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Electronic structure of benzene on Ni„100… and Cu„110…: An x-ray-spectroscopy study
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The valence electronic structure of benzene chemisorbed on Ni~100! and Cu~110! has been studied using
angle-dependent x-ray emission and x-ray absorption spectroscopy. These techniques allow us to resolve the
benzenep 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 newp states 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, thirdp state is observed 1.8 eV below the Fermi level. Comparing
resonant and nonresonant excitation its symmetry character is identified as being ofe2u type. The correspond-
ing p* e2u x-ray absorption intensity is strongly reduced. This is attributed to a splitting of the previously
unoccupiede2u orbital into bonding and antibonding states due to adsorbatep-substrate 3d interaction leading
to ap backdonation bond. Moreover, a broad distribution ofs-symmetric states is observed all the way up to
the Fermi level, indicating that despite of rehybridizations states also contribute to the chemical bond. On
Cu~110! in contrast a new, thirdp state is cut by the Fermi level. This indicates a resonancelike broadening of
the e2u orbital due to interaction with the Cusp band. Additional benzenes density of states is observed that
tracksp 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 usualp-donation bonding model of
benzene to metal surfaces has to be extended.
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I. INTRODUCTION

One of the goals in surface science is to understand
interaction between a gas particle and a surface in term
the chemical bond formed upon adsorption. For chemis
bates this bond is naturally mediated via the valence st
present on both the adsorbate and the substrate. The id
fication of the modified electronic structure is therefore a k
ingredient for the understanding of the adsorbate-subs
chemical bond.

The technical importance of hydrocarbon adsorption
metal surfaces has led to great interest in these systems
there exist numerous studies, addressing both fundame
and applied issues.1 Benzene has been used for a long tim
as a prototype system to study these effects for a some
larger, aromatic hydrocarbon molecule. While most of th
studies address structural topics, such as the symmetry o
adsorption complex, i.e., the orientation of the molecule w
respect to the substrate, still little is known about the el
tronic structure in view of the chemical bond itself. It
generally accepted that the molecule adsorbs with the
matic ring parallel to almost all metal surfaces~for a compi-
lation see, e.g., Refs. 1 and 2!. This adsorption geometry ha
led to the conclusion that the bond to the substrate invo
mainly the benzene out of planep orbitals. Upon benzene
adsorption a decrease of the work function was found
suggests a negative dipole moment of the adsorbed spe
While work-function changes are certainly a rather indir
indication they nevertheless were used to argue that ben
bonding involves a charge transfer from the adsorbate to
PRB 580163-1829/98/58~11!/7351~10!/$15.00
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substrate, i.e., a dominatingp donation bond in contrast top
backdonation. Moreover, it was suggested that rehybrid
tion is weak, compared to, e.g., olefinic hydrocarbons, a
despite weak rehybridization the contribution ofs symmetric
states to the bonding is negligible.

Today knowledge of the valence electronic structure
benzene on metal substrates is mainly based on photoe
sion measurements~see Ref. 2 and references therein! and
some theoretical studies.3–6 Photoemission reveals that on
the occupied out of planep orbitals ~1e1g and 1a2u! of the
molecule exhibit significant differential shifts upon adsor
tion, usually interpreted as a signature for the involvemen
these states in the chemical bond.

There is no uniform model of benzene chemisorpti
from theoretical studies, however, all calculations rev
changes in the benzenep system. In line with the experimen
tal observations, mainly a modification of the occupiedp
states was found. From semiempirical molecular orbital c
culations Andersonet al. predict a shift of the emptye2u ~p!
orbital to lower energies. They do, however, not find e
dence for electron transfer from the metal to the adsorb
for their cluster models of the Pt and Ni~111! surface.3 Jing
and Whitten investigated benzene chemisorption on Ni~111!
by ab initio calculations using a cluster approach.5 The au-
thors findp donation and backdonation contributions, whe
charge transfer from the adsorbate to the substrate do
nates. They conclude, that the strongly interactingp orbital
is located 7.6 eV below the Fermi level and that benzens
orbitals do not participate significantly in the bonding. Tigh
binding calculations studying mainly structural aspects p
7351 © 1998 The American Physical Society
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7352 PRB 58M. WEINELT et al.
dict that benzene ring distortions on Rh~111! and Pt~111!
result fromp donation-backdonation bonding.7 It should be
mentioned that all calculations cited are restricted to fix
positions of the surface atoms. Recent LEED studies of
saturated benzene layers on Ru~001! ~Ref. 8! and Ni~111!
~Ref. 9! however, demonstrate that benzene chemisorp
causes a significant substrate reconstruction, while the
zene ring is almost unaffected. This indicates the difficult
that might occur by modeling benzene chemisorption wit
fixed, bulk terminated surface structure.

While some occupation of the unoccupiedp states~e2u
andb2g! is thus predicted by theory, no direct evidence w
found experimentally. However, a considerable fraction
electronic states that are formed in the surface chemical b
can hardly be probed with photoemission, since they ove
with the metal valence band and are therefore obscured
substrate emission. It has recently been demonstrated,
this particular limitation can be overcome using x-ray em
sion spectroscopy~XES!.10–14 In XE the contribution of
states located on the adsorbate can be separated from
strate emission, since the valence density of states is pro
via an intermediate, core-excited state and the energie
emission lines from different elements~adsorbate and sub
strate! are thus separated by the respective corehole bin
energies. The final state of the emission process, howeve
a one-hole, quasiparticle state as in valence-band photoe
sion ~UPS!.

Thus selective excitation of different core levels, e.g., i
heteronuclear molecule, allows to project out the vale
electronic structure on each individual atomic site. More s
cific, for carbon thep components of the valence orbitals
the excited state are projected on the 1s core hole. States o
different symmetry are furthermore identified by use of a
gular dependent XES~see, e.g., Ref. 13!.

As already mentioned contrary to photoemission the
termediate state in the XE process contains a core hole, w
the initial state~prior to absorption of the exciting photon!
corresponds to the ground state and the final state to a
hole quasiparticle state. Thus the energies of emission l
can be directly related to the binding energies measure
valence-band photoemission. Note that differences in the
shape may still occur due to different vibronic coupling
UPS and XES. The important question remains, howe
what influence the core hole has on the intensities of the
spectrum. Based on experimental results from XES
simple metals, van Barth and Grossmann formulated wha
known as the final-state rule.15 In accordance with the theor
of Grebennikov, Babanov, and Sokolov16 they found that the
spectral distribution is governed by the final-state electro
configuration~i.e., without the core hole! weighted by a dy-
namic factor resulting in a singular behavior near the Fe
level. These dynamic effects correct for the influence of
core hole. Model calculations for an homogeneous elec
gas demonstrate that dynamic effects become more im
tant for metallic systems with nearly empty bands.17,18 In the
case of filled bands the core-hole effects can be neglect

Recent cluster calculations of the XE process for CO
Cu give no significant modification of the interpretation u
ing ground-state frozen orbitals~without core hole! or a fully
relaxed core-hole state for the more tightly bound vale
electrons, respectively.19 However, the calculations show
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large enhancement in intensity for the states close to
Fermi level when the fully relaxed core-hole state is us
This enhancement resembles the singular behavior clos
the Fermi level described in the above-cited electron gas
culations. In contrast, this effect is not seen in the exp
mental spectra.20 Instead, the structures close to the Fer
level are well reproduced using frozen orbitals in the co
hole state. There are additional effects not taken into acco
in the calculations, such as valence-hole relaxation and
ferences in electron correlation, which might cancel t
model-induced core-hole effects. We can argue that ad
bate systems containing carbon are close to the case of n
full bands with weak or even negligible singular behavio
Further theoretical as well as experimental investigations
definitely necessary to provide a deeper understanding o
these effects and to set a limit for the use of the final-st
rule. While it is tempting to use XE intensities to descri
the chemical bonding and thus ground-state properties,
have restricted the analysis of benzene bonding in the
lowing discussions to arguments concerning the energ
positions of the XE emission lines and their symmetry wh
complementary information on intensities is derived from t
x-ray absorption spectra.

In this work we compare angular-dependent XES stud
of the electronic structure of benzene on the Ni~100! and
Cu~110! substrates. Changes of the emission spectra w
excitation energy are discussed in terms of symmetry c
serving resonant inelastic x-ray scattering~RIXS! and used
as a tool to determine the origin of states formed in
chemical bond. A brief discussion of benzene on Ni~100! is
given in a previous publication.14 From thermal desorption
spectroscopy it is known that benzene chemisorption
stronger on Ni than on Cu surfaces.21,22A detailed picture of
the bonding on a microscopic level however is still missin
Due to the different energetic positions of thed bands with
respect to the Fermi level and thus to the benzenep system
one generally expects changes in the coupling of the benz
p orbitals to the substrated andsp band.

II. EXPERIMENT

The experiments were carried out at beamline 8.0 of
advanced light source~ALS!, Lawrence Berkeley Labora
tory. This beamline combines a 8935 cm period undulator
with a modified spherical grating monochromator. The be
size, critical for XES, is measured to be smaller than 1
3100 mm. The end station consists of two UHV chambe
for sample preparation and analysis. The base pressure i
system was 1310210 mbar. The analyzer chamber is rota
able around an axis parallel to the incoming beam a
houses an electron energy analyzer~Scienta SES 200!,23 an
x-ray emission spectrometer~both mounted perpendicular t
the incoming beam! and a multichannel plate detector fo
x-ray absorption measurements~XAS!.

The XA spectra were recorded in partial yield mode a
doubly normalized to the signal of the clean sample and
the photon flux as measured by the photocurrent from a fr
evaporated gold mesh placed close to the final refocus
optics of the beamline. The undulator gap and monoch
mator were scanned in parallel and the resolution of the
citing radiation was set to about 50 meV. The sample surf
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is tilted with respect to the incident beam by 3°. There
excitation geometries with the field vector aligned para
and nearly perpendicular~3° tilt! to the surface are realize
by rotating the crystal by 90° around the axis of the incom
light. For an undulator beamline we expect a degree of lin
polarization around 90–100 %. This was confirmed exp
mentally by the XA spectra of CO on Ni~100! and format on
Cu~110! with well-known adsorption geometries.

By rotation of the spectrometer chamber grazing and n
mal XE spectra are recorded for a fixed excitation geome
For the present experiment the field vector of the incid
radiation was aligned parallel to the surface normal.
spectra for normal emission are collected along the sur
normal, while grazing emission spectra were recorded w
the spectrometer~entrance slit! rotated by 80° with respect to
the sample normal~see also the inset of Fig. 3!. The XE
spectrometer is based on gratings operating in grazing i
dence and a movable multichannel detector.24 The accep-
tance angle of the spectrometer defined by the entrance
oriented along the axis of the beam, and the illuminated a
of the gratings is about 3°. The resolution of the spectrom
was set to 0.5 eV, corresponding to a slit size of 20mm. The
bandwidth of the exciting radiation was 0.8 eV. The sam
is mounted on a computer controlled manipulator and w
cooled by liquid nitrogen to 80 K. To avoid damage of t
overlayer during the XE measurements the spectra were
lected by scanning the sample in front of the spectrom
entrance slit with fixed excitation geometry. All measur
ments were performed in grazing incidence~3°! to enhance
the surface sensitivity.

Saturated benzene overlayers on Ni~100! were prepared
by annealing predosed multilayers to 200 K. On Cu~110! the
monolayer was prepared by dosing 3 L at 80 K via aprefilled
volume with a multicapillary array outlet. For the saturat
benzene layer on Ni~100! a c(434) low-energy electron dif-
fraction~LEED! pattern was observed in accordance with
findings in Ref. 25. The layers were characterized by hi
resolution x-ray photoelectron spectroscopy~XPS! and x-ray
absorption spectroscopy~XAS!.

III. RESULTS AND DISCUSSION

A. XPS

XPS spectra recorded with a photon energy of 420 eV
depicted in Fig. 1. TheC1s line appears at 284.1 eV fo
benzene on Ni~100! and at 284.9 eV on the Cu~110! surface.
For the Cu surface the mainline is significantly broaden
@full width at half-maximum~FWHM! 1.15 eV# as compared
to benzene on Ni~FWHM 0.7 eV!. We can distinguish be
tween homogeneous and heterogeneous broadening. D
ent mechanism of homogeneous line broadening in c
level spectra from adsorbed molecules are discussed in
literature, such as dynamic screening of the final co
ionized state and vibrational broadening~see, e.g., Ref. 26!.
The magnitude of this effects depends on the coupling to
substrate in the core exited state and the corrugation of
initial- and final-state potential, respectively. For larger m
ecules like benzene the molecule extends already over
eral adsorption sites and thus site-specific changes of
potential in the initial and final core-ionized state will lead
an additional line broadening. This effect should be m
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pronounced for an open~110! substrate and is likely to ex
plain the observed line broadening on the Cu surface
similar sampling effect could arise from different adsorpti
sites of the molecule.

The shakeup regions for the two systems are compare
an enlarged intensity scale. Two peaks, more pronounced
benzene on Cu~110! ~6.2 and 8.8 eV!,27 shifted towards
higher energies on the Ni~100! surface~6.7 and 9.8 eV! are
observed. For free benzene several shakeup peaks, whic
assigned to transitions within thep system, are found in the
energy range between 5 and 11 eV.28 Note that for the free
molecule monopol transitions in thep system require tha
the ground-stateD6h symmetry is reduced toC2v upon cre-
ation of the core hole. This lowering of the symmetry fro
D6h to C2v is accompanied by a splitting of the former d
generatedp andp* levels, leading to several, energetical
separated, allowed monopol shakeup transitions.28 From the
shakeup spectra rather indirect conclusions of the electr
structure of the adsorbed molecules can be drawn. Ove
the shakeup spectra are strongly influenced by the bondin
the benzene molecule to the substrate. By comparison to
XP spectrum of the free molecule the two resolved peaks
benzene on Cu~110! are attributed to transitions in thep and
p* manifold. For Ni these transitions are smeared out a
shifted to higher energies. The more pronounced structu
on Cu indicate, that the benzenep system closer resemble
that of the free molecule. This is in line with the expect
weaker interaction of benzene with the Cu substrate and
smaller hybridization with metal states and will be corrob
rated by the XA results.

B. XAS

To independently characterize the orientation of the m
ecules and to determine excitation energies for resonan
elastic x-ray scattering XA spectra were recorded for t
excitation geometries. Spectra measured with out of pl
~top! and in plane polarization~bottom! are depicted in Fig. 2
for benzene on Ni~100! ~solid line! and Cu~110! ~dashed
line!. The excitation geometries are illustrated as icons in
figure.

The spectra have been aligned on a common energy s
by measuring the Fermi edge at the start of each scan

FIG. 1. XPS spectra for benzene on Ni~100! ~top! and Cu~110!
~bottom! measured at a photon energy of 420 eV. The respec
shakeup regions are shown on an enlarged intensity scale.
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7354 PRB 58M. WEINELT et al.
cross checked using a characteristic carbon structure o
monochromator. From this procedure we estimate an rela
error of the energy scale below 0.1 eV. The spectra are
malized to provide comparable edge-jump intensities.

Overall the strong polarization dependence indicate
well-oriented adsorption complex on both substrates.

Six structures~A, X, B, C8, C, andD following the labels
in Refs. 29 and 30! can be distinguished. Even though the
exist a large number of experimental29–35 and theoreti-
cal29,36–38studies, the assignment of these transitions is
controversial.

The strong peakA at threshold@285.2 eV on Ni~100!
and 284.9 eV on Cu~110!# is universally assigned to th
C1s→p* (e2u) transition. Based onXa calculations peak
C and D are assigned to molecular shape resonances~s
symmetry!.29 The pronounced, opposite polarization depe
dence of peakA versusC andD is therefore a clear indica
tion that benzene is adsorbed with the ring plane orien
parallel to the Ni~100! as well as to the Cu~110! surface. This
adsorption geometry is in line with previous near-edge x-r
absorption fine strucutre measurements for C6H6 on Cu~110!
~Ref. 33! and the results for Ni~111!,2,39 Ni~110!,40 and
Cu~111!.41

While the spectra for benzene on Ni exhibit only o
structureC at 293.5 eV, two peaksC8 ~293.4 eV! and C
~294.1 eV! are clearly separated for the Cu surface. From
polarization dependence and energy position peakC is iden-
tified as the shape resonance~s symmetry!, while peakC8 is
assigned to ap shake up transition in line with multiconfigu
ration Hartree-Fock~MCHF! calculations,36 which predict an
admixture ofp shakeup transitions in this energy region. T
somewhat weaker polarization dependence of peakC as
compared to peakD observed for benzene on Ni~100! and
reported for other substrates32 supports the given assignmen

The ‘‘out of plane’’ spectrum for Cu shows a distin
peak at 288.7 eV,B, not separable for benzene on Ni~100!,
which according to itsp symmetry character was first attrib

FIG. 2. Comparison of XA spectra for benzene on Ni~100!
~solid lines! and Cu~110! ~dashed lines!. The icons indicate the
orientation of the field vector with respect to the surface. The v
tical lines mark the respective XPS binding energies; the labels
explained in the text.
he
ve
r-

a

ill

-

d

-

e

uted to theC1s→b2g transition~second emptyp orbital!.29

Schwarzet al. concluded that, due to configuration intera
tion, this transition has substantial amount of highest oc
pied molecular orbital-lowest occupied molecular orbi
@C(1s)→e2u , e1g→e2u# shakeup character.36 Recent static
exchange~STEX! calculations by Petterssonet al. of the
benzene XA spectrum predict that the oscillator strength
the b2g transition is too weak to account for peakB.37,38

Accordingly peakB has to stem mainly from shakeup co
tributions. We therefore attribute the absence of a disti
transitionB for benzene on Ni to a decrease in shakeup
tensity, as already observed in XPS.

With the deduced orientation the double peak structurX
has to haves symmetry. A C-H character of the first trans
tion (X) has been proposed by Menzelet al., based on an
enhanced hydrogen desorption yield in the condensate, w
broadening of then>3 Rydberg series could account for th
residual intensity.30 The mentioned STEX calculations fo
the free, planar molecule37,38 predict in line only significant
intensity fors symmetric transitions above the mainline.

Finally we have to explain the nonzero intensity arou
the position of the main line~A! in the in-plane geometry~s
channel!, seen both for Ni and significantly smaller for C
This additional feature in thes channel is somewhat nar
rower compared with thep resonance. A simple interpreta
tion of the structureA would imply a small inclination of the
ring plane with respect to the surface. As recently poin
out by Mainka and co-workers there is, however, a feature
virtually all XA spectra reported for planar aromatic mo
ecules and moreover unreasonable large tilt angles wo
usually result in contrast to other experimental obser
tions.34 The authors therefore conclude that the additio
intensity in thes channel has to be attributed to a rehybri
ization of the molecules, i.e., an~upward! bending of the
benzene C-H bond. This is in line with the calculations
Ref. 38, where already for the free moleculep intensity in
the s channel was predicted upon bending up the hydro
atoms of the benzene molecule. For the adsorbed mole
this p derived intensity is not evenly redistributed in thes
spectra,38 i.e., one cannot simply scale thep intensity and
add it as a whole to thes channel. We therefore attribute th
p-derived intensity in thes channel to a rehybridization o
the molecule or a distortion of the molecular frame, rath
than a tilt of the molecular plane. The larger effect on Ni is
line with the expected stronger coupling to the substrate.
will be discussed below further evidence for a rehybridiz
tion of the benzene molecule upon adsorption is found in
emission spectra.

We cannot, however, completely rule out that part of t
observedp* intensity stems from a small fraction of mo
ecules adsorbed on defect sites and tilted with respect to
surface plane as discussed in Ref. 32 or a small tilt of
molecules. In the latter case we would, however, expec
comparable shape and width of thep contribution in thes
channel. More likely, small amounts of~re!adsorbed mol-
ecules in the second layer could lead to a physisorbed, ti
benzene species, giving rise to somep intensity in thes
channel with narrower linewidth.

The deduced flat adsorption geometry for benzene
Cu~110! is in contrast with a recent investigation by Lom
et al.42 Based on angle-resolved UPS and high-resolut
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vibrational spectroscopy the authors propose a significan
~10–20°! of the benzene ring plane on Cu~110! for all cov-
erages. We note that none of the techniques~including XAS!
allows us to determine the magnitude of the tilt without c
tain assumptions43 and that further structural investigation
are necessary to clarify these contradictions.

While for the Cu surface the benzene XA spectrum i
mediately starts with peakA, a small structure at the onset o
the spectrum is observed for benzene on Ni~100! in thes and
p channel. From careful experiments we can rule out t
this additional intensity is due to atomic carbon, which e
hibits a structure at somewhat lower photon energy~283
eV!.44 One might argue that this additional intensity is due
the broadening of thep resonance. However, the similar in
tensity in thes channel is unlikely to be explained by reh
bridization only. Thus we observe some additional benz
s density at the onset of the absorption spectrum on Ni,
not on Cu. We will see, that thiss contribution has a coun
terpart in the XE spectra.

XA spectra can be interpreted by the use of the so-ca
final- and initial-state rules, which state that the shape
position of XA resonances is governed by the final, co
excited state~final-state rule!, while the total intensity of a
given transition reflects the occupancy of the correspond
initial state, i.e., the ground state~initial-state rule!.45 It is
beyond the scope of this paper to discuss the quantita
validity of the initial-state rule and we will use it therefor
only for a qualitative analysis.

The comparison of the NEXAFS spectra for benzene
Ni~100! and Cu~110! reveals immediately significant differ
ences. The major featuresA, B, C, andD for benzene on Cu
resemble the gas-phase spectrum.46 This suggests that th
overall weak interaction with the substrate leads to sm
changes of the electronic and geometric structure, i.e., l
hybridization and distortion of the molecule. In contra
significant changes are observed for benzene on Ni~100!.
As compared to the Cu surface thes shape resonancesC
andD are shifted to lower photon energies. This indicates
expansion of the ring and thus a weakening of the C
bond.35 An expansion of about 0.1 Å of the molecula
radius was determined in a recent LEED study of
(A73A7)R19.1°-benzene overlayer on Ni~111! ~Ref. 9! and
is thus not unexpected for the Ni~100! surface. In addition
the benzenep* resonance is broadened and reduced in
tensity as compared to Cu. A similar intensity reduction
also seen for peaksB and C8, which involve p shakeup
transitions.36 Overall the strong coupling will lead to a hy
bridization of thep system with substrate states and we e
pect a broadening of the involved molecular transitions.
discussed in Ref. 38 an additional distortion of the molecu
frame can give rise to new features, such as the obse
shoulder of the mainline. Moreover, the significant decre
of the total benzenep intensity on Ni suggests a change
occupancy of the corresponding states. In contrast, for b
zene on Cu only modest broadening of thep resonance is
observed and we expect only slight changes in occupa
and weak distortion of the molecular frame upon chemiso
tion. These observations are further corroborated by the X
results.
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C. XES

Angle-resolved XES in combination with simple dipo
selection rules allows us to determine the orientation of
sorbed molecules. More important for oriented molecul
states of different symmetry can be separated and the na
of new electronic states formed in the chemical bond is id
tified. Since the emission process involves a core hole,
same dipole selection rules as in XAS are appropriate an
the same extent the symmetry of the adsorbed molec
rather than the symmetry of the adsorption complex, i.e.,
symmetry group of molecule and substrate, is probed.
the present case, a benzene molecule adsorbed with the
lecular plane parallel to the surface, it follows that in norm
emission only states withs symmetry are observed, while i
grazing emission boths andp orbitals are probed. Since th
excitation and decay process are coupled via the intermed
state even more restricted selection rules may apply for re
nant x-ray emission. This has recently been shown to be
case for condensed benzene.47 For excitation to the lowes
unoccupiedp(e2u) orbital RIXS reveals that the emissio
follows mainly dipole selection rules according to theD6h

point group of the ground state.47 In other words, the core
hole in the intermediate state can be described by the 1e2g

representation and therefore only dipole transitions fr
b1u , b2u , e1u , ande2u valence orbitals are allowed. Due t
vibronic coupling in the intermediate state these select
rules are, however, not strictly fulfilled, and still some em
sion for symmetry forbidden orbitals is observed. Fluore
cence spectra for higher excitation energies are in cont
reported to be quite nonresonantlike and emission from
valence states is observed.47 In the present study these obse
vations are used to unequivocally determine the symm
character of states involved in the bond and to address
question of symmetry breaking due to the adsorba
substrate chemical bond. Therefore excitation energies a
position of theC1s→e2u transition and 5 eV above reso
nance with the polarization perpendicular to the surface w
chosen. Before we discuss the spectra in more detail a b
description of the raw data and the steps to obtain pure s
tra for s andp states seems appropriate. For this purpose
will concentrate on the emission spectra recorded for b
zene on Ni and point out conclusions immediately evid
from a revision of the raw data only. The correspondi
spectra for normal and grazing emission are depicted in
3. The experimental geometries are sketched in the inse

In addition to emission from the benzene monolayer
tected in the first order of the x-ray grating spectrometer,
substrate emission is seen in third order. The well-known
emission linesL3M4,5 ~851.5 eV!, L2M4 ~868.8 eV!, and the
inner transitionL3M1 ~742.7 eV! ~Ref. 48! result from bulk
excitation due to third and higher harmonics of the undula
and monochromator. Despite the fact that substrate emis
lines are useful to calibrate the energy of adsorbate XE sp
tra within one measurement, the overlap of the Ni emiss
lines with the benzene signal in this particular case is c
tainly an experimental limitation. However, since the inte
action of the outgoing photons with the adsorbate laye
negligible the obtained XE spectrum is a pure sum of ads
bate and clean substrate emission and subtraction of th
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background does not generate genuine artifacts. The a
tional peak at 286 eV stems from~quasi!elastic scattered
photons.

For photonenergies below 281 eV seven structures ca
identified as benzene emission bands labeledA, B, C,
C8, D, E, andF in Fig. 3, respectively. By comparison t
recent calculations47 for the free molecule and to the ga
phase UPS spectrum49 these bands are assigned to the
lence orbitals of benzene as summarized in Table I. In a
tion, seen in the raw spectra, a shoulder around 282.5
(A8), not seen for the condensed phase,47 is observed. Com-
paring both measurement geometries reveals that thee1g
and 1a2u p orbitals~bandsA andC8! give rise to additional
intensity for grazing emission~gray area!, while in normal
emission only orbitals ofs symmetry~bandsF, E, D, C, and
B! are seen.

As mentioned above this angular dependence of the
spectra confirms that benzene is adsorbed with the molec
plane parallel to the Ni~100! surface. Based on the adsor
tion geometry a spectrum displaying states with purep sym-
metry can be extracted from the raw data. A spectrum sh
ing mainly p contributions was obtained by normalizing th
spectra to the same area and subtracting 50% of the no
emission spectrum~x and y polarization! from the grazing
emission spectrum~x andz polarization!. This normalization
relies on the assumption that the emission intensities
dominated by atomic likepx , py , andpz to 1s dipole tran-
sitions and are of equivalent intensity independent of
polarization~x, y, or z!.

The subtraction was also tested with somewhat differ
intensity ratios of the recorded normal and grazing emiss
spectra with the resulting spectra being, however, little in

FIG. 3. X-ray emission raw spectra for thec(434) monolayer
of benzene on Ni~100!. The excitation energy of 286 eV corre
sponds to the 1s→p* (e2u) transition. The field vector was aligne
perpendicular to the surface~xy plane!. Emission spectra are show
for grazing emission~x and z polarization, filled area! and normal
emission~x andy polarization, plain area!. Benzene emission band
are labeled as described in the text and summarized in Table
di-
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enced. The described procedure is also justified by froz
orbital one particle calculations for the free molecule.50 We
like to emphasize that while the subtraction might still affe
details of the spectrum, i.e., the exact energetic position
individual emission lines~in particular the exact weight an
position of the 1a2u p band!, the gross features are littl
influenced. Spectra modified in that way are depicted in F
4 for C6H6/Ni~100! ~left panel! and C6H6/Cu~110! ~right
panel!.

The amount of substrate intensity was determined fr
the Ni L3M1 ~247.56 eV! and theL2M4 ~289.6 eV! lines,
which do not overlap with the benzene emission. For
only the weakL3M1 transition~270.4 eV, excited with fifth-
order radiation from the undulator! falls in the energy range
of benzene emission and subtraction of substrate emissio
thus not critical.

The spectra are transferred to a valence-state bind
energy scale with the Fermi level at 0 using the fact that
systems with metalliclike screening, such as chemisor
molecules, the position of the Fermi level on an emiss
scale corresponds to the XPS core-level binding energ51

@284.1 eV for benzene on Ni~100! and 284.9 eV for benzene
on Cu~110!#. We estimate an absolute error of<0.2 eV due
to uncertainties in the calibration of the XE spectromet
Overall good agreement with binding energies determined
UPS is found~see Table I and II!.

For benzene on Ni~100! @Fig. 4~a!# the spectrum forp
symmetry~dashed line! reveals now three distinct peaks, th
1a2u and 1e1g out of planep orbitals and a third state no
seen for the free molecule 1.8 eV below the Fermi le
~labeledp̃!. For normal emission~s symmetry, solid line! in
addition to the already assigned five benzene emission b
~see Table I! intensity is observed all the way up to the Ferm
level ~labeleds̄!. This spectrum is obtained by subtractin
the Ni substrate contributions only, leaving therefore
doubt that the additional features̄ is genuine. Comparing the

FIG. 4. Left: C6H6 /Ni~100!; The XE spectra of Fig. 3 decom
posed inp ~dashed line! ands ~solid line! symmetric contributions
as described in the text. Spectra are normalized to unit area.
emission energy scale~top! is converted to a binding energy sca
with the Fermi level at 0, as described in the text. The assignm
of the benzene valence orbitals is indicated at the top (p states! and
bottom ~s states!. Right: C6H6 /Cu~110!.
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energetic positions of all valence states to the gas-phase
toemission spectrum reveals that the 1e1g and 1a2u p orbit-
als are shifted with respect to thes levels by 1.6 eV and 1.4
eV to higher binding energies~see Table I!.

For better comparison thep ands contributions of Fig. 4
are separated for both substrates in Fig. 5. For benzen
Cu~110! again another, thirdp state is observed but this sta
is now located at the Fermi level and the emission inten
is weaker as compared to the Ni substrate. This state
recently been observed by two photon photoemission c
firming the proximity to the Fermi level.52 Moreover, nos
intensity is observed at the Fermi level, while weak ad
tional emission~labeleds̄! is found in the binding-energy
range of 3–5 eV.

TABLE I. Assignment of the emission bands of benzene
Ni~100!: Eem is the measured photon energy,EB is the binding
energy related to the Fermi level as described in the text,EB ~UPS!
are UPS values for the saturated benzene layer on Ni~111! taken
from Table 2 in Ref. 2,Egas are photoemission results for gaseo
benzene relative to the vacuum level~Ref. 49! and DE is the de-
rived shift between gas phase and adsorbed molecule.

Band
Orbitals

~symmetry!
Eem

~eV!
EB

~eV!
EB

~UPS!
Egas

~eV!
DE
~eV!

A8 e2u(p̃) 282.3~0.1! 1.8

A 1e1g(p) 279.0~0.1! 5.1 5.1 9.3 4.2
B 3e2g 277.8~0.1! 6.3 6.2, 6.8 11.7 5.4
C8 1a2u(p) 276.3~0.3! 7.8 8.1 12.2 4.4

C H3e1u

1b2u

2b1u
J 275.4 8.7

8.3

8.7

10.1

14.1

14.7

15.5

6.0

D 3a1g 272.9~0.3! 11.2 11.3 17.0 5.8
E 2e2g 270.6~0.1! 13.5 13.5 19.3 5.8
F 2e1u 267.1~0.2! 17.0 22.8 5.8

TABLE II. Assignment of the emission bands of benzene
Cu~110!: Eem is the measured photon energy,EB is the binding
energy related to the Fermi level as described in the text,EB ~UPS!
are UPS values taken from Table 1 in Ref. 42,Egas are photoemis-
sion results for gaseous benzene relative to the vacuum level~Ref.
49! and DE is the derived shift between gas phase and adsor
molecule.

Band
Orbitals

~symmetry!
Eem

~eV!
EB

~eV!
EB

~UPS!
Egas

~eV!
DE
~eV!

A8 e2u(p̃) 284.5 0–0.4

A 1e1g(p) 280.5 4.4 4.6 9.3 4.9
B 3e2g 277.8 7.1 7.1 11.7 4.6
C8 1a2u(p) 277.0 7.9 8.3–10.3 12.2 4.3

C H3e1u

1b2u

2b1u
J 275.6 9.3 8.3–10.3

14.1

14.7

15.5

5.4

D 3a1g 273.2 11.7 11.8 17.0 5.3
E 2e2g 271.2 13.7 19.3 5.6
F 2e1u 267.4 17.5 22.8 5.3
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In addition, we observe smaller differential shifts of 0
eV for the 1a2u and 1.0 eV for the 1e1g p orbitals indicative
of a weaker interaction of the molecule with the substrat

This shift is usually explained as a chemical shift due t
bonding interaction of thep orbitals with the substrate. Th
term ‘‘bonding’’ in this context is, however, somewhat mi
leading, since it implies that the higher binding energy of t
p orbitals indicates a stabilization of the bond between b
zene molecule and substrate. While the observed shifts
qualitatively reflect the interaction strength of the occupiedp
orbitals with substrate states, the net contribution to
chemical bond is not obvious.

On the other hand, the XE spectra demonstrate that nep
states are formed below the Fermi level. To further clar
the nature of these states emission spectra excited at tp
resonance and 5 eV above are compared in Fig. 6. No fur
change of the emission spectra on Ni was observed a
excitation energy of 315 eV, i.e., 30 eV above thep* reso-
nance.

The intensity ratios between the different bands dep
obviously on the excitation energy, while within experime
tal errors no energetic shifts are observed. Normalizing th
plane spectra to bandC ~2b1u , 1b2u , and 3e1u orbitals!
results in an enhancement of the remaining emission pe
~3e2g , 3a1g , 3e2g , and to some extents̄!. The same effect
is observed for thep states. The emission intensity from th
1a2u and 1e1g orbitals increases as compared to thep̃ state
as the excitation energy is switched. This change can
understood by reviewing the results for the conden
phase.47 The excitation to thep* e2u resonance results in
emission fromb1u , b2u , e1u , and e2u valence orbitals,
while other transitions are significantly suppressed. This
be described in terms of a conservation of theD6h symmetry
in the excited state, i.e., by assuming a distinct symmetry
the core-hole (1e2g

21) state according to the dipole selectio
rules for theD6h point group. Similar to the condensate fo
the chemisorbed molecule states belonging primarily to
above representations are enhanced at off-threshold ex

d

FIG. 5. The x-ray emission spectra of Fig. 4 separated inp and
s symmetric contributions for C6H6 /Ni~100! ~solid line! and
C6H6 /Cu~110! ~dashed line!.
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tion. This effect is more pronounced for benzene on the
substrate, i.e., where the interaction between substrate
adsorbate is weaker.

There are several mechanisms that will lead to a bre
down of these selection rules. Due to the bonding to
substrate, the symmetry of all wave functions is altered
has strictly to be described in the combined point group
molecule and substrate, i.e., without inversion symme
Furthermore, the inversion symmetry of the molecule its
can be perturbed by a static distortion of the benzene r
Such small distortions have been, e.g., proposed for ben
chemisorbed on Pt~111!,53 Ru~001! ~Ref. 8!, and coadsorbed
with CO on Rh~111! ~Ref. 54! and were predicted by recen
calculations modeling benzene bonding on Cu~110!.38 A
comparison of the benzenes states for chemisorption on N
and Cu reveals indeed an indication for an expansion of
benzene ring on the Ni~100! substrate. The occupieds states
for benzene on Ni~100! are shifted towards lower bindin
energies~see Fig. 5!. As discussed a similar shift to lowe
binding energies is also observed for the unoccupieds states
~peaksC and D in Fig. 2!. In a simple model the energeti
distance between occupied an unoccupied states that ar
involved in the bond to the substrate can be viewed as a r
for the bond length: a smaller gap corresponds to a lon
bond length. Since the XA spectra for benzene on Cu
similar to that of the free molecule, we expect little distorti
of the molecule on Cu, while the observed shifts indic
some C-C ring expansion on Ni~100!. As will be discussed
this C-C bond weakening is in line with the observ
changes in the benzenep system. In addition, these stat
changes will alter the intramolecular vibrations and a
change in symmetry the coupling of the normal modes of
molecule in the intermediate state.

All of these effects will be more pronounced when t
coupling to the substrate gets stronger and we conc

FIG. 6. Comparison of x-ray emission spectra for benzene
Ni~100! ~left! and Cu~110! ~right! for excitation at thep* resonance
~solid line! and 5 eV above~dashed line!. Top: p symmetric states.
Bottom: s symmetric states.
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therefore that the breakdown of inversion symmetry up
bonding is stronger on Ni as compared to Cu.

We like to emphasize that the expected symmetry red
tion, in particular in the horizontal mirror plane (D6h
→C6v) and thus the loss of inversion symmetry, due to t
bonding of the molecule to the substrate is in both ca
present, but manifests itself only gradually in the spec
This is not too surprising, since in the XE process the
lence wave functions~p contribution! are probed close to the
core, where the influence of distortion and bonding will
weaker.

On both substrates the emission behavior of the statep̃ is
different from that observed for the otherp states but agree
with that expected for a state withe2u symmetry. We thus
conclude, that for both substrates thep (e2u) orbital be-
comes partially occupied in the chemisorbed state. Since
enhancement of thes symmetric 3e2g state and thep sym-
metric 1e1g state for off-resonant excitation is of simila
magnitude, thep state has to have predominantly e2u char-
acter. We therefore expect minor contributions of the oc
pied p states~1a2u and 1e1g! to the emission featurep̃.

X-ray emission enables us now to elucidate the diff
ences in benzene interaction with the Ni~100! and Cu~110!
surfaces.

For Ni the additionalp̃ emission line is clearly separate
from the Fermi level and can thus be viewed as a disti
molecular orbital formed upon adsorption. The occurrence
a single state ofp symmetry well below the Fermi level ca
be understood in a simple frontier orbital picture. Due to t
interaction of thee2u orbital with Ni states a pair of bonding
and antibonding adsorbate-substrate hybrid states is form
The bonding combination is pushed below the Fermi le
and consequently occupied. Evidently this leads to a sta
zation of the adsorbate-substrate bond. The molecular c
acter of the bonding state implies that the respective a
bonding combination has significant metal character. A
consequence we observe a strongly reducedp* intensity in
XAS. The formation of a single bonding state rather than
band suggest that thee2u orbital interacts mainly with local-
ized states, i.e., the narrow Nid band.

In contrast on Cu the observed additionalp intensity is
weaker and cut off by the Fermi level. We thus can und
stand the bonding in a simple resonance model.55,56 The p
(e2u) orbital is broadened upon interaction with the Cu su
strate and the tail that reaches below the Fermi level g
occupied. The model implies an interaction with a bro
band of states. This appears reasonable since the Cud states
are located well below the Fermi level and interaction of t
p (e2u) orbital with the substrate should thus be domina
by the Cusp band.

The simple model derived for benzene bonding to Ni a
Cu does not involve the occupiedp states. We observe, how
ever, a differential shift of the occupied 1e1g and 1a2u p
orbitals to higher binding energies indicative of an involv
ment of these states in the chemical bond. This is usu
described in terms of ap donation bond. In line with the
stronger coupling to the substrate a larger shift is obser
for benzene on Ni. Some mixing of Ni character in the 1e1g
orbital may be envisaged by the decrease of 1e1g emission
intensity seen for Ni as compared to the Cu substrate. Th
is a possibility that some of the original 1e1g and 1a2u or-

n
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bitals have been pushed above the Fermi level forming a
bonding states with the Nid band. Thep resonance seen i
XAS is substantially broadened and could contain many
ferent states ofp symmetry. Furthermore, part of the redu
tion in the parity selection rule on Ni could be related to
excitation not only in the states ofe2u symmetry but also to
states ofe1g symmetry. However, based on the decrease
thep resonance in absorption we can conclude that on Ni
p backdonation is more prominent than thep donation. In
the case of Cu most of the evidence indicates only a sm
backdonation but we cannot completely rule outp donation.

While the observed backdonation of thee2u orbital, even
so far not experimentally proven, fits well in the usual p
ture ofp bonding of the benzene molecule to metal surfac
a contribution of benzenes states to the bond is surprising

For Cu the additional shoulders̄ falls in the region of
strongp emission. The two weak structures at energies
low 5 eV appear at the same binding energies as the 1e1g
and e2u orbitals seen in thep symmetry spectrum. We ca
therefore anticipate some symmetry mixing due to rehyb
ization.

In contrast, for Ni the situation is different. As for Cu an
similar to olefinic hydrocarbons1 an admixture ofs symmet-
ric states to thep bond will result from a rehybridization
towards a tetrahedral configuration of the benzene molec
bonds upon adsorption. This is in line with some of thep
contributions observed in thes channel in the absorption
spectra. Nevertheless, symmetry mixing cannot entirely
plain thes spectra. We find significants intensity in x-ray
emission all the way up to the Fermi level and, not as c
clusively, somes intensity at the onset of the x-ray absor
tion spectra. A simple admixture ofp states seems, howeve
not sufficient to explain the appearance of distinctives states
in the XE spectrum, since then we would expect as electron
distribution that resembles thep state with a peak at 1.8 eV
and weak intensity close to the Fermi level and not a
emission feature.

The origin of benzenes symmetric states occupied up
the Fermi level on the Ni substrate cannot be understood
simple orbital-orbital interaction scheme. The broad bands̄
indicates a contribution of more delocalized states to
bond and is thus likely due to an additional interaction
benzenes states with the Ni sp band.

The formation of adsorbate-substrate bonds leads ge
ally to a destabilization of the internal molecular bond
While the occupancy of thee2u orbital will thus result in a
destabilization of the C-C ring, the contribution ofs states to
the bond should lead to a C-H bond weakening. The rela
s
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weight of these contributions will play a crucial role for re
action paths at higher temperatures and might be gener
important for hydrogenation and dehydrogenation reactio
of aromatic hydrocarbons on metal surfaces. This might
plain that for the Ni substrate a dissociation of the benze
molecule is observed at higher temperatures, while for
desorption of the intact molecules occurs.

IV. SUMMARY

To summarize, the present investigation of benzene
Ni~100! and Cu~110! demonstrates that angular resolved
ray emission is a powerful tool for separating relevant fe
tures of the electronic structure of even larger molecules
surfaces, not detectable with other techniques. The molec
are found to adsorb with the aromatic ring parallel to t
Ni~100! and Cu~110! surfaces. The suggestedp bonding
with metal surfaces for such an adsorption geometry can
specified: a strongp backbonding and splitting of thep
(e2u) orbital is found on Ni, while a resonance like broade
ing of thee2u state occurs on Cu. These differences are d
cussed in terms of the Newns-Anderson model, i.e., an in
action with the narrow Nid band and the broad distribution
of sp states on Cu, respectively. The experimental result
benzene on Cu fits with theoretical calculations of the no
resonant benzene emission spectrum. The calculations re
a peak close to the Fermi level, which was interpreted as
to states ofe2u symmetry.38 In addition to thep state for Ni
a significants density of states is resolved all the way up
the Fermi level, which indicates a contribution ofs states to
the adsorbate-substrate bond. On Cu in contrast additions
intensity is only observed, where benzenep emission is seen
and therefore attributed to weak rehybridization upon bon
ing.

While without further detailed theoretical calculations it
not possible to specify the contribution of theses states to
the chemical bond, it is obvious that a simple frontier orbi
picture is not sufficient to describe benzene bonding w
metal substrates.
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