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Direct Observation of Molecule-Substrate Antibonding States
near the Fermi Level in Pd(110)¢(4 x 2)-Benzene
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Evidence for a molecule-substrate hybridized state near the FermiAgvisl presented for Pd(110)-
c(4 X 2)-benzene. Observed images of adsorbed benzenefpehy scanning tunneling microscopy
consist of two elongated protrusions separated by a single nodal depressio@,vaffmmetry. The
existence of a benzene derived state rigars also observed by metastable atom electron spectroscopy,
and it is assigned to the antibonding states betweerl ¢éhemolecular orbital of benzene and the Pd
4d orbitals byab initio molecular orbital calculations. [S0031-9007(97)04504-3]

PACS numbers: 68.35.Bs, 82.65.My

Scanning tunneling microscopy (STM) images of ad-let photoemission spectroscopy (UPS) [13—17]and inverse
sorbed molecules on solid surfaces could provide valuablphotoemission spectroscopy (IPES) [18,19] measurements
information on the adsorption sites, the orientation of in-of adsorbed benzene on transition metal surfaces, the high-
dividual molecules with respect to the substrate lattice, thest occupied molecular orbital (HOMO) derived states are
periodicity of ordered molecular structures as well as deebserved at 4-5 eV below; and the lowest unoccupied
fects and domains [1]. The observed internal structuremolecular orbital (LUMO) related states are observed at
are not directly related to the position of atoms, but to the2—3 eV aboveEr, respectively. It has been supposed that
electronic structure of adsorbed molecules and surfaces. ttiese states have additional LDOS ngarowing to reso-
is known that the local density of states (LDOS) near thenance broadening [3,20], and thus STM can probe benzene
Fermi level Er has a significant contribution to STM im- molecules as a protrusion. However, the local electronic
ages [2—4]. In addition, observed STM images reflect thestructure of adsorbed benzene on transition metal surfaces
symmetry of both adsorption sites and molecular orbitalsnearE is not fully understood yet, because conventional
in particular, the shape of the orbitals is of great importanc&JPS and IPES observe several surface layers and adsor-
[5]. Thus, in order to identify or discriminate among ad- bates, and thus it is difficult to probe the LDOS above the
sorbed species, the origin of observed STM images, i.esurface selectively.
the LDOS neafr should be thoroughly characterized. In this Letter, we will elucidate the origin of internal

Adsorbed benzene on transition metal surfaces has bestructures of STM images in Pd(116)4 X 2)-benzene.
studied by both the STM experiments [6—9] and theodn order to probe the LDOS above the surface, we have
retical calculations [5,10,11]. Ohtast al. have first re- applied metastable atom electron spectroscopy (MAES)
ported high-resolution STM images of benzene moleculessing a Hé (235) beam. Based oab initio MO calcula-
in the Rh(111)3 X 3)(C¢H¢ + 2CO) surface [6]. Their tions, benzene derived states that are observedR)ehy
STM images show individual benzene molecules as threeMAES are assigned to antibonding states formed through a
fold ringlike features, which reflects the fact that the ben-combination of the benzerie,, orbital (HOMO) and the
zene molecules adsorb at hcp-type threefold hollow siteBd4d band. The density profile of these states resembles
on Rh(111)[12]. Weiss and Eigler [7] have reported threghe STM images of Pd(11Q)& X 2)-benzene.
different STM images of isolated benzene molecules on Experiments were performed in an ultrahigh vacuum
Pt(111) at 4 K, which are ascribed to benzene molecules osystem (<1 X 107!° Torr) equipped with a three-grid
three different adsorption sites [5]. According to ultravio-retarding field analyzer for LEED and Auger electron
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spectroscopy (AES), a quadrupole mass spectrometer, atlibugh slight differences in STM images were observed
a Beetle-type STM [9,21]. The Pd(110) surface waswith different tips, which might be attributed to tip ef-
cleaned by repeated Ar-ion sputtering, annealing, oxidafects, a molecular image at a low bias voltage consisting
tion, and flashing~1100 K) cycles. The attainment of of two elongated protrusions separated by a single depres-
a clean PAI10) (1 X 1) surface was confirmed by AES, sion with its direction 50-60° from [110] was observed
LEED, and STM. We used an electrochemically etchedn each case.
tungsten tip or an electrochemically etched Pt-Ir tip. In According to the UPS study by Netzat al.[17],
the present study, all STM images were observed at roont has been proposed that the molecular plane of ad-
temperature. Experimental details of theltfPS and H&  sorbed benzene in thg4 X 2) structure is slightly tilted
(235) MAES measurements were reported elsewhere [22].~10°-20°) from the surface in thg001] direction, keep-
We prepared the(4 X 2)-benzene on Pd(110) by dos- ing a vertex of benzene hexagon towafd$0]. While
ing gaseous benzene onto Pd(110) at room temperatutee symmetry of an isolated benzene moleculeDig,
and annealing te-320 K. Well-orderedc(4 X 2) struc- the symmetry of a tilted benzene on Pd(110), as pro-
tures were confirmed by both LEED and STM, and therposed by Netzeet al.[17], cannot be higher thad.
mal decomposition does not occur under these conditiongibrational spectra of this system indicate that the sym-
[23]. From our previous STM study, benzene moleculesnetry of adsorbed benzene & or lower [23]. How-
adsorb on the hollow sites of Pd(110) [9]. ever, the present STM observation of internal structure for
Figure 1 shows a series of STM images of the same(4 X 2)-benzene on Pd(110) clearly sho@s (or lower)
area as a function of tip bias voltag®;) from +1 to  symmetry at low bias voltages. Moreover, little indication
—1 V with a constant tunneling currenf, = 0.6 nA).  for the “tilt” of adsorbed benzene was observed. These re-
There are defects at the top of each image. At higher biasults are interpreted to indicate that the benzene molecules
voltages (|V,| = 1 V) (Fig. 1), each adsorbed benzenein the c¢(4 X 2) structure may be azimuthally rotated
molecule shows approximately a round shape. At lowfrom a symmetric orientation [15,16], which will be
tip bias(]V;| = 0.5 V), the molecular image starts to split discussed later.
into two parts. It is clearly seen that a single nodelike In order to clarify the electronic states of chemisorbed
depression exists for a molecule with its directior’50 benzene nealEr, we have measured MAES spectra
60° from [110]. Note that the direction of the depressionof the clean Pd(110) and(4 X 2)-benzene surfaces
and the shape of protrusions change slightly as a functioat room temperature. The data using a thermal He
of tip bias voltage. (23S, 19.8 eV) beam are shown in Fig. 2. For com-
In order to confirm that these are intrinsic features ofparison the He (21.2 eV) photoemission spectrum of
the system and not tip-induced effects, control experithe c(4 X 2)-benzene is also shown. The bandlsE
ments have been performed as follows. First, the scarare assigned to the benzene derived,, 2e>, + lay,,
ning direction of the tip against the surface was varied2e;, + 1by, + 1by,, 2a1,, and le,, states, respectively
Second, we have used both tungsten and Pt-Ir tips. AIFL7]. As compared with the UP spectrum of a benzene
multilayer, thele;, (HOMO) peak ofc(4 X 2)-benzene

Ya [T - is shifted by~1 eV to higher binding energy, because
ybridization between the HOMO and the orbitals
"' hybridization b h d thé orbital
" ? " "t of the substrate takes place. Note that only the shift
- : = of the le;, derived peak to higher binding energy has
T 2 _"’7 ' 4 been observed in previous UPS studies [13—17], but the
,, "'f'_;g " | corresponding antibonding hybridized states have not
¥ LT been observed experimentally so far. This is due to strong
Vt=+0.50V Vt=+1.00V photoemission from the substratébands neafkr, which
T 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 not
penetrate into the bulk and the electron emission spectrum
selectively provides information on the outermost surface
layer [24,25]. On the clean surface, the*H23S) atoms
deexcite predominantly via resonance ionization (RI) fol-
lowed by Auger neutralization (AN) and give a broad
feature reflecting the self-convolution of the local den-
sity of states [25]. The Rk AN process is still domi-
FIG. 1. A series of STM images of the identical area as aﬂant ;)?Sthetc(4 ><d2) bentzhene ?]urliace but som? of tgle
function of the tip bias voltagéV,) between+1to -1V (I, = € (2°5) atoms decay through Penning ionization (P1)

0.6 nA). Positive (negative) tip bias corresponds to occupied© Yield the same final states as in photoemission [25]. In
(unoccupied) states of the system, respectively. fact, the threshold of electron emission in the' ldpectrum
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hv, He* (R) between the molecular plane of benzene and the
50° first Pd layer is 1.95 A, and the corner of the benzene
B A‘Ee molecule is rotated by = 10° from the[110] direction.
Tl e | A (Note that the 10rotation is not the result of the energy
e e optimization.)  Since the molecular orbitals bel@as,
w UPS do not strongly interact with the Pdd orbitals, we
: . c(4x2)-benzene focused our attention on the interaction betweenlthe
; . - : 6=E|: and Pd4d orpnals. Thele;, derived peak at_v4.5 gV
£ Binding Energy (eV) below Ex Wh_lch has bee_n observed by UPS is attnt_)uted
| to the bonding states just below the RBd states in
RN c ‘x5 Fig. 3(a). On the other hand, the new peak né&ar
WM”‘”‘L observed in the MAES results of Fig. 2 is assigned to the
~ A ¢ upper hybridized (antibonding) states.
. ‘“'\ ™_MAES
N . , “~___ C(4x2)-benzene . free benzene-five
~ 1e benzene Pd cluster ﬁ dxz
Y ooy 358 @
e N ﬁ@ @ az?
: MAES 251 HQ 02
. . _ clean Pd(110) @ 8 2 @
0 5 10 15 s . - 2 dxz
Kinetic Energy (eV) 5 1 -(HJ)QMO) \\\\.\5 30
FIG. 2. Metastable atom electron spectra of the clean Pd(110) © 0_ 3 Mo o o
and c(4 X 2)-benzene surfaces using ‘Hg23S, 19.8 eV) | “@mdxz
atoms. .Photoemission spectrum of t&j(é, X 2)-benzene sur- | 2
face using He (21.2 eV) resonance line is also shown. To 1829 :-ji%%-g\
facilitate comparison, the energy scale for thel ldpectrum is q e S IIT= @)mdyz
shifted to that for the Hespectra by the difference in the exci- -15+

tation energies21.2 — 19.8 = 1.4 eV.

coincides with that in the Hespectrum once the difference

in the excitation energy is taken into account. Further,
some of the benzene-derived bands indicated by vertical ®
bars appear in the Mepectrum [26]. Since the rate of PI

is determined essentially by the overlap between théHe
orbital and surface orbitals that extend into the vacuum, a
weak peak neaEr in the HE spectrum indicated by the
arrow is also related to the chemisorbed benzene.

In order to understand the nature of the chemical
bonding in adsorbed benzene on Pd(110), we have per-
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 were
used with compact effective potentials [28,29]. A clus-
ter of five Pd atoms, which are composed of a rectangl€IG. 3. (a) Orbital diagrams of free benzene and benzene-
(2.75 X 3.89 A) of four Pd atoms and one additional Pd five Pd cluster system. In the cluster system, the benzene
atom, 1.385 A below the rectangle at the center, was takerfqolecule is rotated by O Note that the rotation brings about

. . the specific interactions between benzenerbitals and Pdi
as a model of the Pd(110) surface. All the interaction ENorpitals. (b) Density profiles above the benzene plane of the

ergies were calculated at the MP2 level [30] by varyinghenzene-five Pd cluster systerd,(symmetry) in which the
the distance® and azimuthal anglé between the Pd rect- benzene molecule is rotated by°10The electron densities of
angular plane and the benzene molecule. The geometriée upper two antibonding states are overlaid. The geometry
of benzene and the Pd cluster were kept fixed. Details gif calculated cluster system is also shown. (c) Density profiles

. . above the benzene planes of the symmetrically adsorbed (
the calculations will be reported elsewhere [31]. symmetry) benzene-five Pd cluster systems. The electron

Figure 3(a) shows the energy diagram of free benzengensities of the upper two antibonding states are overlaid in
and the benzene-five Pd atom model. Here, the distan@ach system.
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may overestimate the roles of the mefabrbitals because by JST.
it does not include the extended structure sofand p
bands which induces the broadening of adsorbate discrete
states. As another limiting model, an adsorbate-derived
resonance picturg predicts that the level of the adsorbate *Present address: The Institute for Solid State Physics,
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