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Abstract. One of the major goals in physical chemistry is  The experimental approach to address these questions is
to obtain a microscopic understanding of chemical reactionglictated by the timescale of bond breaking. A typical period
Recent developments in femtosecond laser techniques prof an adsorbate-substrate vibration is of the order of 100fs.
vide the opportunity to resolve the timescale of elementarAssuming desorption to occur within half a period leads to
steps of chemical reactions at surfaces. This is exempla timescale of about 50 fs for the simplest surface reaction. In
fied for the femtosecond laser-induced oxidation of CO orgeneral (as in the case of the CO oxidation) several nuclear
Ru(001). Among other adsorbate-specific probes vibrationakarrangement processes are necessary to achieve a chem-
sum-frequency generation spectroscopy offers the possibileal transformation which increases the time for the formation
ity to monitor adsorbates or reaction intermediates directlyf the reaction products. We use ultrashort laser pulses to
at the surface. Recently, we have employed this technique tachieve the time-resolution necessary to study these processes
investigate the dynamics of the CO-stretch vibration of CQdirectly and employ a sequence of two ultrafast laser pulses to
adsorbed on Ru(001) after optical excitation leading to CQnitiate and probe the reaction [3].

desorption. Figure 1 shows the mechanisms and timescales of sur-
face femtochemistry at metal surfaces. When a fs-laser pulse
PACS: 68.35.Ja; 78.47.+p; 82.65.-i is absorbed in a metal a hot electron distribution is created

within the optical penetration depth (typically 10—100 A for
hv < 10eV). These hot electrons may induce chemical re-
The dynamics of elementary surface processes like chargetions at the surface via charge transfer to the adsorbate.
and energy transfer and reactions of molecules is of cenompared to this indirect substrate mediated process direct
tral importance for a microscopic understanding of chemicahbsorption of light by the adsorbate is orders of magnitude
reactions at solid surfaces e.g. in catalysis [1,2]. Informaweaker due to the low absorbance of a thin layer of adsorbed
tion about these processes can be obtained by initiating thaolecules (typically a monolayer). As illustrated in Fig. 1
breaking and formation of chemical bonds with femtosecondhere are different pathways on which energy can be trans-
(fs) laser pulses, probing reaction intermediates at the surfaderred to the adsorbate degrees of freedom after excitation of
and recording the yield of desorbing reaction products withthe substrate electronic system with fs-laser pulses: Firstly, on
a mass spectrometer. There are three main issues in surfacéimescale up to several hundreds of femtoseconds the hot
femtochemistry (among others being related to these): (1) Teubstrate electrons can directly excite the substrate-adsorbate
understand the interaction of photoexcited hot substrate elesystem by resonant attachment of an energetic electron into
trons with the adsorbate degrees of freedom. (2) To directlan unoccupied molecular orbital (LUMO). This results in
resolve the elementary steps during a surface reaction in ordeibrational excitation of the adsorbate and eventually in a re-
to obtain a mechanistic understanding on a microscopic leveaction. Secondly, the adsorbate vibrations can be excited on
(3) To exploit the different mechanisms and timescales of ena timescale of- 1 ps via lattice phonons which are equili-
ergy transfer between the substrate and the adsorbate in ordeated with the hot electrons within a few picoseconds (ps).
to control the outcome of reactions and to open new reactiohis second pathway is similar to conventional thermal exci-
pathways. tation of the adsorbate (or excitation with laser pulses longer
than a few ps), in which excited phonons couple vibrational
“Present address: Leiden Institute of Chemistry, P.O. Box 9502, 2300 RA €N€rgy into the reaction coordinates.
Leiden, The Netherlands As will be described in more detail below, a two-pulse-
**Corresponding author. E-mail: wolfn@fhi-berlin.mpg.de correlation measurement provides a direct way to distin-
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Mechanisms and time-scales of surface femtochemistry periments dealing with the desorption and oxidation of CO
00 %s were performed directly with the output of the amplifier at
fs EXCITATION  —\\—>  direct absorption ————» REACTION 800 nm after reducing the repetition rate to 20 Hz.

100 fs The Ru(001) sample was mounted in a UHV chamber

adsorbate vibrations (base pressurex 10~ mbar) and could be cooled to 95 K.
~0.1-1ps_—7 T>1 ps The chamber is equipped with a quadrupole mass spectrom-
F ¥ eter (QMS) and standard surface science tools. Oxygen and
2 T CO exposure was performed via a pinhole doser or a variable

. . o . leak valve. For a detailed description of the surface clean-
Fig.1. Diagram of energy flow at metal surfaces after excitation with.

fs-laser pulses. The timescales of energy exchange between the variél§s Preparation and characterization procedures see [7]. In
subsystems are discussed in the text. Femtosecond-laser radiation exc@égler to prepare the oxygen-precovered surface, 5L=£1 L
the substrate electronic system which equilibrates with the lattice phonofisx 10~ Torr s) of oxygen were dosed onto the sample at
within a few ps. Surface reactions can be driven either by an electroniggg K (resulting in an O coverage ofSML and the forma-
mechanism or by lattice phonons tion of the O-(2x 1)-structure) followed by CO adsorption at
95 K until saturation.
guish between these two reaction pathways, the electron- and In a typical experiment we cover the Ru(001) surface with
phonon-mediated excitation of the adsorbate. Because ener@0 and O and measure the reaction yield of desorbing species
transfer for these two excitation mechanisms occurs on differwith the mass spectrometer after fs-laser excitation. Figure 3
ent timescales, the outcome of a chemical reaction, in whickhows time-of-flight (TOF) spectra for the desorption of CO
one reaction product is formed via the electronic mechanisrand formation of CQ after excitation with 800 nm, 110 fs
and another product by the slow phonon-mediated proceskser pulses. They are obtained by recording the number of
can be influenced by changing the temporal width of the lasemolecules coming off the surface as a function of time after
pulses. Depending on the reaction under investigation, thifs-laser excitation.
approach should allow to control the outcome of a chemical For the sum-frequency-generation (SFG) experiments
reaction at least to a certain degree. However, it should benly part of the output is used to initiate the desorption of
noted that in the case of substrate-mediated excitation coheGO. The other part pumps an optical parametric amplifier
ence is lost by rapi@— e scattering events and thus appli- (OPA) with subsequent difference frequency mixing of the
cation of laser pulses with a specific shaped phase does ngignal and idler of the OPA to generate tunable fs-IR pulses
provide a further degree of control. This paper reviews thg2—10um) with a duration of about 150fs (FWHM) and
main results for the femtosecond laser induced, @ma-  a pulse energy of 20—30). SFG is a second-order non-linear
tion on Ru(001) and presents new aspects of the dynamiasptical process in which two incident wavesaatis andwyr
of the CO-stretch vibration of CARu(001). For a compre- generate an output aisrg = wyis + wir Where energy and
hensive overview of substrate-mediated photochemistry thmomentum are conserved [9]. The frequency of the IR pulses
reader is referred to review articles [1,4—6]. is chosen to be resonant with th&C10-stretch frequency
of CO adsorbed on Ru(001). The residual 800 nm radiation
which is not converted in the parametric process is spec-
1 Experimental trally narrowed to obtain pulses with 4 cthbandwidth and is
used to upconvert the IR pulses in the SFG experiments. The
As illustrated in Fig. 2, the heart of our experimental appa-SFG beam radiated from the surface is focused into a spec-
ratus consists of an amplified fs-laser system combined wittrograph with a 1200 gnm grating and dispersed across an
a UHV chamber. The laser system delivers 800 nib €V), intensified CCD detector for multi-channel detection. For the
110fs pulses with a pulse energy of aboui #hJ per pulse. time-resolved SFG experiments &3 x +/3)-CO structure
The fs-seed pulses are intensified by chirped pulse amplifi{0.33 ML) of CO/Ru(001) was prepared according to [7].
cation in a regenerative amplifier (Regen) and a multipass
amplification stage (Multipass). An extensive description of
the experimental setup can be found in [7]. In brief, the ex-
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after fs-laser excitation from C@/Ru(001) together with the translational

Fig. 2. Schematic diagramm of the experimental setup consisting of an antemperatures as a result from the btgck lines) to the data. The GQlata
plified femtosecond laser system and a UHV chamber (see text) are offset for clarity. Adopted from [8]
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2 Femtosecond laser induced CO, formation on Ru(001) To distinguish between the different mechanisms by
which the energy, which is first deposited in the substrate

2 1 Results for the femtosecond laser induced reaction electronic system, can flow into the adsorbate degrees of
between CO,qand Oag0on Ru(001) freedom, we employ a two-pulse correlation measurement.

Figure 4 depicts the result of such measurements for CO and
In the following we summarize the main results for theCO,. As shown schematically in the inset, two 800 nm fs-
CO, formation and briefly discuss the experimental methods$aser pulses, which are delayed with respect to each other,
used. Additional information can be obtained from [7, 8]. Theare sent to the C@D/Ru(001) surface and the GGO, yield
oxidation of CO on Ru(001) is a well-described model sys-s recorded as a function of delay time between the pulses.
tem [10]. Part of the interest arises from the fact that thelfhe observation of a correlation signal for CO and .CO
Ru(001) surface is the most efficient catalyst for the/CO,  around zero delay is a consequence of the nonlinear fluence
conversion within the group of Platinum metals when work-dependence of the C&QO; yield [8]. From the two-pulse-
ing under high pressure oxidizing conditions [11, 12]. In con-correlation measurement one obtains information on the life-
trast, under ultrahigh vacuum conditions Ru(001) is the leadime of the excitation responsible for the g@rmation.
active. In particular, under UHV conditions heating of the sur-When using two laser pulses with an energy of abobii]
face, on which oxygen (B ML) and CO are coadsorbed, does each, the first laser pulse excites the electrons to temperatures
not lead to CQ formation at all [13]. Instead, thermal exci- of about 2000 K. Subsequently, they cool down withis fis
tation leads to CO desorption between 200-400 K followedlue to equilibration with the phonons. For delays within this
by recombinative desorption of oxygen above 1200 K [14].time period (given by the electron-phonon coupling strength)
Because the binding energy of ZRu(001) is smaller than the second excitation pulse acts to further enhance the tem-
the activation energy for O, increasing temperatures leagderature of the hot electrons. The two-pulse correlation for
to ready CO desorption before temperatures are reachdtlO, shows an ultrafast response of 3 ps (FWHM) which cor-
at which the O is ready to undergo reaction with CO andelates with the timescale on which the hot electrons start to
therefore no CQ formation can take place under theseequilibrate with the lattice phonons. Thus, we can assume the
conditions. CO oxidation to be driven by an electronic excitation mechan-
However, the CO oxidation reaction can be initiated withism. On the other hand, the slow response of 20 ps (FWHM)
strong fs-laser pulses (10-50 fod?) [8]. Thus, a new reac- for the CO desorption implies coupling to phonons. This is
tion pathway is opened which is not accessible via thermatorroborated by the fact that a simulation using the friction
excitation. This is demonstrated in Fig. 3 where TOF spectranodel [15, 16] can reproduce the two-pulse correlation very
for CO desorption and oxidation upon fs-laser excitation arevell with coupling to phonons only. In addition, the relevant
shown. The translational temperatuk&si,)/2kg are 640K  molecular resonance (LUMO), at least for CO adsorbed on
for CO and 1600K for C@. The branching ratio between clean Ru(001), is located ai3eV above the Fermi level [17]
desorption and oxidation is 352.5 in favor of desorption. which is too high in energy to be efficiently populated by hot
For the CO oxidation to occur the two reactants have teelectron attachment [7].
be coadsorbed on the surface (Langmuir-Hinshelwood mech- Now, we address the question whether the excitation
anism). The much higher translational temperature for, COof the adsorbed CO or oxygen determines the,G@Id
(compared to that for CO) gives a first hint on the dynam-which is crucial for a mechanistic understanding of the re-
ics of the process. Obviously, due to energy conservatioaction. In order to distinguish between these two excitation
the higher kinetic energy of the GOmolecules is the re- pathways CO- and oxygen-isotope experiments were per-
sult of substantial energy release during the,G@mation formed by covering the surface with a AD-mixture of
process which is controlled by the shape of the potential ent®0/*20 or 12C'%0/13C'®0 and coadsoption of the other
ergy surface on which the reaction betweeng@nd Qg reaction component, respectively. Whereas for CO no iso-
proceeds. tope effect concerning C{formation is present, one obtains
a pronounced isotope effect of22+ 0.3 for the yield ratio
160C0O/180CO. Such an isotope effect is expected for an
electronically mediated process (as known from DIET (De-
sorption induced by electronic transitions) [18]), and there-
fore confirms the aforementioned assumption of electroni-
cally excited oxygen as the primary step in the CO oxidation.
The results of the isotope effect measurements indicate that
the activation of the Ru-O bond is the rate-determining step
in the CO oxidation process. The width of the two-pulse-
correlation measurement allows to unravel the nature of the
excited oxygen in more detail. A friction model calculation
for the CQ formation (shown as solid line in Fig. 4) results in
afinite coupling time of the adsorbate degress of freedom to
pulse-pulse delay [ps] the electrons ot = 0.5 ps [8]. Therefore, we conclude that
Fig.4. Two-pulse-correlation measurements for the laser-induced desorthe oxygen that reacts with COvgbrationally excited in the
tion and oxidation of CO indicating the ultrafast response of 3 ps (FWHM}|actronic ground state. In contrast, in a scenario with oxygen

for the CQ formation. The lines through the data show the outcome o . . .
a friction model calculation usin@, — 1.8V andz — 0.5 ps in case of ?eactlng from an electronically excited state, we would expect

CO,. The principle of the two-pulse-correlation technique is shown as insét mUCh smaller coupling time on the order of excited-state
(see text). Adopted from [8] lifetimes on metal surfaces of typically 1-10 fs [19].
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Mechanism of CO, formation on Ru(001) after fs-laser excitation

A anti-bonding

hot
electrons

Fig.5. Mechanism for the C® formation on
Ru(001) induced by fs-laser excitation. Starting
*from DFT ad ¥ CO,y from the hot electron distribution created with
the fs-laser pulse, occupation of an antibonding
orbital of the Ru-O-bond leads to a weakening
Ru(001) reaction coordinate of the bond and subsequent reaction with coad-
sorbed CO. Note that energies are not in scale

v

2.2 Proposed mechanism for the CO, formation on Ru(001) in an oxygen vacancy Stampfl and Scheffler calculate the en-
ergy barrier for CQ formation to be approximately.3.eV.
From these findings we deduce the following mechanisnThe minimum energy path for this process corresponds to es-
for the reaction of CO with coadsorbed oxygen atoms orsentially direct movement of the CO molecule towards the O
a Ru(001) surface, as illustrated in Fig. 5: Upon optical exciatom leading to a transition state in which CO and O have
tation with a strong fs-laser pulse a hot-electron distributionsubstantially weakened their bond to the substrate [22].
characterized by transient temperatures of the Fermi distribu-
tion of about 4000-5000K, is created within the substrate.
At such high temperatures electrons may be resonantly a8 Time-resolved femtosecond laser spectroscopy
tached to an unoccupied antibonding orbital of the oxygen-Ru
bond, which according to density functional theory (DFT) The techniques described above are all based on the detection
calculations [8], is located at about7leV above the Fermi of the desorbing reaction products in the gas phase. However,
level. The transient occupation of this adsorbate resonanaher molecule-specific methods are necessary to follow reac-
leads to energy transfer from the hot electrons to the Ru-@ions directly on the surface as they proceed from reactants to
bond via electronic friction [15]. This results wbrational ~ products. Due to the recent advances of ultrafast laser sources
excitation of the Ru-O bond which is ready to undergo re-and especially the development of nonlinear laser-based sur-
action with coadsorbed CO. Due to its high binding energyface probes various approaches to tackle this problem have
at a coverage of .6 ML (about 49 eV [20]) no recombina- become accessible as illustrated in Fig. 6. Common to all this
tive oxygen desorption after fs-laser excitation is observed. Imethods is the pump-probe technique in combination with
contrast, the reaction between oxygen and carbon monoxidemolecule or surface specific probe. Anintense ultrafast laser
leads to translational highly excited G@ith kinetic energies pulse (pump pulse) initiates a reaction of adsorbed molecules.
corresponding to temperatures of about 1600 K as shown ifthe resulting changes in the adsorbate-substrate system are
the TOF spectrum in Fig. 3. Considering the potential energynonitored at later times with a second ultrafast laser pulse.
diagramm for CQy+ O — CO, we can understand the ori- While in gas- and liquid-phase chemistry this technique is
gin of this excess in translational energy. Due to the creatiowidely employed [3], the application to ultrafast surface dy-
of the thermodynamically stable GQexpressed by its low namics is still at the beginning. This is due to several reasons:
Gibbs energy, part of the energy released during the formatiofl) The fact that in surface science typically only a monolayer
of CO, is channeled into the translation in addition to energy(or less) of adsorbed molecules is studied leading to a small
transfer to the vibrational and rotational modes. From theoptical density. (2) The large contribution of the bulk to the
results of our isotope experiments we conclude that the acti-

vation of the strongly bound oxygen is the rate-determinin

step for the formation of C® Therefore, we can determine -

the energy barrier for the reaction to be aba@teV by using \ ®o e3<ch||tr::1‘t';?n SHG
the electronic friction model to describe the oxygen activa :’] ISRFES
tion (see Fig. 4). Recent density functional calculations of the _— ‘probe’ e"
CO oxidation for the Ru(001)-p(2 2)-(CO+ O) structure by P~ %

Alavi et al. [21] determine the reaction barrier to bd &V. \ /
According to this study the crucial step in the CO oxidation A t=0 ' O

is the activation of the strongly bond oxygen atom which is A A time

in agreement with our experimental result. From their calcu > |—~_‘—_1_|
lations Alavi et al. conclude that the O activation results in| ‘Pump’ ‘probe’

a movement from a three-fold hollow site to a bridge site OnF'g 6. Methods of time-resolved spectroscopy on surfaces based on the
atimescale of about 120.fs' Simultaneous movemen; ofOa mp-probe technique: An ultrafast laser pulse (‘pump’) initiates a reac-
CO towards each other is supposed to lead to reaction. Stafisn of adsorbed molecules. Changes in the adsorbate-substrate system are

ing from a Ru(001)-(X 1)-O structure with CO coadsorbed monitored at later times with a second ultrafast laser pulse (‘probe’)
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signal which requires the use of nonlinear optical techniquesand the free-induction decay of the vibration (see below)).
(3) The complexity of energy dissipation and electronic coup-Typically, a time resolution of about 500 fs and spectral reso-
ling between a solid and an adsorbate which governs thiition of 8 cnt! is achieved [23]. Recently, the high sensi-
reaction dynamics at solid surfaces. tivity of broadband-IR SFG spectroscopy has been demon-
There are various methods to probe changes in thstrated by recording vibrational spectra of GRu(001) at
adsorbate-substrate system after excitation with a pumgoverages as low as@1 ML. Besides, the broad spectral
pulse (Fig. 6 right). Time-resolved infrared reflection absorprange covered by the IR-pulse can be exploited to simultan-
tion spectroscopy (IRAS) [24] and second harmonic genereously observe the fundamental and hot-band transition of
ation (SHG) [9] have been employed to study the energy resonance without tuning the IR frequency [32].
exchange and desorption dynamics of CO with various tran- There are basically two types of time-resolved SFG meas-
sition metal surfaces [25—27]. Recently, two-photon photoeurements. The first type of experiment can measure the de-
mission (2PPE) [28] has been used to elucidate the dynamighasing timel, of a vibrational resonance: An infrared pump
of the cesium-copper bond-breaking process by analyzingulse coherently excites the vibrational polarization which
dynamic changes in the surface electronic structure [29kubsequently decays due to dephasing (free induction decay).
Whereas IRAS as a linear optical technique is suffering fronThe remaining coherence is probed with the visible upconver-
a large background contribution, SHG and 2PPE do not havsion pulse which is delayed with respect to the infrared. From
the potential to take adsorbate-specific snapshots during tltee exponential decay exp{/r) of the SFG intensity the
course of a surface reaction. Therefore, we employ the nordephasing timél, = 2t can be obtained [33]. For example,
linear optical technique of infrared-visible sum-frequencyfor (+/3 x +/3)-CO/Ru(001) at 340K a dephasing time of
generation (SFG) due to its surface sensitivity and adsorbaf® = 1.2 ps is observed [23]. The second type of experiment
specifity [9, 23]. employs an intense pump pulse for photo-excitation of the
substrate-adsorbate system and a weak SFG probe to monitor
the changes induced by the pump pulse.
4 Time-resolved SFG spectroscopy In the following, an example for the application of the
pump-probe technique using near-infrared fs-laser pulses as
Sum-frequency-generation (SFG) has become a versatile topbmp and SFG spectroscopy as probe is given: The CO-
for the study of molecules at surfaces [30]. It combines thestretch vibration of CO adsorbed on Ru(001) is investigated
interface selectivity of second-order nonlinear optical pro-after 800 nm fs-laser excitation [23]. The fluence of the pump
cesses with the adsorbate specifity of a spectroscopic tecpulse is chosen to reveal the changes in the CO-stretch vi-
nique. In particular, IR-visible SFG can be used to performbration within two distinct excitation regimes: A low fluence
surface spectroscopy of vibrational transitions by scanningegime (shown on the left of Fig. 8), in which - starting from
a laser in the infrared. For our experiments we use fs-IRa colder surfaceT = 95 K) — no desorption of CO occurs,
pulses which inherently provide a broad spectral bandwidtland a high fluence regime (shown on the right of Fig. 8) in
of about 150 cm* (FWHM). Therefore, the SFG signal at which sufficiently strong excitation — starting from a tempera-
frequenciesvr that are resonant with the vibrational tran- ture of Ts = 340K - initiates desorption of CO molecules.
sition will be resonantly enhanced [31]. This is shown onThis is demonstrated in the inset of Fig. 8 which depicts
the lower right of Fig. 7 which displays a typical SFG spec-the TOF spectrum of the photodesorbed CO molecules. The
trum of the CO-stretch vibration of(3 x +/3)-CO/Ru(001) translational temperature of 700K is slightly lower than the
together with the IR spectrum of the broadband-IR pulsesalculated adsorbate temperature of about 900 K. This trans-
used in the experiment. Such an experimental approach offelational cooling is consistent with former investigations on
the possibility to achieve spectral resolution when employthe desorption of CO from CQRu(001) and is indicative for
ing narrowband-visible pulses and a good time-resolutiora phonon-driven desorption process which is too fast in order
(limited by the duration of the IR pulse and the pump pulseto achieve accommodation onto the surface [7].
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During the laser shots the surface is redosed via the backhift in frequency due to reduced dipole-dipole coupling [35].
ground (co = 5 x 10-8 mbar) and through thermal diffusion Since the CO coverage decreases monotonically with time
of CO on the surface. The data (Fig. 8) shown incorporatsvithin the experiment, this effect can not account for the
several interesting features as a transient redshift and a broadansient behavior of the blueshift following the redshift. (3)
ening of the CO resonance. These are much more pronounc&die to anharmonic coupling of the CO-stretch vibration to
for the high fluence regime in which, in addition, a strongthe low-frequency modes of G&u(001) around 500 crt
decrease in the SFG intensity is visible. The fact that the redsee Fig. 9) red- and blueshifts of the CO-stretch frequency
shift of the resonance starts already at negative delay timese possible and will be outlined in the following. Whereas
is due to the finite lifetime of the IR polarization induced by for the low fluence regime the transient shift in frequency can
the IR pulse [34]. Therefore, the pump pulse induces a redse exclusively explained by anharmonic coupling of the CO-
shift on the timescale of the decaying vibrational polarizatiorstretch vibration to the frustrated translation (mechanism (1)),
(T2 = 1.2 ps). In the following discussion we will focus on the the situation is more complex in the high fluence regime.
frequency shift of the resonance. As all of the lower frequency modes that can couple to

In order to explain the transient redshift several factorgshe CO-stretch vibration have frequencies in the range of
that influence the spectral position of the CO-stretch vi40-500 cnt! (see Fig. 9), they can be thermally excited at the
bration in the experiment have to be taken into accounthigh temperatures reached in the desorption experiment. The
(1) Increasing temperature leads to a downshift in frequencgtretching of the CO-metal bond will lead tdohueshift since
due to anharmonic coupling of the CO-stretch vibration toin the limit of large distances of CO from the surface the CO
the frustrated translational mode [35]. This effect partially exfrequency must approach the gas phase value of 2136.cm
plains the transient redshift seen in the experiment. Also, th&herefore, excitation of this CO-Ru stretch can not explain
calculated phonon temperature profile after excitation witithe experimental data. In case of excitation of the frustrated
a fs-pulse resembles the temporal evolution of the frequendyanslation aedshift of the CO-stretch frequency is expected
very well [23]. (2) Decreasing CO coverage leads to a downas a result of anharmonic coupling to the frustrated transla-

tional mode [35]. It arises from a weakening of the CO bond
due to displacement of the CO molecule from its top pos-

Vibrational modes of gas phase CO and CO/Ru(001) ition towards the bridge site. However, calculations show that
coupling to the CO translation alone cannot account for the
CO- i experimental findings [23]. The effect of the rotational mode
stretch 8 l co- on the CO-stretch frequency with changing temperature has
2020 cm™ ¢ stretch 8T not been investigated experimentally. From linewidth meas-
2130 cm™ @1 urements using IR spectroscopy [36] this mode is found to
depend strongly on temperature which might therefore ex-
- plain the strong increase in linewidth from the low to the high
P fluence regime. We note that for GOu(100) the frustrated
frustrated 8<—> frustrated R-CO @ rotational mode is identified to contribute significantly to the
translation rotation stretch .
47 cm”! < 412em” 453 om-! Oi desorption of CO [37].
: : ; Summarizing, we conclude that the coupling of the in-
% (% % ternal CO-stretch vibration to the frustrated rotational mode
PN L o must be crucial to explain the transient redshift, in addition
effect on CO-stretch: to coupling to the frustrated translation. This is confirmed
redshift redshift blueshift by analyzing the effect of anharmonic coupling to different

Fig. 9. Vibrational modes of gas phase CO and /&D(001) and their effect mOde_S on the linewidth of the C_O resonance. Where'a's the
on the frequency of the CO-stretch vibration (see text) coupling to the metal-CO mode is negligible small, efficient



coupling to the frustrated translation and especially the frus- 6.
trated rotation can explain the observed increase in linewidth 7.
of about an order of magnitude [23]. 8

9.
5 Conclusions

isms of surface femtochemistry obtained by a variety of ex-

perimental methods: Among these are measurements of thes.
translational energy distributions, two-pulse-correlations andl4-
isotope effects of desorbing molecules and reaction product$®

after fs-laser excitation. In combination with theoretical in- ;¢
vestigations an understanding of the mechanisms underlying
simple chemical reactions becomes possible now, as demon-.
strated for the CO oxidation on Ru(001). This study and
earlier studies e.g. onQdesorption from Pd(111) [38] and
Pt(111) [39] lead to the conclusion that electron-mediated
surface reactions might be of more general relevance in sur=
face femtochemistry. The use of new fs-laser technology in,;
combination with nonlinear optical spectroscopies allows to22.
investigate surface chemical reactions directly in the time23.
domain. Hereby, the ultimate goal is to resolve individual
steps in chemical reactions by identification of short-lived
reaction intermediates. Infrared-visible sum-frequency generos,
ation spectroscopy as an adsorbate-specific probe seems to
be a promising tool to achieve this goal in the near future.26.
This technique has been applied to (001) to study the
dynamics of adsorbate vibrations under conditions where de-
sorption is occurring. 28.
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