excitation conditions lead
to a transient rise of electron temperature ofDTel

'3000– 7000 K. Therefore, and by taking into account the
shorter electron–electron scattering time, in Ru the electrons
thermalize while the pulse is absorbed.

The hot electron gas relaxes by electron–phonon cou-
pling to the lattice phonons (Tph) and by heat diffusion into
the bulk.47,48 The time evolution of the electron and lattice
temperature~Tel and Tph! can be evaluated using the two-
temperature model of Anisimov,49

Cel

]

]t
Tel5¹zk¹zTel2g~Tel2Tph!1S~z,t !, ~1!

Cph

]

]t
Tph5g~Tel2Tph!, ~2!

where Cel5gTel and Cph are the electron and lattice heat
capacities, with the electron specific heatg. k andg refer to
the thermal conductivity and the electron–phonon coupling
constant, respectively. Lateral diffusion can be neglected
since the beam diameter is much larger than the electron
diffusion length, reducing the dimensionality to the distance
z along the surface normal. The source term is given by

S~z,t !5~12R!I ~ t !l21e2z/l ~3!

with the optical penetration depthl, the substrate reflectivity
R, and the temporal profile of the laser intensityI (t) which is
taken as Gaussian. The temperature dependence of the ther-
mal conductivity is described byk5k0(Tel /Tph).

50 The De-
bye model provides an expression for the lattice heat capac-
ity Cph,51

Cph59nkBS Tph

UD
D 3E

0

UD /Tph
dx

x4ex

~ex21!2 , ~4!

whereUD is the Debye temperature andn the atom density.
The relevant parameters for ruthenium are listed in Table I.

Figure 8 shows the prediction of the two-temperature
model for the electron and phonon surface temperatures,
given our experimental conditions for two-pulse excitation
(^F1&5120 J/m2, ^F2&5130 J/m2, 110 fs pulse duration,
negative delays indicate the stronger pulse preceding the
weaker pulse!. Because of its low heat capacity, the elec-
tronic system is heated to several thousands of Kelvin before
equilibrating with the lattice vibrational modes by electron–
phonon coupling within 2 ps. For delays shorter than that,
the second pulse drives the system even further from equi-
librium, resulting in a 30% spike of the maximum electronic
temperatureTel

max shown in the inset of Fig. 5. Both the elec-
trons and phonons cool down by heat diffusion into the bulk
via the electrons on a 55 ps time scale (1/e), leading to a
time response ofTph

max as depicted in the inset of Fig. 5.
Consequently in a two-pulse correlation experiment, the re-
sponse time for electronically driven processes is expected to
be on the order of a few ps whereas phonon-mediated pro-
cesses are expected to be an order of magnitude slower.

Note the 10% dip in the maximum phonon temperature
around zero delay which has been ignored previously.17 It is
a result of the competition between electron–phonon cou-
pling and hot electron transport into the bulk or, more pre-
cisely, of the nonlinearity of the diffusion term
¹zk0(Tel /Tph)¹zTel with respect toTel . Higher electronic
temperatures imply a more effective heat transport into the
bulk resulting in a lower phonon temperature at the surface.
Thus, the spike inTel

max causes the dip inTph
max. Using tran-

sient reflectivity measurements~pump–pump-reflectivity
probe! this effect has been observed on various metal sur-
faces including ruthenium confirming the validity of the two-
temperature model in a convincing way.52

Energy transfer from the electron and phonon system to
the adsorbate is described by frictional coupling of the heat
baths to an harmonic oscillator representing the adsorbate. A
master equation approach yields26,32

d

dt
Uads5hel~Uel2Uads!1hph~Uph2Uads!, ~5!

where the energyUx of the oscillator in a heat bath of the
temperatureTx can be calculated as

Ux5
hnads

ehnads/~kBTx!21
. ~6!

Here nads refers to the frequency of the vibration along the
reaction coordinate, which in our case is assumed to be the
low-frequency CO–Ru vibration (nads51.331013s21).36

FIG. 8. Two-temperature model calculations reflecting the experimental
conditions of Fig. 5. The inset shows the maximal electron and phonon
temperatures at the surface as a function of the delay between the two
pulses.

TABLE I. Thermodynamical and optical properties of Ruthenium used in
the calculations of the two-temperature model.

Electron specific heatg 400 J m23 K22

Electron heat conductivityk0 ~300 K! 117 W m21 K21

Electron–Phonon coupling constantg 1.8531018 W m23 K21

Debye temperatureUD 600 K
Atom densityn 7.431028 m23

Optical penetration depthl ~800 nm! 16.231029 m
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The friction coefficients can be understood as inverse energy
relaxation times (h51/t) of the adsorbate–substrate vibra-
tional mode and have been used to explain vibrational exci-
tation and relaxation.26,32 In this respect they are connected
to the energy lifetime and therefore the IR-linewidth of the
corresponding vibration.

After determining the adsorbate temperature, the desorp-
tion rate is calculated by an Arrhenius type expression as-
suming first order kinetics,

R52
d

dt
u5uk0e2Ea /~kBTads!. ~7!

Time-integration gives the desorption probabilityPdes

5*dtR, which is fitted to the experimental data. Figure 9
shows the transient temperatures and the desorption rate for a
set of parameters describing a phonon-mediated scenario
used in the following discussion~tph51 ps, infinitetel!.

An alternative model, which describes only electronic
friction has been proposed by Brandbyge and co-workers.30

Here the electronic friction couples Langevin noise of the
electron heat bath (Tel) into the adsorbate center-of-mass
system (Tads). Similar approaches have been used to de-
scribe the inverse process, the vibrational energy relaxation,
where the adsorbate can be considered in a Brownian mo-
tion, dissipating energy to the electron heat bath.Tads is cal-
culated fromTel according to

d

dt
Tads5h~Tel2Tads!. ~8!

The desorption probability is again governed by a Boltzmann
factor

Pdes5Ea E
0

`

dt
h

Tads
e2Ea /~kBTads!, ~9!

but in contrast to Eq.~7! the friction coefficienth and Tads

also enter the pre-exponential. Taking into account the mass
dependence of the friction coefficienth}1/M this model

will predict an isotope effect in contrast to the empirical
friction model discussed above. We employed this model in
its low excitation limit, where the friction coefficient is in-
dependent of the temperature and the surface–adsorbate dis-
tance (h5const.), to calculate the isotope effect for a sce-
nario where desorption is driven exclusively by coupling to
hot electrons.

V. DISCUSSION

To extract information about the excitation mechanism
the two-pulse correlation and the fluence dependence are fit-
ted simultaneously utilizing the empirical friction model. We
first discuss the limits of pure electronic and pure phonon
coupling to the adsorbate, although generally both mecha-
nisms can be operative simultaneously in fs-laser induced
reactions.

In the phonon scenario~infinite tel!, good fits can be
obtained withtph ranging from 0.5 to 3 ps. Figures 4 and 5
show the best fit withtph51 ps; the transient adsorbate tem-
peratureTadsand the resulting desorption rateR are shown in
Fig. 9. The two-pulse correlation width of 20 ps~FWHM!
for saturation coverage and 19 ps~FWHM! for )-coverage
are well reproduced taking into account the different activa-
tion energies~Ea51.2 and 1.65 eV, respectively, obtained
from TDS data33!.

One prediction of the model is not found in the data; the
20%-dip at zero delay~see Fig. 5!, which is the consequence
of the 10%-dip inTph

max, amplified by the Boltzmann-factor in
Eq. ~7!. The inset of Fig. 8 suggests the possibility to com-
pensate for the dip inTph by adding adequate coupling to the
electrons. However, this would requiretel<0.5 ps, but with
this parameter the calculated power-law exponent of the flu-
ence dependence is much to small. Correspondingly too
much signal in the wings of the two-pulse correlation is pre-
dicted. The dip is a prediction of the friction model for sys-
tems with slow coupling to electrons or dominant coupling to
phonons, like CO/Ru~001! and CO/Cu~100!.17 The absence
of the dip in the two-pulse correlation measurements for
these systems questions the validity of the model. Yet, sys-
tematic errors in the experiments due to interference effects
around zero delay hinder a final conclusion on this issue.

Pure electronic scenarios~infinite tph!, however, also
lead to fair agreement with the desorption data for CO/Ru for
2 ps<tel<4 ps. Fortel52 ps the adsorbate temperatureTads

will follow Tph ~not shown in Fig. 9!. The outcome of such a
calculation is almost identical to the phonon scenario plotted
in Figs. 4 and 5. This ambiguity lies inherently in the model
for electronic coupling timestel longer than the electron–
phonon equilibration timetel–ph5Cph/g ~51.6 ps for Ru at
ambient temperature!.32 Therefore additional arguments are
required to decide on either mechanism. These will be pro-
vided by discussing the electronic structure of the adsorbate
system and the absolute temperatures reached during the de-
sorption process and by comparing these properties to the
CO/Cu~100! system. For the latter system the friction model
was used to deduce an electron dominated excitation process
out of a two-pulse correlation width of;3 ps ~FWHM! by
Struck and co-workers.17

FIG. 9. Temperature transients of the coupled heat baths and the resulting
desorption rate calculated withtph51 ps and no coupling to the electrons,
given the experimental conditions of Fig. 5~zero delay!. In an electronic
scenario the adsorbate temperatureTadswould follow Tel more closely lead-
ing to a higher rate which peaks earlier and is more focused in time.
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Let us first consider the adsorbate electron affinity level,
responsible for electronic interaction with substrate elec-
trons, which is assumed to be the CO 2p* -orbital. By in-
verse photoemission it is found to be located 4.9 eV above
the Fermi energy (EF) for the saturation coverage of
CO/Ru~001!,53 in contrast to CO/Cu~100!,54 where a doublet
resonance is found at 2.4 and 3.9 eV aboveEF . Given the
experimental conditions, the electronic temperatures reach
values ofTel

max'3400 K and 6900 K for CO/Cu and CO/Ru,
respectively. The resulting electron density at the 2p* -level
thus is three orders of magnitude higher on Cu than on Ru. In
addition, according to the Fermi-liquid theory, electrons
closer toEF have longer lifetimes and hence a longer mean
free path: they can scatter into the affinity level from deeper
within the bulk. Therefore the total amount of available elec-
trons at the CO-2p* is about four orders of magnitude
higher on Cu than on Ru. Quantitatively, according to this
rough estimate, on Ru there are only;1023 electrons avail-
able per adsorbate molecule, which energetically could
populate the adsorbate affinity level. This would not be suf-
ficient to cause the measured desorption probability ofPdes

50.2 at^F&5305 J/m2.
Comparing the temperatures reached during the desorp-

tion reveals another difference between Ru and Cu. In Ru an
absorbed fluence which is six times higher than in Cu causes
the electrons to reach a temperature only two times higher
than in Cu. Since the electron–phonon coupling is more ef-
ficient in Ru, the energy is transferred to the lattice before the
electrons heat up to temperatures like in Cu. Thus, the ratio
between the maximum phonon and electron temperatures
Tph

max/Tel
max'0.3 is higher for Ru, compared to Cu were it is

only '0.1. In our experiments on Ru, the phonons reach a
temperature ofTph

max'2500 K, whereas in the experiments on
Cu only'440 K was reached. Quantitatively, the difference
in lattice temperatures leads to a Boltzmann-factor in Eq.~7!
five orders of magnitude higher for CO/Ru than for CO/Cu
(Ea51.2 eV and 0.57 eV, respectively, given the experimen-
tal conditions!.

The low density of electrons at the adsorbate affinity
level and the high phonon temperatures strongly suggests
that the phonon contribution is predominant for CO/Ru. This
conclusion is encouraged by the theoretical findings of
Persson,31 which indicate that coupling to the phonons is
effective in vibrational energy relaxation for modes with fre-
quencies smaller than the Debye frequency of the metal
nads,2nD ~nD5417 cm21 for Ru, nads5452 cm21 for the
CO–Ru stretch mode!. Also the coupling is found to become
increasingly efficient at higher temperatures. From IR ab-
sorption spectroscopy of the CO–Ru stretch mode a line-
width of 5 cm21 is deduced,36 which corresponds to a lower
limit ~neglecting pure dephasing! for the energy relaxation
time of 1 ps at ambient temperature. This is consistent with
the results of the friction model and even shorter coupling
times may be rationalized by the high temperatures reached
in the experiment.

The absence of an isotope effect on the desorption yield
is a further argument against an electronic mechanism. As
demonstrated for the oxidation of CO/Ru with coadsorbed
atomic oxygen, where the electronically driven activation of

the oxygen is the rate-determining step, an electronic mecha-
nism lays the ground for a pronounced effect of isotopic
substitution of the atomic oxygen.23 This is caused by a
stronger coupling of a lighter adsorbate to the electronic sys-
tem due to a faster response to the driving fluctuating forces
as described in the electronic friction model by Brandbyge
and co-workers~see Sec. IV!. For the desorption of CO from
Ru this model predicts an isotope effect of
Y(28~CO!)/Y(31~CO!)51.2 for an electronic scenario. Since
the magnitude of an isotope effect depends on the difference
in h for different masses in relation to the steepness of the
corresponding temperature slope, there should be only a
small effect for phonon-driven processes.

All the arguments presented strongly favor coupling of
the lattice phonons to the adsorbate motion as the dominant
mechanism underlying desorption. We have shown that the
friction model gives a goodqualitative description of the
experimental data, despite using only a few parameters; the
friction coefficientshel and hph, which are related to the
coupling timesh51/t and are used to calculate the adsor-
bate temperatureTads, the activation energyEa and the pre-
exponential factork0 .

We will now discuss the ability of the model toquanti-
tatively reproduce the desorption yield. To do so, we first
take a closer look at the pre-exponential factork0 in Eq. ~7!,
neglected so far. To achieve agreement of the model with the
measured desorption probability for saturation coverage
(Pdes50.2 at ^F&5305 J/m2!, a value ofk05531012s21 is
required, which is an order of magnitude smaller than the
equilibrium value ofk05131014s21 found by TDS studies
for the same coverage.33 This deviation must be treated with
some caution since the actual transient surface temperatures
are not measured but calculated. Comparing the experimen-
tally determined damage threshold for the fluence to the
value which causes the lattice temperature to exceed the
equilibrium melting point of Ru according to the model
yields a rough estimate of the temperature uncertainty of
30%, corroborating the calculated temperatures. The value
for k0 , deduced from the friction model, however, agrees
fairly well with the frequency of the vibration along the re-
action coordinate, which is only slightly coverage dependent,
nads51.331013s21.36 This suggests the interpretation ofk0

as attempt frequency. Another argument, which questions the
use of the equilibriumk0 to describe the desorption prob-
abilities under fs-excitation, avoids the uncertainty in abso-
lute temperatures by comparing the relative yield between
saturation and)-coverage. In TDS-studies a huge difference
in k0 of three orders of magnitude between the two cover-
ages is found.33 In the present case however, the experimen-
tally observed difference in desorption probability can be
explained simply by the different activation energies for the
two coverages.

A further inconsistency with equilibrium behavior is
found in the relatively low translational energy of the desorp-
tion products. Considering desorption of an adsorbate in
thermal equilibrium with the surface, an average transla-
tional energy of̂ Etrans&52kBT is expected. As can be seen
from the inset in Fig. 6,̂Etrans& is by a factor of 2–3 lower
than the predicted rate-weighted adsorbate temperature
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^Tads& ~solid line!. Note that̂ Tads& is only about 10% lower
than^Tph&, indicating that the retarded energy transfer due to
the finite coupling timetph is only a minor effect. It should
be pointed out out that because of the high desorption rate
~about 0.1 ML in 10 ps! gas phase collisions lead to a focus-
ing towards and acceleration along the surface normal,55 the
cooling effect is therefore even underestimated.

In conclusion significant deviations from the equilibrium
behavior are found in fs-laser induced desorption of CO/Ru
regarding the desorption yield and the translational energy.
Similar indications for nonequilibrium conditions at high
surface temperatures have been elaborated theoretically by
Tully.38 In the following we briefly review his key findings
and discuss the consequences for fs-laser induced desorption.
Tully considered a closed system, consisting of rare-gas at-
oms ~Ar, Xe! which are in thermal equilibrium with a plati-
num surface before the system is suddenly evacuated. Clas-
sical trajectories in three dimensions were calculated
stochastically to determine the sticking probabilityPS as a
function of the equilibrium gas and surface temperature.PS

is found to decrease with increasing surface temperature.
Also ^Etrans&/2kBT is found to be lower than one and to de-
crease with increasing temperature. Tully then proceeds to
calculate the desorption rate from the sticking probability.
The temperature dependence of this rate differs significantly
from an Arrhenius behavior. This finding can be rationalized
by considering the mean energy transfer upon each collision
of the adsorbate with the surface to be less thankBT. The
relative energy transfer̂DE&/kBT is less than unity and de-
creases with increasing temperature. This directly explains
the experimentally observed translational cooling in desorp-
tion; The molecules in the high-energy tail of the Maxwell–
Boltzmann distribution defined by the surface temperature
are underrepresented resulting in a translational energy dis-
tribution below the surface temperature. Equilibration with
the surface would require additional energy exchange by col-
lisions with the surface, which do not occur due to rapid
desorption. Thus the translational cooling is dynamical in
origin. Also a desorption rate lower than expected from an
Arrhenius behavior can be understood in this dynamical pic-
ture. The reduced efficiency of energy transfer implies that it
takes longer at higher temperatures to establish a thermal
distribution of the population of the levels near the top of the
potential well. Thus, for a constant collision frequency the
effective pre-exponential factor for the desorption rate de-
creases with rising temperatures. Additionally, depletion of
the coverage due to desorption reduces the population of the
levels near the top of the well, compared to a thermal distri-
bution, which in turn affects the desorption rate. A desorp-
tion rate below the expectations for an Arrhenius behavior is
again just what we observe in our experiments.

Another way of treating the translational cooling in de-
sorption is provided by the principle of detailed balance.
Here the desorption can be regarded as the inverse process of
adsorption, linked by the sticking probabilityPS . If mol-
ecules do not desorb with a certain translational energy, this
implies, in a detailed balance picture, that molecules of that
translational energy, coming from the gas phase, will not
stick to the surface. This is because the excess energy can not

be transferred to the substrate by a single collision, the mol-
ecule is repelled back to the gas phase. Thus translational
cooling in desorption is equivalent to a dependence of stick-
ing probability PS on the incident kinetic energy, withPS

decreasing with increasing kinetic energy. This is indeed
found in the trajectory calculations of Tully.

All dynamical effects discussed above also apply to the
case of fs-laser excitation. The measurements on transla-
tional cooling in desorption therefore contain information
about the dynamics of vibrational energy transfer leading to
desorption. In principle this information can be extracted by
applying detailed balance considerations.

VI. SUMMARY

Summarizing, we have characterized the excitation
mechanism for the desorption of CO from the~001!-face of
ruthenium induced by high intensity fs-laser pulses. Two-
pulse correlation and fluence-dependence measurements are
simultaneously fitted by an empirical friction model, which
qualitatively reproduces the data. The remaining ambiguity
in discerning between an electron- or phonon-mediated pro-
cess, lying inherently in the model for electronic coupling
times of the order of the electron–phonon thermalization
time, is overcome by considering the absence of an elec-
tronic state within reach of the transient hot electron energy
distribution. Because of the strong electron–phonon coupling
also the lattice is heated up to a temperature close to the
melting point. Though lasting only tens of picoseconds, but
being far above the equilibrium desorption temperature, this
temperature transient results in a desorption probability of
nearly Pdes51 in the phonon-mediated fs-laser induced de-
sorption of CO/Ru~001!.

Equilibrium rate constants are found to be inadequate to
reproduce the measured desorption probabilities quantita-
tively. This, along with the pronounced translational cooling
effect observed, reflects the dynamical nature of the process,
taking place far from thermal equilibrium. This is despite the
fact that vibrational heating is relatively slow in the CO/Ru
system compared to electronically driven systems like CO/
Cu~100!, where equilibrium concepts are thus even more
questionable. Further measurements, ideally including angu-
lar distributions, state-resolved studies and variation of the
laser pulse duration, should help to obtain a more detailed
picture of the desorption dynamics and to address fundamen-
tal questions about the validity of the temperature concept
for the reaction coordinate and the dynamical effects that
determine the desorption probability and the final state dis-
tributions.
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