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Observation of Neutral Atomic Fragments for Specificls Core Excitations
of an Adsorbed Molecule
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We have succeeded in detectingheutral atomic fragment produced by energy- and polarization-
specific molecular core electron excitations, enabling a comparison of oxygen atom and oxygen
ion yields from photon induced dissociation of chemisorbed CO molecules on the Ru(001) surface.
Resonances in th@° atom yield are observed at 534 afifi0 eV, but no enhancement is observed
for higher-energy excitations which stepwise increaseQfeyield. The mechanistic reasons for the
similarities and differences in neutral and ionic fragment production are discussed, with emphasis on
the influences of charge transfer and redistribution processes. [S0031-9007(98)05657-9]

PACS numbers: 34.50.Dy, 78.70.Dm, 79.20.La

Molecular photodissociation involves the interplay of polarization-dependent yield of neutral fragments follow-
both electrons and nuclei from the initial electronic exci-ing core level excitation provides, heretofore, unobtain-
tation to final fragmentation products [1]. In the study of able insights into surface-adsorbate bonding, as well as
photodissociation dynamics, one type of electronic excithe excitation dynamics and molecular photodissociation in
tation, namely, that involving the creation of a core hole,general.
is particularly interesting. This is because a core hole is The experiments were performed at HASYLAB, Ham-
a spatially well-defined charge vacancy which has a verypurg, using beam line BW3 [6]. The photon energy reso-
short (1-10 fs in lowZ atoms) lifetime. lution was set to-1 eV, and the energy scale calibrated to

Photodissociation driven by core excitation has beent0.2 eV by recording the absorption features of a 20-layer
explored for both free and adsorbed molecules. In thehick O, film [7]. The soft x-ray beam w&®® incident with
gas phase, both electron emission [2] and fluorescenaespect to the surface. The measurement geometry was
[3] from excited fragments have been detected. Howeversuch that the polarization vector was either fully within the
most studies to date, especially from surface systems, hageirface plane (denotetd, [5]) or 7° off normal(A;), while
focused for experimental reasons mainly on the detectiothe detector axis was always positioned along the surface
of ionic fragments [4]. Neutral dissociation products, normal. The neutral particles were detected with a sensi-
which may well constitute the majority, remain yet to betive quadrupole mass spectrometer (QMS) fitted with a lig-
investigated. uid helium cooled copper cap over the ionizer which was

Such measurements would be beneficial, because tloptimized for efficiency. Desorbing ions were detected
charge of a dissociation fragment is very sensitive towith a separate QMS having no ionizer.
both the nature of the molecule’s electronic structure The residual gas molecules (excdft) in the QMS
and its environment. For example, when a molecule isonizer region were effectively removed by condensation
chemisorbed onto a metal surface, the adsorption bondnto the cap’s inner surfaces [8]. To further enhance
provides an efficient charge conduit from the metal, greatlythe signal-to-background ratio, the soft x-ray beam was
affecting ion production [5]. When the electronic structurechopped and the QMS signal processed by a lock-in
leads to an extremely repulsive potential energy surfacamplifier. A neutral CO photodesorption spectrum and the
for the core hole state, the nuclei are accelerated. €O mass spectrum were used to determine and subtract the
some cases this leads to bond breaking in 5-10 fs [2]zontribution to theD® signal from CO molecules cracking
producing two neutral fragments, one of which containgnside the QMS ionizer [8]. We also measured CO partial
the original core hole. These two examples illustrate thaphotoabsorption by monitoring the electron partial yield
measurement of neutral fragments is required to bettausing a standard detector having a potentiak&50 V
understand fundamental charge transfer and redistributioapplied to a retarding grid. This detector was oriented at
processes occurring during photodissociation. a grazing exit angle for maximum surface sensitivity and

We have recently constructed apparatus to detect newperated in parallel with either the ion or atom detectors.
tral atom fragments from adsorbed molecules in order to The system base pressure wax 10~!'! mbar. The
study these important, yet poorly known aspects of photoRu(001) surface and well-orderedy/3 x /3) CO/
dissociation following core excitation. In this Letter, we Ru(001) overlayers were prepared using standard proce-
present results from a model adsorption system, that adures [9]. At this CO coverage, tt@* photodesorption
the simple diatomic CO adsorbed on the transition metalPSD) cross section is maximum, and the ion emission is
Ru. Our results illustrate that the photon energy- angeaked about the surface normal (see Ref. [4]). We dosed
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2C180 (99.8% purity) for easy discrimination against m and electron number in the initial excitation stems
ambient CO. from an increased number of possible multiplet staies
The experimental results are shown in Fig. 1. Theyfrom increasingly repulsive excited state potential energy
consist of theO® atom yield (AY), the electron partial surfaces.
yield (PY), and theD ™ ion yield (1Y) as functions of pho-
ton energy in theD 1s excitation region. Since the CO —— T
molecules are oriented)® to the surfacer-symmetry ex-
citations are observed fot,, geometry and those aof
symmetry forA,. In order to determine the relative des-
orption efficiencies on a per excitation basis, we display
the ratio AY/PY for both symmetries. The spectral as-
signments are from symmetry-resolved gas-phase absorp-
tion data [10],ab initio calculations [11], and previous ion
desorption data [5].
The PY 7-symmetry (PY,) spectrum has two peaks
at 534 and 550 eV. The first is théo 27 main reso-
nance. The second is assigned to be mainly due to the :
[lola7 2727 two-hole—two-electron(2k-2¢) shakeup 201 [to]2n
process, but there may be some contribution from the I !
[1o502 273 state [11]. The PYo-symmetry (PY,) .
spectrum is dominated by théo 60 shape resonance at 15F  f Hotn2nzn
550 eV while the peak at 534 eV is likely residual PY [ it
signal. Beyond 560 eV, the PY decreases similarly as the it
appropriate Ru partial absorption cross section. 10b F
As in the PY, spectrum, both th¢lo |27 resonance [
at 534 eV and th¢lo 172727 shakeup at 550 eV ap-
pear in AY,;, although with different weights. Comparing
peak widths, we find that the AY maximum at 550 eV
cannot be due to a residuad- shape resonance signal, in
agreement with gas-phase data [10]. Borthe similarity
between the PY and AY is less clear. At 550 eV, where
the 60 shape resonance appears as a well-defined, sym-
metric PY peak, we find a 10 eV broad AY feature which
resembles a step rather than a maximum. Beyond 550 eV,
the O° atom yield decreases uniformly, approaching 80% ol 1 | I
of the prethreshold signal at 625 eV. - m=1 2 3 4
In strong contrast to both the PY and the AY; IY T
increases stepwise in the same photon energy range un-
til it is 20 times the prethreshold value. These data agree
with earlier work [5], but show improved statistics, better
photon energy resolution, and a higher degree of polari- [
zation. There are three distinct resonances at 534, 550, ot
and 570 eV in the 1Y spectrum and smaller features at e . T
585 and 598 eV. The first peaklo]27) lies upon a
flat background, but the remaining ones all lie near or
partially over steps. These form a series of multielecFIG. 1. From bottom to top:O™ ion desorption yield (1Y),
tron ionization thresholds corresponding to two-hole andpartial absorption cross section from electron partial yield (PY),

' . 9 neutral desorption yield (AY), and relativ@® desorption
three-hole configurations above 550 and 570 eV, respe robability (AY /PY) as a function of photon energy from

tively. The peaks are bount_j n_eutral shakeup excitation@\/g x +/3) CO/RU001) in the O 1s excitation region. The
under each respective multi-ionization threshold. The eXgotted lines are forr-symmetry transitions and the solid lines

citation cross sections for the higheih-ne excitations for o symmetry. The AY, and(AY /PY), spectra have been
are much smaller than thigi-1¢ channels and, hence, are shifted down by 0.1 for clarity and all spectra are rescaled

; ; . to their prethreshold values at 526 eV. T@els ionization
not observed in absorption (PY), but they do appear IrE:ontinuum (on top) and multiple ionization thresholds with

desorption due to the coupling of the molecule with therespective hole number: (lower panel) are indicated. The

substrate which quenches thé-le channel. The gen- ° enhancement from the neutfdlo 172727 shakeup state
eral loss of spectral structure with increasing hole numbeis denoted by an arrow.
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The markedly different spectral shapes@ff andO* efficient delocalizationand localization of the molecu-
yield curves shown in Fig. 1, and the previous results folar excitation in asinglespectrum.
O** in Ref. [5], convincingly demonstrate the necessity Despite a great deal of experimental effort, two funda-
of detecting neutrals to obtain a comprehensive picture ainental questions regarding desorption from surfaces re-
PSD. The AY is structureless beyond 550 eV and beginsiain. First, what is the relative abundance of neutrals
to decrease at thee-2h threshold while thed™ IY then  and ions? Second, to what extent are outgoing ions neu-
displays its most intense features. Emission of the doublyralized and appear as neutrals? Our data show a cross-
chargedd** fragment is extremely weak below the three-ing point at 550 eV, whereafter neutral production falls
electron excitation threshold at 570 eV, indicating thatoff and that of ions increases. From this, we conclude
at least three-hole excitations are necessary for PSD d@hat excitations with three or more holés > 2) do not
o** [5]. effectively produce neutrals. This may not be surpris-
We note that the resonant peak structure in the AY andhg, but at least we have determined that multielectron
IY indicates that the photogenerated electrons originatingharge transfer in a single step from the metal is unlikely.
from the Ru substrate are not a major channel for the proAdmittedly, ion and neutral emission are two such com-
duction of fragments. In addition, our results show that theplicated and interdependent processes that a single mea-
maximain neutral and ionic desorption yields are clearly surement of a model system cannot hope to fully answer
related to photoexcitation of core electrons into unfilled or-all questions. But our results show it will now be pos-
bitals of valence type. Rydberg transitions betweer2the sible to begin to answer these questions for well-localized
resonance and th@ 1s ionization potential exhibit oscil- core excitations by future application of the neutral yield
lator strength in the PY, but are not pronounced in desorpmeasurement technique.
tion. As for the isolated molecule, excitations involving Photodissociation studies employing electron emission
more diffuse Rydberg orbitals do not weaken the-O  have measured fragments that undergo core hole decay,
bond as much as excitations into antibonding valence orand thus can directly observe an ionic fragment [2]. Our
bitals [12]. method measures a neutral fragment which initially con-
The overall probability of photodesorption is the tained a core hole, produced through two possible scenar-
product of the primary excitation cross section and dos. The first entails core decay of an intact molecule,
desorption probability [4]. In this simple two-step frame- charge redistribution, and subsequent fragmentation of the
work, the atom desorption probability can be judged fromdecay state. The second is charge redistribution and frag-
the ratio AY/PY in Fig. 1. The quantity IYPY is essen- mentation before decay. By the very nature of the mea-
tially the same as the 1Y spectrum and is not shown. Thisurement, the neutral yield technique provides a new type
indicates that excitation dependent resistance to quenchiraj information which is complementary to that obtained
governs the overall ion desorption probability. In thevia electron emission studies. Our model system illustrates
AY /PY ratio, however, we observe contrasting behaviothis point. Partial filling of the# orbital by donation of
for the [lo27 1h-le and the [lol7 2727 2h-2e  electrons from the metal along with donation of G@
bound double excitations. For the first, this ratimps  electrons to the metal is responsible for the Ru—CO bond.
indicating[ 1o 27 is the least efficien® 1s 7-symmetry  Core deexcitation spectra of CO on a variety of transition
resonant excitation fod° production. Thé¢lo 172727  metals show effective charge transfer into the orbital
excitation, on the other hanthcreaseghis ratio, making from the metal before core hole decay [13]. Calculations
it the most efficient. for a related system, CAZu(100), show dramatic charge
The result for th¢1o 27 state is to be expected becausetransfer for the[l1o] state where the net CO charge is
of its one-electron character and vibrational fine structur&®® = —0.48, compared ta@Q = +1 in the gas phase [14].
in gas-phase absorption [12]. A large primary absorptiorintramolecular charge redistribution also occurs. In the
cross section is paired with a relatively low desorptionequivalent core model) 1s core ionized CO is treated
probability. The[lol7 2727 excitation, on the other as CF [12]. AnO° atom leaving the molecule &©~)*,
hand, efficiently create®" for two reasons. The firstis be- which is core equivalent t& ~, can become neutral via
cause the molecular potential energy surface of the shakeygarticipator decay and emission of an electron. An elec-
state is very repulsive, reflected by an intrinsic 3 eV nattron in the2s orbital is available to be captured by such
ural peak width in absorption [10]. Second, electron cor-a process. Significantly, tHéo 17 2727 excitation has
relation acts to localize the excitation and prevent it fromtwo such electrons.
diffusing into the substrate, as is the case for ions [5]. For Ultrafast dissociation (UFD) processes entail appre-
the other symmetryo), the decrease in the AVPY ra- ciable nuclear motion on strongly repulsive potential
tio in the 60 shape resonance region shows how ineffi-curves during the very brief core hole lifetime, up to and
cient short-lived states are for neutral production, wheréncluding complete bond breaking [2,4]. Bond breaking
instead of a maximum the broatk ionization thresh- can also continue after core decay. Although most frag-
old is seen. The AYPY ratio in Fig. 1 is the first core ments might stem from dissociative spectator decay states,
excitation-induced desorption spectrum to illustrate bottwe believe that the AY peak at 550 eV most probably has
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an ultrafast dissociation contribution. Using the reflection [1] R. Schinke, inPhotodissociation Dynamics: Spectroscopy

method [1], we estimate tHé o 177|272 7 potential curve and Fragmentation of Small Polyatomic Molecul€am-

to have a gradient of eV/0.15 A =20 eV/A in the bridge Monographs on Atomic, Molecular, and Chemical
Franck-Condon region. Under a constant acceleration ~Physics Vol. 1 (Cambridge University Press, Cambridge,
from this gradient during th® 1s core lifetime (5 fs), an 1993).

[2] A. Menzel, B. Langer, J. Viefhaus, S.B. Whitfield, and

I 1 0,
O atom would traveD.15 A, which is almost 15% of the U. Becker. Chem. Phys. Let258, 265 (1996).

ground state equnlb'rlum CO bond length. Although this [3] R.A. Rosenberg, C.-R. Wen, K. Tan, and J.-M. Chen, in
is an upper bound, it shows that the atom likely travels @™ pegorption Induced by Electronic Transitions: DIET, IV

significant distance before core decay. o edited by G. Betz and P. Varga (Springer-Verlag, Berlin,
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tecting neutral atomic fragments created by energy- and4] P. Feulner and D. Menzel, ibaser Spectroscopy and Pho-
polarization-specific molecular core excitations. Results  tochemistry on Metal Surfaces: Part, ledited by H.-L.
from a model adsorption system show the necessity of such  Dai and W. Ho, Advanced Series in Physical Chemistry
measurements for the understanding of desorption from  Vol. 5 (World Scientific, Singapore, 1995), pp. 627—-684.
surfaces. The strong differences between neutral and iod] R. Treichler, W. Wurth, W. Riedl, P. Feulner, and
yields emphasize the importance of charge transfer pro- _ D- Menzel, Chem. Phyd.53 259 (1991).
cesses. The study of dissociation dynamics, the behaviof®] C-U-S. Larsson, A. Beutler, O. _Bjorneholm,"F. Feder-
of electronic and nuclear coordinates during fragmentation mann, U. Hahn, A. Rieck, S. Verbin, and T. Mller, Nucl.
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will benefit from _the measurement of neutral atomlc'fr.ag- 7] P. Kuiper and B.I. Dunlap, J. Chem. Phys00, 4087
ments. A total yield measurement alone cannot decisively” * (19g4).
discern whether a fragment originates from UFD or a core[g] s. P. Frigoet al. (to be published).
decay product. In conjunction with either time-of-flight or [9] P. Hofmann, J. Gossler, A. Zartner, M. Glanz, and
coincidence methods, however, a wealth of dynamical in-  D. Menzel, Surf. Sci.161, 303 (1985), and references
formation will be obtainable. For these reasons, we feel  therein.
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