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Chemisorption of benzene and STM dehydrogenation products on Cu„100…
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Modification of individual chemisorbed benzene molecules on Cu~100! has recently been performed in
atomic manipulation experiments@J. Phys. Chem. A.104, 2463~2000!; Surf. Sci451, 219 ~2000!#. Benzene
dissociates under controlled voltage pulses in a scanning tunneling microscope~STM! junction. The reaction is
characterized as a dehydrogenation process and the fragments are identified as benzyne, C6H4. Here we present
a density functional theory investigation of the chemisorption of benzene on the Cu~100! surface, the nature of
the bonding and its effect on the STM images. The fragments phenyl and benzyne formed after one-fold and
two-fold dehydrogenation of chemisorbed benzene are studied in the same manner. The stability of the frag-
ments is explored via their chemisorption energy, their electronic structure on the surface and their affinity for
hydrogen. Benzyne fragments seem to be the most stable, in agreement with the conclusion of the aforemen-
tioned STM experiments.

DOI: 10.1103/PhysRevB.68.155401 PACS number~s!: 68.43.Bc, 68.37.Ef, 73.20.Hb
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I. INTRODUCTION

The adsorption of organic molecules on surfaces is
great interest from several different points of view. Inde
much attention2–5 is now given to the organic-inorganic in
terface, relevant to a wide range of applications, from
tuning of self-assembled monolayers to catalysis. In this
per, we report calculations of the chemisorption of benz
(C6H6), phenyl (C6H5), and benzyne (C6H4) on copper
~100!. This study is mainly motivated by a recent experime
tal study of single-molecule chemical reactions in the sc
ning tunneling microscope~STM!.1

The chemisorption of benzene on various metallic s
strates has attracted considerable attention recently. The
ical studies of benzene on copper~110! and~111! surfaces6–8

have been complementing experimental studies of these
surfaces.9–14 Less work has been done on the~100! surface.7

On the~111! and~100! surfaces it is generally concluded th
benzene adsorbs with the aromatic ring parallel to the
face. This adsorption geometry suggests that the out-of-p
benzenep orbitals are mainly involved in the bonding pro
cess. Benzene chemisorption on transition metals has
been studied, as a model system for unsaturated hydroca
catalysis.15 An example is the catalytic coupling of propyn
on Cu~111!, yielding benzene among other products.16 Cop-
per is a noble metal, with a fulld band, thus reducing its
reactivity as compared with Ni or other transition metals.17,18

In relation to pure benzene, copper is quite inert,19–21 and
some theoretical work7 concluded that the interaction is s
small that benzene physisorbs on Cu~100!.

The manipulation of benzene molecules on Cu~100! with
0163-1829/2003/68~15!/155401~9!/$20.00 68 1554
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the STM leads to the dissociation of benzene into sma
fragments.1 The interpretation given1 is that benzene under
goes a dehydrogenation reaction caused by the tunneling
rent. The symmetry and corrugation of the constant curr
STM images of the remaining fragments have been in
preted to indicate that benzyne is produced. Thus the
moval of two hydrogen atoms from the benzene molec
appears to be more favorable than the removal of a single
However singly dehydrogenated fragments are perfe
stable on noble metal surfaces. Phenyl fragments are fo
after iodobenzene dissociation on Cu~111!.22 Phenyl has
been extensively studied on Cu surfaces.23 The present work
examines the nature of these two possible benzene diss
tion fragments, i.e., phenyl and benzyne, created via S
dehydrogenation. Theoretical simulations allow us to che
the experimental conclusions referring to the bonding, sy
metry, and stability of the two different fragments on th
surface. The study of the chemisorption and H affinities
the two different fragments provides a strong basis
identification of the fragments produced after atom
manipulation.

In Sec. II, we present the theory used in this work. Su
sequently we explore the energetics, geometry, bonding
STM images of benzene on Cu~100!. In Sec. III C we ex-
plore, in a similar way, the chemisorption of phenyl, a
benzyne fragments of Cu~100!. The discussion section~Sec.
IV ! addresses the comparison with published results on b
zene chemisorption on Cu and Ni,17–21 and the stability and
nature of the chemisorbed fragments after dehydrogena
Section V summarizes the conclusions of this work.
©2003 The American Physical Society01-1
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II. THEORY

In this section we give a short introduction to the theor
ical method used. For a more complete description we s
gest Refs. 24 and 25.

The density functional calculations of the free and che
sorbed molecule were carried out using a planewave, u
soft pseudopotential method as implemented by the co
DACAPO ~Ref. 26! and VASP.27,28 The exchange and correla
tion effects were described by a generalized gradient
proximation. We used these two codes because the var
codes developed to calculate the projected density of st
~PDOS! and STM images were based on the Kohn-Sh
wave functions generated byDACAPO, whereas the perfor
mance ofVASP was exploited to find the equilibrium geom
etries of the systems. The Cu~100! surface was modeled by
four-layer slab and a vacuum region of five empty lay
between the slab and its periodic images. The calculatio
the STM images of an isolated molecule dictates the use
rather largep(434) surface unit. The centers of the benze
molecule in this ordered structure are about 10.5 Å apart.
used ak-point set with 16 points in the surface Brillouin zon
~SBZ!. The change in energy when going from 9 to 16k
points was a few meV. The ultrasoft pseudopotentials
lowed for kinetic energy cutoffs of 25 and 21 Ry in th
plane-wave basis set forDACAPO andVASP, respectively. The
ionic structure was relaxed until the various components
the force on each atom were less than 0.05 eV/Å. In find
the minimum energy configuration for the chemisorbed m
ecule, we allowed a full relaxation of the benzene molec
as well as a relaxation of the first two layers of copper. T
binding energies obtained by these two codes agree w
0.05 eV. The study of the phenyl (C6H5) fragment was also
performed with a five-layer vacuum gap, while for benzy
(C6H4) the vacuum gap was 12 layers. The phenyl and b
zyne calculations were relaxed only to 0.1 eV/Å , due to
numerous degrees of freedom explored. The spin polar
tion of the electronic structure in all cases has been foun
be zero. Hence the results presented in this work come f
unpolarised calculations.

We have calculated the chemisorption energy,Echem, as
the difference between the total energy of the chemisor
molecular system and the sum of the total energies of
free relaxed molecule and the surface. In the case of ben
on Cu~100!, the chemisorption energy is then given by

Echem5Ebenzene/Cu(100)2ECu(100)2Ebenzene. ~1!

Another calculated quantity is the hydrogen affinity,A. If we
take as an example the formation of phenyl (C6H5), the H
affinity is defined as

A5E(phenyl1H)/Cu(100)2Ebenzene/Cu(100), ~2!

whereEphenyl1H/Cu(100) is the energy of the phenyl fragmen
plus a hydrogen atom separately chemisorbed on the sur
A positive affinity means that the energy balance favors
hydrogenated compound. We have not analyzed the de
dence of the affinity on the H chemisorption site. In t
reference experimental studies1 the H atom likely ends up
chemisorbed onto the STM tip.
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Our analysis of the electronic structure and the bonding
benzene on Cu~100! was primarily based on an interpretatio
of the PDOS on molecular orbitals and also electron den
differences. In a supercell geometry, the PDOS on a mole
lar orbital a is defined as

ra~e!5(
n,K

u^cnKucamK&u2d~e2enK !, ~3!

wherecnK(r ) and enK are the Kohn-Sham wave function
and energies for the molecule chemisorbed on copper w
band indexn and wave vectorK in the SBZ, andcamK(r )
are the corresponding wave functions in the same supe
for a free molecule, with the same geometrical configurat
as the chemisorbed molecule, but for a single bandm. To
mimic the continuum of states of a semi-infinite substrate
delta function in Eq.~3! has been convolutioned with
Gaussian of 0.25 eV of broadening. The evaluation of
overlaps in Eq.~3! follows the procedure described in Re
24. The electron density difference is defined as the dif
ence between the density of the chemisorbed molecule
the superposition of the densities of the free molecule
the bare substrate.29,30

We calculated the STM images using the Tersoff-Hama
theory31,32 and Kohn-Sham wave functions and energies
the chemisorbed molecule. This theory is based on ans-wave
approximation for the tip and gives~at zero temperature an
low tip-sample bias! a tunneling conductance that is propo
tional to the local density of states~LDOS!, r(r 0,eF), at the
Fermi leveleF and the positionr0 of the tip apex~curvature
center of the extremity of the tip!. Thus constant-curren
STM images correspond in this theory to constant LDO
images. In a supercell geometry, this LDOSr(r 0,eF), ob-
tained using the Kohn-Sham states and energies of
chemisorbed system, is given by

r~r 0,eF!5(
nK

ucnK~r0!u2d~eF2enK !. ~4!

The procedure used to evaluate the ultrasoft pseu
wave-functions at the tip apex in the remote vacuum reg
is described in Ref. 24. The continuum of states of a se
infinite substrate is mimicked in the same manner as for
PDOS. We have also analyzed the additive contributio
rnK(r 0,eF)5ucnK(r0)u2d(eF2enK), from each Kohn-Sham
state tor(r0 ,eF).

III. RESULTS

In this section we present the calculated electronic str
ture for benzene (C6H6), phenyl (C6H5), and benzyne
(C6H4) on Cu~100!. The electronic structure of the chem
sorbed molecules can be rationalized in terms of the e
tronic structure of the free molecule and of the surface.18

A. Benzene on Cu„100…

The most favorable adsorption site of C6H6 on Cu~100! is
the hollow one, with a chemisorption energy of20.68 eV,
followed by the bridge site,20.47 eV, and then the top site
1-2
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CHEMISORPTION OF BENZENE AND STM . . . PHYSICAL REVIEW B68, 155401 ~2003!
20.38 eV. Benzene adsorbs with its center of gravity o
the hollow position; see Fig. 1~a!. The carbon ring remains
parallel to the surface at a heightdz of 2.23 Å. Four carbon
atoms are near the first-layer copper atoms~2.35 Å!, and the
two remaining atoms are sitting on bridge positions 2.74
away from the copper atoms. The adsorption also induce
expansion of the carbon ring as compared to the free m
ecule. The C-C distance expands from 1.398 Å to 1.414
1.420 Å, depending on the location of the pair of C atom
We also notice that the H atoms are lying approximately
the same plane as the benzene ring; however they are in
slightly tilted away from the surface by about 8°. Looking
the substrate we remark that the four copper atoms ly
beneath the benzene ring elongate horizontally to 2.630
which represents 2% of the relaxed lattice parameter,
vertically buckle away from the surface by 0.08 Å, a chan
of 4%. To sum up, the adsorption of benzene on Cu~100!
induces slight geometrical distortions of both the adsorb
and surface. These results are in good agreement with
cluster calculations of Petterssonet al.7

We analyze the electronic structure of the C6H6 /Cu ~100!
system in terms of the electronic structure of both the f
molecule and the free surface. This analysis allows us
understand the bonding of benzene to Cu~100!, as well as the
STM images presented in Sec. III B. Yamagishiet al.18 gave
a clear explanation of benzene bonding on Ni~111! in terms
of the frontier molecular orbitals@highest occupied molecu
lar orbital ~HOMO! and lowest unoccupied molecular orbit
~LUMO!#, similar to the approach we present here.

The slight geometrical distortions upon adsorption of
molecule make it possible to describe the molecular orbi
of the free, distorted molecule with the same notation as
the free undistorted molecule. These distortions reduce
symmetry of the free molecule fromD6h to C2v , which in
turn lifts the degeneracy of molecular orbitals withE char-
acter and makes hybridization between some orbitals of
ferent symmetry character with respect toD6h symmetry al-
lowed. However, for the molecular orbitals of interest he
we find that the perturbations on these orbitals are weak
that they keep their character. We find that the shifts a
mixings of the energy levels of these molecular orbitals
small.

In Fig. 2~a!, we show the calculated PDOS for the chem
sorbed molecule onto some occupied molecular orbitals
the free, distorted molecule. We have only projected o
molecular orbitals which are resonant with the copper c
duction band, namely, thep complex comprising the 1a2u

FIG. 1. Schemes of benzene~a!, phenyl ~b!, and benzyne~c!
chemisorbed on Cu~100!. Different perspectives are given for eac
case in order to emphasize the different bondings. Benzene~a!
chemisorbs flat on the hollow site of the~100! surface. Phenyl~b!
chemisorbs at an angle with the unpair C bonding onto the top
Benzyne~c! stands up on the hollow site.
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MO and the two 1e1g MOs and thes orbitals ~the 3e2g
MOs!. We find that the lower-lyings orbitals interact
weakly with the Cu states. The single peak in the PDOS
the 3e2g orbitals ~their natural width cannot be resolved!
shows that the interactions with the copper conduction b
are weak. The 1a2u orbital and the two 1e1g orbitals interact
strongly with the copper conduction band, leading to a s
stantial broadening and shift of the original states relative
the peak derived from the 1e1g orbital. The secondary pea
in the PDOS for the 1e1g orbitals is in the same energy rang
as thed band of copper, and shows that these orbitals hyb
ize substantially with thed states of copper. Note that th
splitting of the twofold degenerate orbitals are negligible.

In Fig. 2~b!, we show the calculated PDOS for the chem
sorbed molecule for the lower-lying unoccupied molecu
orbitals of the free, distorted molecule. All these molecu
orbitals interact strongly with the copper conduction band
is evident from their large broadening. The large broaden
comes from the interaction with thesp conduction band. In
particular, the 1e2u orbitals are considerably modified by th
interaction with the substrate. As a result, their degenerac
broken with a splitting of about 2 eV, to be compared w
the splitting of 0.05 eV for the free, distorted molecul
These orbitals generate long tails below the Fermi level,
partially occupied, and hybridize with the copperd states.
This back donation is dominated by electron transfer to
1e2u orbitals.

The electron transfer to the LUMO of the C6H6 molecule
is in apparent disagreement with the calculated reduction
about 0.6 eV in the work function upon adsorption.20,33,34An
electron transfer suggests an increase of the magnitude o
surface dipole, resulting in an increase of the work functi
However, the laterally integrated electron density differen
depicted in Fig. 3 shows not only the electron transfer
also a large reduction of the electron density just above
molecule. This reduction results in a net positive dipole m
ment due to the charge redistribution and a reduction of
work function. These results show that it is the rearran
ment of charge about the molecule the cause of the w
function change.

e.
FIG. 2. ~Color online! Projected density of states~PDOS! of the

full C6H6 /Cu(100) system on free-molecule orbitals. The site
hollow. The molecule has aC2v symmetry, but we have kept th
free-molecule symmetry notationD6h . In ~a! we have plotted the
PDOS onto occupied free-molecule orbitals. In~b! the PDOS cor-
responds to the unoccupied free-molecule orbitals. In every PD
calculation we have used 16k points in a 434 supercell, as in the
chemisorption and STM calculation.
1-3
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LORENTE, HEDOUIN, PALMER, AND PERSSON PHYSICAL REVIEW B68, 155401 ~2003!
We find that the trend in the chemisorption energy amo
the high symmetry sites correlates with the back donation
the LUMO.35,36In Figs. 6~a! and 6~b! we show the calculated
PDOSs of the chemisorbed molecule in the top and bri
adsorption site, respectively, for the relevantp and p* or-
bitals of the free, distorted molecule. As can be seen fr
Figs. 2 and 6, the trend is an overall downward shift in e
ergy of the states derived from these orbitals, which is larg
for the hollow site and smallest for the top site. This trend
related to the degree of overlap of these orbitals with
copperd states for the different adsorption sites. For all si
the states derived from thep orbitals are essentially fully
occupied and give a small contribution to the bondin
whereas the partial occupation of states derived from
1e2u degenerate orbitals is substantial, making a large c
tribution to the bonding. The back donations to the 1e2u
orbitals are about 0.9, 0.56, and 0.2 electrons for the holl
bridge, and top sites. This trend correlates well with the tre
of binding energies.

B. STM images of C6H6 ÕCu „100…

In this section we present our calculated constant cur
STM images of the chemisorbed molecule, and discuss t
in terms of the calculated electronic structure and the exp
mentally observed image. These images have been calcu
using the Tersoff-Hamann theory described in Sec. II.

In Fig. 4~c!, we show the contours of the constant loc
density of statesr(r0 ,eF) evaluated at the tip apexr0 for the

FIG. 3. Induced density laterally integrated in units of electro
per Å. Z50 corresponds to the topmost surface layer and nega
values indicate the bulk direction. The vacuum side is the posi
one. There is a pileup of negative charge~here a positive number o
induced electrons! between the molecule and the surface. The m
ecule center lies 1.93 Å from the topmost surface layer~arrow!. The
induced dipole is thus positive, leading to a reduction of the surf
work function.
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chemisorbed molecule on the hollow site. As we shall d
cuss later, we have chosen a value forr(r0 ,eF) that repro-
duces the observed corrugation height in a constant cur
STM image. We find that the topography of this image, th
is, a single protrusion with aC4v-like symmetry, does not
change qualitatively for different values ofr(r0 ,eF). How-
ever, there are some quantitative changes in the topogra
both the corrugation and the lateral extent of the protrus
change with the tip-surface distance. The protrusion ha
much larger spatial extent than the molecule itself, a
shows the need to use a large surface unit cell for the ca
lation of an STM image from an isolated chemisorbed m
ecule. The artifact of representing a single molecule wit
p(434) overlayer of molecules becomes noticeable throu
a relative increase of the corrugation between the molec
and its periodic images when the tip-surface distance is c
parable to a surface unit cell size of about 10 Å. For the ot
adsorption sites, we also find a single protrusion with
nodal planes in the calculated STM image. It is only for t
bridge site that theC2v symmetry of the adsorption site ca
be discerned in the image, whereas for hollow and top s
the images seem to have higher symmetries than the ads
tion site.

The topography of the calculated STM image can
readily understood from the behavior of the PDOS for t
molecular orbitals at the Fermi level as well as the spa
character of these orbitals in the lateral direction. In order
the electronic states that derive from a molecular orbita
contribute tor(r0 ,eF), the PDOS on that molecular orbita
has to have a substantial contribution at the Fermi level
the orbital must also have a relatively slow decay into
vacuum region where the tip apex is located. This deca
governed by the kinetic energy of the lateral components

s
e
e

-

e

TABLE I. Chemisorption energy on Cu~100!, Echem, and hydro-
gen affinity A for C6H6 , C6H5, and C6H4. Equations~1! and ~2!
give the definitions of the adsorption energy and the hydrogen
finity. A positive affinity means that the system reduces its energ
the molecule bonds to an extra hydrogen atom. For comparison
reproduce the same values for the corresponding acetylene s
C2H2 , C2H, and C2, published in Ref. 25.

C6H6 C6H5 C6H4

Echem ~eV! 20.68 22.59 23.52
A ~eV! 1.56 0.84

C2H2 C2H C2

Echem ~eV! 21.31 24.22 26.57
A ~eV! 0.58 0.82
k-

1

FIG. 6. ~Color online! PDOS onto free-
molecule orbitals for top~a! and bridge~b! sites.
The tails corresponding to the 1e2u (a2 in C2v)
state account for the back-donation. The bac
donation is bigger for the bridge case. The 1a2u

PDOS is partially hybridized with thed band in
the top case, becoming larger than the
a2u-PDOS of the bridge case.
1-4
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the plane waves that build up this orbital, which favors
bitals with the smallest lateral spatial variation. In particul
states with the fewest number of nodal planes, as provi
by the totally symmetric orbitals, will have the slowest dec
into the vacuum region. In this case, the 4a1g orbital is to-
tally symmetric and its PDOS is as large as the LUM
PDOS at the Fermi level, as shown in Fig. 2. Thus states
derive from this orbital should give a dominant contributi
to the STM image. This explains why the image consists o
single protrusion with no nodal planes.

The conclusion that the protrusion is derived from t
4a1g orbital is confirmed by an analysis of the additive co
tributions from different Kohn-Sham states tor(r0 ,eF). In
Fig. 5, we have plotted the contributionsrnK(r0 ,eF) from all
Kohn-Sham states~with band indexn) at theḠ point within
an energy range of 0.25 eV from the Fermi level. As can
seen in Fig. 5,rnK(r0 ,eF) in ~a! and ~e!, with zero nodal
planes, give the dominant contributions. The correspond
states overlap with the 4a1g orbital. ThernK(r0 ,eF) contri-
bution in ~d!, with two nodal planes, is smaller by a factor
~note the different vertical scale!. The corresponding stat
has a large overlap with the free-molecule LUMO orbit
1e2u . Finally, thernK(r0 ,eF) contributions in~b! and~c! are
smaller by three orders of magnitude. Thus the analysis c
firms that the protrusion arises from states that derive fr
the 4a1g orbital, at least within the Tersoff-Hamann approx
mation.

Weiss and Eigler37 demonstrated the chemisorption s
dependence of the STM image of C6H6 /Pt(111). This site
dependence is particularly important on semiconductor
faces, where the molecular geometry is strongly perturbed
the adsorption process.38 On metallic surfaces, Sautet an
Bocquet39 explained this dependence by studying the mo
fication of the molecular orbitals at different chemisorpti

FIG. 4. Constant current images of a benzene molecule ch
sorbed on~a! the top site,~b! the bridge site along the@011# direc-
tion, and~c! the hollow site. Analysis of these images, in terms
individual electronic states, permits us to assign the particular
dependence to the PDOS presented in Figs. 2 and 6.
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sites. Our approach allows an association of the STM im
with the PDOS at the Fermi level. In agreement with pre
ous work, the calculated PDOS at the Fermi level~Fig. 6!
and the calculated STM image~Fig. 4! show a site depen
dence. Chemisorption at the bridge site gives images wi
C2v-like symmetry; the image is elongated perpendicular
the two H atoms coinciding with Cu substrate atoms in
@011# direction. Meanwhile, the top-site image shows a hi
symmetry with no preferential direction. The LDOS decom
position permits us to understand the site-dependent imag
terms of the MOs of benzene. At the hollow site, the 1e2u
~LUMO! degeneracy is lifted and the image reflects the t
nodal planes of the LUMO. As we explained in Sec. III A
the one-electron structure is shifted upwards on the top
bridge sites. The contribution of the LUMO to the STM im
ages on both sites is reduced, where the contribution of
HOMO is increased, as compared with the hollow site ca
Figure 6~a! shows that for the top site the two 1e2g ~HOMO!
are totally degenerate while the degeneracy is lifted at
bridge site. Hence, at the top site the STM image presents
contribution of both 1e2g orbitals: this gives a totally sym
metric image. Nevertheless, the contribution froma1-like or-
bitals is still the largest. At the bridge site, the degenerac
lifted @Fig. 6~b!#, and only one of the 1e2g orbitals contrib-
utes to the STM image. This orbital presents a nodal pl
along the@011# direction. The corresponding image is fair
symmetric because of the dominatinga1 orbitals, but does
become elongated along the 1e2g direction.

To conclude, the calculated STM image is in good agr
ment with the observed constant-current image of C6H6 ad-
sorbed on Cu~100!1. The observed image shows a single pr
trusion with a height of 1 Å and an overall width of about 7
Å, with a fourfold rotation axis symmetry, which is nicel
reproduced by the calculated image at an average tip-sur
distance of 5.7 Å away from the molecule.

C. Dehydrogenation fragments

The aim of the work reported in this section was to stu
the two chemisorbed fragments of benzene, i.e., phe
(C6H5) and benzyne (C6H4), obtained by the removal o
one or two H atoms. The phenyl (C6H5) fragment was found
to chemisorb with the C ring forming an angle of 20° wi
the surface; see Fig. 1~b!. The C atom without a H is closes
to the surface and the phenyl ring folds slightly about t
mirror plane perpendicular to the surface which contains
unsaturated carbon atom. The phenyl fragment thus pres

i-

f
te
tes

of
FIG. 5. Three-dimensional plots of the contributions,rnKW (rW0 ,eF), from individual Kohn-Sham states to the local density of sta

rnKW (rW0 ,eF) at the Fermi level.~a!–~e! are all the states within 0.25 eV from the Fermi level and at theḠ-point (KW 50) ~a! and~e! correspond
to states of symmetrya1 belonging to theC2v point group, whereas~b! and ~c! correspond to eigenstates that contain no contribution
molecular states.~d! is the symmetrya2 part of the contribution of the lowest unoccupied molecular orbital 1e2u at the Fermi level.
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FIG. 7. ~Color online! Projected density of
states~PDOS! for C6H5 in ~a! and C6H4 in ~b!
chemisorbed on Cu~100!. Dashed lines denote th
density of states projected on molecular orbita
with a nodal plane perpendicular to the C ring.
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a quasi-Cs symmetry on the surface. The unpaired C li
close to a Cu atom and the phenyl fragment can basic
turn about the axis perpendicular to the surface on this
atom. As a consequence the chemisorption energy of ph
with the C ring over the hollow site is22.59 eV, while the
chemisorption energy with the C ring over a bridge site
22.56 eV. The atop configuration~where the C ring is ver-
tical! is not favored, with a chemisorption energy o
21.39 eV. The H affinity of the C6H5 fragment is A
51.56 eV when chemisorbed on Cu~100!.

Benzyne, C6H4, chemisorbs through its two unsaturat
C atoms; the C ring is vertical, see Fig. 1~c!. It has two
mirror planes and thus its symmetry belongs to theC2v point
group. The preferred chemisorption site is the hollow s
with a chemisorption energy of23.52 eV. The ring lies
along the@11̄0# axis. It is possible that this result is cove
age dependent. We have checked that the direct interac
between free benzyne molecules is negligible in the pre
p(434) structure, but substrate-mediated interactions m
play a rôle. We have also found a metastable state in wh
the C ring is tilted by 46° with respect to the surface pla
The chemisorption energy for this intermediate geometry
23.27 eV. The value of the hydrogen affinity is 0.84 eV.

It is interesting to compare the electronic structure of
two benzene fragments. As in the case of benzene,
chemisorption of phenyl and benzyne are largely domina
by electron donation from the metal surface into the LUM
The donation is large enough to equilibrate the spin polar
tion of the free phenyl molecule once it is chemisorbed,
that the spin polarization disappears. The highest occu
benzene orbital that involves the bonding of H atoms is
3e2g state of benzene. As a H atom is separated from th
benzene molecule, the 3e2g state shifts upwards in energ
becoming the half occupied molecular orbital 12a8 of phe-
nyl. In the case of benzyne, both 3e2g benzene states evolv
into the HOMO, 10a1, and LUMO, 8b2.

The projected density of states as defined in Eq.~3! is
shown in Fig. 7 for~a! C6H5 and ~b! C6H4 chemisorbed on
Cu~100!. In phenyl, the LUMO 12a8 becomes occupied
upon chemisorption, as can be seen in Fig. 7~a!. The other
3e2g state becomes the 8a9 orbital. The binding of phenyl
proceeds through substrate donation into the 12a8, forming a
s-like bonding. The chemisorption geometry of phen
arises from the competition between thes-like bonding to
the surface of the LUMO 12a8 and thep-like bonding in-
volving orbitals 11a8, 13a8, 9a9, and 10a9. Thes bonding
interaction tends to cause the C ring to stand perpendicula
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the surface, while thep bonding tries to optimize the overla
with the substrate, pushing the C ring parallel to the surfa
As a result, the molecule is tilted.

The removal of a second H atom from benzene to cre
benzyne changes the bond picture. The LUMO basically c
tures two electrons from the surface, and thep overlap with
surface states is greatly reduced. The molecule presen
vertical C ring. The bonding is directed by the two unsat
ated C atoms, and both the symmetry of the LUMO and
induced charge are reminiscent of acetylene bonding
Cu~100!.25

D. STM images of C6H5 and C6H4 on Cu„100…

The calculated STM constant-current images of phe
and benzyne on Cu~100! both show planar symmetries, i
accordance with the molecular symmetry:Cs-like for phenyl,
and C2v-like for benzyne. But the two images are rath
similar. The only important difference is the corrugatio
Benzyne presents;0.5-Å higher corrugation than pheny
because its C ring is perpendicular to the surface plane. O
when the simulation is carried out very near to the s
face does theC2v-like benzyne become distinct from th
phenyl case. Constant-current images may thus be in
ficient to enable the identification of the fragment form
experimentally.

The molecular-orbital origin of the STM images of th
fragments reflects the prevailings bonding in both cases. In
both fragments the responsible LUMO shows nodal pla
perpendicular to the C ring that would image as depress
in the STM. Hence, despite the perturbation caused by
distortion of the molecule and the new electronic struct
near the Fermi level, the origin of the STM image of phen
is similar to that of benzene and due to an unoccupied hig
symmetrical molecular orbital over the C ring~i.e., the or-
bital 4a1g of benzene!. On Cu~111!, phenyl images are to
tally symmetric, with a close resemblance to benzene.22 Ben-
zyne stands up on Cu~100!, and the unoccupieda-like
orbitals arep-like over the C ring: this means that a nod
plane coincides with the C-ring plane. This is not what
seen in the calculated STM image. The electronic struct
originating in the HOMO is totally symmetric about th
C-ring plane. Hence, the STM image presents features
flecting the HOMO, contrary to phenyl and benzene. T
reason why the HOMO contributes in benzyne and not
phenyl and benzene is twofold:~i! phenyl and benzene ar
largely planar, hence nodal planes about the C ring will
affect the STM image; and~ii ! the absence of the two hydro
1-6
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gens shifts thes-like orbitals towards the Fermi level, henc
the benzyne HOMO presents no nodal plane about the C
which is now vertical. The electronic structure originating
MOs without nodal planes will yield a larger contribution
the LDOS, and hence to the STM image, as shown here

E. Hydrogen affinity and fragment stability

Table I shows the chemisorption energy for benzene, p
nyl, and benzyne, as well as the hydrogen affinity for the t
fragments. It is instructive to compare these values w
those obtained for the acetylene series.25 In both series, the
chemisorption energy increases with the degree of dehy
genation since the degree of surface bonding increases.
hydrogen affinityA is positive because the hydrogenat
chemisorbed molecule is energetically more favorable.
compared with the gas-phase values,A is much smaller on
the surface because the fragment is partially saturated by
surface and because the freed H atom is chemisorbed. A
degree of dehydrogenation increases,A increases for the
acetylene series, but it diminishes for the benzene fragme
This is a remarkable difference in behavior between the
series. Benzyne adsorbs more strongly than phenyl an
bonds are almost saturated by the surface, so its affinity
hydrogen is a factor 2 smaller than in the phenyl case. Th
an indication of the greater stability of chemisorbed benz
as compared with the phenyl fragment on copper.

IV. DISCUSSION

In this section we discuss our results for the geome
and electronic structure~and STM images! of benzene and
its fragments on Cu~100! in relation to results obtained b
other electronic structure calculations and experimental d
for adsorption on metal surfaces. The hollow adsorption
and the planar configuration of the molecule~with the cant-
ing of the H atoms! is generally found in experimental stud
ies of benzene adsorption on metal surfaces.9–14 This geo-
metric configuration is characteristic of bonding via t
p-p* complex of molecular orbitals.

The relative participation of these orbitals~i.e.,p vs.p* )
to the bonding is found to be specific to the metal surfa
Our conclusion that the bonding is predominantly throu
electron donation to thep* molecular orbitals, and tha
chemisorption is weak on copper, was also obtained in
density functional calculations for the chemisorbed molec
on Cu~100! ~Ref. 7! and Cu~110! ~Ref. 20! surfaces. In the
density functional calculations by Mittendorfer and Hafner17

using a slab model for the C6H6 chemisorption on the~100!,
~111!, and~110! surfaces of Ni, they found the chemisorptio
energy to be about 1.5 eV larger than on Cu, while the m
ecule was closer to the surface by about 0.3 Å and the
distance elongated by 0.03 Å on the Ni~100! surface.

As pointed out by Weineltet al.,20 the stronger chemi-
sorption bond and perturbation of the molecule by Ni than
Cu can be understood in terms of the more active role of
highest occupiedp orbitals 1e1g and the partially occupiedd
states of Ni than on Cu~where thed states are fully occupied
and lower in energy!. In particular, the interaction of thesep
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molecular orbitals with the higher-lyingd states of Ni than
on Cu results in a substantial back donation.

This conclusion about the importance of the position
the d states in the bonding of benzene to metal surface
supported by Koschelet al.21 in their experimental study o
benzene adsorption on Ni~111! and Cu/Ni~111!. They used
temperature programmed desorption and angle-resolved
traviolet photoelectron spectroscopy to explore the stren
of the adsorption and the shift of the molecular levels up
chemisorption. Their results showed that a single Cu laye
Ni~111! changed the reactivity of the Ni surface from stro
chemisorption and large level shifts to weak chemisorpt
and small level shifts, as typical of Cu.

As a consequence of charge transfer and surface scr
ing, we find a large depletion of electrons in the vacuu
region@negative values ofDr(Z)] and a large concentration
of electrons between the molecule and the surface. Thus
total induced dipole is positive, leading to a reduction of t
work function. This result is similar to the analysis of He
et al.40 concerning the work function reduction for benze
adsorption on Ru~0001!. They argued that despite the bac
donation evaluated in their calculation, their calculated wo
function shift is due to the total positive induced dipo
caused by the charge counterbalance of the top two subs
layers,40 analogous to our Fig. 3. The change of the wo
function has its origin in the rearrangement of charges ab
the molecule rather than in the ill-defined total char
transfer.

There have been a very limited number of calculations
STM images for chemisorbed molecules based on den
functional calculations, because these calculations, requ
large surface unit cell to represent the image, as well as
somewhat controversial Tersoff-Hamann approximations
the tunneling current and the tip. However, the calculatio
using this approach for C2H2 on Cu~100! have shown that it
gives a good account of the observed images, in partic
for the images recorded by a functionalised tip.25 Prior to this
work, to our knowledge, there have been no reports of d
sity functional calculations of STM images for benzene on
metal surface. The only results that have been reported s
were obtained for benzene on Pt~111! using extended Hu¨ckel
calculations and a Landauer approach for the tunne
that is more sophisticated than the Tersoff-Hama
approximation.39

Finally, it is worth noting that, as in previous reports,37,39

we find a site dependence of the STM image. The ima
reflects, to some extent, the symmetry of the chemisorp
site, which is a consequence of the rehybridization of
4a1g state with the states of the different neighboring su
strate atoms. On other substrates, the balance of the mo
lar orbitals at the Fermi level will certainly change, as is t
case for Pt~111! ~Refs. 37 and 39! or Ag~110!.41

The chemisorption of benzene fragments of the type t
might be formed by STM dehydrogenation can be und
stood quite easily. The chemisorption energy increases a
creasing stages of dehydrogenation because of the more
saturated character of the new molecular bonds. This is s
the trend found in the acetylene dehydrogenation series.25 In
the cases we have considered~i.e., phenyl and benzyne! the
1-7
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H affinity is positive, meaning that the system prefers f
hydrogenation on Cu~100!, because the surface bonding
not sufficient to saturate the molecular bonds of the ad
bate species.

The present dehydrogenation process which occurs du
STM dissociation is not clear yet. Lauhon and Ho1 show that
the dissociation reaction takes place at a tip-sample bia
2.9 V. In the case of deuterated benzene, dissociation t
place at 4.4 V. The occurrence of this threshold behavio
not consistent with a vibrational mediated process. Inste
as suggested in the case of the dehydrogenation of a si
surface,42 the initial excitation mechanism seems to be el
tronic in nature. Hence the electronic structure of the che
sorbed molecule must influence the dissociation proces43

As shown by the isotopic effect, the actual dissociation b
will depend on the complicated dynamics of the dissociat
process. Heavier atoms move more slowly and since the
tem can de-excite before dissociation44 more energy must be
conveyed by the impinging electron.

Lauhon and Ho1 concluded that benzyne fragments a
formed after studying the constant current STM image a
the inelastic electron tunneling~IETS-STM! spectrum. The
experimental constant current STM image presents aC2v
symmetry, of the type that a standing up benzyne fragm
would show. The C-H stretch mode is not detectable
benzene. However, after STM manipulation a C-H stre
mode becomes detectable. Lauhon and Ho argues that
bonds sticking out of the surface would be more easily
tectable by IETS-STM. Hence benzyne the most likely fra
ment in the experimental reaction induced by the STM
benzyne.

Weisset al.22 have shown that phenyl fragments chem
sorbed on Cu~111! show a cylindrical symmetry, similar to
chemisorbed benzene molecules. Our STM simulations s
that constant-current images of phenyl and benzyne pre
certain similarities. STM images of phenyl fragments ce
tered on the bridge site of Cu~100! present aC2v symmetry.
Hence the symmetry of the constant-current image may
be enough to determine the identity of the fragment. Mo
over, in phenyl C-H bonds can also point away from t
surface so that IETS-STM detection of C-H based mo
form phenyl cannot be ruled out.

These facts give a special value to the calculations p
sented. The hydrogen affinity drops by a factor of 2 for be
zyne as compared to phenyl. On the other hand, benz
presents a chemisorption energy larger than the phenyl f
ment. The stability of benzyne on the copper surface
greater in two senses: it is more strongly bound to the s
face, and it gains less energy than phenyl in the hydroge
tion process. The study of the energy balance in the che
sorption of benzyne and phenyl shows that benzyne is m
stable than phenyl on Cu~100!, and hence more likely to be
the fragment created in the STM experiments.

V. CONCLUSIONS

In this paper, we have described density functional cal
lations of the chemisorption and STM images of benzene
the~100! face of a copper surface. The calculations are ba
15540
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on a plane wave, ultrasoft pseudopotential method usin
slab model of the copper surface and ap(434) ordered
overlayer to represent the isolated molecule. The STM im
has been calculated using the Tersoff-Hamann approxima
and the Kohn-Sham states of the benzene-covered surfa

We find that benzene is weakly chemisorbed and that
hollow site is the most favourable adsorption site amon
the high symmetry sites. The molecule is adsorbed in a
nar configuration with a slight tilting of the H atoms awa
from the carbon ring. This adsorption site is in agreem
with results from scanning tunneling microscopy expe
ments. The planar configuration is supported by the go
agreement of the calculated STM image with the obser
image. Our qualitative analysis of the bonding in terms of
projected density of states suggests that the bond is for
predominantly by donation of electrons to the lowest-lyi
p* orbitals of the molecule, which interact strongly with th
spbands of copper. In particular, we find that the hollow s
gives rise to the largest charge donation to these orbit
which makes the hollow site the most stable site. The bo
ing p orbitals of the molecule are found to hybridiz
strongly with thed andpz orbitals of the copper atoms. How
ever, this does not give rise to any substantial donation
electrons to the copper surface, which has a fully occupied
band, in contrast to what has been found for other transi
metal surfaces with partially occupiedd bands. Donation to
the unoccupiedsp conduction band is very small due to th
large energy mismatch between the HOMO peak and
Fermi energy.

The calculated STM image, exhibiting a single and sy
metric protrusion, cannot be rationalized in terms of tunn
ing through states derived from the LUMO. Instead, we fi
that states derived from a totally symmetric, unoccupieds
orbital of the molecule give the dominant contribution to t
STM image. In general, we expect that states derived fr
those molecular orbitals with the least number of nod
along the surface and which give the most substantial c
tributions to the PDOS at the Fermi level should determ
the shape of the STM image at a low tip-surface bias.

The dehydrogenation fragments phenyl (C6H5) and ben-
zyne (C6H4), have been also studied on the Cu~100! surface.
They have both dangling bonds that lead tos bonding with
the surface. In phenyl, thep-bonding contribution is impor-
tant enough to tilt the molecule, whereas for benzyne
molecule stands up on the two unpaired carbon atoms. B
zyne is more strongly bound than phenyl to the surface, b
presents a smaller hydrogen affinity. We conclude that
stability of benzyne on the Cu~100! surface is greater than
phenyl, and hence benzyne is the fragment most likely to
found after STM manipulation.
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