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Electronic structure of benzene on N{100) and Cu(110): An x-ray-spectroscopy study
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The valence electronic structure of benzene chemisorbed @0liand C§110 has been studied using
angle-dependent x-ray emission and x-ray absorption spectroscopy. These techniques allow us to resolve the
benzeng contributions involved in the chemical bond. Symmetry selection rules observed in resonant inelas-
tic x-ray scattering are applied for the adsorbate case to identify the symmetry of séates formed in the
chemical bond. Based on x-ray absorption results we conclude that benzene adsorbs with the molecular plane
parallel to both surfaces. On Ni a new, thirdstate is observed 1.8 eV below the Fermi level. Comparing
resonant and nonresonant excitation its symmetry character is identified as beidygfe. The correspond-
ing 7* e,, x-ray absorption intensity is strongly reduced. This is attributed to a splitting of the previously
unoccupieck,, orbital into bonding and antibonding states due to adsorbatebstrate 8 interaction leading
to a 7 backdonation bond. Moreover, a broad distributiorvefymmetric states is observed all the way up to
the Fermi level, indicating that despite of rehybridizatierstates also contribute to the chemical bond. On
Cu(110 in contrast a new, thirdr state is cut by the Fermi level. This indicates a resonancelike broadening of
the e,,, orbital due to interaction with the Csp band. Additional benzene density of states is observed that
tracks 7 emission and is attributed to weak hybridization in the chemisorbed state. The presented results give
insights in the bonding of benzene to metal substrates and suggest that the-dsuation bonding model of
benzene to metal surfaces has to be extended.
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[. INTRODUCTION substrate, i.e., a dominatingdonation bond in contrast te
backdonation. Moreover, it was suggested that rehybridiza-
One of the goals in surface science is to understand théon is weak, compared to, e.g., olefinic hydrocarbons, and
interaction between a gas particle and a surface in terms afespite weak rehybridization the contributionco§ymmetric
the chemical bond formed upon adsorption. For chemisorstates to the bonding is negligible.
bates this bond is naturally mediated via the valence states Today knowledge of the valence electronic structure of
present on both the adsorbate and the substrate. The identienzene on metal substrates is mainly based on photoemis-
fication of the modified electronic structure is therefore a keysion measurementsee Ref. 2 and references thejeémd
ingredient for the understanding of the adsorbate-substraome theoretical studiés® Photoemission reveals that only
chemical bond. the occupied out of plane orbitals (1e,4 and la,,) of the
The technical importance of hydrocarbon adsorption ormolecule exhibit significant differential shifts upon adsorp-
metal surfaces has led to great interest in these systems atidn, usually interpreted as a signature for the involvement of
there exist numerous studies, addressing both fundamenttiese states in the chemical bond.
and applied issuesBenzene has been used for a long time  There is no uniform model of benzene chemisorption
as a prototype system to study these effects for a somewhfiom theoretical studies, however, all calculations reveal
larger, aromatic hydrocarbon molecule. While most of theseehanges in the benzemesystem. In line with the experimen-
studies address structural topics, such as the symmetry of thal observations, mainly a modification of the occupied
adsorption complex, i.e., the orientation of the molecule withstates was found. From semiempirical molecular orbital cal-
respect to the substrate, still little is known about the elecculations Andersoet al. predict a shift of the emptg,,, ()
tronic structure in view of the chemical bond itself. It is orbital to lower energies. They do, however, not find evi-
generally accepted that the molecule adsorbs with the aratence for electron transfer from the metal to the adsorbate
matic ring parallel to almost all metal surfacdsr a compi-  for their cluster models of the Pt and (Wl.1) surface® Jing
lation see, e.g., Refs. 1 and. Zhis adsorption geometry has and Whitten investigated benzene chemisorption did Nj
led to the conclusion that the bond to the substrate involveby ab initio calculations using a cluster approdcfhe au-
mainly the benzene out of plane orbitals. Upon benzene thors find= donation and backdonation contributions, where
adsorption a decrease of the work function was found thatharge transfer from the adsorbate to the substrate domi-
suggests a negative dipole moment of the adsorbed specigmtes. They conclude, that the strongly interactingrbital
While work-function changes are certainly a rather indirectis located 7.6 eV below the Fermi level and that benzene
indication they nevertheless were used to argue that benzewebitals do not participate significantly in the bonding. Tight-
bonding involves a charge transfer from the adsorbate to thkinding calculations studying mainly structural aspects pre-
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dict that benzene ring distortions on R@hl) and P¢111) large enhancement in intensity for the states close to the
result from donation-backdonation bondiddt should be ~ Fermi level when the fully relaxed core-hole state is used.
mentioned that all calculations cited are restricted to fixedlhis enhancement resembles the singular behavior close to
positions of the surface atoms. Recent LEED studies of théhe Fermi level described in the above-cited electron gas cal-
saturated benzene layers on(B01) (Ref. § and Ni111) culations. In contrast, this effect is not seen in the experi-
(Ref. 9 however, demonstrate that benzene chemisorptioﬁﬂenta| spectrd’ Instead, the structures close to the Fermi
causes a significant substrate reconstruction, while the betgvel are well reproduced using frozen orbitals in the core-
zene ring is almost unaffected. This indicates the difficultieé_m'e state. There are additional effects not taken into account

that might occur by modeling benzene chemisorption with 4n the calculations, such as valence-hole relaxation and dif-
fixed. bulk terminated surface structure. ferences in electron correlation, which might cancel the

While some occupation of the unoccupiedstates(e,, model-induced core-hole effects. We can argue that adsor-

andb,,) is thus predicted by theory, no direct evidence Wasbate systems containing carbon are close to the case of nearly

found experimentally. However, a considerable fraction offu" bands W|th.weak or even negl|_g|ble S'F‘gu'af. behawor.
Further theoretical as well as experimental investigations are

electronic states that are formed in the surface chemical bond™,." . ) :
can hardly be probed with photoemission, since they overla| efinitely necessary to prov!de_ a deeper understanding of all
! ese effects and to set a limit for the use of the final-state

with the metal valence band and are therefore obscured b N ) : . .
le. While it is tempting to use XE intensities to describe

substrate emission. It has recently been demonstrated, th ) . -
the chemical bonding and thus ground-state properties, we

this particular limitation can be overcome using x-ray emis- . . P

sion spectroscopyXES).1%1 In XE the contribution of haye res'trlcted_ the analysis of benzene bpndmg in the fo!-

states located on the adsorbate can be separated from SLIJ?)WI.?.g d's?f[ﬁs'c;(né to 'argumllents co dnfﬁ ming the tenerrgﬁnc

strate emission, since the valence density of states is prob@cﬁ’s' lons of the AE €mission fines and their Symmetry while

via an intermediate, core-excited state and the energies &omplementa_ry information on intensities is derived from the
X-ray absorption spectra.

emission lines from different elementadsorbate and sub- In this work we compare angular-dependent XES studies
stratg are thus separated by the respective corehole bindin ) -
9 b y P g the electronic structure of benzene on th€180 and

energies. The final state of the emission process, however, o .
a one-hole, quasiparticle state as in valence-band photoemi u(_llQ) substrates. Ch_anges of _the emission spectra with
sion (UPS. excitation energy are discussed in terms of symmetry con-

Thus selective excitation of different core levels, e.g., in a3erving resonant inelastic x-ray scatteri®/XS) and used

heteronuclear molecule, allows to project out the vaIenc@E a .tocilbto ge'tfrén.mfed.the ongin cf>fbstates formlgg In the
electronic structure on each individual atomic site. More spe9. emical bond. A brie bl!sc?s?ﬁllog 0 T]nzenel 3'(] ) IS

cific, for carbon thegp components of the valence orbitals in given in a previous publicatiof. From thermal desorption
the excited state are projected on thecbre hole. States of spectroscopy it is known that benzene chemisorption is

different symmetry are furthermore identified by use of an-Stronger on Ni than on Cu sgrfac%‘sz. A detallgd picture of
gular dependent XESsee, e.g., Ref. 13 the bonding on a microscopic level however is still missing.

As already mentioned contrary to photoemission the in_Due to the different energetic positions of ttdands with

termediate state in the XE process contains a core hole, whifgspect to tlrlle Fermltlevrfl and thutshto the It_)enzefrﬁ'stbem
the initial state(prior to absorption of the exciting photpn one generally Expects changes in the coupling ot the benzene

corresponds to the ground state and the final state to a on?—.‘T—OrbltaIS to the substra andsp band.
hole quasiparticle state. Thus the energies of emission lines
can be directly related_to_the binding en_ergies me_asured_ in Il EXPERIMENT
valence-band photoemission. Note that differences in the line
shape may still occur due to different vibronic coupling in  The experiments were carried out at beamline 8.0 of the
UPS and XES. The important question remains, howeveradvanced light sourc€éALS), Lawrence Berkeley Labora-
what influence the core hole has on the intensities of the XEory. This beamline combines a 8% cm period undulator
spectrum. Based on experimental results from XES orwith a modified spherical grating monochromator. The beam
simple metals, van Barth and Grossmann formulated what isize, critical for XES, is measured to be smaller than 100
known as the final-state rufé.In accordance with the theory X100 um. The end station consists of two UHV chambers
of Grebennikov, Babanov, and Sokotbthey found that the for sample preparation and analysis. The base pressure in the
spectral distribution is governed by the final-state electronisystem was X 10 ° mbar. The analyzer chamber is rotat-
configuration(i.e., without the core ho)eweighted by a dy- able around an axis parallel to the incoming beam and
namic factor resulting in a singular behavior near the Fermhouses an electron energy analy#cienta SES 20( an
level. These dynamic effects correct for the influence of thex-ray emission spectrometésoth mounted perpendicular to
core hole. Model calculations for an homogeneous electrothe incoming beamand a multichannel plate detector for
gas demonstrate that dynamic effects become more impox-ray absorption measuremerf)AS).
tant for metallic systems with nearly empty barté&%in the The XA spectra were recorded in partial yield mode and
case of filled bands the core-hole effects can be neglecteddoubly normalized to the signal of the clean sample and to
Recent cluster calculations of the XE process for CO orthe photon flux as measured by the photocurrent from a fresh
Cu give no significant modification of the interpretation us-evaporated gold mesh placed close to the final refocussing
ing ground-state frozen orbitaf&ithout core holgor a fully ~ optics of the beamline. The undulator gap and monochro-
relaxed core-hole state for the more tightly bound valencenator were scanned in parallel and the resolution of the ex-
electrons, respectivel. However, the calculations show a citing radiation was set to about 50 meV. The sample surface
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is tilted with respect to the incident beam by 3°. Thereby
excitation geometries with the field vector aligned parallel
and nearly perpendiculdB® tilt) to the surface are realized ?](f E 420 oV
by rotating the crystal by 90° around the axis of the incoming
light. For an undulator beamline we expect a degree of linear
polarization around 90—-100 %. This was confirmed experi-
mentally by the XA spectra of CO on {00 and format on
Cu(110 with well-known adsorption geometries.

By rotation of the spectrometer chamber grazing and nor-
mal XE spectra are recorded for a fixed excitation geometry.
For the present experiment the field vector of the incident
radiation was aligned parallel to the surface normal. XE
spectra for normal emission are collected along the surface T
normal, while grazing emission spectra were recorded with 305 300 295 290 285
the spectrometeientrance slitrotated by 80° with respect to Binding Energy (eV)

the sample n(_)rmaﬂsee also the inset of _Flg.).?)The .XE. . FIG. 1. XPS spectra for benzene on(NI0 (top) and C§110
spectrometer is based on gratings operating in grazing |nC|(—

. bottom) measured at a photon energy of 420 eV. The respective
dence and a movable multichannel dete€foThe accep- shakeup regions are shown on an enlarged intensity scale.

tance angle of the spectrometer defined by the entrance slit,
oriented along the axis of the beam, and the illuminated arepronounced for an ope(i10) substrate and is likely to ex-
of the gratings is about 3°. The resolution of the spectrometegplain the observed line broadening on the Cu surface. A
was set to 0.5 eV, corresponding to a slit size ofu20. The  similar sampling effect could arise from different adsorption
bandwidth of the exciting radiation was 0.8 eV. The samplesites of the molecule.
is mounted on a computer controlled manipulator and was The shakeup regions for the two systems are compared on
cooled by liquid nitrogen to 80 K. To avoid damage of the an enlarged intensity scale. Two peaks, more pronounced for
overlayer during the XE measurements the spectra were cobenzene on Q10 (6.2 and 8.8 ey?’ shifted towards
lected by scanning the sample in front of the spectrometehigher energies on the Ni00) surface(6.7 and 9.8 eYare
entrance slit with fixed excitation geometry. All measure-observed. For free benzene several shakeup peaks, which are
ments were performed in grazing incider@s) to enhance assigned to transitions within the system, are found in the
the surface sensitivity. energy range between 5 and 11 ¥\Note that for the free
Saturated benzene overlayers or(100) were prepared molecule monopol transitions in the system require that
by annealing predosed multilayers to 200 K. On(Tlf) the  the ground-stat®g, symmetry is reduced t€,, upon cre-
monolayer was prepared by dogi8 L at 80 K via gprefilled  ation of the core hole. This lowering of the symmetry from
volume with a multicapillary array outlet. For the saturatedDg, to C,, is accompanied by a splitting of the former de-
benzene layer on NL0O) ac(4x4) low-energy electron dif- generatedr and #* levels, leading to several, energetically
fraction (LEED) pattern was observed in accordance with theseparated, allowed monopol shakeup transitf6rigom the
findings in Ref. 25. The layers were characterized by highshakeup spectra rather indirect conclusions of the electronic
resolution x-ray photoelectron spectroscdpyPS) and x-ray  structure of the adsorbed molecules can be drawn. Overall

CH¢/Ni(100)

C¢Hg/Cu(110)

Intensity (arb. units)

absorption spectroscogXAS). the shakeup spectra are strongly influenced by the bonding of
the benzene molecule to the substrate. By comparison to the
IIl. RESULTS AND DISCUSSION XP spectrum of the free mplecule the two .resol'ved peaks for
benzene on Q10 are attributed to transitions in theand
A. XPS 7" manifold. For Ni these transitions are smeared out and

XPS spectra recorded with a photon energy of 420 eV ar&hifted to higher energies. The more pronounced structures
depicted in Fig. 1. TheCls line appears at 284.1 eV for ON Cu indicate, that the benzemesystem closer resembles

benzene on NLOO) and at 284.9 eV on the €110 surface. that of the free_ molecule. This i_s in line with the expected
For the Cu surface the mainline is significantly broadenedVeaker interaction of benzene with the Cu substrate and thus
[full width at half-maximum(FWHM) 1.15 e\] as compared smaller hybridization with metal states and will be corrobo-
to benzene on N{FWHM 0.7 e\). We can distinguish be- ated by the XA results.
tween homogeneous and heterogeneous broadening. Differ-

ent mechanism of homogeneous line broadening in core-

level spectra from adsorbed molecules are discussed in the To independently characterize the orientation of the mol-
literature, such as dynamic screening of the final coreecules and to determine excitation energies for resonant in-
ionized state and vibrational broadenitege, e.g., Ref. 26  elastic x-ray scattering XA spectra were recorded for two
The magnitude of this effects depends on the coupling to thexcitation geometries. Spectra measured with out of plane
substrate in the core exited state and the corrugation of th@op) and in plane polarizatiotbottom are depicted in Fig. 2
initial- and final-state potential, respectively. For larger mol-for benzene on NiL0O) (solid line) and Cy110) (dashed
ecules like benzene the molecule extends already over seline). The excitation geometries are illustrated as icons in the
eral adsorption sites and thus site-specific changes of thiggure.

potential in the initial and final core-ionized state will lead to  The spectra have been aligned on a common energy scale
an additional line broadening. This effect should be moreby measuring the Fermi edge at the start of each scan and

B. XAS
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L uted to theCls— b, transition(second emptyr orbital).?
XAS Schwarzet al. concluded that, due to configuration interac-

— CgHg / Ni (100) tion, this transition has substantial amount of highest occu-
-------- CgHg / Cu(110)

pied molecular orbital-lowest occupied molecular orbital
[C(1s)—ey,, e14—€y,] shakeup charactéf.Recent static
exchange(STEX) calculations by Petterssoet al. of the
benzene XA spectrum predict that the oscillator strength of
the b,y transition is too weak to account for pe&k®’
Accordingly peakB has to stem mainly from shakeup con-
tributions. We therefore attribute the absence of a distinct
transitionB for benzene on Ni to a decrease in shakeup in-
tensity, as already observed in XPS.

With the deduced orientation the double peak struckire
has to haver symmetry. A C-H character of the first transi-
tion (X) has been proposed by Menzstal, based on an

T T T T TI enhanced hydrogen desorption yield in the condensate, while
280 290 300 310 320 broadening of th@=3 Rydberg series could account for the
Photon Energy (eV) residual intensity® The mentioned STEX calculations for

FIG. 2. Comparison of XA spectra for benzene orgp  the free, planar moIeCL_ﬁé38 predict in line only significant
(solid lineg and Cy110) (dashed lings The icons indicate the |nter_1$|ty foro symmetric trar\SIIIOHS above t,he mglnllne.
orientation of the field vector with respect to the surface. The ver- Finally we have to explain the nonzero intensity around

tical lines mark the respective XPS binding energies; the labels arthe position of the main lin€A) in the in-plane geometry
explained in the text. channel, seen both for Ni and significantly smaller for Cu.

_ o This additional feature in ther channel is somewhat nar-
cross checked using a characteristic carbon structure of th@wer compared with ther resonance. A simple interpreta-
monochromator. From this procedure we estimate an relativgon of the structuré would imply a small inclination of the
error of the energy scale below 0.1 eV. The spectra are noking plane with respect to the surface. As recently pointed

Intensity (arb. units)

malized to provide comparable edge-jump intensities. out by Mainka and co-workers there is, however, a feature in
Overall the strong polarization dependence indicates &irtually all XA spectra reported for planar aromatic mol-
well-oriented adsorption complex on both substrates. ecules and moreover unreasonable large tilt angles would

Six structuregA, X, B, C', C, andD following the labels  ysually result in contrast to other experimental observa-
in Refs. 29 and 30can be distinguished. Even though theretions3* The authors therefore conclude that the additional
exist a large number of experimerffa® and theoreti- intensity in theo channel has to be attributed to a rehybrid-
caf®**%studies, the assignment of these transitions is stillzation of the molecules, i.e., afupward bending of the
controversial. benzene C-H bond. This is in line with the calculations in

The strong pealkA at threshold[285.2 eV on N{100  Ref. 38, where already for the free molecuteintensity in
and 284.9 eV on Qd10] is universally assigned to the the ¢ channel was predicted upon bending up the hydrogen
Cls—m*(e,,) transition. Based orXa calculations peak atoms of the benzene molecule. For the adsorbed molecule
C and D are assigned to molecular shape resonaroes this 7 derived intensity is not evenly redistributed in the
symmetry.*® The pronounced, opposite polarization depen-spectrs® i.e., one cannot simply scale the intensity and
dence of peal@ versusC andD is therefore a clear indica- add it as a whole to the channel. We therefore attribute the
tion that benzene is adsorbed with the ring plane orientegr-derived intensity in ther channel to a rehybridization of
parallel to the Nj100) as well as to the Q110 surface. This  the molecule or a distortion of the molecular frame, rather
adsorption geometry is in line with previous near-edge X-raythan a tilt of the molecular plane. The larger effect on Niis in

absorption fine strucutre measurements fgdgon CU110  line with the expected stronger coupling to the substrate. As

(Ref. 33 and the results for N111),>%° Ni(110,*° and  will be discussed below further evidence for a rehybridiza-

Cu(111.4 tion of the benzene molecule upon adsorption is found in the
While the spectra for benzene on Ni exhibit only oneemission spectra.

structureC at 293.5 eV, two peak€’ (293.4 eV and C We cannot, however, completely rule out that part of the

(294.1 eV are clearly separated for the Cu surface. From thebserved=* intensity stems from a small fraction of mol-
polarization dependence and energy position p@akiden-  ecules adsorbed on defect sites and tilted with respect to the
tified as the shape resonane@esymmetry, while peakC’' is  surface plane as discussed in Ref. 32 or a small tilt of all
assigned to ar shake up transition in line with multiconfigu- molecules. In the latter case we would, however, expect a
ration Hartree-FockMCHF) calculations’® which predictan  comparable shape and width of tkecontribution in theo
admixture ofw shakeup transitions in this energy region. Thechannel. More likely, small amounts d¢fe)adsorbed mol-
somewhat weaker polarization dependence of p€aks ecules in the second layer could lead to a physisorbed, tilted
compared to peab observed for benzene on (D0 and  benzene species, giving rise to someintensity in theo
reported for other substrat@supports the given assignment. channel with narrower linewidth.

The “out of plane” spectrum for Cu shows a distinct  The deduced flat adsorption geometry for benzene on
peak at 288.7 eVB, not separable for benzene on(N30), Cu(110 is in contrast with a recent investigation by Lomas
which according to itsr symmetry character was first attrib- et al*? Based on angle-resolved UPS and high-resolution
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vibrational spectroscopy the authors propose a significant tilt C. XES
(10-209 of the benzene ring plane on @10 for all cov-
erages. We note that none of the technigliesduding XAS)
allows us to determine the magnitude of the tilt without cer-
tain assumptiorf$ and that further structural investigations
are necessary to clarify these contradictions.

While for the Cu surface the benzene XA spectrum im-

Angle-resolved XES in combination with simple dipole
selection rules allows us to determine the orientation of ad-
sorbed molecules. More important for oriented molecules,
states of different symmetry can be separated and the nature
of new electronic states formed in the chemical bond is iden-

g 4 tified. Since the emission process involves a core hole, the
mediately starts with peak, a small structure at the onset of g3me dipole selection rules as in XAS are appropriate and to
the spectrum is observed for benzene oflBO) intheoand 1o same extent the symmetry of the adsorbed molecule,
m channel. From careful experiments we can rule out thajaiher than the symmetry of the adsorption complex, i.e., the
tr.usf additional intensity is due to atomic carbon, which ex'symmetry group of molecule and substrate, is probed. For
h'b't434 a structure at somewhat lower photon ene@$3  ne present case, a benzene molecule adsorbed with the mo-
eV).™ One might argue that this additional intensity is due t0jgcjar plane parallel to the surface, it follows that in normal
the lc_)rogdemng of ther resonance. However, t_he similar in- emission only states withr symmetry are observed, while in
tensity in theo channel is unlikely to be explained by rehy- g5;ing emission both and  orbitals are probed. Since the
bridization only. Thus we observe some additional benzeng, citation and decay process are coupled via the intermediate
o density at the onset of the absorption spectrum on Ni, buliaie even more restricted selection rules may apply for reso-
not on Cu. We will see, that thi contribution has a coun- ¢ x_ray emission. This has recently been shown to be the
terpart in the XE spectra. case for condensed benzéWesor excitation to the lowest

XA spectra can be interpreted by the use of the so-called,occypiedr(e,,) orbital RIXS reveals that the emission

final- and initial-state rules, which state that the shape a”%llows mainly dipole selection rules according to tBe,

position of XA resonances is governed by the final, Core'point group of the ground staf&.In other words, the core

excited statgfinal-state rulg, while the total intensity of a hole in the intermediate state can be described by tg 1
9‘?’?‘” transiti'on reflects the occupancy of the Coqgsmndingepresentation and therefore only dipole transitions from
initial state, i.e., the gro'und sta(mltlal'-state rule.” It is by, by, €14, ande,, valence orbitals are allowed. Due to
beyo_nd the scope of this paper 1o dlsc_uss th? quantitativgiy, . nic coupling in the intermediate state these selection
validity of the initial-state rule and we will use it therefore rules are, however, not strictly fulfilled, and still some emis-

only for a qualitative analysis. sion for symmetry forbidden orbitals is observed. Fluores-

.The comparison of the NEXAFS. spectr.a fpr benzgne OMtence spectra for higher excitation energies are in contrast
Ni(100 and Cu110 reveals immediately significant differ- reported to be quite nonresonantlike and emission from all

ences.b'll'hehmajor fe:;]ltur@s B, C, ﬁ?nth, for benzenehon Chu valence states is observ&dn the present study these obser-
resemble the gas-phase spect nThis suggests that the | a4ions are used to unequivocally determine the symmetry
overall weak interaction with the substrate leads to Small:haracter of states involved in the bond and to address the

changes of the electronic and geometric structure, i.e., ”tﬂ%uestion of symmetry breaking due to the adsorbate-

hybr_lfqllzatlonh and dIStOI’tIOkI: of tgef m?alecule. In rfon_traStsubstrate chemical bond. Therefore excitation energies at the
significant changes are observed for benzene od0Ui.  ,tion of theCls—e,, transition and 5 eV above reso-

As compared to the Cu surface theshape resonances nance with the polarization perpendicular to the surface were

andD are shifted to lower photon energies. This indicates ahosen. Before we discuss the spectra in more detail a brief

expansion of the ring and thus a weakening of the C'Cdescri tion of the raw data and the steps to obtain pure spec-
bond®® An expansion of about 0.1 A of the molecular P P P P

. ; . tra for o and 7 states seems appropriate. For this purpose we
radius was determined in a recent LEED study of th bprop purp

. will concentrate on the emission spectra recorded for ben-
(ﬁx V7)R19.1°-benzene overlayer on(4LY) (Ref. 9 and  ;ene on Ni and point out conclusions immediately evident
is thus not unexpected for the (D0 surface. In addition from a revision of the raw data only. The corresponding

* H . .
the benzener” resonance is broadened and reduced in iNgpectra for normal and grazing emission are depicted in Fig.

tensity as compared to Cu. A similar.intensity reduction iS3. The experimental geometries are sketched in the inset.
also seen 6for peakB and C', which involve 7 shakeup In addition to emission from the benzene monolayer de-
transitions’® Overall the strong coupling will lead to a hy- tected in the first order of the x-ray grating spectrometer, Ni
bridization of ther system with substrate states and we ex-sypstrate emission is seen in third order. The well-known Ni
pect a broadening of the involved molecular transitions. ASsmission lined sM, 5 (851.5 eV}, L,M, (868.8 eV}, and the
discussed in Ref. 38 an additional distortion of the moleculafnner transitionL;M; (742.7 eV} (Ref. 48 result from bulk
frame can give rise to new features, such as the observaskcitation due to third and higher harmonics of the undulator
shoulder of the mainline. Moreover, the significant decreasand monochromator. Despite the fact that substrate emission
of the total benzener intensity on Ni suggests a change in lines are useful to calibrate the energy of adsorbate XE spec-
occupancy of the corresponding states. In contrast, for berira within one measurement, the overlap of the Ni emission
zene on Cu only modest broadening of theresonance is lines with the benzene signal in this particular case is cer-
observed and we expect only slight changes in occupandginly an experimental limitation. However, since the inter-
and weak distortion of the molecular frame upon chemisorpaction of the outgoing photons with the adsorbate layer is
tion. These observations are further corroborated by the XE8egligible the obtained XE spectrum is a pure sum of adsor-
results. bate and clean substrate emission and subtraction of the Ni
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Emission E Vv
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270 280 270 280
XES . CeHg / lili(100) | CgHg / éu(110) |
hv = 286 eV ; hv = 286 eV hv=285eV 15,

1ay,,

o grazing emission
O normal
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gsl)o FIG. 4. Left: CgHg/Ni(100); The XE spectra of Fig. 3 decom-
posed inm (dashed lingand o (solid line) symmetric contributions

as described in the text. Spectra are normalized to unit area. The
emission energy scalgop) is converted to a binding energy scale
with the Fermi level at 0, as described in the text. The assignment
of the benzene valence orbitals is indicated at the togtate$ and
bottom (o state$. Right: CgHg/Cu(110).

i 260 270 280
Emission Energy (eV)

P
250

FIG. 3. X-ray emission raw spectra for tieé4 X 4) monolayer
of benzene on NL100. The excitation energy of 286 eV corre-
sponds to the &— 7* (e,,) transition. The field vector was aligned
perpendicular to the surfa¢gy plane. Emission spectra are shown

for grazing emissiorix andz polarization, filled areaand normal e The described procedure is also justified by frozen-

emission(x andy pola_rlzatl_on, plain areaBenzene emission bands orbital one particle calculations for the free molecifiave

are labeled as described in the text and summarized in Table I jixe to emphasize that while the subtraction might still affect

details of the spectrum, i.e., the exact energetic position of

background does not generate genuine artifacts. The addPdividual emission linesin particular the exact weight and

tional peak at 286 eV stems frofiyuasjelastic scattered Position of the B,, 7 band, the gross features are little

photons. influenced. Spectra modified in that way are depicted in Fig.
For photonenergies below 281 eV seven structures can b for CeHe/Ni(100 (left pane} and GHe/Cu(110 (right

; i feai pane).
gfentgedE azngle:niznegg eBmlrsésslggctti)\?er}SSBl)? Egﬁizisgﬁ to The amount of substrate intensity was determined from

recent calculatior’ for the free molecule and to the gas- the NiL3M, (247.56 eV and thel ,M, (289.6 eV lines,

. which do not overlap with the benzene emission. For Cu
phase UPS spectrdfhthese bands are assigned to the Va'.only the wealkl ;M transition(270.4 eV, excited with fifth-

lence orbitals of benzene as summarized in Table I. In addi- - -
) . rder radiation from the undul lls in the energy ran
tion, seen in the raw spectra, a shoulder around 282.5 e0 der radiation from the undulafofalls in the energy range

. f benzene emission and subtraction of substrate emission is
(A’), not seen for the condensed ph&5is, observed. Com-

. . thus not critical.
paring both measurement geometries reveals that &g 1

) > - " The spectra are transferred to a valence-state binding-
!
and ]a.Z“ m orbltal_s(band.sA_andC ) give rse to_add|t|ona| energy scale with the Fermi level at 0 using the fact that for
intensity for grazing emissiofgray areg while in normal

> . systems with metalliclike screening, such as chemisorbed
g;n:;zlosr;grr:ly orbitals of symmetry(bandsF, E, D, C, and molecules, the position of the Fermi level on an emission

| ds to the XPS -level binding erté
As mentioned above this angular dependence of the Xgae correspones 1o the core cvel dncing erergy
c

. . ) 84.1 eV for benzene on NI00) and 284.9 eV for benzene
spectra confirms that benzene is adsorbed with the molecul 00

n CU110]. We estimate an absolute errorsD.2 eV due
plane parallel to the NL0O surface. Based on the adsorp- to uncertainties in the calibration of the XE spectrometer.

tion geometry a spectrum displaying states with pigym- Overall good agreement with binding energies determined by
metry can be extracted from the raw data. A spectrum showpg s found(see Table | and )l

ing mainly 7 contributions was obtained by normalizing the For benzene on NL0O) [Fig. 4] the spectrum form

o o , ?}llmmetry(dashed lingreveals now three distinct peaks, the
emission spectrunix andy polgnzgtlor) fr_om the grazing la,, and le,, out of planes orbitals and a third state not
emission spectrurx andz polarizatior). This normalization seen for thegfree molecule 1.8 eV below the Fermi level

relies on the assumption that the emission intensities arﬁ ~ . e
dominated by atomic like,, py, andp, to 1s dipole tran- abg_ledrr). For normal em|.SS|o(la.symmetry, SOI'd. Im@em
Nt : é’:lddltlon to the already assigned five benzene emission bands

sitions and are of equivalent intensity independent of th ) S .
polarization(x, y, or z). (see Table)lintensity is observed all the way up to the Fermi

The subtraction was also tested with somewhat differentevel (labeledo). This spectrum is obtained by subtracting
intensity ratios of the recorded normal and grazing emissiodhe Ni substrate contributions only, leaving therefore no
spectra with the resulting spectra being, however, little influ-doubt that the additional featueeis genuine. Comparing the
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TABLE I. Assignment of the emission bands of benzene on XES
Ni(100: Ee, is the measured photon enerd¥ is the binding ™. - states
energy related to the Fermi level as described in the BX{UPS |77 86:5 ; ﬁ:'zggog)
— Ve'ls

are UPS values for the saturated benzene layer ¢hll)i taken

from Table 2 in Ref. 2E 4,5 are photoemission results for gaseous m
benzene relative to the vacuum lev&ef. 49 and AE is the de- "é'
rived shift between gas phase and adsorbed molecule. 3
o
[
Orbitals Eem Eg Es  Egas AE i‘;
Band (symmetry (eV) eV) (UPS (eVv) (eV) = o - states
=
A e(7) 2823(0.) 1.8 2
[
A leg(m)  279.000.1) 5.1 5.1 93 4.2 =
B 3eyq 277.8(0.)) 6.3 6.2,6.8 11.7 54 P
’ 2e C TN
C lay(w) 276.3(0.3 7.8 81 122 44 -~ 293619 s, %
3ey, 83 141 A P ST I
15 10 5 0
C 1by, 2754 87 87 147 60 Binding Energy (eV)
2by,, 10.1 155

FIG. 5. The x-ray emission spectra of Fig. 4 separatest and

D 3ay, 272.9(0.3 112 11.3 17.0 58 o symmetric contributions for gHg/Ni(100) (solid line) and
E 2¢,,  270.6(0.) 135 135 193 58 CeHs/Cull0 (dashed ling
F 2eq, 267.1(0.2 17.0 228 5.8

In addition, we observe smaller differential shifts of 0.4

energetic positions of all valence states to the gas-phase ph8Y for the 1a, and 1.0 eV for the & r orbitals indicative
toemission spectrum reveals that they Jand lay,  orbit- of a weaker interaction of the molecule with the substrate.
als are shifted with respect to tlelevels by 1.6 eV and 1.4 This shift is usually explained as a chemical shift due to a
eV to higher binding energiesee Table)l bonding interaction of ther orbitals with the substrate. The
For better comparison the and o contributions of Fig. 4  term “bonding” in this context is, however, somewhat mis-
are separated for both substrates in Fig. 5. For benzene d@ading, since it implies that the higher binding energy of the
Cu(110 again another, thirdr state is observed but this state 7 orbitals indicates a stabilization of the bond between ben-
is now located at the Fermi level and the emission intensityene molecule and substrate. While the observed shifts will
is weaker as compared to the Ni substrate. This state hagialitatively reflect the interaction strength of the occupied
recently been observed by two photon photoemission corprbitals with substrate states, the net contribution to the
firming the proximity to the Fermi leveéf Moreover, noc  chemical bond is not obvious.
intenSity is observed at the Fermi level, while weak addi- On the other hand, the XE Spectra demonstrate thatmew
tional emission(labeled o) is found in the binding-energy states are formed below the Fermi level. To further clarify
range of 3-5 eV. the nature of these states emission spectra excited at the
resonance and 5 eV above are compared in Fig. 6. No further
change of the emission spectra on Ni was observed at an
excitation energy of 315 eV, i.e., 30 eV above it reso-

TABLE Il. Assignment of the emission bands of benzene on
Cu(110: Eg, is the measured photon enerdyg is the binding
energy related to the Fermi level as described in the EBx(UPS

are UPS values taken from Table 1 in Ref. &g, are photoemis- nance. . . .
sion results for gaseous benzene relative to the vacuum (Beél The intensity ratios between the different bands depend

49) and AE is the derived shift between gas phase and adsorbe@PViously on the excitation energy, while within experimen-
molecule. tal errors no energetic shifts are observed. Normalizing the in

plane spectra to ban@ (2b,,, 1b,,, and 3,, orbitalg
Orbitals Eem Eg Eg Egas AE results in an enhancement of the remaining emission peaks

Band (symmetry (eV) (eV) (UPS (eV) (eV) (3eyy, 314, 3ey, and to some extent). The same effect

is observed for ther states. The emission intensity from the

A’ () 2845 0-04 1 4% bitals i 10 T
A ley(m) 2805 4.4 46 93 49 ayy and leyq orbitals increases as compared to thetate
as the excitation energy is switched. This change can be
B 3e, 277.8 7.1 7.1 11.7 4.6 L
. 1 9 2770 79 83-103 122 43 understood by reviewing the results for the condensed
3zu(m) : : o ) ' phasé’ The excitation to ther*e,, resonance results in
3ew 14.1 emission fromby,, b,,, €y,, and e,, valence orbitals,
C 1by, 2756 9.3 8.3-10.3 147 54 while other transitions are significantly suppressed. This can
2by, 15.5 be described in terms of a conservation of Ehg, symmetry

in the excited state, i.e., by assuming a distinct symmetry of

D 3ay, 2732 117 11.8 17.0 5.3 the core-hole (dzz_gl) state according to the dipole selection
E 2ey, 2712 13.7 19.3 5.6 rules for theDg, point group. Similar to the condensate for
F 2ey, 267.4 175 2208 53 the chemisorbed molecule states belonging primarily to the

above representations are enhanced at off-threshold excita-
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Emission Energy (eV) therefore that the breakdown of inversion symmetry upon
270 280 270 280 bonding is stronger on Ni as compared to Cu.
T PO We like to emphasize that the expected symmetry reduc-
CgHg/ Ni(100) CgHg/ Cu(110) tion, in particular in the horizontal mirror planeDgy,
2866V ‘ —Cg,) and thus the loss of inversion symmetry, due to the

bonding of the molecule to the substrate is in both cases
present, but manifests itself only gradually in the spectra.
This is not too surprising, since in the XE process the va-
lence wave function§p contributior) are probed close to the
core, where the influence of distortion and bonding will be
weaker.

On both substrates the emission behavior of the stdte
different from that observed for the otherstates but agrees
with that expected for a state witlp, symmetry. We thus
conclude, that for both substrates the(e,,) orbital be-
comes partially occupied in the chemisorbed state. Since the

Intensity (arb. units)

3

3a,y 365

Bay, 3oy N

2%, ¢ & '2% e enhancement of the symmetric 2,4 state and ther sym-
e e e metric le,y state for off-resonant excitation is of similar
10 0 10 0 magnitude, ther state has to have predominantly, &har-

Binding Energy (eV) acter. We therefore expect minor contributions of the occu-

FIG. 6. Comparison of x-ray emission spectra for benzene orPied 7 states(1la,, and le,q) to the emission feature.

Ni(100) (left) and C{110) (right) for excitation at ther* resonance X-ray emission _enableg us now to elucidate the differ-
(solid line) and 5 eV abovédashed ling Top: = symmetric states. ences in benzene interaction with the(M0 and C{110
Bottom: o symmetric states. surfaces.

For Ni the additionakr emission line is clearly separated

tion. This effect is more pronounced for benzene on the Cirom the Fermi level and can thus be viewed as a distinct
substrate, i.e., where the interaction between substrate af@clecular orbital formed upon adsorption. The occurrence of
adsorbate is weaker. a single state ofr symmetry well below the Fermi level can

There are several mechanisms that will lead to a breakt-’e understood in a simple frontier orbital picture. Due to the
down of these selection rules. Due to the bonding to thdnteraction of thee,,, orbital with Ni states a pair of bonding

substrate, the symmetry of all wave functions is altered an nd antibonding adsorbate-substrate hybrid states is formed.

. . . . : he bonding combination is pushed below the Fermi level
has strictly to be described in the combined point group of ; . . e
. : . ; and consequently occupied. Evidently this leads to a stabili-

molecule and substrate, i.e., without inversion symmetry

. . . ation of the adsorbate-substrate bond. The molecular char-
Furthermore, the inversion symmetry of the molecule itsel

b bed b i di ; f the b ~acter of the bonding state implies that the respective anti-
can be perturbed by a static distortion of the benzene ring,,nqing combination has significant metal character. As a

Such .smaII distortions glgave been, e.g., proposed for benze'&%nsequence we observe a strongly redus&dntensity in
chemisorbed on F111),>" Ru(00D) (Ref. 8, and coadsorbed xas. The formation of a single bonding state rather than a

with CO on RH{111) (Ref. 54 and were predicted by recent pang suggest that tres, orbital interacts mainly with local-
calculations modeling benzene bonding on(T9).%® A jzed states, i.e. the narrow Niband.
comparison of the benzenestates for chemisorption on Ni |n contrast on Cu the observed additiomalintensity is
and Cu reveals indeed an indication for an expansion of th@veaker and cut off by the Fermi level. We thus can under-
benzene ring on the Ki0OO) substrate. The occupietistates  stand the bonding in a simple resonance mod&i.The =
for benzene on NiLOO are shifted towards lower binding (e,,) orbital is broadened upon interaction with the Cu sub-
energies(see Fig. 5 As discussed a similar shift to lower strate and the tail that reaches below the Fermi level gets
binding energies is also observed for the unoccupisthtes occupied. The model implies an interaction with a broad
(peaksC andD in Fig. 2). In a simple model the energetic band of states. This appears reasonable since thestates
distance between occupied an unoccupied states that are raoe located well below the Fermi level and interaction of the
involved in the bond to the substrate can be viewed as a ruler (e,,) orbital with the substrate should thus be dominated
for the bond length: a smaller gap corresponds to a longeby the Cusp band.
bond length. Since the XA spectra for benzene on Cu are The simple model derived for benzene bonding to Ni and
similar to that of the free molecule, we expect little distortion Cu does not involve the occupietistates. We observe, how-
of the molecule on Cu, while the observed shifts indicateever, a differential shift of the occupieded, and la,, =
some C-C ring expansion on (400). As will be discussed orbitals to higher binding energies indicative of an involve-
this C-C bond weakening is in line with the observedment of these states in the chemical bond. This is usually
changes in the benzene system. In addition, these static described in terms of a donation bond. In line with the
changes will alter the intramolecular vibrations and anystronger coupling to the substrate a larger shift is observed
change in symmetry the coupling of the normal modes of thdor benzene on Ni. Some mixing of Ni character in the
molecule in the intermediate state. orbital may be envisaged by the decrease efjlemission

All of these effects will be more pronounced when theintensity seen for Ni as compared to the Cu substrate. There
coupling to the substrate gets stronger and we concludis a possibility that some of the originakiy and la,, or-
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bitals have been pushed above the Fermi level forming antiweight of these contributions will play a crucial role for re-

bonding states with the Ni band. Ther resonance seen in action paths at higher temperatures and might be generally
XAS is substantially broadened and could contain many difimportant for hydrogenation and dehydrogenation reactions
ferent states ofr symmetry. Furthermore, part of the reduc- of aromatic hydrocarbons on metal surfaces. This might ex-
tion in the parity selection rule on Ni could be related to anplain that for the Ni substrate a dissociation of the benzene

excitation not only in the states eb, symmetry but also to  molecule is observed at higher temperatures, while for Cu
states ofe;; symmetry. However, based on the decrease OHesorption of the intact molecules occurs.

the 7r resonance in absorption we can conclude that on Ni the
7 backdonation is more prominent than thedonation. In
the case of Cu most of the evidence indicates only a small IV. SUMMARY

backdonation but we cannot completely rule autlonation. To summarize, the present investigation of benzene on

While the obs_erved backdonatlo_n of thg! orbital, BVeN  Ni(100) and C{110) demonstrates that angular resolved x-
so far not experimentally proven, fits well in the usual pic- 5y emission is a powerful tool for separating relevant fea-
ture of 7 bonding of the benzene molecule to metal surfacesy e of the electronic structure of even larger molecules on
a contribution of benzene states to the bond is surprising. g rfaces, not detectable with other techniques. The molecules

For Cu the additional shoulder falls in the region of are found to adsorb with the aromatic ring parallel to the
strong 7 emission. The two weak structures at energies beNi(100 and Cy110 surfaces. The suggested bonding
low 5 eV appear at the same binding energies as tg 1 with metal surfaces for such an adsorption geometry can be
ande,, orbitals seen in ther symmetry spectrum. We can specified: a strongr backbonding and splitting of ther
therefore anticipate some symmetry mixing due to rehybrid{e,,) orbital is found on Ni, while a resonance like broaden-
ization. ing of thee,, state occurs on Cu. These differences are dis-

In contrast, for Ni the situation is different. As for Cu and cussed in terms of the Newns-Anderson model, i.e., an inter-
similar to olefinic hydrocarborisan admixture ofr symmet-  action with the narrow N band and the broad distribution
ric states to ther bond will result from a rehybridization of sp states on Cu, respectively. The experimental result for
towards a tetrahedral configuration of the benzene moleculasenzene on Cu fits with theoretical calculations of the non-
bonds upon adsorption. This is in line with some of the resonant benzene emission spectrum. The calculations reveal
contributions observed in the channel in the absorption a peak close to the Fermi level, which was interpreted as due
spectra. Nevertheless, symmetry mixing cannot entirely exto states ok,, symmetry® In addition to ther state for Ni
plain the o spectra. We find significant intensity in x-ray  a significanto density of states is resolved all the way up to
emission all the way up to the Fermi level and, not as conthe Fermi level, which indicates a contribution @ftates to
clusively, someo intensity at the onset of the x-ray absorp- the adsorbate-substrate bond. On Cu in contrast additional
tion spectra. A simple admixture of states seems, however, intensity is only observed, where benzenemission is seen
not sufficient to explain the appearance of distinctivitates  and therefore attributed to weak rehybridization upon bond-
in the XE spectrum, since then we would expeet@lectron  jng.
distribution that resembles the state with a peak at 1.8 eV while without further detailed theoretical calculations it is
and weak intensity close to the Fermi level and not a flahot possible to specify the contribution of thesestates to
emission feature. the chemical bond, it is obvious that a simple frontier orbital

The origin of benzener symmetric states occupied up to picture is not sufficient to describe benzene bonding with
the Fermi level on the Ni substrate cannot be understood in ghetal substrates.

simple orbital-orbital interaction scheme. The broad band
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