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Photoemission from £ chemisorbed on Ni110 has been studied by one-photon photoelectron
spectroscopylppe and two-photon photoelectron spectroscépgpe with synchrotron radiation

(SR and with synchronized SR and laser radiation. The 1ppe photoelectron spectra are studied as
a function of Gy coverage. Significant peak broadening relative to the thick film features is observed
for the three leading valence bands. The large peak width of the valence levels obtained for the
monolayer system is consistent with changes of the physical structurg,afu€é to the strong
chemical interactions with the nickel substrate. The 2ppe experiment demonstrates transient
excitation of the (,,h,) level of Gg,. © 1998 American Institute of Physics.
[S0021-89708)04703-3

I. INTRODUCTION bounds have been determined from thermal desorption stud-
ies which is due to the fact thatggEmolecules thermally
Two-photon photoemissior(2ppe pump/probe tech- dissociate before theggmetal bond is thermally activated.
niques using combined laser and undulator/synchrotron ra- From a more practical point of view, theg§Ni(110
diation are very promising for studying excited-state propersystem offers a high density of occupied stafe nickel
ties of adsorbate/surface systems. However, only a fewd-electron$ just at the nickel Fermi energy which is nearly
experiments have been reported to date where lasealigned with the lowest unoccupiedg&molecular orbital
synchrotron pump/probe schemes have been atterhf@ed. (LUMO t,;,) for one monolayer(1 ML) Cg, On a metal
far such experiments have primarily focused on the dynamsubstraté’~12 (see below. Furthermore, even in its con-
ics of photoexcited carrier@ncluding space charge dynam- densed phaseggexhibits very narrow valence bands due to
ics and surface recombinatipim semiconductorsin a more  the molecular character of solidsg* 6 which is rather ad-
recent work the time-resolved photoemission from excitonsantageous for such a pump/probe experiment allowing an
in thick Cy, films has been studied using 5 ns pulses from aefficient and distinct optical absorption from ne&f-(meta)
copper vapor laserhir=2.43 eV) to populate states which states into empty §& molecular states above the LUMO.
are then probed by time-correlated 1 ns synchrotron pélsesFinally, this system conveniently matches the available
In the time-correlated 2ppe experiment for thg@li mono-  wavelength range of the Ti:sapphire laser system being used
layer system reported in the present work a picosecond laséere(fundamental: 750-840 nm corresponding to 1.47—-1.65
pulse excites a normally unoccupiego@alence state above eV), roughly covering the LUMQ,—ty,, hy gap(Ref. 9,
the Fermi energyfeg. A time-synchronized undulator pulse and references therginThis situation is very different for
then ejects this transiently excited electron. To the best ofiigh Gsq coverages where the lowest optical transition corre-
our knowledge this is the first report of a coupled sponds to the HOMO-LUMO spacing which is about 2 eV
synchrotron/laser pulse experiment studying a moleculatRef. 9, and references thergiiThis is too high an energy to
chemisorption system. be accessed by the fundamental wavelength of the laser and
Our primary motivation for choosing theggINi(110  too low to match the laser second harmonic. In addition, the
system concerns an improvement to our understanding of theUMO — hy transitions are symmetry allowEdwhile opti-
interaction of G, molecules with a metal substrate in cal transitions between the HOMO and the LUMO in solid
generaf and nickel-catalyzed effects in particufaf. Even  Cgg are only weakly allowed.
though Gy is by now agreed to form a chemical bond with The paper is organized as follows: After a brief descrip-
many metal substraté<, > which is argued to be more or tion of the experimentSec. I), we will first focus on the
less covalent in character, the details of this interaction argalence photoemission spectra as a function of tgecBv-
not well understood, e.g., the various amounts of shifting anerage and discuss the implications for thg-@ickel interac-
broadening of the g valence levels observed by the various tions for the monolayer syste(Sec. Il A). Then(Sec. Ill B)
spectroscopic techniquéé;*? or even the occurrence of we will turn to the details of the laser pump and undulator-
charge transfe(CT) from the metal into the g lowest un-  probe experiments for 1 ML §/Ni(110).
occupied molecular orbitdLUMO) for some metals can by
no means be simply related to the metal workfunction. Also,II EXPERIMENT
the Gygmetal binding energy is not known; only lower ™
The experiments were performed in an ultrahigh vacuum
dElectronic mail: bwinter@mbi-berlin.de chamber (base pressure 2107 '° Torr) equipped with a
PAlso at Fachbereich Physik der Freien UnivéitsBarlin. hemispherical electron energy analyZz@micron EA 125,
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FIG. 1. Schematic experimental setup. Tipeimp laser light is incident o . o
upon the N{110 crystal normal to the surface. The undulator radiation FIG. 2. PLL scheme for LR-SR pulse synchronization. A divider unit di-
(probs is incident on the sample at 13°. Photoelectrons are detected aloni(lf_des the BESSY 500 MHz ring frequency by six giving 83.33 MHz. The
the surface normal by a hemispherical electron energy analyzer. An XUVI:Sapphire laser is set to the same frequency by suitably adjusting the

sensitive photodiode serves to control the temporal and spatial synchroniz&€sonator length. Frequency mismatch is compensated by the PLL fine ad-
tion of the two pulses. justment. This is done by piezos driven by a circuit which compares both the

input frequencies and phasiigital phase detectarThe output piezo volt-
ageUp; from a frequency-to-voltage converter is proportional to the mis-

. . match (error signal.
combined retractable four-grid low-energy electron 9

diffraction/Auger electron spectroscofyEED/AES) optics,
an ion sputter gun, a quadrupole mass spectrometer, an UHtbn with a 20 GHz sampling oscilloscog&ektronix 1180.
evaporator, and a retractable photodiode sensitive in th&his particular photodiode had a rise time of 250 ps and a
vacuum ultraviolet, extreme ultraviolet and the soft x-rayfall time of 2.5 ns.
spectral regioXUV) (Fig. 1. The 500 MHz BESSY ring oscillator frequency was
The laser systertproviding the pump pulgeused in the electronically divided by a factor of @iving 83.33 MH2 in
2ppe experiment was a picosecond passive modelocked Torder to match the laser pulse frequency. Frequency and
sapphire lasefCoherent Mira 90Dpumped by a 8 W Ar-  phase fine synchronization of the synchrot(8i) and laser
ion laser(Coherent Nova 200 The laser pulse width was 4 (LR) pulses is done by means of a homebuilt “phase locked
ps and the output power was800 mW in the 750—780 nm loop” (PLL) (Fig. 2 which compensates for the frequency
wavelength range. The unfocused laser light was incidenand phase mismatch by permanently adjusting the laser reso-
normal at the crystal surface giving an irradiated spot size ohator length using a fast and a slow piezo. A digital fre-
ca. 2.5 mm diameter which corresponds to a power densitguency and phase detect®0 ps resolution produces an
of <5x10* W/cn?. The probe pulse was provided by un- error signal proportional to the mismatch which then is con-
dulator radiation(undulator periodicity of 70 mmin single  verted into a voltage to drive the piezos after amplification.
bunch mode at the TGM 6 monochromator at the BerlinThe time constant of the loop is in the ms range as deter-
electron storage ring for synchrotron radiatiGBESSY). mined by the piezo/mirror frequency.
Typical photon densities were ca.*:01(° photons/pulse de- The actual character of the presdoiv resolutionsyn-
pending on the ring current. The undulator light was incidentchronization as measured with the XUV photodio@ee
on the crystal surface at 13°. The photon energy was 55 e¥boveg is illustrated in Fig. 3. Figure (@) displays two syn-
(corresponding to an undulator gap of 53 jnthroughout  chrotron pulsegseparated by 208 ns; single buh¢bgether
the experiment. Time and spatial synchronization of the lasewith the laser pulsegseparated by 12 ns corresponding to
and synchrotron pulses were controlled by a siligom 83.33 MH32. In that example the laser pulse is delayed by 4
junction XUV photodiode(IRD: AXUV-HS2) in combina- ns relative to the undulator pulse. The laser intensity had
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FIG. 3. Time-synchronized undulat§b5 eV) and laser pulse§l.65 eV
recorded by a XUV photodiode for different delay timés. Two undulator Photoelectrons were detected by an electron energy ana-

pulses are displayed separated by 208 awresponding to 4.8 MHzto- lyzer (EA 125; Omicron to within =8° acceptance angle
gether with the laser pulses separated by 1888533 MH2; the time delay  normal to the surface and the signal was recorded by count-
between undulator and the “first” laser pulse is 4 (i3, Blown up time ing electronics. For the current experiments the analyzer's

scale; zero delagtop) and 6 ns delaybottom between undulator and laser
pulse. Intensity is in arbitrary units. The laser signal has been attenuated iRass energy was set to 4 anStant energy moﬁiéor the

order to obtain comparable pulse heights. The large width of the recorde@ne-color experiment while we have used 8 eV for the 2ppe
pulses is due to the slow response time of the XUV photodiode used hereexperiment in order to achieve a higher signal. This roughly
corresponds to 100 and 150 meV resolution, respectively.
The Ni(110 single crystal(12 mm diameter; 2 mm
been suitably attenuated in order to obtain comparable laséhick) was attached to two horizontal tantalum witds=0.3
and synchrotron pulse heights. The upper and lower panelem) which allowed resistive heating of the crystal. The
in Fig. 3(b) correspond to zero delay and 6 ns delay, respecsample could be rotated on axsaxis) and translated in the
tively, but displayed on an enlarged time scale. All these datay plane. Sample cleaning was by repeated Aputtering
were recorded with the monochromator set to 55 eV. Noteycles followed by annealing at ca. 1100 K. Sample cleanli-
that, due to the 2.5 ns decay time of the photodiode used, theess was routinely checked by AES and LEED. Thg C
measured pulse width of ca. 2.5 ns is considerably largefpurity >99%) deposited on the nickel surface was evapo-
than the actual width of the undulator puldegpected to be rated from an UHV evaporator at a temperature of ca. 630 K.
ca. 500 p¥). Constant deposition rate was assured by means of a flux
This LR/SR synchronization scheme was initially devel-controller. During deposition the substrate was held at room
oped for a gas phase time-resolved SR/LR experiment in theemperature. The surface coverage as a functionygti€po-
BESSY multi bunch mod& and has not been modified for sition time (at a given cell temperaturavas estimated by
the present single bunch purpose. This has the disadvantagenitoring the attenuation of the AES signal from Ni at 61
that not every synchrotron pulse is synchronized with a laseeV as illustrated in Fig. 4. This method is particularly useful
pulse because the round trip time of a single bunch aif the growth proceeds layer-by-layer which is the case for
BESSY is 208 ns, but the laser pulses every 12 ns. Onl{g, growth on nickel. The completion of an adsorbate layer
every third synchrotron pulse will be synchronized with ais thus characterized by equally spaced, linear segments in
laser pulsdsince (3<208)/12 is an integér For the present the uptake plotFig. 4). Very similar results have been pre-
purpose we will see that this is just about acceptable but aented for G,/Rh(111).° Since the mean escape depth of 61
more appropriate synchronization scheme for the laser anelV electrons is on the order of 10 A this method is not
synchrotron pulses will have to be applied in the future. Thisapplicable for fullerene surface coverage8 ML. Higher

1644 J. Appl. Phys., Vol. 83, No. 3, 1 February 1998 Quast et al.



Kinetic Energy [eV] . ' . ' T —
385 405 425 445 465 485 505

T T T T T T T T T T T T '@“
= i i
i hv = 55 eV I 5
0
- 8,
W W\ HOMO-1 - L |
. \ ke 5
— ‘ 1 ®
*g i \/ \ /\HOMO 5 L 4
Ke] Vool c
5 b V\’“W,W AR, WA g5 | i
= PV LY somL £
© L A - o
c My \ fho T
g1 WARWERW
< i R M AOML 12 10 8 6 4 2 0 2
0 \ ‘ : Binding Energy [eV
2 MW g Energy [eV]
% i : M/W\ FIG. 6. Photoemission spectra for 1 MLgdZNi(110) (top), and for 8 ML
) WWW P 4N Cso/Ni(110 (bottom) using hv =55 eV. The zero-coveragéare nickel
.8 e WW\WWM A spectrum has been subtracted from the top spectrum. The solid lines are fits
a L ‘ /i to the data. There is a clear increase of the FWHM for the two leading
w“‘fj/ o valence bands for the monolayer system: 1.0 eV and 0.95 eV as compared to
A g s 0.6 eV and 0.7 eV for 8 ML g,
B d
1 1 1 I 1 1 i

0 8 6 4 2 o = to have purer charactet*~1® The latter is a pair of degen-
erate molecular orbitals. With increasings@&dsorption the
more strongly bound £ valence electrons can also be
FIG. 5. PES from the clean Ni10 crystal and for G coverages as indi- clearly observed. They have mixed and o contributions.
cated in the figurehv=>55 eV from the undulator. Peaks labled HOMO, Note the complete attenuation of the nickeband emission

HOMO-1 refer to electron emission fromy§ Featured is the nickeld-band
emission. The FWHM of the HOMO and the HOMO-1 bands increasesfor Ceo coverages no larger than two to threg Gionolayers

from 0.6 to>1.0 eV for the 8 ML coverage and 1 ML coverage, respec- @S @ consequence of the electron mean-free patlgjheing
tively. on the order of one & layer?! which is consistent with the
AES data presented in Fig. 4. This also explains why almost
identical photoemission spectra are obtained for 8 ML and
coverages have been estimated by linear extrapolation fromgjig G, films. Note that the low intensity ratio for HOMO-1
low coverages which is valid assuming unit sticking prob-to HOMO (about 0.35 in the present 55 eV excitation experi-
ability. The AES signal from 1 ML coverage has been crossmeny is a consequence of the strong variation in the partial
checked by suitably annealing a multilayer film: Due to thephotoionization cross section for the outermogg @alence
stronger(chemical bonding of Gy to nickel as compared to  grpjtals. This is thought to result from electron interferences

the Gso—Ceo bonding*® the multilayer system desorbs until a que to the formation of standing waves in the nearly spheri-
single monolayer of g remains. Under these conditions we ca| cage structure of theggmolecule??

Binding Energy [eV]

the G, ordered monolayer. the two leading g, valence features at low coverage which
is increased by ca. 60% in comparison to the thick fiims. As
IIl. RESULTS AND DISCUSSION shown in Fig. 6, the full width at half maximugFWHM) of

the HOMO and HOMO-1 band is about 0.6 eV for the 8 ML
and >1.0eV at 1 ML coverage(Note that in Fig. 6 the
Figure 5 displays the valence photoelectron spectraero-coverage nickel spectrum has been subtracted from the
(PES of Cg/Ni(110 as a function of the g surface cov- 1 ML Cgqspectrum). This large absolute value of the FWHM
erage up to 8 ML. The energy scale is referenced to théor the monolayer system is consistent with strong-@etal
(nickel) Fermi energyEgs which by definition corresponds to interactions(see below. We observe no binding energy
zero binding energy. All spectra were taken at 55 eV photorchanges for the valence electrons as a function of coverage
energy(from the single bunch undulator radiatiorThe la-  except a slight change in the peak shape of the feature at 8
beling of the G levels follows the notation introduced in eV binding energy. The HOM@y separation is 2.0 eV for
Refs. 14 and 15. For the clean surface we observdtb&nd all coverages. Possible LUMO band formation effects due to
photoelectron emission from nickel onlpeak labeledd). charge transfeCT) from occupied metal states are entirely
The nickel Fermi edge, indicated ¢ lies 5.05 eV below masked by the strong substradeband emission energeti-
the vacuum level for NiL10).2° Already at very low cover- cally coinciding with the G, LUMO. We note that the above
age the characteristic photoemission lines frogg liecome  observations regarding the zero peak shift plus the peak
visible, the first two arising from the HOMGCh, and broadening are rather unlikely to directly reflect the
HOMO-1 gq4, hy, respectively, both of which are assumed multilayer—G-substrate interactions. In a most recent work

A. One-photon photoemission: C  4,/Ni(110)

g:
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Maxwell et al?> have convincingly demonstrated that the va-broadening is interpreted as strong evidence of covalent
lence peak shiftgrelative to the substratEg) observed for bonding between adsorbate and substfateévolving
films thicker than ca. 2 ML g, on different metal sub- changes in the physical structure of thg, @olecule which
strates, largely reflect steady-state charging and screening éfr turn lowers the degeneracy of thg @lectronic states.
fects consistent with the molecular character of soligahd From the above comparison with other monolayer sys-
are not due to the direct multilayer-metal interactions. Theems we can conclude that thggEnickel interaction has a
authors also address the resulting consequences for propgrong chemical character and manifests itself in a pro-
energy referencing of the measured multilayer features toounced valence level broadening. The strong binding as
eitherEg or E 4.2 The zero binding energy shifor miss-  such is not a surprising result for a transition metal. The
ing shift) obtained in the present work is likely to result from interesting point here is the specific manifestation of this
three-dimensional growth patterns after the first monolayer i®inding which differs from system to system, e.gg S also
completedz,4 i.e., possible intrinsic shifts due to the strongly chemically bound on a gold substrate having almost
multilayer-G, interactions would appear to be masked bythe same workfunction as nickel, but the peak broadening
islanding which averages over several coverages. Multilayeihere is small while instead the energetic shift is pronounced.
islanding may in fact be responsible for the somewhat largefgain, one has to be careful about drawing meaningful con-
FWHM obtained for our multilayer valence features as com-€lusions from the multilayer “artificial” peak shift&> None-
pared to the literature valué$!? This, of course, does not theless, the current results once more demonstrate that dif-
apply for the 1 ML system. ferent effects have to be accounted for in order to describe
For comparison, & adsorbed on various other metal the complex binding interactions. This also applies to the
surfaces shows more or less pronounced shifts and/or broag@xistence of the LUMO-derived band which is obviously a
ening of the two leading valence bands. For instance, ofiesult of some sensitive balancing between simple(igiick
Au(110 (WF=5.1 e\) the four leading valence featurésx- ~ bonding and molecular hybridizatiofHOMO-to-emptye
cept the secondare shifted by 0.9 eV to lower binding en- band effects. Unfortunately, the strongd-band emission
ergies for the monolayer as compared to higher coverageiearEr in the present case precludes the actual observation
which has been attributed to thedd.UMO pinning at the ~ Of the LUMO band formation which would be very valuable
metal Fermi levet® The HOMO is then located at ca. 1.7 eV in order to correctly interpret thegg-nickel interactions. It
(below the nickeEg), in contrast to 2.6 eV for the thick film. IS noted that based on a vibrational analysis, applying high-
Note that 2.6 eV plus WF almost reproduces the ionizatiorfésolution electron energy-loss spectroscdpiREELS,*
potential 7.6 eV of free moleculargg?® This in turn brings ~ €a. 2.3 electrons are transferred from th€lNID) surface into
the LUMO very close t&E and LUMO mixing might occur.  €ach Go molecule. _ _
However, no new structure nefi- associated with a par- ~ Strong chemical bonding ofggto nickel has also been
tially filed LUMO has been observed for an AL0) sub- evidenced by the extreme stability of the 1 Mlgg@Ni(111)
strate(also Ref. 8. The absence of a distinct LUMO-derived System upon high fluence pulsed laser light irradiafie, _
band has been attributed to additional metal—substrate inteffolecules in direct contact to the nickel substrate survive
actions. Hybridization between the Altbands and the g  Internal temperatures up to ca. 3000 K due to very efficient
 levels has been inferred from that stuyAlso for 1 ML dissipation of excitation energy from the adsorbate into the
Ceo/Ag(111]) [WF=4.6 eV] all the valence levels shift. The metal substrate on the time scale of the laser pulse width
HOMO binding energy, e.g., increases steadily with coverWhich was 20 ns. For comparison, decomposition of the free
age from 1.85 eV at 0.5 ML to 2.7 eV at 30 Mi..Even ~Molecule is on the microsecond time scale at these
LUMO band formation effects due to CT from metslp temperature$? A (catalyzedl decomposition of & mol-
electrons into the g LUMO exist for the silver monolayer epules occurs only for laser fluences corresponding .to tran-
system. Band formation for 1 ML g/Ag(111) has been sient surface.temperatures .above 3000 K. Considerably
confirmed in another photoemission study, showing, howStronger bonding for g on Ni(110 as compared to noble
ever, negligible HOMO binding energy shifts as a functionmetal surfaces has also been inferred from lattice strain ar-

of surface coverag&Confusingly, in the pioneering work of 9uments in a LEED studsf Furthermore, based on discrep-
Ceo—Metal interactions no LUMO-derived band was ob-ancies between the charge states which have been obtained

for the different Gg vibrational modes in HREELS it was
also suggested that the adsorbed molecule is anisotropically
gistorted due to bonding with the nickel surféée.

served for Gy/Ag.’

Surprisingly, the observed peak width for thgy@ickel
monolayer system appears to be very similar to the finding
for aluminum and platinum substrates. They@l (111
{WFAI(111)]=4.2 e\} monolayer system is characterized
by particularly large broadening of the HOMO and HOMO-1
features, up to 1.2 eV for 1 ML &.*? This is greater than Figure 7 gives a simplified schematic of the energy level
any previously measured FWHM of the HOMO band fgpC diagram for the 1 ML Gg/nickel system, depicting the rel-
monolayer systems but not too different from our presentvant states involved in our present two-color time-
observations and from 1 ML ¢ Pt(111).° Despite the low correlated 2ppe experiment. The solid lines in the left part of
WEF for Al which is smaller than for Ag and Cu no LUMO the figure represent theggoccupied energy levels as ob-
band formation due to CT occurs. Nor is there a LUMO tained from the measured photoelectron spetig. 5. The
effect observed for platinum. Generally such pronouncecenergy scale corresponds to the measured binding energies

B. Laser/synchrotron 2ppe: 1 ML C  4,/Ni(110)
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FIG. 7. Schematic energy level diagram for the 1 Mg, Mli(110) system.
Left: Solid lines refer to occupied electronic states gf. Mashed lines
represent normally unoccupieddstates. The HOMO and HOMO-1 bind-

ing energies have been taken from Fig. 5 which justifies the LUM@Ho- F|G. 8. Laser-excited valence photoemission spectrum from 1 ML
alignment. RightE is the metal Fermi edge and the sketchelland width Ceo/Ni(110) for laser off(a), 761 nm(b), and 750 nn{c) excitation wave-
corresponds to the maximum density of states. LR1 and LR2 represent offength. The excited states were probed with 55 eV undulator pulses at zero
tical transitions(by the laser pulseinto the G unoccupiedt,, hy bands  time delay. Binding energy scaling is with referenceéto. The new feature

from the partially filled(by CT from the substrajd UMO t,, and fromthe  atE.+1.8 eV is due to the ejection from the transiently occupigg )
metal Fermi edge, respectively. SR indicates the ejection of electrons fromands as sketched in Fig. 7.

these excited states into the vacuum by a 55 eV undulator-synchrotron
pulse. WF is the NiL10) workfunction (5.05 e\j.

near 1.8 eV assuming zero level shiftdence, an extra peak

in the PES centered at abdit + 1.8 eV may be expected to
and illustrates the LUMQ&r alignment. For the 1 ML sys- result when probing the laser-pumped surface by the time-
tem the G features may be safely referencedBp as dis- correlated synchrotron pulse.
cussed above. Dashed lines refer to the energies of unoccu- This is in fact consistent with our experimental observa-
pied G, states which are only known for the solid film but tions shown in Fig. 8. The figure gives an expanded valence
are unknown for the 1 ML system under investigation. Forphotoelectron spectrui®5 eV excitatiof obtained for 1 ML
simplicity, in Fig. 7 we have adopted the corresponding pealCg,/Ni(110), similar to the one displayed in Fig. 5. Different
positions from the optical absorption spectrum of thicl C curves to the right oEg correspond to different laser condi-
films;?® i.e., we have not attempted to account for possibleions. Spectrum(a) is the reference with the laser off.
polarization screening effects. Level labeling again followsClearly, a new feature near 1.8 eV abdwg appears in the
the notation introduced in Ref. 15. The right part of the fig-PES when the pump laser is on and synchronized with the
ure represents the metal energy level diagram together witBR pulse. Two different laser wavelengths 761 [in60 eV,
the metald band at maximum density of statesg is the  (b)] and 750 nn{1.65 eV;(c)] have been used. The experi-
nickel Fermi energy. The actual pump/probe experiment isnent has been reproduced several times. Note that the indi-
represented by the vertical arrows indicating the absorptionidual spectra have been displaced vertically by a constant
of a laser photorfLR) and the undulato(SR) excitation by  offset with respect to each other. To guide the eye the base-
which the transiently excited electron is ejected beyond thdine fit from case(a) is also shown in comparison with a fit
vacuum level. Two different laser pump channels denotedsolid line) to the data in spectré) and(c).
LR1 and LR2 may be principally distinguishable. LR1 cor- The width of the extra feature is on the order of the one
responds to the direct excitation from the partially occupieddetermined in Fig. 6 which shows that the new feature truely
Ceo LUMO (t4,) into a higher normally unoccupied pair of originates from the proposed transition. The fact that the
states (,,,hg)—which is an optically allowed transition. +1.8 eV-band can be occupied using 1.6 eV photons clearly
LR2 in Fig. 7 accounts for the possibility of the indirect implies that either the £ LUMO partially extends abovEr
population from resonance scattering into empty; §tates or that hot metal electrons are created thus considerably
from metald electrons incident upon the surface. smearing out the Fermi edge.

According to this simplified level picture the lowest op- We have also varied the time delay between the LR and

tical transitiont,,—t5,, hy is expected to begin near 1.6 eV the SR pulses such that the SR pulse arrives 1 ns and 2 ns
(corresponding to the onset of thg,, hy bands; center is after the LR pulse. For both these delays the 1.8 eV feature
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was not observed. Although such a rapid relaxation wouldContract No. 05 650BMA 6. The authors wish to thank M.
appear reasonable due to fast coupling to the metal substrat@pse for developing the PLL synchronization electronics and
we want to emphasize that the delay variation experiment&. E. B. Campbell for critically reading the manuscript.
have not yet been thoroughly cross checked. Hence we re-
frain at the present moment from communicating a relax-, _ _ _ ,

. . . . See, e.g., review article by R. Haight, Surf. Sci. Rep.275(1999, and
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