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Evidence for a molecule-substrate hybridized state near the Fermi levelEF is presented for Pd(110)-
cs4 3 2d-benzene. Observed images of adsorbed benzene nearEF by scanning tunneling microscopy
consist of two elongated protrusions separated by a single nodal depression withC2 symmetry. The
existence of a benzene derived state nearEF is also observed by metastable atom electron spectroscopy,
and it is assigned to the antibonding states between the1e1g molecular orbital of benzene and the Pd
4d orbitals byab initio molecular orbital calculations. [S0031-9007(97)04504-3]
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Scanning tunneling microscopy (STM) images of ad
sorbed molecules on solid surfaces could provide valua
information on the adsorption sites, the orientation of i
dividual molecules with respect to the substrate lattice, t
periodicity of ordered molecular structures as well as d
fects and domains [1]. The observed internal structur
are not directly related to the position of atoms, but to th
electronic structure of adsorbed molecules and surfaces
is known that the local density of states (LDOS) near th
Fermi levelEF has a significant contribution to STM im-
ages [2–4]. In addition, observed STM images reflect t
symmetry of both adsorption sites and molecular orbita
in particular, the shape of the orbitals is of great importan
[5]. Thus, in order to identify or discriminate among ad
sorbed species, the origin of observed STM images, i
the LDOS nearEF should be thoroughly characterized.

Adsorbed benzene on transition metal surfaces has b
studied by both the STM experiments [6–9] and the
retical calculations [5,10,11]. Ohtaniet al. have first re-
ported high-resolution STM images of benzene molecu
in the Rh(111)-s3 3 3d sC6H6 1 2COd surface [6]. Their
STM images show individual benzene molecules as thre
fold ringlike features, which reflects the fact that the be
zene molecules adsorb at hcp-type threefold hollow si
on Rh(111) [12]. Weiss and Eigler [7] have reported thre
different STM images of isolated benzene molecules
Pt(111) at 4 K, which are ascribed to benzene molecules
three different adsorption sites [5]. According to ultravio
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let photoemission spectroscopy (UPS) [13–17] and inve
photoemission spectroscopy (IPES) [18,19] measureme
of adsorbed benzene on transition metal surfaces, the h
est occupied molecular orbital (HOMO) derived states a
observed at 4–5 eV belowEF and the lowest unoccupied
molecular orbital (LUMO) related states are observed
2–3 eV aboveEF , respectively. It has been supposed th
these states have additional LDOS nearEF owing to reso-
nance broadening [3,20], and thus STM can probe benz
molecules as a protrusion. However, the local electron
structure of adsorbed benzene on transition metal surfa
nearEF is not fully understood yet, because convention
UPS and IPES observe several surface layers and ad
bates, and thus it is difficult to probe the LDOS above th
surface selectively.

In this Letter, we will elucidate the origin of interna
structures of STM images in Pd(110)-cs4 3 2d-benzene.
In order to probe the LDOS above the surface, we ha
applied metastable atom electron spectroscopy (MAE
using a Hep s2 3Sd beam. Based onab initio MO calcula-
tions, benzene derived states that are observed nearEF by
MAES are assigned to antibonding states formed throug
combination of the benzene1e1g orbital (HOMO) and the
Pd4d band. The density profile of these states resemb
the STM images of Pd(110)-cs4 3 2d-benzene.

Experiments were performed in an ultrahigh vacuu
system s,1 3 10210 Torrd equipped with a three-grid
retarding field analyzer for LEED and Auger electro
© 1997 The American Physical Society
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spectroscopy (AES), a quadrupole mass spectrometer,
a Beetle-type STM [9,21]. The Pd(110) surface wa
cleaned by repeated Ar-ion sputtering, annealing, oxid
tion, and flashings,1100 Kd cycles. The attainment of
a clean Pds110d s1 3 1d surface was confirmed by AES,
LEED, and STM. We used an electrochemically etche
tungsten tip or an electrochemically etched Pt-Ir tip.
the present study, all STM images were observed at ro
temperature. Experimental details of the HeI UPS and Hep

s2 3Sd MAES measurements were reported elsewhere [2
We prepared thecs4 3 2d-benzene on Pd(110) by dos

ing gaseous benzene onto Pd(110) at room tempera
and annealing to,320 K. Well-orderedcs4 3 2d struc-
tures were confirmed by both LEED and STM, and the
mal decomposition does not occur under these conditio
[23]. From our previous STM study, benzene molecul
adsorb on the hollow sites of Pd(110) [9].

Figure 1 shows a series of STM images of the sam
area as a function of tip bias voltagesVtd from 11 to
21 V with a constant tunneling currentsIt  0.6 nAd.
There are defects at the top of each image. At higher b
voltages sjVtj ^ 1 Vd (Fig. 1), each adsorbed benzen
molecule shows approximately a round shape. At lo
tip biassjVtj % 0.5 Vd, the molecular image starts to spli
into two parts. It is clearly seen that a single nodelik
depression exists for a molecule with its direction 50±–
60± from f110g. Note that the direction of the depressio
and the shape of protrusions change slightly as a funct
of tip bias voltage.

In order to confirm that these are intrinsic features
the system and not tip-induced effects, control expe
ments have been performed as follows. First, the sca
ning direction of the tip against the surface was varie
Second, we have used both tungsten and Pt-Ir tips.

FIG. 1. A series of STM images of the identical area as
function of the tip bias voltagesVtd between11 to 21 V sIt 
0.6 nAd. Positive (negative) tip bias corresponds to occupie
(unoccupied) states of the system, respectively.
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though slight differences in STM images were observ
with different tips, which might be attributed to tip ef
fects, a molecular image at a low bias voltage consist
of two elongated protrusions separated by a single dep
sion with its direction 50±–60± from f110g was observed
in each case.

According to the UPS study by Netzeret al. [17],
it has been proposed that the molecular plane of
sorbed benzene in thecs4 3 2d structure is slightly tilted
s,10± 20±d from the surface in thef001g direction, keep-
ing a vertex of benzene hexagon towardsf110g. While
the symmetry of an isolated benzene molecule isD6h,
the symmetry of a tilted benzene on Pd(110), as p
posed by Netzeret al. [17], cannot be higher thanCs.
Vibrational spectra of this system indicate that the sy
metry of adsorbed benzene isCs or lower [23]. How-
ever, the present STM observation of internal structure
cs4 3 2d-benzene on Pd(110) clearly showsC2 (or lower)
symmetry at low bias voltages. Moreover, little indicatio
for the “tilt” of adsorbed benzene was observed. These
sults are interpreted to indicate that the benzene molec
in the cs4 3 2d structure may be azimuthally rotate
from a symmetric orientation [15,16], which will be
discussed later.

In order to clarify the electronic states of chemisorb
benzene nearEF , we have measured MAES spectr
of the clean Pd(110) andcs4 3 2d-benzene surfaces
at room temperature. The data using a thermal Hp

s2 3S, 19.8 eVd beam are shown in Fig. 2. For com
parison the HeI (21.2 eV) photoemission spectrum o
the cs4 3 2d-benzene is also shown. The bandsA E
are assigned to the benzene derived1e1g, 2e2g 1 1a2u,
2e1u 1 1b2u 1 1b1u, 2a1g, and 1e2g states, respectively
[17]. As compared with the UP spectrum of a benze
multilayer, the1e1g (HOMO) peak ofcs4 3 2d-benzene
is shifted by,1 eV to higher binding energy, becaus
hybridization between the HOMO and thed orbitals
of the substrate takes place. Note that only the sh
of the 1e1g derived peak to higher binding energy ha
been observed in previous UPS studies [13–17], but
corresponding antibonding hybridized states have
been observed experimentally so far. This is due to stro
photoemission from the substrated bands nearEF , which
makes it difficult to observe the antibonding state.

This difficulty can be overcome by means of MAES
since metastable atoms as the excitation source do
penetrate into the bulk and the electron emission spect
selectively provides information on the outermost surfa
layer [24,25]. On the clean surface, the Hep s2 3Sd atoms
deexcite predominantly via resonance ionization (RI) fo
lowed by Auger neutralization (AN) and give a broa
feature reflecting the self-convolution of the local de
sity of states [25]. The RI1 AN process is still domi-
nant on thecs4 3 2d-benzene surface, but some of th
Hep s2 3Sd atoms decay through Penning ionization (P
to yield the same final states as in photoemission [25].
fact, the threshold of electron emission in the Hep spectrum
3943
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FIG. 2. Metastable atom electron spectra of the clean Pd(11
and cs4 3 2d-benzene surfaces using Hep s2 3S, 19.8 eVd
atoms. Photoemission spectrum of thecs4 3 2d-benzene sur-
face using HeI (21.2 eV) resonance line is also shown. To
facilitate comparison, the energy scale for the HeI spectrum is
shifted to that for the Hep spectra by the difference in the exci-
tation energies,21.2 2 19.8  1.4 eV.

coincides with that in the HeI spectrum once the difference
in the excitation energy is taken into account. Furthe
some of the benzene-derived bands indicated by vertic
bars appear in the Hep spectrum [26]. Since the rate of PI
is determined essentially by the overlap between the He1s
orbital and surface orbitals that extend into the vacuum,
weak peak nearEF in the Hep spectrum indicated by the
arrow is also related to the chemisorbed benzene.

In order to understand the nature of the chemic
bonding in adsorbed benzene on Pd(110), we have p
formedab initio MO calculations for the benzene-Pd(110
model usingHONDO 95.3 [27]. The double-zeta qual-
ity basis sets augmented with polarization functions we
used with compact effective potentials [28,29]. A clus
ter of five Pd atoms, which are composed of a rectang
s2.75 3 3.89 Åd of four Pd atoms and one additional Pd
atom, 1.385 Å below the rectangle at the center, was tak
as a model of the Pd(110) surface. All the interaction e
ergies were calculated at the MP2 level [30] by varyin
the distanceR and azimuthal angleu between the Pd rect-
angular plane and the benzene molecule. The geometr
of benzene and the Pd cluster were kept fixed. Details
the calculations will be reported elsewhere [31].

Figure 3(a) shows the energy diagram of free benze
and the benzene-five Pd atom model. Here, the distan
3944
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sRd between the molecular plane of benzene and
first Pd layer is 1.95 Å, and the corner of the benze
molecule is rotated byu  10± from the f110g direction.
(Note that the 10± rotation is not the result of the energ
optimization.) Since the molecular orbitals below2e2g

do not strongly interact with the Pd4d orbitals, we
focused our attention on the interaction between the1e1g

and Pd4d orbitals. The1e1g derived peak at,4.5 eV
below EF which has been observed by UPS is attribut
to the bonding states just below the Pd4d states in
Fig. 3(a). On the other hand, the new peak nearEF

observed in the MAES results of Fig. 2 is assigned to t
upper hybridized (antibonding) states.

FIG. 3. (a) Orbital diagrams of free benzene and benze
five Pd cluster system. In the cluster system, the benze
molecule is rotated by 10±. Note that the rotation brings abou
the specific interactions between benzenep orbitals and Pdd
orbitals. (b) Density profiles above the benzene plane of
benzene-five Pd cluster system (C2 symmetry) in which the
benzene molecule is rotated by 10±. The electron densities of
the upper two antibonding states are overlaid. The geome
of calculated cluster system is also shown. (c) Density profi
above the benzene planes of the symmetrically adsorbed (C2y

symmetry) benzene-five Pd cluster systems. The elect
densities of the upper two antibonding states are overlaid
each system.
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We should note that the MO picture for chemisorptio
may overestimate the roles of the metald orbitals because
it does not include the extended structure ofs and p
bands which induces the broadening of adsorbate discr
states. As another limiting model, an adsorbate-deriv
resonance picture predicts that the level of the adsorb
HOMO or LUMO is resonantly broadened and somewh
shifted by the interaction with the metal bands [3,20
However, recent experimental [32,33] and theoretical [3
studies have revealed that hybridizationsmixingd takes
place in chemisorption on transition metals. Of course,
hybridized state is broadened due to the interaction wi
the metal bands.

Figures 3(b) and 3(c) show the local density profile
of the upper two states of azimuthally “rotated”sC2d
benzene and symmetrically adsorbedsC2yd benzene on
five Pd atoms, respectively. It is clearly seen in Fig. 3(b
that there are two elongated parts separated by a sin
node perpendicular to the molecular plane. On th
other hand, in Fig. 3(c), the electron density uniforml
exists over the molecule. Thus, the calculated electr
density distributions for theC2y and C2 models are
qualitatively different in that only theC2 model predicts a
nodal feature. Furthermore, because of the 10± azimuthal
rotation, the node predicted for theC2 model is oriented
,45± from f110g. Therefore, we conclude that the
observed internal structure at lowVt (nearEF) in Fig. 1
predominantly reflects the antibonding hybridized state
formed between the benzene HOMO and the Pd4d
orbitals.

Azimuthally rotated adsorbed benzene molecules ha
been observed for densely packed benzene molecules
transition metal surfaces [15,16]. From detailed UP
measurements ofcs4 3 2d-benzene on Ni(110), Steinrück
et al. [15] proposed that the molecule adsorbs as a fla
lying species, but it is azimuthally rotated. Azimutha
rotation of densely adsorbed flat-lying benzene takes pla
in order to decrease the repulsive interaction betwe
benzene molecules [15,16,35].

In conclusion, the molecular images ofcs4 3 2d ben-
zene molecules on Pd(110) by STM consist of two elon
gated protrusions separated by a single nodal depress
with C2 symmetry. MAES has successfully probed
benzene-derived band nearEF. The origin of the ob-
served STM images is ascribed to the antibonding sta
hybridized between the benzene1e1g (HOMO) and the Pd
4d orbitals byab initio MO calculations.

The numerical calculations were carried out on th
IBM/RS6000 Powerstations at the National Cancer Ce
ter Research Institute and on the SP2 at the computer c
ter of the Institute for Molecular Science. The presen
work has been partly defrayed by the Grant-in-Aid o
Priority-Area-Research on “Extreme environment cataly
sis” from the Ministry of Education, Science, Sports, an
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