VOLUME 80, NUMBER 8 PHYSICAL REVIEW LETTERS 23 EBRUARY 1998

Ultrafast Charge Transfer Times of Chemisorbed Species from Auger Resonant Raman Studies
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We demonstrate that high resolution autoionization studies for core excitations under Auger resonant
Raman (ARR) conditions can be used to extract extremely fast charge transfer (CT) relaxation times
for chemisorbed molecules on a metal surface. For thes @nd Cls bound resonances of CO on
Ru(0001), ARR behavior is almost completely suppressed; from its small remnant detectable by its
linear dispersion with photon energy, CT times below 1 fs can be determined. For CO on a Xe spacer,
only dispersive Raman-type decay is seen; i.e., no CT occurs. [S0031-9007(98)05348-4]

PACS numbers: 82.65.Pa, 32.80.Dz, 32.80.Hd, 73.20.Jc

Quite generally, resonant excitation of a core electrorcally above the Fermi level, the resonant Auger spectrum
to a bound state by photon absorption leads to neutraibtained under ARR conditions consists of two types of
core excited states which subsequently decay via autoiomecay channels, coherent Auger Raman type and incoher-
ization (or resonant Auger decay). If such an excitation issnt normal Auger type [12,13], in contrast to the case of
performed with photons with a bandwidth lower than theisolated atoms where only coherent Raman-type channels
width corresponding to the respective core-hole lifetimeare observed. To explain this observation, a model has
two distinct effects are observed: The energy of the resobeen developed which takes the localization of the reso-
nant Auger electrons shows linear dispersion with photomantly excited electron into account. If the resonantly ex-
energy, and the linewidth of the respective decay chareited electron stays spatially localized at the site of the
nels is no longer influenced by the natural linewidth of thecore hole up to its decay, the decay channels exhibit the
core hole. ARR effect. When the coherence of excitation and decay

These effects, commonly termed Auger resonant Ramais lost because of charge transfer of the excited electron
(ARR) effects, are based on the coherence between excitaro the substratdeforecore-hole decay, the subsequent
tion and decay of the core-hole state [1]. They were firstecay spectra do not show the ARR effect.
observed in the x-ray energy range by Broemnal. [2] Therefore, the ratio of Raman versus non-Raman chan-
in 1980. Since then they have received considerable atiels can be used to determine the lifetime (or inversely
tention in atomic and molecular electron spectroscopythe charge transfer rate) of the excited electron with re-
because they allow the obtaining of spectroscopic inspect to the core-hole lifetime. Because the core-hole life-
formation on excited atomic or molecular states withtime, which is usually in the femtosecond regime, is used
unprecedented detail [3]. The bulk of published ARR stud-as an “internal clock,” the time scale of the transfer process
ies so far concern isolated noble gas atoms [4—6], whiclean be determined in the femtosecond to sub-femtosecond
are well understood theoretically [1,7]. ARR spectroscopyregime. Assuming that the core-hole lifetime is nearly
of molecules is much more complicated and informa-independent of the chemical environment and the trans-
tive because of the influences of nuclear dynamics durinfer time is inversely proportional to the absolute square of
core-hole decay [8,9], and lifetime-vibrational interferencethe transition matrix element, the charge transfer tigge
effects in resonantly excited decay spectra [10,11]. can be calculated agt = 7r/(f~' — 1), wheref is the

In this paper, we will describe the first observation ofbranching ratiof of the Raman-type decay channels, and
these effects for a chemisorbed molecule on a surfacer is the core-hole lifetime [14,15]. With this method,
We will demonstrate how their presence or absence foshorter times can be resolved than in typical time-resolved
coupled systems like adsorbates on a surface can be uspdmp/probe laser experiments.
to determine the lifetime of extremely fast decaying (sub- The charge transfer rate depends sensitively on the cou-
femtosecond) electronic adsorbate resonances. Besidpkng between adsorbate and substrate and on the local
the fact that the lifetime of excited adsorbate states is an indensity of unoccupied substrate states. The latter depen-
portant unknown for the understanding of all photochemi-dence is the reason for the observed energy dependence of
cal processes, we note that there is a general connectidine fraction of the dispersive Raman-type decay channels
of the surface coupling thus observed with the adsorbatacross a resonance [12,13].
bond. We believe that our approach can be generalized It has been shown previously that in the case of strongly
and may also have significance for other fields, such asoupled chemisorbates the decay spectra of resonant and
semiconductor physics. nonresonant excitations are essentially equal and indepen-

It has been shown recently that, for atoms physisorbedent of primary energy, which means that the resonant
on metal surfaces with a resonance state lying energetéxcitation decays via very fast charge transfer into the
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fully relaxed core-hole ground state [16—18]. Until now, into the substrate), so that the electron in this orbital
the fraction of coherent decay channels (termed Ramais decoupled from the core hole. Hence, the linewidth
channels above) of strong chemisorbates was assumeddb the 27" resonance is strongly influenced by the
be too small to be observable. The incoherent normdifetime of the excite®#* electron, which is considerably
Auger decay channels were considered to be so domreduced by the fast charge transfer (CT) process [21].
nant that they would cover up all potential decay chanHowever, because this width can contain other than
nels from unrelaxed excited core-hole states. Howevelifetime effects, both homogeneous (mainly broadened
we will show that, with excitation under ARR conditions, vibrational structure) and inhomogeneous, it cannot be
even small contributions with Raman-type behavior bedirectly used to obtain CT times.
come discernible, because their linear dispersion with ex- At the lower energy side of the7r* resonance, a small
citation energy sets them off from the normal predominanshoulder with a photon energy of 530.8 eV can be found.
Auger contributions. The Ru(0001) crystal has a high density of unoccupied
X-ray absorption (NEXAFS) and resonant Augerstates in a narrow energy range above the Fermi level,
experiments were performed at the ELETTRA storagevhich couple to the CO via its strong hybridization
ring in Trieste (Italy) at the SuperESCA beam line, with the metal. The energetic position of this so-called
using a modified SX-700 monochromator with a flux of Fermi level step [29] implies that the center of the™
10'? photong’s at a resolution of 5000. This experimental resonance lies about 1.8 eV above the Fermi level.
station consists of a standard ultrahigh vacuum chamber The resonant Auger decay spectra after excitation with
equipped with a spherical sector electron analyzer (VSWinely varied photon energies at the high energy side of
CLASS150, 16-channel detector), which was used fothe2#* resonance are shown in Fig. 1. The direct photo-
taking the decay spectra. NEXAFS was measured bgmission contributions as deduced from off-resonance
collecting secondary electrons with a partial yield detecmeasurements are subtracted; only the resonantly en-
tor. For the measurements of chemisorbed CO at thbanced features are displayed. At kinetic energies below
O 1s edge, the photon bandwidth was 100 meV and thé&20 eV, dominant decay channels into final states with
analyzer resolution about 250 meV. For physisorbedwo holes in the valence shell of CO are observed. It
CO, NEXAFS and Auger spectra were recorded at theés obvious that the energies of these decay channels are
C 1s resonance with resolutions of monochromator andot influenced by the photon energy; only their intensities
analyzer of about 50 and 60 meV, respectively. Theare. Hence, these dominant decay channels, which fol-
sample was cooled by a homebuilt vertical liquid Helow the charge transfer process, show normal Auger-type,
cryostat with a base temperature below 10 K, and cleanedondispersive behavior. Therefore, we conclude that they
and annealed by standard procedures. The saturatsthrt from the same screened core-hole ground sthte
chemisorbed CO monolayer was prepared by exposinggr the charge transfer process. So far, they were the
the sample to 10 L CO (wheré L = 107® Torrs) and only channels seen in resonant as well as nonresonant
heating to 200 K [19]. For the physisorbed CO layer,decay [16—18].
first 10 L Xe (to produce a Xe bilayer) was dosed, Now, however, two small resonantly enhanced peaks
followed by 1 L CO, producing a dilute CO monolayer. with kinetic energies higher than 520 eV are observed,
All preparations were controlled with high resolution which show roughly linear dispersion with photon energy,
x-ray photoelectron spectroscopy measurements. as can be seen plotting the decay spectra versus binding
CO is the prototype molecular chemisorbate on metalenergy (BE) (see right side of Fig. 1) where they appear at
surfaces and has been amply investigated also by x-ragonstant binding energy. These coherent resonant decay
absorption [20,21], Auger [22], and autoionization [23,24]lines, which can be assigned #or~! and 5o~ !'/17 !
spectroscopies. On Ru(0001), as on many otheretals, states at BE's of about 11 and 8 eV [30], result from de-
chemisorbed CO is oriented vertically with the carboncay channels where the resonantly excifetl electron
atom attached to the surface [25]. The interaction with theloes not relax into the metal before the core-hole decay,
partly filled d band splits the primarily unoccupied @@  but takes part in the resonant Auger decay (“participant”
level into occupied bonding and unoccupied antibondindines). Because of the overwhelming intensity of the nor-
27-d7 hybrid states [26,27]; in addition, the interaction mal Auger channels, we cannot determine the dispersive
with the d metal leads to an increase of the binding  Raman-type transitions leading to states with two holes in
energy because of repulsion in thespace [26]. the valence shells (with the resonantly excifed” elec-
Figure 1 (inset) shows the NEXAFS spectrum of thetron acting as a “spectator”) which must lie below the
saturated monolayer of CO on Ru(0001) at the oxygemlominant nondispersive decay channels. However, tak-
K edge. With a total linewidth of about 2 eV, tBer*  ing the ratio of participant and spectator channels from
resonance at 532.6 eV of the chemisorbed molecule isur measurements of physisorbed CO mentioned below,
much broader than thes resonance of gas phase CO which was found to be about 1:7, we can estimate the to-
with a linewidth of 1.2 eV [28]. Because of the strong tal ratio of Raman to Auger channels. We find a fraction
hybridization of the2# valence orbital, the resonantly of at most 10% for the Raman channels. With an as-
excited electron can delocalize very quickly (i.e., hopsumed Ols core-hole lifetime of about 6 fs [28] and the
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FIG. 1. O1 — 2#* photoabsorption (inset) of the saturated CO monolayer on a Ru(001) suFadedicates the position of

the Fermi level), and QXKLL resonant Auger spectra (after subtraction of the photoemission background) at ithe-Q#*
resonance. The photon energy (narrow-band excitation) varies across the resonance as given. The plot against kinetic (left part)
energies emphasizes the Auger channels; that against binding energies (right part), the Raman channels.

formula given above, the charge transfer time can beatible with the same conclusions. They are not shown
estimated to be of the order of 0.6 fs. The absolutéhere, therefore.
accuracy of this value is low (possibly up t©50%) We have found the opposite extreme to be realized in
because of the overwhelming strength of the Augetthe corresponding results for CO molecules physisorbed
channels. We note that the situation would be mucton a Xe bilayer. Because of the very weak surface bond,
improved for less extreme branching into the Auger andhe electronic properties of such (rather disordered [17])
Raman channels, which for the same ultrafast transfdayers are essentially unchanged compared to the isolated
times could be achieved utilizing core holes with muchmolecule. Correspondingly, the vibrationally resolved
faster decay times.

Figure 2 shows that the charge transfer probability ) p o
depends also on the excitation energy. The intensity |Peak Ratio: 40 -Part. / 46" 45" 2n -Auger

ratios of the4o~! and50 ! /17 ~! decay channels to the 0,15
decay to the screenetr "'40~! hole state (503.2 eV) 0.10.] \I
are plotted versus photon energy. While there is still ’

I/

a background problem, these relative values are more 0,05
accurate than the absolute one. Note that the lower part .
of the resonance is missing since, in the range below
532.0 eV, the Raman channels are still hidden below the
(stationary) Auger channels. The ratios increase strongly 0,20
with photon energy above the maximum of the resonance. ] /&
. . . 0,15+
Hence, also, the charge transfer time increases with ] X {

photon energy, or with distance of the resonance energy 0,10 }
¥

0,251 Peak Ratio:

1561 "-Part. / 46745 '2n'-Auger

Part./Auger Ratio

from the Fermi level. The most likely explanation is

0,05 01s"25*' res. max.

the density of unoccupied states of ruthenium, which,

as mentioned, is highest just above the Fermi level and o004 +—t

decreases to higher energies, leading to a decline of 532,0 532,5 533,0 533,5 534,0 534,5

the charge transfer probability with increasing photon Photon Energy [eV]

energy. FIG. 2. Variation of the Raman/Auger intensity ratios as a

'Similar, although less _resolved, results have been ol ciion of photon energy, for théo (top) and theso /14
tained for x-ray absorption and resonant Auger decayhottom) participants. The Auger decay line at 503.2 eV has
spectra of chemisorbed CO at thelCedge and are com- been taken as representative of the Auger lines.
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C 1s~'27*! NEXAFS spectrum (not shown here for spaceCO on a Xe spacer layer on Ru(001) behaves essentially
reasons) is found to be nearly identical to gas phase datke gas phase CO and shows no charge transfer into the
[31]. We find an inherent Lorentzian linewidth of 95 meV metal, which is due to the fact that now the resonance lies
which excludes any contributions from intermolecular de-below the Fermi level.

cay processes, as seen for chemisorbed CO. Not surpris-We thank D. Cocco and M. Barnaba for their technical
ingly, therefore, the autoionization spectra also essentiallipelp during data acquisition. Financial support of this
represent the gas phase data, the main difference being thabject by the Deutsche Forschungsgemeinschaft under
no vibrational fine structure can be resolved in them, inProject No. Me266/22-1 and by the EC Large Scale
spite of our sufficiently high overall resolution. Detailed Installation program ERBFMGETCT950022 is gratefully
analysis for the clearly set-off participant lines revealedacknowledged.

that, compared to the isolated gas phase molecules, these
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