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Hot-electron-driven charge transfer processes on & Pt(111) surface probed
by ultrafast extreme-ultraviolet pulses
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We use ultrafast extreme-ultraviolet photoelectron spectroscopy to directly monitor the electron dynamics
and the characteristic valence-band photoelectron spectra associated with a hot-electron mediated surface
chemical reaction. By adsorbing molecular oxygen onto(&1R} surface and exciting it with an ultrafast laser
pulse, charge transfer induced changes in the platinum-oxygen bond were observed on femtosecond time
scales. By simultaneously monitoring both the hot-electron distribution at the Fermi edge and the valence-band
photoemission spectra, it was determined that the thermalization of the hot-electron gas precedes significant
changes in the &Pt bond.
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. INTRODUCTION violet photoemissiofUPS), photons with energy=10 eV
are used to provide direct information on the electrons in-
The study of ultrafast processes on surfaces has beenvalved in the chemical bond; for example, the hybridization
topic of increasing interest in recent yearswo consider- of the outermost molecular orbitals responsible for the
ations motivate this interest. First, ultrafdpicosecond and bond**** In core-level x-ray photoelectron spectroscopy

femtosecongitimes correspond to the fundamental time scalelXPS). higher energy soft x rays are used to observe the
for atomic motion in a surface reactidnAnd second chemical shift” of a core levelt® Since these core levels are

; ; specific to particular atoms, XPS gives site specific informa-
progress in the development of ultrafast light soutdess tion about atoms in different chemical environments.

recently mad‘? possiblg differgnt types ,Of inyestigations. Most previous UPS/XPS studies have used x-ray sources
These_lntfgestlng experiments, in conjunction with moleculaycanaple of providing time-resolved information. In con-
modeling," have the potential to bring our understanding ofrast, time-resolved photoemission studies have been limited
surface science to a new level of sophistication, yielding newy the difficulty of obtaining ultrafast pulses in the UV and
insights into mechanisms as well as providing important conx-ray regions of the spectrum. For example, in recent work
firmation of current models and simulation. Such a detailedising two-photon photoemission, Petekal. observed the
understanding of surface reaction dynamics is especially immotion of a cesium atom on a surfdt@y exciting the Cs
portant to processes such as heterogeneous catalysis, whéfem to a relatively long-lived=t 100 fs) electronically ex-
the interaction between the molecule and the surface itself i§itéd state, it was possible to then photoeject this excited-
fndamrial o e process. St decion i obsee e somc moton,Howeter
Observing a dynamic process on a surface is experlmenngy insufficient to eject electrons from the ground state.

_ . . MSince the electronic ground state could not be directly ob-
istry for example, pump-probe transient absorption SpectroSseryed, this experiment was limited by the lifetime of the
copy and numerous more sophisticated techniques have begryped excited state in its ability to follow the entire process.
used to obtain a clear picture of reaction dynanfitmfor-  Other UV photoemission experiments have studied the dy-
tunately, on a surface the very smationolayey sample size  namics of “image potential state” electrons at surfaces, how-
makes transient-absorption studies impossible. Neverthelessver, here the atomic structure of the surface was static.
past time-resolved surface studies have used a number of Recent progress in the generation of ultrafast light pulses
techniques such as two-photon photoemission, IR spectrogt short wavelengths now makes femtosecond resolution
copy, sum-frequency generation, and resonant Auger spetJPS/XPS experiments feasible. During the past several
troscopy to monitor phonon and electron substrate-adsorbatears, ultrafast x rays generated through the process of high
coupling on ultrafast time scalés!® This work has already harmonic generatiofiHHG) have been used in both non-
yielded different insights; however, current experiments haveime-resolved core-level photoelectron spectroscopy studies,
been very limited in their ability to obtain direct, time- and for observing the decay dynamics of photoexcited elec-
resolved, information on the process most central to surfacgons at a surface and in thin film3In high harmonic gen-
chemistry: the making and breaking of chemical bonds.  eration, an ultrafast laser pulse focused into an atomic gas
In the case of non-time-resolved studies of surface progenerates harmonics of the driving field frequency that ex-
cesses, photoemission spectroscopy has proven to be onetefd into the soft x-ray region of the spectrum. The recent
the most useful experimental todfslt is extremely sensitive  development of a phase-matched waveguide geometry for
and inherently surface specific because of the short escaptHG has made it possible to generate fully coherent, high-
depths of the emitted photoelectrons. In valence-band ultraux (>10'2 photons/sec), beams of extreme ultraviolet
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FIG. 1. Schematic diagram of the experimental setup for femtosecond time-resolved valence-band spectroscopy using EUV light.

(EUV) light using a very simple and practical geoméfty.  control capability. The sample is frequently cleaned by stan-
In past work, we used these advances in EUV sources tdard platinum surface cleaning procedures: 800-eV argon ion
perform direct observation of changes in the bonding of asputtering for 10 min, 650° C oxygen annealing treatment for
molecule on a surface as result of an ultrafast charge-transf@ min, and subsequent annealing of the platinum crystal to
process.’ An ultrafast laser pulse at 800 nm was used t01000° C for one min at a background pressure below®10
irradiate a RtL11) surface coated with a monolayer 060  torr. The UHV chamber is also equipped with LEEDwW-
After transient heating of the surface by the laser pulse, agnergy electron diffractionand AES (auger electron spec-
uItrashort—pu!seéS fs) EUV beam at 42 eV was used to moni- troscopy probes, and a TD$thermal desorption spectros-
tor changes in the valence-band structure of the PUON-  cqhy) analyzer; the surface condition can thus be easily
plex. This enabled us to observe subpicosecond time-scalg nitored. The femtosecond pulses are generated by an am-

cganges ir? the clherrlnca:jbond .character on a su:jfage, ar.‘dcej)lfied Ti:sapphire laser system that generates 1.5-mJ pulses
observe the molecular dynamics over an extended periodyi, 5 duration of less than 22 fs, and at a repetition rate of

(~10 pg) from start to the _finish of the reaction. .2 kHz. The laser beam is first split using a beam splitter to
In this paper, we use time-resolved eit(trlieme “,Itral\”mebenerate the pump and probe beams. The relative time delay
photoemission spectroscopyTR-UPS to follow simul-  poyyeen these beams is adjusted using a computer-controlled

tanously different steps of a surface chemical rgaction. Weranslation stage. The 800-nm pump beam, broadened to 55
monitor the time evolution of the hot, nonequilibrium, elec- t5 4,6 to dispersion in the beam splitter and other optics, is
tron distribution after excitation by an ultrashort optical ex- ently focused onto the sample at 45° at an absorbed fluence
citation pulse. In addition, changes in the valence band of thgf up to 4 md/crd (p polarized. The fluence is adjustable
O,/P(111) are observed, indicating a reversible adsorbatﬁsing a half wave plate and a polarizer. The absorbed fluence
state transition driven by an electron transfer from the SUris calculated from the incident fluence at the sample and
face to the adsorbate. Simple models are also used to predi¢l) o5 of the dielectric function of Pt from the literatdfe.
the electron and phonon temperatures as a function of tim he 800-nm probe beam is upconverted to EUV light
We find that the hot, nonequilibrium, electron distribution using phased matched high harmonic generation in a hollow
thermalizes before there is any change in the characteristm)er_ This process generates a coherent, low-divergence
photoemission spectrum of the, @t complex, i.e., before g, beam, consisting of three to five harmonics ’
there is time for the bond or local environment of the tO (=orders 25-31), and with a pulse duration of less than 10
change as a result of the charge transfer. fs. Details of the fiber cell can be found in Ref. 16. A set of
two multilayer mirrors are installed after the exit of the fiber
at normal incidence. The wavelength selectivity of the
multilayer mirror serves to select only a single harmonic or-
Figure 1 shows a schematic diagram of our experimentadler (27th at 42 eV to excite the Pt sample. The polarization
setup. A platinum(111) single crystal is mounted inside an can be selected gwsor s, depending on the polarization of the
ultrahigh vacuum(UHV) chamber with a base pressure of driving IR pulses. The resultant reflectivity curve for the
less than & 10~ ° torr. The sample is spot welded onto tan- multilayer mirror pair is shown in Fig. 2. Because the total
talum wires and attached to a manipulator with temperatur¢hickness in reflection of the multilayer mirror stack is only

Il. EXPERIMENTAL SETUP
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FIG. 2. Total reflectivity curve of the multilayer mirror pair.  Image of the EUV beam on a phosphor screen at the position of the
Pt sample. The spot size is 4@0n.
320 nm/mirror(corresponding to-2 fs round trip, and be-
cause simple quarter-wave multilayer mirror optics generally@34-fs extra time delay induced by the sapphire window on
do not result in pulse broadening, the reflected EUV pulséhe probe beam can be corrected by moving the translation
will not be temporally broadened. Thus, in contrast to sys-stage on the pump beam. The full width at half maximum
tems that use a diffraction gratifgthis setup allows selec- (FWHM) of the second harmonic signal is 62 fs. The 62-fs
tion of a single harmonic order without temporal broadeningresolution represents an upper limit for the resolution, given
In addition, the second curved multilayer mirror is used tothat the EUV pulse duration is shorter than that of the driving
focus the EUV beam to a spot size of 400n on the Pt laser and should be 10 fs.
sample. An aluminum filter (0.2m thick) between the
sample and the multilayer mirror pair blocks the infrared IIl. EXPERIMENTAL RESULTS
beam while transmitting the EUV beam. The total dispersive o ) )
broadening induced by aluminum filter and the multilayer Due to its simplicity and relevan_ce to patalytlc reactions,
mirrors is estimated to be less than 1 fs. The small relativén® G:/Pt(111) system has been investigated both experi-
angle <1°) of incidence between the pump and probementally anq theoretically in considerable detail. Five differ-
beams limits the geometrical degradation in time to below 2Nt adsorption states of oxygen on(IR{) have been re-
fs. The kinetic energy of the photoemitted electrons is meaPorted to date: Molecular oxygen can be found in one
sured using a time-of-flightTOF) detector with a 60-cm Physisorbed T<30K) and three different chemisorbed
tube length and 40-mm-diameter active area. The solid angféfates(at T=<145 K). The preferred configuration of chemi-
at collection is 102 steradians. The detector energy resolu-S0rbed Q at saturation coverage is in a superoxo state occu-
tion is limited by the 0.8-ns “delta-function” time response PYing a bridge site (©). At low coverages it is predomi-
of the data acquisition system, determined from the width ofantly found in the peroxo configuration §0) at a threefold
the “time zero” peak that results from EUV light scattered hollow site [see Fig. 4a)]. A third configuration has been
from the surface. The resolution can be estimated by théentified as result of step site adsorption. At elevated tem-
temporal width of the EUV photons scattered from the surperatures above 145 K, dissociative adsorption is also
face, which results in a 0.3-ns-wide FWHM peak. observed®~** Comparing spectra of a clean(Pt1) surface
To find the temporal and spatial overlap between theand a Ptl11) surface covered with a saturation layer of mo-
pump and probe beams, a phosphor screen and a secolegular oxygen at liquid-nitrogen temperatsiperoxo oxy-
harmonic crystalSHG) are mounted beneath the sample andgen, photoemission signal from the Btbands of the latter
can be placed in the beam by repositioning the manipulatocase is strongly reduced due to adsorption of oxygen. At the
The phosphor screen allows us to observe an image of thew-energy side of the valence band, at binding energies,
EUV beam using a charge-coupled devi@CD) camera, referenced to the Fermi level, of about 6 eV, an oxygen-
and to overlap the pump and probe beams spatially. To fingelated feature appears in the spectra. This feature has been
the temporal overlap, a second harmonic crystal is moved tobserved previously using synchrotron sources, and has been
the same position as the sample. The infrared 800-nm lighassigned to the occupied oxygenr;L orbitals of the free
used to generate the EUV beam is allowed into the UHVmolecule?® in agreement with results from density-
chamber by replacing the Al filter with a thin (3%bm) functional theory calculatior:?®We found that, at the pho-
sapphire window. By performing a cross correlation betweerion energy of 42 eV used, this feature is particularly sensitive
the pump and probe beams, the time zero for the experimem¢ the chemical bond character of the oxygen. Figui® 4
can be accurately identified, as shown in Figa)3The shows the low-energy part of the valence spectra for different
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FIG. 5. Thermal desorption spectrufiDS) for Pt(111) covered
with O,: the rate of temperature increase is 3 K/sec from 77 to 300
K; then 10 K/sec from 300 to 1100 K.

state likely resides in a different adsorption site, and has a
different bonding character than the atomic state. Before the
TDS heating cycle starts, only molecular oxygen is adsorbed
on the surface—the atomic oxygen is solely a result of dis-
sociation of the molecular oxygen. This progresses by means
of peroxo excitation; the peroxo oxygen state is therefore
sometimes referred to as the “intermediate” or “precusor”
state of dissociated atomic oxygen.

Interaction of intense femtosecond laser pulses with
O, /Pt(111) has been studied in the past using photodesorp-
tion yield measurements:?° In particular, a nonlinear de-
pendence of desorption yield on intensity was reported. This
behavior has been reported for a variety of adsorption sys-

FIG. 4. (a) Schematic diagram of the surface configuration Oftems,. and has been pfoposed to be the result of a direct
oxygen on ALY, for the superoxo (§), peroxo (3G~), and coupling between _the ex.cned hot-electron gas and the OXy-
atomic (O) states.(b) Static photoemission spectra taken for the 9€N m0|egU|e§v without involvment of the substrate lattice
superoxo (@), peroxo (3"), and atomidO) states. (phonons.> This work has also identified another nonspecific

reaction channel for the adsorbed oxygen, resulting in a con-
chemical modifications of oxygen on (B11). The bottom figuration that hinders re-adsorbtion of oxygen back onto the
curve corresponds to the superoxo configuratisigh cov-  platinum surfacé€® Therefore subsequent laser-induced de-
erage. By heating the surface to 138 K, a partial desorptionsorption and deposition cycles result in a decreasing desorp-
of molecular oxygerisee Fig. $increases the occupation of tion yield. Figure 6 shows femtosecond-induced desorption
peroxo adsorption sites with respect to the superoxgield traces for two subsequent cycles. This observation in-
configuratior?* The corresponding photoemission spectrumdicates that a surface modification other than depletion takes
is shown in the middle curve. The top curve shows the charplace, resulting in a diminished number of free adsorption
acteristic spectrum for the atomic oxygen adsorption state. Igjtes in subsequent cycles. For the present time-resolved
qualitative agreement with results by Puglia and co-workersgpump-probg photoemission experiments, it is necessary to
we observe a change in the spectral shape of #{drbital  quench both of thes@bviously nonreversibjeprocesses. In
between the superoxo and peroxo states, but no significaall cases for our experiment, we used a low (1 mjcm
difference in this energy region between the peroxo oxygemump fluence to keep desorption negligible. From extrapola-
and the atomic oxygen states. The different adsorption stateion from reference dafd we estimate that at this fluence,
can also be distinguished by means of thermal desorptiosignificant desorption requires more than an hour. However,
spectroscopysee Fig. % Two distinct desorption peaks can as will be shown later, on longer time scales a permanent
be observed for this system: An intengeD, peak at 145 K modification of the sample stateither through depletion, or
due to desorption of molecularly bonded oxygen, and &y means of another reaction channisl observed in our
weaker high-temperaturg-O, peak as result of recombina- spectra.
tive desorption of atomic oxygen. The very different desorp- For the time-resolved pump probe photoemission experi-
tion temperatures mean that the molecular state has a muchent, a saturation layer of molecular oxygen was adsorbed
lower binding energy than the atomic state. The moleculabnto the Pt surface at liquid-nitrogen temperature. Photo-
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0 50 100 0O, /Pt(111), for time delays of 0, 150, and 250 fs, and 2 ps. Non-
. equilibrium hot electrons can be seen at 0 and 150 fs, however, at
Time (SeC) 250 fs, the energy distribution has thermalized. Inset: Fermi edges

at 0 fs time delayblack squargand static spectrum without pump
FIG. 6. Femtosecond laser-induced desorption for first and SeGyulses excitatiorthollow squarg, plotted in log scale. The electron
ond desorption cycles. The inset shows the integrated desorptiofistribution at 0 fs time delay can be fit to a 100-K Fermi-Dirac
signal for the two cycles. distribution with 6% of the electrons excited by the pump photon
energy(1.5 eV).
emission spectra at different temporal delays between the

excitation(pump pulse and the UV probe pulse were then zerg). In contrast to the Fermi edge, where at zero time delay
taken. We observe significant changes in the spectrum afe most obvious change compared to the ground state was
function of temporal delay between pump and probe in tWoobserved, no significant changes are visible compared to the
different energy regions: at the Fermi edge, and at a bindingtatic spectrum. However, 250 fs later—well after the 55-fs
energy of 6 eV where the oxygen-induced featurer{1  pump pulse has been absorbed and the nonthermal distribu-
appears. Figure 7 shows the transient modifications at thgon at the Fermi edge has disappeared—a new peak has
Fermi edge observed at different delays. At time z@m.,  appeared. This peak is even stronger at a pump-probe delay
when pump and probe arrive temporally coincident at theof 500 fs, and persists for several ps. Since our experimental
surfacg the shape of the Fermi edge is modified by a “step” approach involves sequential pump-probe scans, we con-
at energies above the Fermi edge with a width of about 1.5irmed that this feature is not due to a permanent change of
eV, corresponding to the energy of the exciting photonsthe sample, by taking a spectrum at zero time delay imme-
Some evidence of this feature is still visible at 150 fs delaydiately after the 500-fs scan. This spectrum is identical to
Within another 100 fs, 250 fs after the pump, this nonthermakpectra(a) and (b). Thus, in this experiment, the observed
contribution has completely disappeared. At longer delayschanges are reversible, indicating that a transient modifica-
no further changes in this energy region can be observedion of the adsorbate bonding is monitored in this experi-
The experimental distribution at time zero is best reproduceghent. From more detailed scans we are able to extract char-
by an excitation level of about 6%t a photon energy of 1.5 acteristic population and relaxation rates of this transient
eV). Referring to the solid curve in inset of Fig. 7, the solid (metastablgexcited adsorbate state. Figuré)&hows a plot
line is the calculated distribution for this case, convolvedof the integrated strength of this transient peak, as a function
with the detector resolution of 370 meV. For reference, aof time delay. The observed peak has an exponential onset of
spectra taken without the pump bed&gnound-state distribu- 550+ 140 fs, and decays within about 5 ps.
tion) is fit to a Fermi-Dirac distribution at 100 K, also con-  In addition to this reversible change in the valence-band
volved with the detector resolution. structure, over time scales of hours we also observe a long-
Figure 8 shows a pump probe scan of the low-energy parerm nonreversible change of the surface state induced by the
of the valence-band spectra. For reference, a photoelectraR-pump pulse. Figure 9 shows a series of spectra taken
spectrum without pump beam present was taken initially, agluring a period 62 h of irradiation by the IR pump pulse.
shown in Fig. 8a). The shoulder corresponds again to theDuring the first hour of IR irradiation following dosing of the
superoxo oxygen i level at 6 eV binding energy as de- Pt by oxygen, no significant changes in the spectrum are
scribed above. Figure(B) shows the spectrum obtained with observed. However, further IR-irradiation alters the shape of
the probe coincident in time with the pump bedére., time  the 6-eV feature into a peaklike structure, as observed before
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@nopump| |00 @206 | @500 |06 nonthermal electron distribution in the substrate due to ab-
sorption of the ultrashort laser pulg@, internal thermaliza-
tion of the excited electron gas, and adsorbate excitation due
to electron-mediated energy transféii,) a modification of
the chemical bonding character, resulting in adsorbate mo-
tion, (iv) thermalization between the electron gas and the
phonon gas, an@v) traditional “phonon induced” chemical
107 4107 410 7 410 7 410 7 4 surface reaction due to elevated lattice temperature that hap-
Binding energy (¢V) pens in a much longer time scale. We relate the transient
modifications of the photoelectron spectra observed in our

Counts (arb. unit)

220 /_+ ] experiment to processes corresponding to stepand (iii ).

218 ] Knowledge of the absorbed fluence as well as the measured

im ] excitation rate of the electron gas allows us to reconstruct

T 14 ] step (i) as well as stegiv). Our analysis is discussed in

i ] detail as follows.

3 10 ] Due to the low optical density of the adsorbate layer, the

%M ] energy of the incident laser pulse is absorbed entirely in the

‘gm ] free-electron gas of the @fL1). On femtosecond time scales,

ﬁM ] this results in an extremely nonthermal distribution of the
. electron gas, as is observed at time-zero as a step at the

02 U
0.0 0.5 1.0 15 2.0 2.5 3.0 3.5 4.0 45 5.0 H H
Time Delay (ps) Fermi edge. The absorbed fluence of 1 mJ/casults in an

excitation of about 6% of the electrons at the surface. The
FIG. 8. Time-resolved high-resolution photoemission spectra42-eV probe pulse photons eject electrons from the top 5 A
from a saturation layer of molecular oxygen adsorbed on(B1Bt  of the platinunt* Comparable excitation levels have been
surface at liquid-nitrogen temperatu(@ no pump beamcb) with  reported for heating a 300 A thick gold film and aB10)-
pump beam, zero delay between pump and prete250 fs delay  griented surfacd?®® The detected nonthermal character of

:’nfm:(;gtgfrg‘:t:&g.pg?ﬂ; 5&?;5 sr?]'aﬁéﬁg%ﬁ?f;ﬁ;;ﬁ:‘;;ﬂC the electron distribution disappears within the first 250 fs, in
y i 9 P agreement with the results for (R10). In contrast, signifi-

6-eV peak feature as a function of pump-probe delay. A fit to the . N
data indicates an onset time of 55040 fs (from Ref. 17. cantly longer lifetimes of the nontherma[ contnbuu(up to

400 f9 have been reported for gold. This difference can be
for the atomic and peroxo state of oxygen as well as in thdelated to a m_uch slowe_r electron ther_malization process in
transient state spectra. On longer time scales this feature [fPPle metals in comparison to transition metals, due to a
the photoelectron spectrum seems to represent the stabiliz&gduced_ electron-electron scattering rate at the relevant

34,35 ¢ ;
configuration of the surface, and does not alter with furthe,e_nerg|e§. Itis a direct consequence of the reduced den-
IR irradiation. sity of electron states at the Fermi edge for noble metals.

Knowledge of the absorbed fluence allows us to calculate
the time evolution of the electron and lattice temperatures.
Due to its low heat capacity, the electron gas is heated quite

The progression of the surface chemical reaction inducegfficiently by the laser pulse. Although the nonthermal char-
by the intense pump pulse is as follow@) creation of a acter of the electron distribution immediately after excitation
does not allow us to assign a simple temperature to the sys-
tem, the calculated electron energy distribution is a useful
indicator of the actual excitation state. Thermalization of the
electron distribution occurs ir-250 fs, followed by subse-
guent cool-down of the electron gas due to coupling to the
lattice (electron-phonon couplingand thermal conduction
into the bulk. The electron-phonon effective collision time is
actually of the same order as the electron-electron scattering
time; however, it is quite inefficient with respect to colli-
sional energy exchandef the order of typical phonon ener-
gies, some tens of mgVThus excitation of the lattice occurs
on much longer time scales than the electron dynamics. In
addition, the higher heat capacity of the lattice limits the
maximum lattice temperature to much lower temperatures.

FIG. 9. Spectra taken during pump beam irradiation of theThe interaction of laser, electron gas, and lattipeonon
sample over a period of 2 h. During the firs60 min, the spectra gag can be modeled using a set of coupled equations that
are unchanged. However, after100 min the characteristic 6-eV determine the electronl¢) and lattice T,) temperatures as
peak gradually increases and is permanently present on the sampé function of time>®

IV. DISCUSSION

0 mins 17 mins 51 mins 102 mins 120 mins

Counts (arb. unit)

7 2 7 2 7 2 7 2 7 2
Binding Energy (eV)
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TABLE I. Parameters of platinuril1l) used in the calculation is considered in Eg(1), due to the fact that lattice heat dif-
of electron and lattice temperatures. fusion is much slower than electron heat diffusion. At this
point, the surface temperature is still much higher than the
bulk temperature, so that the electrons keep diffusing energy
into the bulk while the lattice only gives up energy to the
electrons. True equilibrium happens at very long delays,

Electron specific heay 748 J/nmi K?
Thermal conductivityxg (77 K) 71.6 W/mK
Electron-phonon coupling constagg 6.76x 10" W/m® K

Lattice heat capacitf, (77 K) 2.69<10° I/ K when the surface and bulk temperatures are similar. Note that
Absorbed laser peak intensity 17110 W/m? a change in the slope of the Fermi-dirac distribution in the
Pulse widthr 55 fs experimental data, which would reflect the heating of the
Optical penetration depth (800 nm 12.56 nm electron gas, is not visible. In contrast to the transient non-

thermal distribution, which clearly shows up in our experi-
ment, the energy resolution of our detector, together with the
d A limited statistics of the measurement does not as yet allow us
eﬁTe:E< KETE) ~9(TemTp)+F, (" 1o observe these thermal effects. ’
Figure 1@b) compares the integrated intensity of the char-
acteristic peroxo peak to the electron and lattice temperature.
Tp=09(Te=Tp), (2 The oxygen peak is delayed about 1 ps with respect to the
time when the peak electron temperature is reached; thus, the
whereC,= yT, andC, are the electron and lattice heat ca- electrons have largely cooled before the oxygen peak re-
pacities, respectivelyc= ko(Te/Tp) is the thermal conduc- laxes. On the other hand, the lattice temperature has a rise
tivity and g is the electron-phonon coupling constant. Thetime similar to the oxygen peak, but the lattice temperature
termF is used to describe the femtosecond pump pulse in th€00lS on very long time scales compared with the relaxation
form of time of the oxygen peak. If the observed oxygen transient
were driven primarily by lattice excitation, the relaxation
. o time of the oxygen peak would be much longer than
F= xe_‘l In(2)tiz=2n, (©)) observed—comparable to the lattice relaxation time. Further-
more, a finite time delay between the maximum oxygen peak
wherel, is the absorbed laser peak intenskyis the optical ~and the time of the peak lattice temperature would probably
penetration depth, and is the pump pulse width. All the also be expected, given the finite coupling time of excitation
parameters used in this simulation are listed in Table | into the adsorbates. Therefore the hot electrons are likely to
For a platinum surface excited by a 1-mJfchaser flu-  be directly driving the changes in the oxygen configuration,
ence, we predict a peak electron temperature of 1082 K, 3®hile they are simultaneously losing energy to the lattice.
fs after time zerdimmediately after the laser pulg85 f9) It is useful to compare the time scales of the different
has endefl[Fig. 10a)]. The same value for the maximum thermalization processes with the appearance of the transient
temperaturéabout 1000 K can be calculated from the mea- changes in the & orbital of the oxygen. These changes
sured excitation of the electron gas of 6%n contrast, the reflect a transient change of the chemical state of the mol-
calculated maximum temperature of the lattice, 174 K, isecule resulting from coupling to the excited electron gas. The
reached 1.2 ps after excitation. At this point, the electron andifetime of this state significantly exceeds the cooldown time
lattice temperatures are equilibrated. Figuréal8hows that  of the hot-electron gas, by 5 ps the electron gas has cooled
at long delays, the lattice temperature is higher than the ele@nd transferred its energy to the lattice. Furthermore, it is
tron temperature. This is because only electron heat diffusionoteworthy that the ir; orbital is quite important with re-
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1000 - A ‘§ g# FIG. 10. (8 Calculations of
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g 600F ~g-~ Measured nonthermal e g E g bution and the integrated intensity
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spect to the interaction between molecular oxygen and the
platinum surface: On the one hand it is antibonding with
respect to the intramolecular O-O bond; on the other hand
hybridization of this state with platinumh states results in an

effective bond between the Pt surface and oxygen. Spectral Ep
changes thus reflect changes in the oxygen bond length as

well as the molecule surface interaction. This is exactly what

we observe for the static spectra when comparing different
chemical states of the oxygen. Transformation from the su-
peroxo into the peroxo state of oxygen accompanies occupa-

—0-0—35," —OO0—30"

T[J_*‘
n  :-Oee0— 1ng*
oo’

oo 0080 I

tion of the 1773 orbital parallel to the surface. This results in —oo " b
an increased bond strength between peroxo oxygen and plati-

num surface, at the expense of the oxygen-oxygen bond B

strength. Pt 0, 0,

The similarity of the static spectra for peroxo oxygen . .
[Fig. 4b)] and d%ssociated oxygeFr)I with our tEansient sggctra FIG. 11. The electron gas is rapidly heated up due to ultrafast
from pump probe scandig. 8 reveal two possibilities for pump pulse excitation. Due to an increased population above the

oo Fermi level, electrons tunnel to the; bond of the oxygen mol-
the nature of the metastable oxygen state. It is either due t0Q e
transition of the excited superoxo {Q into a transient
(highly excited dissociation state, or more likely a transition ) _
into an (excited peroxo (q—) state. These two possible est occupied mo!ecular orbitdHOMO)] states of thg adsor-
processes are related—as the 0-O bond in peroxd YO bate. A schematic of the expe_cted molepular_ or%tfagls of su-
oxygen is weakened it is referred to as a precursor state fgperoxo and peroxo oxygen IS shown in F'g'. - To
dissociatiorf238We exclude the possibility that the transient account for femtosecond laser induced desorption processes

state reflects desorption of molecular oxygen. A “reversible”®" 0,/PY(111), it has been proposed that the substrate elec-

replenished desorption is not possible: because significations couple to the unoccupied3 level * Furthermore, for
refilling of the depleted oxygen sites within 1 rfike repeti- O2/Pd(111) hole transfer into the occupied part of thej1
tion rate of the experimenis negligible given the ambient level has been suggested to be importdrin the present
pressure of 10 torr. Experiments at higher fluences, where Case; _Where a tran_sformatlon fro_m the superoxo into a peroxo
the surface is completely depleted by the laser pulse, sho#tate is the most likely mechanism, we propose an electron
that diffusion on the surface from areas surrounding the lasdfansfer from the platinum substate to the unoccupieq 1
spot does not occur. orbital of the superoxo state, which is oriented parallel to the
A quantitative comparison of the peak height observed irfurface. There are two justificatior(§} changes in the occu-
the transient spectrum compared with the static spectrum fdpation of this level involve a charge transfer into the respec-
atomic oxygen can provide an estimate on the actual excitdive 7 orbital from the substrate to the adsorbate, corre-
tion rate of the oxygen molecules. Since the atomic oxygersponding to the different charge states of the two adsorption
layer on the Pt surface for both the TDS and the static UPSPecies? and(ii) in the superoxo state, they orbital is only
spectrum are prepared by temperatgoieotonio heating, the half filled and is therefore located at the Fermi level. This
oxygen coverage for both cases should be the same. Ther@cation would account for the observed high excitation
fore, by comparing the signature peak intensity ratio of theProbability, since the excited electron density in the substrate
peroxo transient spectrum and the atomic static spectrum, wie highest at the Fermi level. Note, for example, that thé 3
can estimate the peroxo oxygen excitation rate. From théevel of the oxygen lies->1 eV higher in energy, so that to
integrated peak intensities of our TDS spectra we find thaefficiently populate this level, much higher electron tempera-
25% of the molecules of the original molecular saturationtures and laser intensities are requiféd.
layer are dissociated. The peak intensities ratio for the per- From this discussion, it is clear that the electronic excita-
oxo transient spectrum and the atomic state spectrum igon rate is highest for maximum substrate electron tempera-
about 70%. Therefore we estimate the peroxo oxygen exciure, just a few tens of femtoseconds after the arrival of the
tation rate is about 18%. At first glance this seems to bgump pulse, and that it decreases as the electron gas cools.
surprisingly high; however, even higher excitation rates ofTherefore we conclude that the temporal delay of the tran-
molecules due to femtosecond induced excitations have beeient adsorbate peak of about 500 fs with respect to time zero
reported before. For OPt(111), for example, complete and the maximum in electron temperature, respectively, does
depletion of the surface by a single intense laser pulse haot reflect the electronic excitation of the oxygen. It must
been reported (there the fluence was several orders of mag-arise from the change in chemical state accompanied by mo-
nitude higher than in our experiment tion of the molecule itself. The local minimaadsorption
The excitation mechanism of the adsorbate itself, the cousite9 of the corresponding potential energy surfaces for su-
pling of the excited electron gas and the adsorbate, can hgeroxo and peroxo oxygen define the general direction of
described on a microscopic scale by means of direct electrotfiis motion, from the bridge site to the hollow s[see Fig.
(hole) transfer processes between the excited electron gaia)]. As discussed above, this involves a change in orienta-
into the lowest unoccupied molecular orbitalUMO) [high-  tion (rotation and bond lengthvibration) within the mol-
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ecule. The rise time of the signal can therefore be related tecales is a second possibility. It is unlikely that surface con-
an effective coupling time, between the substrate electron tamination from other species causes this permanent change,
gas and nucleamnot electroni¢ degrees of freedom, as typi- since the chamber is maintained in ultrahigh vacuum during
cally introduced using a phenomenological frictional modelthe experiment and the contaminant is not likely to contrib-
for the description of substrate-adsorbate interactforypi- ute to the 6-eV peak that we observe.

cal values of the coupling time, for direct energy exchange

between the electron gas and the adsorbate lie in the range of

a few 100 fs to several ps**in agreement with our V. CONCLUSION

observations. We have demonstrated the use of ultrafast EUV pulses to
The decay of the signal from ther]; level over several directly monitordifferent stepsn a hot-electron driven sur-
picoseconds can be interpreted as the actual lifetime of thiyce reaction on femtosecond time scales. We have shown
metastable intermediate oxygen state. In case of a peroxpat ultrafast charge-transfer processes between a Pt surface
oxygen modification, this decay can occur via back chargeind adsorbed molecular oxygen can lead to a reversible
transfer to the platinum substrate and/or energy exchangshemical transformation on time scales as short as 0.5 ps. By
(thermalization with elecron gas and lattice. However, al- monitoring both the characteristic valence-band photoemis-
though decay back into the original ground state must bgjon spectrum, as well as the Fermi edge, we have shown
dominant under the present conditions, it is most likely notthat the hot nonequilibrium electron distribution relaxes be-
the only possible reaction channel. Different decays are alsgyre any change in bonding between theahd Pt can occur.
present in case of thermal excitatiggee TD$, and have The lifetime of the observed metastable oxygen modification
been observed previously for femtosecond lasefs of the order of several picoseconds. Ultrafast EUV photo-
excitation?****In these decay channels, the excited oxygerelectron spectroscopy is a powerful technique, complemen-
state has to be viewed as precursor to the new final state thgfry to other techniques, for obtaining dynamic and local
was observed in real time by means of photoemission spegrder information about a surface, on time scales relevant to

troscopy in our experiment. The permanent changes in thghe making and breaking of bonds in surface reactions.
spectra over 1-2 h likely result from the cumulative effects

of the secondary decay. As discussed above, peroxo oxygen

tends to be the preferred adsorption site at low surface cov- ACKNOWLEDGMENTS
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