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Electronic structure of benzene adsorbed on single-domain Si „001…-„231…:
A combined experimental and theoretical study
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Benzene adsorption on a single-domain Si~001!-(231) surface has been studied by thermal
desorption spectroscopy~TPD! and angle-resolved photoelectron spectroscopy~ARUPS! using
linearly polarized synchrotron radiation. Angle-resolved photoemission spectra for the saturated
benzene layer exhibit well-defined polarization and azimuthal dependencies compatible with a
flat-lying benzene molecule with localC2v symmetry. Based on these results two structure models
are proposed. First-principles density functional cluster calculations have been performed for each
of these structures. Total energy minimization and a detailed comparison of the experimental
ARUPS spectra with the one-particle spectra of the model clusters leads to a 1,4-cyclohexadienelike
adsorption complex with a flat-lying benzene molecule which is di-s bonded to the two dangling
bonds of a single Si–Si surface dimer. Especially, one of the unoccupied 1e2u (p* ) orbitals of the
free benzene molecule shifts down~by about 3 eV! and evolves into the highest occupied molecular
orbital ~HOMO! of the chemisorbed molecule. ©1998 American Institute of Physics.
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I. INTRODUCTION

The interactions of small unsaturated hydrocarbon m
ecules with silicon surfaces, especially with the technolo
cally most important Si~001!-(231) surface, have been in
vestigated in numerous experiments~e.g., Refs. 1–6! and
computations~e.g., Refs. 6–10!. Although details of the elec
tronic structures are still under debate, the dominant bond
mechanism and the adsorption geometries seem to be u
stood. Studies on the interaction ofaromatic hydrocarbons,
on the other hand, are still rare. The adsorption of the hig
symmetric benzene molecule on Si~001!-(231) has so far
been the subject of just a single experimental study by Ta
chi et al.11 Only two theoretical investigations,12,13 both
based on semiempirical methods, have followed this ini
experimental work.

The experimental study of benzene on Si~001!-(231)11

was based on thermal desorption measurements~TPD!, com-
bined with Auger electron spectroscopy~AES!, low energy
electron diffraction~LEED!, and high-resolution electron en
ergy loss spectroscopy~HREELS!. It was found that benzen
chemisorbs nondissociatively with a saturation coverage
about 1/4 ML ~defined as molecules per silicon surfa
atom!. The analysis of the vibrational spectra revealed
presence of CvC double bonds and of bothsp3 as well as
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sp2 hybridized carbon species, indicating the formation os
bound cyclohexene- or cyclohexadienelike adsorption co
plexes. More specific details on the nature of the adsorp
complex, however, could not be derived. The theoretical
vestigations, on the other hand, mainly focused on the g
metrical structure of the adsorption complex. Different eq
librium configurations were found in both studies. Craig12

proposed a tilted cyclohexenelike structure, fourfold bou
to a single cleaved surface Si–Si dimer, whereas Je
et al.13 favored a slightly distortedC2v symmetric, bi-radical
structure, fourfold bound to two neighboring surface Si–
dimers. More sophisticated, quantum chemical approac
have not been reported so far. Moreover, both studies re
total energies only. A direct comparison of the correspond
electronic or vibrational structures with the experimen
data is therefore not possible.

Due to this experimental and theoretical situation, one
still far from a detailed understanding of benzene adsorp
on Si~001!-(231). Especially experimental data regardin
its electronic structure and its symmetry are lacking. Here
present a detailed investigation of benzene adsorbed
Si~001!-(231) combining experimental data based on th
mal desorption spectroscopy and angle-resolved UV~ultra-
violet! photoelectron spectroscopy~ARUPS! with results
from first-principles density functional~DF! calculations. As
we will show, the electronic structure of the benzene m
ecule is substantially modified upon di-s bonding to this
semiconductor surface. It therefore differs significantly fro
the one of benzene adsorbed on metal surfaces. Wherea
s system of benzene is roughly maintained—though
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shape of participating orbitals is altered due to geometr
distortions~e.g., upward bending of the hydrogen atoms! and
the inclusion of new Si–C bonds—the characteristic, de
calized aromaticp system of benzene is essentially d
stroyed during chemisorption and a completely new se
molecular orbitals emerges whose specific shapes stro
depend on the number and position of the Si–C bo
formed. A straightforward interpretation of the ARUPS da
by means of photoemission spectra of gas-phase benze
therefore hardly possible. In fact it will be shown, that t
adsorption complex very much resembles a 1
cyclohexadiene molecule, C6H8, with two additional hydro-
gen atoms at diagonally opposite positions of the origi
benzene ring.

The organization of the paper is as follows: Details
the experimental measurements and the theoretical appr
will be discussed in Secs. II and III. We then enter the ana
sis of the adsorption system by first presenting and disc
ing the experimental results~Secs. IV A and IV B!. The re-
sults of the electronic structure calculations will be presen
in the succeeding Secs. IV C and IV D, followed by the co
parison of the experimental and theoretical spectra in S
IV E.

II. EXPERIMENT

The experiments were performed in a two-cham
UHV system. It is equipped with a home-built multi-ang
electron energy analyzer which allows—at a given azimut
angle—the simultaneous detection of photoelectrons at p
angles between210° and 90° with respect to the surfac
normal.14 The polar angular resolution is 2° and the a
muthal acceptance is 3°. For the ARUPS experiments
early polarized light from the TGM-1 beamline at the Ber
synchrotron radiation facility~BESSY! was used. The en
ergy resolution for the ARUPS spectra shown here was se
better than 200 meV. For additional characterizations,
chamber houses four grid LEED optics and a quadrup
mass spectrometer equipped with a Feulner cap.15

The experiments were performed on a single-dom
Si~001!-(231) surface by using a Si~001! sample with a
defined miscut angle of 4.7° towards the@110# direction~de-
noted asy axis in the following!. By several cycles of sput
tering and annealing to 1150 K followed by slow coolin
~cooling rate22 K/s! well-ordered Si~001!-(231) terraces
separated by double layer steps were prepared as indic
by a sharp single-domain (231) LEED pattern. The sup
pression of the 90° rotated minority domain was estimate
be better than 95% based on a quantitative analysis
ARUPS data for the clean surface. For homogeneous hea
as well as cooling the silicon sample was bonded on a
talum plate via a thin platinum and silver interlayer, whi
was evaporated on the back of the wet-chemical cleaned
con wafer.16 Using a liquid He cryostat, sample, and moly
denum plate could be cooled to 30 K and resistively hea
to 1300 K. The temperature was measured indirectly b
chromel-alumel thermocouple on the backside of the mol
denum plate to avoid any contact of the~Ni-containing! ther-
mocouple with the silicon sample. No significant tempe
ture difference between silicon sample and thermocou
al
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could be detected based on calibrations via desorption of
gas and benzene multilayers17,18 as well as of hydrogen.19

III. COMPUTATIONAL DETAILS

It will be shown experimentally that benzene is adsorb
with its molecular plane parallel to the~001! surface of sili-
con with a local symmetry ofC2v . This casts serious doubt
on tilted equilibrium structures like the one suggested in R
12. For consistency with the experiment onlyC2v symmetric
models with flat-laying benzene molecules should be
garded, like the two cluster models considered here: A 1
cyclohexadienelike structure di-s bound to a single Si–S
dimer, and a bi-radical fourfolds bound species, similar to
the equilibrium configuration predicted in Ref. 13. The clu
ter models used to describe these adsorption complexes
shown in Fig. 1. They consist of the Si–Si dimers direc
involved in the chemisorption and at least all nearest
neighbors. Isolated dangling bonds are saturated by hy
gens atoms~not shown!, and those dangling bonds pointin
toward Si atoms which are multiply coordinated to the clu
ter already set up by silylene groups SiH2. In the case of the
1,4-cyclohexadienelike~‘‘butterfly’’ ! structure @Fig. 1~b!#,
the cluster model is augmented by additional surface dim
to account for possible interactions with the hydrogen ato
of the adsorbed benzene molecule. The central surface d
atoms and all adsorbate atoms are allowed to relax during
geometry optimization; all other substrate atoms are fixed
the corresponding bulk~or Si surface dimer! positions.

The density functional cluster calculations were p
formed with the LCGTO-DF ~linear combinations of
Gaussian-type orbitals—density functional! program20

employing gradient-corrected exchange-correlation fu
tionals21,22 and state-of-the-art numerical integratio
schemes.23,24Further details of these calculations and the b
sis sets employed—which have been proven to perform w
on typical organo-silicon compounds such as SiH4 or the
mixed carbon-silicon species H3SiCH3—can be found
elsewhere.25

FIG. 1. The cluster models employed for the twoC2v symmetric structures
of the adsorption complex C6H6 /Si~001! shown in top view~lower panel!
and along the silicon surface dimers~top panel!: ~a! Fourfold bound pedesta
structure,~b! 1,4-cyclohexadiene-like butterfly structure. For simplicity th
hydrogen atoms terminating the silicon cluster are omitted.
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IV. RESULTS AND DISCUSSION

A. Thermal desorption

Thermal desorption spectra after C6D6 adsorption at 85
K on a single-domain Si~001!-(231) surface are shown in
Fig. 2. The spectra were recorded with a heating rate of 5
and show the signal for mass 84 amu (C6D6

1), the strongest
line within the cracking products of deuterated molecu
benzene. With increasing exposure three desorption p
are observed. The high-temperature peak with a desorp
maximum at 501 K saturates first. Subsequently, a sec
peak develops which shifts down in temperature from;442
to 432 K with increasing coverage. Both are due to mole
lar desorption of chemisorbed benzene. The expos
shown on the right in Fig. 2 are given relative to the exp
sure which saturates~at 85 K! the chemisorbed benzen
layer. The high-temperature desorption peak at 501 K wh
is already close to saturation upon a relative exposure of 0
saturates at a coverage of 0.25 relative to the satur
chemisorbed benzene layer. It is attributed to benzene
sorption at or close to the double layer step edges separ
the eight dimer wide~001! terraces of the vicinal crysta
used.26 Upon saturation of the step sites, adsorption on
terraces starts. The observed downward shift of its des
tion temperature by 10 K might be due to repulsive inter
tion between the adsorbate molecules, most likely betw
neighboring molecules on different dimer rows. Higher e
posures lead to desorption of physisorbed benzene lay
For the first physisorbed layer, as shown in Fig. 2, the
sorption maximum shifts down from 155 to 140 K, whic
could be related to a slightly higher desorption energy

FIG. 2. Thermal desorption spectra for various exposures of deuter
benzene, C6D6, on a single-domain Si~001!-(231) surface. The adsorption
temperature was 85 K and a heating rate of 5 K/s was used.
/s

r
ks

on
nd

-
es
-

h
26
ed
d-
ing

e
p-
-
n

-
rs.
-

r

second layer benzene close to the steps. Besides desor
of molecular benzene as shown here, no desorption of
composition products~e.g., no D2 desorption which would be
expected to desorb around 800 K! was observed for any ex
posure. This indicates that benzene desorption on Si~001! is
completely molecular. Additional TPD experiments, no
shown here, for C6D6 adsorption on a partially H-covere
Si~001!-(231) surface show again completely molecul
C6D6 desorption without isotopic exchange. This proves t
the benzene C–D bonds stay intact upon adsorption and
mal activation up to the desorption temperature. Wher
molecular benzene desorption from metal surfaces is mo
observed for higher coverages only due to site blocking
the decompositions products, benzene desorption on Si~001!
is completely molecular for all coverages. The high deso
tion temperature~up to 500 K as shown in Fig. 2! points to
stronger benzene–silicon interactions than typical
benzene–metal systems which exhibit molecular benzene
sorption.

B. Angle-resolved photoemission

In Fig. 3 photoemission data of the valence band reg
for a saturated benzene layer chemisorbed on Si~001!-

ed

FIG. 3. UPS spectra for~a! condensed multilayers of benzene, C6D6, ~b!
benzene chemisorbed on Si~001!-(231), and~d! for condensed multilayers
of 1,4-cyclohexadiene, C6H8. For comparison a spectrum for the clean su
face under identical conditions is shown in~c!. A photon energy of 50 eV at
normal light incidence was used. The multilayer spectra have been sh
by about 1 eV to align the lowest lying photoemission features. The ass
ments of the multilayer 1,4-cyclohexadiene spectrum shown at the bo
result from a DF calculation on the gas-phase molecule. To improve ag
ment with experiment the Kohn–Sham one-particle spectrum has b
shifted by 2.8 eV and scaled with a factor of 1.15.
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(231) are compared to UPS~ultraviolet photoelectron spec
troscopy! spectra of condensed benzene multilayers~top! and
of condensed 1,4-cyclohexadiene multilayers~bottom!. For
comparison a spectrum for the clean surface is given in
3~c! as well. All four spectra were recorded with a phot
energy of 50 eV. The multilayer spectra have been do
shifted by about 1 eV to align the lowest levels, 3ag and
2a1g , respectively. The well-established assignment of
photoemission features of condensed benzene, as label
Fig. 3~a!,27 is taken from a comparison with gas-pha
spectra.28 The comparison of the spectra for condensed
chemisorbed benzene reveals significant differences. Bes
an additional peak in Fig. 3~b! at;1.2 eV which is attributed
to the silicon dangling bond state, the benzene-derived
tures show splitting of degenerate orbitals, best visible
the 2e2g and the 1e1g orbitals, as well as drastic shifts i
energy. As already mentioned, we will show that the el
tronic structure of the di-s bonded benzene molecule r
sembles more closely the electronic structure of 1
cyclohexadiene, C6H8. Consequently and to avoi
unnecessary relabeling, we will use the nomenclature of
1,4-cyclohexadiene molecule, which in the gas phase
D2h symmetry, to identify the orbitals of chemisorbed be
zene in the following. To illustrate the similarities of th
electronic spectra for chemisorbed benzene and
cyclohexadiene, the UPS spectrum for condensed multila
of 1,4-cyclohexadiene molecules is shown in Fig. 3~d!. The
orbital energies resulting from our DF calculation on ga
phase 1,4-cyclohexadiene molecule are indicated as bar
low the spectrum in Fig. 3~d!. The agreement is good and th

FIG. 4. Correlation diagram between the Kohn–Sham one-particle leve
gas-phase benzene and gas-phase 1,4-cyclohexadiene evaluated at t
responding DF equilibrium geometries. Solid lines connect orbitals wh
are symmetric with respect to the plane of the carbon atoms, dashed
connect orbitals which are anti-symmetric~the p system of benzene!.
HOMO of benzene: 1e1g , HOMO of 1,4-cyclohexadiene: 2b1u .
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orbital assignment for condensed 1,4-cyclohexadiene th
fore straightforward. Returning to the interpretation of t
angle-integrated UPS spectrum of benzene on the Si~001!
surface, we first note that the splitting of the former benze
2e2g orbital into the 4ag and 2b1g orbitals can be seen eas
ily. A detailed analysis will show that the splitting of th
symmetry-equivalent former benzene 3e2g orbitals into the
6ag and 3b1g orbitals is similar for 1,4-cyclohexadiene an
C6D6 on Si~001! as well. The two observed photoemissio
features at 4.0 and 2.3 eV correspond to the two high
occupied molecular orbitals~HOMOs!, 1b3g and 2b1u , of
1,4-cyclohexadiene and are not—as one might specula
the splitting product of the degenerate benzene 1e1g state.
For a direct comparison of the corresponding benzene
1,4-cyclohexadiene molecular orbitals and their energet
differences we refer to the orbital correlation diagram in F
4, which results from DF calculations on gas-phase benz
and gas-phase 1,4-cyclohexadiene. The splitting of the
generate benzene orbitals upon symmetry reduction f
D6h to D2h and the down-shift of one of the former unocc
pied benzenep* orbitals (1e2u) which becomes occupied in
1,4-cyclohexadiene due to the additional electrons from
added H atoms are the dominant changes. Note however,
the differential shifts found for 1,4-cyclohexadiene might
quite different from those for C6D6 on Si~001! because of the
different chemical nature of the silicon substrate compare
the hydrogen atoms, and due to the additional interac
channels which open upon reduction of the symmetry toC2v
or even less. The shape of the new 1,4-cyclohexadiene o
als are depicted in Figs. 5 and 6. Comparison to the w

of
cor-

h
es
FIG. 5. Sketch of those occupied orbitals of gas-phase 1,4-cyclohexad
which are symmetric with respect to the molecular plane and thus relate
the s system of benzene.
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known molecular orbitals of benzene29 reveals that the orbit-
als which are symmetric with respect to the molecular pla
of C6H8 ~defined by the C atoms! are quite similar to thes
orbitals of benzene~Fig. 5!, whereas the anti-symmetri
C6H8 orbitals shown in Fig. 6 differ substantially from th
characteristicp system of benzene. The C6 symmetricp or-
bital of benzene is essentially preserved as 1b1u orbital in
1,4-cyclohexadiene; all other benzenep features are lost
Most typical for 1,4-cyclohexadiene are the orbitals 1b3g

and 2b1u which are dominantly made up by the symmet

FIG. 6. Sketch of those occupied orbitals of gas-phase 1,4-cyclohexad
which are anti-symmetric with respect to the molecular plane and thus
lated to thep system of benzene.
e

and anti-symmetric linear combinations of the twop orbitals
attributed to the CvC double bonds on the opposite sides
the carbon ring.

To illuminate the electronic structure of benzene chem
sorbed on Si~001!-(231) in more detail, angle-resolve
photoelectron spectroscopy with different photon energie
the range of 25–50 eV was employed using a single-dom
prepared Si~001!-(231) surface. Benzene layers of differe
coverages have been investigated; here we show data fo
saturated benzene layer which have been well-reproduce
three different single-domain Si~001!-(231) crystals. Pho-
toemission data for lower benzene coverages and adsorp
at step sites will be presented elsewhere.26 The angle-
resolved photoemission spectra of a saturated benzene
for polar emission angles from 0 to 70° using normal in
dent light with a photon energy of 50 eV are depicted in F
7. The spectra are displayed for four different experimen
geometries concerning the light polarization~denoted asEx

and Ey! as well as the azimuthal photoelectron detect
plane~noted asDx andDy! with respect to the high symme
try directions,@11̄0# and @110#, of the Si~001! substrate as
indicated in Fig. 8. In the binding energy range from 25
5 eV ten photoemission features can be observed which
all attributed to benzene-derived molecular orbitals. Ad
tionally there are three strong features in the range of 5–0
which are attributed to the two highest occupied molecu
orbitals of the adsorption complex at 4.0 and 2.3 eV and t

ne
e-
V.
FIG. 7. ARUP spectra for the saturated benzene layer on a single-domain Si~001!-(231) surface at normal light incidence for a photon energy of 50 e
Spectra for light polarization and photoelectron detection plane both in the@11̄0# and the@110# azimuths, indicated asExDx and EyDy , respectively, are
depicted on the left. Spectra with the photoelectron detection plane perpendicular to the light polarization, indicated asExDy andEyDx , are shown on the
right.
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remaining silicon dangling bond state at 0.85 eV. Photoem
sion from the 12 eV wide siliconsp band is rather weak
Some of the substrate-related features, such as dimer,
bond, and dangling bond states, are visible in the ra
5–1 eV for experimental conditions where the benze
derived features are weaker. None of the benzene-der
orbitals exhibit any dispersion~within 60.1 eV! for the satu-
rated layer indicating negligible lateral interactions. For t
assignment of the ARUPS features we start with the pea
highest binding energy at 19.9 eV. It is attributed to the 3ag

orbital of a 1,4-cyclohexadienelike adsorption compl
which corresponds to the 2a1g orbital of the free benzene
molecule. At normal light incidence as is shown in Fig.
this peak is only visible in the even geometries~ExDx and
EyDy! and for non-normal electron emission as is expec
for benzene adsorption in the highest possibleC2v symme-
try. The peak at a binding energy of 17.1 eV which is d
rived from the former degenerate 2e1u benzene orbital is
assigned to the 2b2u and 3b3u states. The possible splittin
into states which belong to theb1 andb2 representations o
C2v symmetry for a flat-lying benzene structure is difficult
detect, as in the case of condensed 1,4-cyclohexadi
Closer inspection shows a slight broadening on the energ
cally lower side~higher binding energy! for the Ey geom-
etries compared to theEx geometries which might indicate
slightly lower energy for theb2-type orbital. For a possible
‘‘vertical’’ benzene structure withC2v symmetry in which
the molecular ring is oriented perpendicular to the surf
and aligned along the surface dimer~the x axis!, a splitting
of the 2e1u orbitals intoa1 andb1 states is predicted. Base
on dipole selection rules, this would lead to forbidden ph
toemission in the oddEyDx geometry. Instead, these stat
are observed equally well in both odd geometries,EyDx and
ExDy , see Fig. 7~b!. Therefore we rule out such a vertic
adsorption geometry.

The two adjacent peaks at 14.1 and 12.9 eV show str
complementary emission characteristics. The former is o
visible in even geometries~ExDx and EyDy! whereas the
latter shows strong emission in odd geometries~ExDy and
EyDx! only. These peaks are attributed to the 4ag (a1) and
2b1g (a2) molecular orbitals, respectively. This correspon

FIG. 8. Schematic illustrations of the four experimental geometries used
the angle-resolved photoemission on the single-domain Si~001!-(231) sur-
face. The light polarization vector is indicated byE and the azimuthal pho-
toelectron detection plane byD.
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to a 1.2 eV splitting of the gas-phase benzene 2e2g orbital
which is similar to the splitting in gas-phase 1,
cyclohexadiene. Additionally, we recognize a small but no
vanishing emission of the 2b1g orbital in someExDx spectra
which is forbidden for a strictC2v symmetry and seems t
indicate a broken adsorbatexz mirror plane. This deviation
from C2v symmetry will be discussed in detail below. Fo
the alternative vertical benzene structure, one would expe
different splitting of the former benzene 2e2g molecular or-
bital into states which belong to thea1 and b1 representa-
tions. Again, the observed strong emission in both odd
ometries for the higher lying state at 12.9 eV clearly ru
out this proposition. The benzene-derived molecular orbi
in the 11.2–2.3 eV range fall into the siliconsp band and,
therefore, might interact with silicon surface states, surfa
resonances, or bulk states. Here we start by correlating
dominant photoemission features to the corresponding
phase molecular orbitals. The differential shifts due to
adsorbate-substrate interaction will be addressed in the
lowing theory section. The dominant photoemission featu
at 6.5 and 5.7 eV show again strong complementary em
sion characteristics and, based on their symmetry charac
they are attributed to the former degenerate 3e2g benzene
orbitals. The peak at 6.5 eV features emission under n
normal even geometries and thus is assigned to the 6ag (a1)
orbital; the peak at 5.7 eV which shows significant emiss
under non-normal odd geometries corresponds to the 3b1g

(a2) molecular orbital. To demonstrate these distinct a
muthal dependencies, photoemission spectra for a cons

or

FIG. 9. ARUP spectra for the saturated benzene layer on a single-do
Si~001!-(231) surface at a fixed emission angle of 60° and normal lig
incidence (hn550 eV). Different light polarizations and detector orient
tions are marked on the left. The complementary emission characteristi
states ofa1 anda2 symmetry are indicated by arrows.
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polar angle of 60° are depicted in Fig. 9. The splitting of t
degenerate benzene 2e2g and 3e2g orbitals into pairs of
states witha1 anda2 symmetry each is marked by arrows

By comparison to the spectra of condensed 1
cyclohexadiene, the high-energy peaks at 4.0 and 2.3 eV
assigned to the 1b3g (b2) and 2b1u (a1) orbitals ~the HO-
MOs of 1,4-cyclohexadiene!, respectively. They therefor
are related to the anti-symmetric and symmetric linear co
bination of the two occupied CvC p orbitals of the adsorp-
tion complex~see Fig. 6!, an assignment which is confirme
by our first-principles calculations. The totally symmetricp
orbital 2b1u can clearly be seen in even geometries. Sim
emission in even geometry is discernible for the 1b3g state
whose energy~between 3.7 and 4.0 eV! seems to depend o
the emission angle as well as on the experimental geom
ExDx versusEyDy @see Fig. 7~a!#. However,C2v based di-
pole selection rules appear to be violated for this assignm
The 2b1u state apparently shows intensity in the odd geo
etries which is not allowed for ana1-type orbital and the
1b3g state seems to show equal intensity in both even ge
etries although this emission is forbidden forExDx . On the
other hand, the situation is complicated experimentally
the fact that photoemission from silicon-derived states a
contributes significantly in this energy range: One has to b
in mind that on the clean surface theDi surface resonance30

dominantly related to the Si–Si dimer bond, is located in
range between 2 and 3 eV as shown by photoemission
for the clean Si~001!-(231) surface.31 Additionally, photo-
emission in the odd geometries is expected in this range
to substrate and back bond emission, for instance theB1

back bond state30 which under our experimental condition
shows strong emission~at about 2 eV! in theExDy geometry
on the clean Si~001!-(231) surface.31 In the region around
4.0 eV, where theB3 , B4 , and B5 back bond states hav
been predicted for the clean surface,30 the clean Si~001!-
(231) surface shows structures as well.31 Based on these
considerations, the emission in the odd geometries at 2
eV might be due to theB1 back bond state and not to th
2b1u state which is supported by the slightly different ener
position in the even and odd spectra~Fig. 7!. The energy
shift with emission angle of the peak attributed to the 1b3g

state, best visible for a polar angle of 40°, might either
due to lateral interaction and the resulting dispersion of
state or to contributions from a second photoemission p
close by which exhibits angle-dependent intensity. The l
of any periodicity of the observed shifts withki rules out real
dispersion. This is expected since the benzene–benzene
tance along the Si–Si dimer row amounts to 7.7 Å~twice the
dimer–dimer distance! which is significantly larger than the
van der Waals diameter of benzene~6.7 Å32! or the distance
for which dispersion has been observed on metal surfa
e.g., 6.6 Å on Ni~110!.33 Substantial direct orbital overla
can therefore be excluded. Thus, we attribute this emissio
ExDx geometry, which is stronger than on the clean surfa
to either a modified bulk/back bond emission or to theDi

surface resonance~an a1 state! down-shifted upon interac
tion with the totally symmetricp orbital 2b1u .

The four photoemission peaks at 11.2, 10.2, 8.9, 8.4,
7.9 eV are tentatively assigned to the seven remaining
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lecular orbitals: The 5ag , 4b3u , 1b1u13b2u , 4b2u

11b2g , and 5b3u states, respectively. The weak peak
8.4 eV is hardly visible in Fig. 7 but can be identified mo
clearly at lower photon energies. This energy sequence
responds to that found for condensed 1,4-cyclohexadi
~see Fig. 3!, and agrees reasonably with the observed sy
metry characters of the photoemission features. Howe
since several peaks overlap the assignment is tentative
and further theoretical support is required.

In addition to the benzene-derived features discus
above, photoemission intensity at a binding energy of ab
0.8 eV, close to the top of the silicon valence band, can
seen in the ARUPS spectra for even geometry~ExDx and
EyDy , see Fig. 7!. This peak is attributed to the remainin
dangling bond states,Dup , on those Si–Si dimers where n
benzene molecules are chemisorbed. No dispersion of
dangling bond state is visible in the spectra, which, on
other hand, amounts to 0.5–0.8 eV along the dimer rows
the clean Si~001!-(231) substrate.31,34Again the absence o
dispersion is expected since benzene adsorption~at satura-
tion coverage! takes place on every second Si–Si dimer d
to steric hindrance and therefore prevents any significant
teraction of the remaining dangling bonds along the dim
rows.

As demonstrated in the given detailed analysis,
ARUPS spectra can be successfully assigned based on
clohexadienelike di-s bonded structure. We have started t
analysis with the highest possible symmetry of the adso
tion complex,C2v , and found deviations which may be ra
tionalized by a lowerCs(yz) adsorption symmetry~broken
xz mirror plane, see Fig. 1!. On the other hand, as we hav
seen, thermal desorption shows two distinct desorption pe
which have been attributed to desorption from terraces
step sites, respectively. Therefore, one possible explana
for the observed intensity in forbidden geometries might b
superposition of photoemission from adsorbates with diff
ent orientations or local symmetry due to adsorption on
terrace and at the step site. However, it is possible to pre
both benzene species separately and to analyze their a
resolved photoemission spectra separately. As we will sh
elsewhere,26 ARUPS spectra for benzene adsorption
double layer step sites indicate that these step species
also oriented in highly symmetric fashion and thus can
account for the observed deviation fromC2v symmetry.

An alternative, straightforward explanation is linked
the vicinal Si~001! crystal used. To obtain a single-doma
(231) surface by preparing~001! terraces separated b
double layer steps, a sample with 4.7° miscut towards
@110# direction was used. Hence themacroscopicsurface
normal deviates from the surface normal of the local~001!
terraces. This has three consequences for a detailed ana
of high-quality ARUPS spectra~with good signal to noise
ratios!: ~i! Since ki is only conserved with respect to th
macroscopic surface—according to its 30 Å translatio
symmetry—the macroscopic normal was used in the pre
study to align the crystal~defining thez axis!. Thus, normal
emission (ki50) here refers to the origin of the large surfa
Brillouin zone of thevicinal crystal with terraces of eigh
dimers width separated by double layer steps. The local s
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metry observed in the photoemission spectra, however,
been discussed with reference to the localC2v (231) terrace
structure. Emission with a vanishingy component of the
electron momentum therefore locally corresponds to em
sion withky50.51 Å21 sin(4.7°)AEkin /eV. Hence, one has
to be careful when analyzing normal emission data fo
vicinal crystal. Furthermore, due to the offset inky , the x
direction is no longer a high symmetry direction. Strictly, t
symmetry of the surface is reduced toCs(yz) due to the
terrace-step sequence and the highest possible adsor
symmetry therefore can only beCs(yz). ~ii ! For macro-
scopicnormal light incidence the light has a component
about 8% polarized in the local~terrace! z direction. This
may lead to dipole transitions which would be forbidden
perfect in-plane polarization.~iii ! In addition to the steps
along they direction, the dimer rows are shifted from terra
to terrace by a quarter unit cell inx direction which results in
a non-rectangular primitive unit cell~deviation 3.4°!. High
kinetic-energy photoemission along thex direction ~high kx

values, e.g., located in the second or third Brillouin zon!
leads to deviations from high-symmetry final states due
this 3.4° deviation. Summarizing one can therefore state
the selection rules observed in the photoemission spe
may be fully compatible with a localC2v symmetric adsorp-
tion complex; deviations are solely due to the reduced s
face symmetry arising from the intentional sample misc
necessary to suppress the other domain.

C. Structure optimization

To determine the binding energy for the proposed str
tures shown in Fig. 1, geometry optimizations have be
performed for both, the model clusters of the adsorpt
complex and the corresponding substrate clusters Si15H16 and
Si13H12 prior to benzene adsorption. Except for the ‘‘pede
tal’’ adsorption complex, Fig. 1~a!, all calculations were per
formed spin-restricted. The pedestal structure, on the o
hand, is an open shell system with dangling bonds on eac
the threefold coordinated carbon atoms and thus has b
treated in spin-polarized fashion. The open shell configu
tion is confirmed by our DF calculations: The HOMO an
LUMO ~lowest unoccupied molecular orbital! of the model
cluster essentially consist of the symmetric and a
symmetric linear combinations of thepz orbitals on the two
carbon atoms not participating in the bonding toward
substrate, and only a small energetic splitting of these st
~less than 0.2 eV! was found indicating little spatial overla
of the two local orbitals involved.

The binding energies are computed to 1.40 and 0.15
for the butterfly and the pedestal structure, respectively. T
according to our DF cluster calculations the 1,
cyclohexadienelike structure is energetically favored. On
other hand, total energy minimization of the same mo
clusters by means of a semiempirical method@modified ne-
glect of differential overlap (MNDO/d)#25 resulted in the
opposite preference. Fourfold bound benzene species ar
vored by other semiempirical methods as well.12,13 One may
speculate that semiempirical approaches in general so
what overestimate the strength of the Si–C bonds in
as
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present, rather substantially distorted adsorption comp
C6H6/Si~001! and therefore exhibit an unrealistical prefe
ence for fourfold bound species. However, in this combin
experimental and theoretical study we do not rely solely
binding energies to discriminate between the two struct
models. Calculation of the symmetry-resolved electro
structure for the different models and direct comparison w
the experimental angle-resolved photoemission spectra
provide further information on the geometry of the adso
tion system and evidence for the 1,4-cyclohexadienelike b
terfly adsorption structure.

Before turning to these simulations, we would like
mention a few interesting features of the equilibrium stru
ture found in the DF cluster calculations. The length of t
CvC double bonds in the 1,4-cyclohexadienelike butter
structure of the adsorption complex@Fig. 1~b!# is contracted
by 0.05 Å while that of the remaining C–C single bonds
elongated by 0.11 Å with respect to gas-phase benzene~calc.
to 1.40 Å!. Moreover the bond angles at the carbon ato
not involved in the Si–C bonds amount to 120°61.5°, while
those at the fourfold coordinated carbon atoms are clos
the ideal tetrahedron angle, both indicating almost perf
sp2 andsp3 hybridization, respectively, within the benzen
molecule after chemisorption at the Si~001! surface. The ex-
plicit structural parameters are extensively discus
elsewhere.25

D. One-particle energy spectra

Rigorously, Kohn–Sham one-particle energies are
related to photoionization energies. Yet they provide use
information for a qualitative and even a semiquantitative
terpretation of photoemission~and inverse photoemission!
spectra, as has been demonstrated in a series of applica
to the adsorption of hydrocarbons on transition metals.35–37

There is, however, one major difference between the ads
tion of organic molecules on transition metals studied so

FIG. 10. Comparison of the experimental photoemission spectra of ben
adsorbed on Si~001! ~bottom! with the adsorbate projected density of stat
~PDOS! of the model cluster for the butterfly structure of the adsorpti
complex. TheC2v symmetry character of the dominant contribution to t
PDOS are given underneath, the benzene orbitals to which these featur
related are indicated above the simulated spectrum. The symmetry labe
the photoemission spectrum are as in Fig. 3.
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and their adsorption on silicon. In the former case the en
gies of almost all occupied molecular valence orbitals h
pen to fall below the valence band of the metallic substra
and hence in the energy range of interest the electronic s
tures of the two sub-systems are to a large degree decou
In case of silicon, on the other hand, the most import
occupied orbitals of the adsorbate turn out to coincide en
getically with the valence band of the semiconductor. Ac
ally, the valence band of silicon extends over more than
eV ~from 16.0 to 1.5 eV for the Si15H16 cluster! and only the
first three~out of 15! valence orbitals of benzene, the 2a1g

and the twofold degenerate 2e1u ones, are lower in energ
than the substrate valence band~see Fig. 10!.

As a consequence, the common two-level orbital int
action scheme, often serving as guidance for the interpr
tion of adsorption induced level shifts, can no longer be
plied. Instead of essentially forming one bonding and o
anti-bonding linear combination, the individual molecular o
bitals can now interact with a continuum of substrate sta
This results in adsorbate involved re-hybridizations wh
are spread over many orbitals of the adsorption system, m
of them containing so little adsorbate admixtures that th
contributions to the photoemission signal are usually hid
in the essentially featureless background intensity. O
electrons from well-localized surface states~with energies in
the band gap! or from resonance-like states with a high l
calization at the surface~with energies that fall into the va
lence band! have a significant chance to yield prominent fe
tures in the photoemission spectra. Following this line
reasoning we will try to interpret the photoemission spec
recorded for benzene on Si~001! by associating the ARUPS
peaks with those orbitals of the model clusters C6H6/Si13H12

and C6H6/Si15H16 which exhibit an enhanced probability am
plitude within the adsorbate and the first surface layers
the present investigation the localization of the wave fu
tions is measured by the Mulliken populations on the ads
bate. Populations from the first substrate surface layer co
have been considered as well, but because of the gen
ambiguity of a Mulliken population analysis it would hav
been hard to properly separate Si back bond contribut
from contributions that we are aiming at: The Si–C and
Si–Si dimer bonds.

In the upper panel of Fig. 10, the density of states of
model cluster for the butterfly structure projected on the
sorbate is shown. The labels underneath the curve indi
the symmetry character of the dominant contributions
each feature of the projected density of states~PDOS! as
obtained from a symmetry-resolved projection analysis
from inspection of the cluster orbitals involved. These sy
metry labels are directly comparable to the results of
dipole selection rule analysis of the corresponding pho
emission signals~see Sec. IV E!. The double peak in the
PDOS at about 4 eV is due to the symmetric (a1) and anti-
symmetric (b2) linear combination of the twop-type orbitals
of the adsorption complex which describe the CvC double
bonds of the adsorbate. All other features of the simula
spectrum turn out to be exclusively related tos-type orbitals.
Neither the 1b1u nor the 1b2g derivedp-type orbitals~see
Fig. 6! show up distinctively in the projected density
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states. A detailed population analysis reveals that admixtu
of these two orbitals are scattered over many cluster st
with minor adsorbate contributions only in each of the
Following this reasoning, no further photoemission peaks
lated to the remnants of the benzenep system should be
discernible in the photoemission spectrum~see also discus
sion in Sec. IV E!. However, one has to take into accou
that only the benzene contributions to the density of state
analyzed here. Photoemission features arising from sur
feature which are dominantly localized within the surfa
layers of the substrate~such as the back bond states of t
clean Si~001! surface which indeed are visible in photoem
sion spectra! are not well represented by the PDOS shown
Fig. 10. Thus it can not completely be excluded that some
the former adsorbatep orbitals significantly participate in
such sub-adsorbate layer features. The cluster models
ployed are too small to extract any definite statement ab
this possibility.

For the s system the situation is completely differen
Upon chemisorption thes orbitals of the adsorbate are a
tered far less~as was the case when passing from benzen
1,4-cyclohexadiene! and thus there exists an almost perfe
one-to-one correspondence between the original benzes
orbitals, the gas-phase 1,4-cyclohexadiene orbitals~shown in
Fig. 5! and corresponding states of the model cluster. E
of these cluster states is rather localized on the adsorbate
therefore gives rise to a sharp peak in the projected den
of states. This one-to-one correspondence is indicated by
upper labels of the PDOS curve in Fig. 10. At first glan
such a relation is somewhat unexpected, especially in
light of a recent investigation on the adsorption of ethyle
on Si~001!.6 There indeed, only few of the ethylenes states
end up in strong surface resonances after chemisorp
However, a closer analysis of the shape of the orbitals
veals that for the adsorption system C6H6/Si~001! all of the
benzenes orbitals which, from the energetic point, are ab
to interact with the valence band of the silicon substr
~from 3a1g up to 3e2g! accidentally happen to have a nod
plane~or only a small amplitude in case of the 2b1u orbital!
in the direction of the Si–C bonds. This very efficiently su
presses any direct overlap between the adsorbate and
substrate orbitals which would be required for a strong c
pling and the concomitant broadening of the surface re
nances. Hence, to some extent, it is happenstance thatall of
the benzenes orbitals evolve into localized surface states
resonances upon chemisorption on Si~001!.

Judging from the analysis of the electronic structure
the butterfly structure model, very similar photoemissi
characteristics are expected for the pedestal structure in
energy range below 5 eV. Yet in the comparative investi
tion of the two different structure models some notewort
differences were found:25 The order of the symmetry charac
ter of the split benzene 2e2g and 3e2g orbitals is different for
the two structure models. In case of the butterfly structure
a1 symmetric partner of the 2e2g orbital, the 1,4-
cyclohexadiene 4ag-derived one, is lower in energy than th
a2 symmetric partner which evolves into the 2b1g state of
the 1,4-cyclohexadienelike adsorption complex~see Fig. 10!.
In a similar way the 3e2g state of benzene splits into th
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1,4-cyclohexadiene 6ag and 3b1g derived orbitals, with the
former totally symmetric one being lower in energy. T
opposite situation is encountered for the pedestal struct
Again, this finding can be traced to the particular nodal p
tern of thes orbitals of benzene. Depending on whether
not a member of the carbon ring lies on a nodal plane of
orbital, admixture of Si–Cs bond orbitals are either possib
or suppressed. Therefore, different geometrical arrangem
of the Si–C bonds directly lead to different adsorba
substrate interaction induced orbital energy shifts, and t
give rise to the predicted geometry dependent differen
shifts. Incidentally, tilted adsorption complexes would le
to a 2b1g and 3b1g splitting pattern very similar to that of th
excluded pedestal structure.25

E. Comparison between experiment and theory

In Sec. IV B the experimental ARUPS spectra have be
discussed in detail with reference to the electronic struc
of condensed multilayers of 1,4-cyclohexadiene. The pho
emission data are compatible with a localC2v symmetry,
although in a strict sense the spectra only exhibitCs(yz)
symmetry. However, this may be rationalized by the redu
symmetry of the substrate~prior to benzene chemisorption!
due to the experimentally necessary miscut of the vici
sample. The calculated electronic structure of the energ
cally favored 1,4-cyclohexadiene-like C6H6/Si~001! model
cluster has been examined in Sec. IV D including a deta
analysis of the symmetry character of each features disc
ible in the adsorbate-projected density of states. Several
tinct differences in the symmetry-resolved PDOS for the t
adsorption models, shown in Figs. 1~a! and ~b!, have been
found. Therefore, by this combined experimental and th
retical study it is possible, as we will show, to distingui
uniquely—and independently from total energy argument
between the proposed structure models.

A direct comparison between experiment and theory
provided by Fig. 10 where the calculated adsorbate PDO
the butterfly cluster model is shown together with the U
spectrum of benzene on Si~001! from Fig. 3~b!. To facilitate
comparison the theoretical spectrum has been shifted by
eV and stretched by a factor of 1.08 to align the lowest a
highest occupied valence orbital which evolve from thes
system of the adsorbate~see Fig. 4!. This adjustment is used
to account for two aspects. First, different zero points of
energy scales have been employed: The Fermi level of
doped silicon substrate for the experimental spectrum
the absolute zero of the cluster model for the theoret
spectrum which refers to infinite separation of an elect
from the adsorption complex. Second, it is well-known th
differences in Kohn–Sham one-particle energies tend to
derestimate valence excitation energies.

The overall agreement of the two spectra is very go
In line with the experimental results, only a very small sp
ting of the formerly degenerate 2e1u orbitals of gas-phase
benzene into the 1,4-cyclohexadiene-like 2b2u and 3b3u or-
bitals of the adsorption complex is predicted by the calcu
tion with the formerb2-type orbital being the lower one in
energy as also suggested by the ARUPS data. The ener
ordering of the split 2e2g orbitals, 4ag(a1) below 2b1g(a2),
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as well as the amount of the splitting of;1.2 eV are well
reproduced by the calculation on the butterfly cluster mod
The same holds for the symmetry equivalent 3e2g set, al-
though the splitting is somewhat smaller,;0.8 eV. This
agreement between the experimental photoemission s
trum and the one predicted for the butterfly structure is m
crucial for the structure determination. As already me
tioned, the alternative fourfold coordinated pedestal struct
shown in Fig. 1~a! yields the opposite order of the symmet
partners: 2b1g below 4ag and 3b1g below 6ag . A tilted
1,3-cyclohexadienelike adsorption complex as proposed
Taguchiet al.11 or other tilted configurations like the equ
librium structure found by Craig12 would give rise to similar
differential shifts as the fourfold coordinated adsorpti
complex. Based on the comparison of the experimental
theoretical data presented here we therefore conclude tha
Si~001!-(231) benzene is di-s bonded in a 1,4-
cyclohexadienelike structure to both dangling bonds o
single Si–Si dimer.

Further comparison shows that the photoemission f
tures at 11.2 and 10.2 eV, assigned to the 5ag and 4b3u

orbitals, correspond well in energy and symmetry charac
with theory. The weaker intensity for the total symmetr
5ag experimentally observed in theEyDx spectra is inter-
preted as an indication for either a brokenxz symmetry of
the adsorption complex or the presence of someb2 admix-
tures to the emission signal~see Sec. IV B!. However, no
suchb2 features could be found in the computed PDOS
the vicinity of the 5ag peak. An energy shift of almost 2 eV
with respect to the predicted energy position would be
quired to get theb2 symmetric 3b2u orbital close to the 5ag

one. Such a large shift can hardly be due to many bo
effects, although the fact that the 3b2u and 4b2u orbitals are
almost degenerate in the one-particle picture~with an energy
difference of 0.05 eV only! indicates that correlation effect
may be of some importance here. Thus we strongly favor
symmetry reduction due to the miscut of the vicinal Si~001!
sample as explanation for the experimental findings.

The two highest occupied 1,4-cyclohexadienelike orb
als, 1b3g(b2) and 2b1u(a1), which correspond to the anti
symmetric and symmetric linear combination of the twop
bonds, are found between 4.0 and 2.3 eV experimentally
theoretically. However, the energy separation observed
perimentally is about twice as large as the one calculated
the one hand, the 1b3g orbital was difficult to locate in the
ARUPS spectra. On the other hand, additional interaction
the 2b1u orbitals with laterally delocalized surface stat
which are beyond the scope of cluster calculations may ca
an energetic shift.

The assignment of the remaining features between
and 7.9 eV which was given in Sec. IV B based on the o
particle levels calculated for gas-phase 1,4-cyclohexadien
confirmed by the calculations on the butterfly model clust
The 3e1u-derived 5b3u(b1) orbital lies above the two
b2-type 4b2u and 3b2u orbitals, the latter being the energet
cally lower b2 orbital.

The assignment of the 1b1u orbital which corresponds to
the former ring-shaped 1a2u p orbital of gas-phase benzen
is more difficult. As already mentioned this orbital splits in
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several cluster orbitals upon chemisorption, among th
only one~at about 7.5 eV! which still exhibits a certain lo-
calization on the adsorbate, but not strong enough to g
rise to an individual peak in the total PDOS close to theb1

partner of the split 3e2u signal. Yet, this orbital is still rathe
similar to the 1b1u orbital of gas-phase 1,4-cyclohexadie
~Fig. 6!. However, the accompanying energy stabilization
the benzene 1a2u orbital ~about 0.5 eV! is significantly
smaller than the stabilization of about 1.6 eV computed
gas-phase 1,4-cyclohexadiene~see Fig. 4! which is reason-
able because silicon is far less electro-negative than hy
gen. Admixtures of thisp-type orbital yield only small con-
tributions to the computed PDOS of the C6H6/Si~001! model
cluster; nevertheless they may offer an explanation for
additional photoemission intensity observed in this ene
region.

V. SUMMARY

In this combined experimental and theoretical study
have presented the first detailed analysis of the electr
structure of benzene chemisorbed on a semiconductor
face. We have shown that at saturation coverage benzen
Si~001!-(231) is di-s bonded to the two dangling bonds o
a single Si–Si dimer forming a 1,4-cyclohexadienelike s
face complex@Fig. 1~b!#. At variance with previous semi
empirical studies,12,13 our first-principles density functiona
cluster calculations found this butterfly structure to be m
stable than the fourfold bound pedestal species shown in
1~a!. Based on detailed angle-resolved photoemission d
using synchrotron radiation the electronic structure and
symmetry of the adsorbate complex have been determi
By means of a dipole selection rule analysis and suppo
by the one-particle energy spectra calculated for the butte
model cluster a complete assignment of the photoemis
signals from benzene adsorbed on Si~001!-(231) was
given. Comparison of the symmetry-resolved photoemiss
spectra with symmetry classified adsorbate-projected den
of states provided further arguments—independent of
total energy arguments—for theC2v symmetric 1,4-
cyclohexadienelike structure of the flat-lying adsorbate.
particular the energetic ordering of the formerly degener
benzene orbitals 2e2g and 3e2g is found to depend signifi-
cantly on the structure model. The orbital splittings induc
in alternative structures such as the one shown in Fig. 1~a! or
slightly tilted 1,3-cyclohexadiene-like structures are n
compatible with the experimentally observed ordering.
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