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Adsorption of benzene on the SiC�001�-�3�2� surface is investigated employing density-functional theory
within the generalized gradient approximation. Due to the relatively large Si dimer distance on the clean
surface, benzene appears to adsorb only in a standard-butterfly configuration on single dimers. Such a well-
defined structure might turn out to be of particular interest for fundamental experimental investigations as well
as for surface functionalization by organic molecules. The reaction pathway of benzene from an initial state in
vacuum to the final adsorption state in the standard-butterfly configuration on the surface is explored and the
reaction process is analyzed employing maximally localized Wannier functions. The electronic structure of the
optimized adsorption configuration is discussed in terms of the surface-band structure, charge and state den-
sities, as well as scanning tunneling microscopy images.
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I. INTRODUCTION

Within the last decade there is an ever increasing techno-
logical interest in organic functionalization of semiconductor
surfaces.1,2 Three requirements have to be met to allow for
surface functionalization using specific combinations of or-
ganic molecules and semiconductor surfaces. Obviously, in
the first place, the employed organic molecules have to ad-
sorb on the semiconductor surface at all. Second, an intact
functional group has to remain upon adsorption which is
exposed outside. Last, but not the least, the surface should
remain to be well defined after adsorption, which is most
easily achieved by adsorbing a self-ordering organic mono-
layer.

As a prototype for the interaction of an aromatic hydro-
carbon with a semiconductor surface, adsorption of benzene
on Si�001�-�2�1� has been a subject of a considerable num-
ber of experimental and theoretical studies.3–22 Due to the
fact that the distance between neighboring dimers on the
Si�001�-�2�1� surface is of about the same size as the spa-
tial extent of a benzene molecule �C6H6�, the latter may ad-
sorb on a single dimer or it may bridge two adjacent dimers.
Correspondingly, several adsorption structures exist �for a
review, see Ref. 10 ; and for some more recent geometry
suggestions, see Ref. 11�. Most experimental studies agree
that benzene initially adsorbs in a single-dimer geometry
with two CuSi � bonds between opposing carbon atoms of
the molecule and the Si atoms of a dimer leading to a 1,4-
cyclohexadienelike standard-butterfly �SB� structure. For
lower coverages or nonvicinal surfaces, a subsequent conver-
sion to a bidimer structure is seen on the time scale
of minutes.4,7,9,21 The nature of the bidimer structure is
still under debate. Density-functional supercell calcula-
tions10,11,13,17,20,22 yield very similar adsorption energies for
the most favorable adsorption sites. The recent generalized
gradient calculation of Johnston et al.22 shows that inclusion
of van der Waals interaction has a crucial influence on the
order of these adsorption energies. Despite all experimental
and theoretical efforts, the definite adsorption structure of
benzene on Si�001�-�2�1� appears still to be a matter of
discussion.

The situation is more clear-cut for the SiC�001�-�3�2�
substrate surface. It also features asymmetric Si dimers on
the top layer whose local bonding configuration is very simi-
lar to that on Si�001�. However, the distance of 6.2 Å be-
tween neighboring dimers at SiC�001�-�3�2� is much larger
than that �3.9 Å� on Si�001�-�2�1�. This simple geometri-
cal fact has a vital influence on benzene adsorption at
SiC�001�-�3�2� in that it rules out most of the adsorption
models discussed for benzene on Si�001�. According to our
results, C6H6 adsorbs on SiC�001�-�3�2� only in one well-
defined equilibrium structure: the standard-butterfly configu-
ration, as we will show in this work. In this configuration,
the adsorbed benzene molecules retain two unsaturated �
bonds which can become operative in chemical functional-
ization of the system. Therefore, benzene on SiC�001�-�3
�2� might become a useful role model for studies of organic
functionalization of semiconductor surfaces. By the same to-
ken, the structural uniqueness of the system suggests that a
well-ordered benzene monolayer should readily be achiev-
able on this surface in experiment.

While there have been studies of acetylene,23 ethylene,24

and 1,3-cyclohexadiene25 on SiC�001�-�3�2�, to the best of
our knowledge benzene adsorption on this surface has not
been studied before. We have, therefore, investigated the re-
action of benzene with the SiC�001�-�3�2� surface in detail.

This paper is organized as follows. In Sec. II we briefly
address the methods used in our calculations, i.e., density-
functional theory �DFT� within the generalized gradient ap-
proximation �GGA�, the modeling of the adsorbate system,
the quadratic string method �QSM� for calculating reaction
pathways and finding reaction barriers, and the calculation of
maximally localized Wannier functions �MLWFs� for the dis-
cussion of the charge density. In Sec. III we present and
discuss our results. We identify the most favorable adsorp-
tion site for benzene on SiC�001�-�3�2� and explore the
minimum-energy pathway �MEP� to the final adsorption
state. The reaction process of benzene with the surface is
further examined with the help of maximally localized
Wannier functions. Finally, the electronic structure of the
C6H6:SiC�001�-�3�2� adsorption system is discussed. A
short summary concludes the paper.
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II. METHODS

The calculations are performed within density-functional
theory26,27 using the GGA with the exchange-correlation
functional, as suggested by Perdew and Wang28 �PW 91�.
Norm-conserving separable pseudopotentials29 are employed
and the wave functions are expanded in Gaussian orbitals of
s, p, d, and s� type with decay constants given in Ref. 23.
The charge density, as well as the local parts of the potential,
is represented by Fourier series. For an efficient evaluation of
these terms the algorithms presented in Ref. 24 are used.

The C6H6:SiC�001�-�3�2� adsorbate system is modeled
within the supercell approach. Each supercell contains a slab
consisting of one benzene adlayer, ten SiC substrate layers,
and a layer of hydrogen atoms saturating the bottom layer of
the slab. The slabs are separated by at least 8 Å of vacuum
between the uppermost adsorbate atom in one supercell and
the saturating hydrogen layer in the next supercell in each
case. All atoms in the benzene monolayer and on the first
five substrate layers are fully relaxed during structure opti-
mization and reaction pathway calculations. Brillouin-zone
integrations are carried out using 16 special k points.

The basis set superposition error in the interaction and
adsorption energies is reduced, employing a larger basis set
for the adsorbate and surface atoms, as discussed in Ref. 23.
The remaining error is corrected using the counterpoise
scheme described by Boys and Bernardi.30 These corrections
also account for the superposition error that originates from
the interaction of the periodic images of the adsorbate with
each other. This is achieved using a larger supercell during
the correction calculations.

For finding reaction pathways we have implemented the
QSM of Burger and Yang.31 The key idea of this method and
its predecessor, the string method of E et al.,32 is somewhat
similar to the nudged elastic band �NEB� method of Henkel-
man and Jónsson.33–35 In contrast to the NEB method, the
string method uses a numerical integration scheme along the
forces perpendicular to the tangents to direct the images to
the minimum-energy path. In order to avoid numerical prob-
lems, no spring force is used but the images are respaced on
a spline interpolation when needed. The QSM in turn per-
forms the integration along the force of a local approxima-
tive quadratic expansion of the potential-energy surface.
Thus the DFT functional is only evaluated from time to time
to update the expansion function. The QSM has the addi-
tional advantage that one may use chemically motivated
models36 for the initial guess of the second-order terms of the
expansion. We have convinced ourselves37 that the QSM is
competitive with the algorithms compared by Sheppard et
al.38 However, the QSM cannot be generalized to a climbing
image method without a huge loss of performance.

In order to discuss formal charges, charge transfer, and
chemical bonding in final adsorption states and along a reac-
tion pathway, we determine maximally localized Wannier
functions.39 These provide an insightful chemical picture of
the bonding properties. The construction of the Wannier
functions is achieved by interfacing our code to the
WANNIER90 package of Mostofi et al.40 The Wannier func-
tions calculated by this program partition the charge density
into contributions of chemically meaningful orbitals. Espe-

cially the centers of the Wannier functions are very useful to
shed light on the charge redistribution in an adsorbate system
along a reaction pathway. A Wannier center is the expecta-
tion value of the position operator with respect to a Wannier
function. For covalent systems, it acts like a link between
atoms, indicating the presence of a chemical bond.

In an accompanying study, we have investigated benzene
adsorption on the Si�001�-�2�1� surface. Our results com-
pare very well with those of previous DFT-GGA calcula-
tions. Therefore, we are confident that the theoretical meth-
ods employed in this work are also applicable to describe
benzene adsorption on the SiC�001�-�3�2� surface.

III. RESULTS AND DISCUSSION

A. Adsorption geometry

The clean substrate surface is described by the two-
adlayer asymmetric dimer model,41 which is widely
accepted42,43 by now. The model features a Si-terminated
SiC�001�-�3�2� surface covered with two partial Si adlay-
ers with one-third and two-third monolayer coverage from
top to bottom as can be seen in Fig. 1. The two top-layer Si
atoms per 3�2 unit cell form one asymmetric dimer in
the 3� direction which exposes both an electron pair donor
and an electron pair acceptor, namely, the dangling bonds at
the dimer up and down atoms, respectively. On the second
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FIG. 1. �Color online� Top �a� and side �b� views of optimized
standard-butterfly structure of benzene on SiC�001�-�3�2�. Large
ocher �light gray� circles denote Si atoms while substrate carbon
atoms are shown as small bright blue �gray� circles. The density of
the shadings of Si atoms increases with ascending height. Small
blue �dark gray� circles and white dots depict C and H atoms in the
benzene molecule, respectively. The dashed cyan �gray� line shows
a 3�2 surface unit cell.
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adlayer, four Si atoms form two weak Si dimers in the �2
direction. The Si atoms on the third layer, which is the first
complete layer of the substrate, form weak dimers in the
3� direction again. The dimers on the second and third lay-
ers are fully saturated. Therefore, the model has only two
unsaturated surface dimer dangling bonds per unit cell that
constitute the reactive units of the structure.

As noted already in Sec. I, benzene can only adsorb on a
single dimer at the SiC�001�-�3�2� surface because the
dimer distance of 6.2 Å is too large to allow for bidimer
configurations. Therefore, only two of the benzene adsorp-
tion models discussed for Si�001� in the literature3–22 remain
as candidates for nondissociative adsorption of benzene on
SiC�001�-�3�2�. In the first model, two neighboring C at-
oms of the molecule bind to a single dimer and the molecule
is tilted with respect to the surface normal. For this tilted
model, constituting a 1,3-cyclohexadienelike di-� geometry,
we find a small adsorption energy of 0.09 eV. The other is
the SB model, which is already mentioned in Sec. I. In the
SB model, benzene features a 1,4-cyclohexadienelike struc-
ture with two opposing CvC double bonds. The remaining
two opposing C atoms, which do not participate in a double
bond, are each bound to one of the Si dimer atoms, so that
the bonding configuration is also a di-� structure. The opti-
mized bond lengths of 1.50 and 1.34 Å for the carbon single
and double bonds, respectively, match the usual values for
these types of bonds in hydrocarbon molecules. The adsorp-
tion energy of the SB model results as 0.83 eV.

We have performed supplementary calculations for two
additional adsorption structures. First, we have considered an
interlayer adsorption species such as the one discussed in
Ref. 25 for 1,3-cyclohexadiene. However, we did not even
find a metastable geometry of this kind for benzene on
SiC�001�-�3�2�. Second, we have investigated dissociative
adsorption of benzene keeping the aromaticity of C6H6 in-
tact. For instance, adsorption with a final configuration con-
taining a phenyl group �C6H5� at one Si dimer atom and a H
atom at the other involves an adsorption energy of 1.47 eV,
which is larger than that of the nondissociative adsorption in
SB configuration indeed. The respective dissociation process,
however, turns out to be very unlikely due to an energy bar-
rier of about 0.8 eV.

The relative size of the adsorption energies of the tilted
and the standard-butterfly models �0.09 and 0.83 eV, respec-
tively� clearly reveals that the tilted model is very unfavor-
able. Thus, there seems to be only one realistic adsorption
structure for benzene on SiC�001�-�3�2�: the SB geometry.
The respective optimized structure is shown by a top and a
side view in Fig. 1. Clearly, the top-layer Si dimers of the
substrate surface become symmetric upon benzene adsorp-
tion in the SB configuration. The length of the CuSi bonds
between the molecule and the substrate is 1.97 Å and the
bond length of the Si dimer is 2.35 Å. The SB structure is
characterized by an adsorption energy of 0.83 eV for satura-
tion coverage of one molecule per �3�2� cell, as noted
above, and by 0.93 eV for half of this coverage calculated in
a c�6�4� cell, respectively. The energy difference of 0.1 eV
is a result of the nearest-neighbor Pauli repulsion between H
atoms which reside for monolayer coverage at the rather
small distance of 2.00 Å in adjacent 3�2 cells �see top

view in Fig. 1�. For the respective coverages of benzene in
SB configuration on Si�001�-�2�1�, the adsorption energies
resulting from our accompanying calculations are of the
same order �0.88 and 0.90 eV, respectively� because the local
topology of the Si dimers and the bonding topology of the
benzene molecules are very similar. In the latter case the
benzene molecules in SB sites are adsorbed on second-
nearest-neighbor dimers at saturation coverage, so that the
respective distance between the interacting H atoms is as
large as 3.5 Å. As a result, the difference between the ad-
sorption energies of the two coverages is correspondingly
smaller.

B. Reaction process

So far we have seen that the SB configuration is by far the
most favorable final adsorption structure. But this does not
yet mean that there is actually a viable reaction pathway for
the benzene molecules on which they can reach this final
terminal position in a real experiment. To resolve this ques-
tion we have calculated the MEP, shown in Fig. 2, from a
precursor state44 to the final SB adsorption state. The insets
show side views of the atomic configuration in the precursor
�P�, the transition �TSB�, and the final SB states. It turns out
that there is a small energy barrier between the precursor and
the transition state of 0.10 eV. When the molecule comes
closer to the surface, a very significant energy gain occurs
due to formation of two CuSi � bonds between the mol-
ecule and the substrate. The molecule eventually attains the
SB structure. The small energy barrier related to the transi-
tion state may be considered as an indication that benzene
physisorbs at very low temperatures and only chemisorbs at
a higher temperature. This conjecture is based on related
behavior of benzene on Si�001�-�2�1� where the molecule
has been observed to initially physisorb at 100 K and chemi-
sorb upon annealing to 200 K.9,21 In the case of Si�001�-�2
�1� we find a very similar barrier of 0.11 eV for the respec-
tive transition state. Thus, it appears that benzene adsorption
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FIG. 2. �Color online� Minimum-energy path from the precursor
�see Ref. 44� through the transition to the final standard-butterfly
state. The insets show side views of the respective atomic configu-
rations. The interaction energies are counterpoise corrected. For fur-
ther details, see caption of Fig. 1.
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on SiC�001�-�3�2� in the well-ordered SB configuration
should readily be realizable in experiment at room tempera-
ture.

As a side remark, we mention that our calculations can
also be considered as a test case for the QSM. For the path
from P to SB, 23 DFT force calculations per image were
needed until all force components perpendicular to the tan-
gents are converged to 6�10−4 Ry /aB. A typical NEB cal-
culation using the proposed quenched molecular-dynamics
scheme33 would need several hundred force calculations for
the same degree of accuracy. The QSM exhibits a rapid con-
vergence but is not particularly robust for larger systems.46

Using maximally localized Wannier functions, we now
address the transition from the precursor to the final SB
structure in more detail. Figure 3�a� shows the precursor state
P. The distances between the C atoms C1 and C4 and the
dimer down and up atoms are 2.89 and 3.58 Å, respectively.
So there is no covalent bond between the molecule and the
surface established yet. The substrate is essentially undis-
torted and the molecule is flat but slightly rotated toward the
dimer down atom. Figure 3 additionally shows the positions
of the centers of the MLWFs. The charge density of the
benzene precursor is distributed among six CuH bonds and
nine orbitals in the aromatic ring. The latter split into alter-
nating single and double bonds. This partitioning is degener-
ate with the one rotated by 60°. It is interesting to note that,
when analyzing the electronic structure with MLWFs, a
double bond is not split into a � and a � bond but into two
so-called banana-shaped bonds because the corresponding
Wannier functions are more localized.

All SiuSi bonds including the dimer bond consist of one
orbital each and there is an additional orbital belonging to
the occupied dangling bond at the dimer up atom. Since the
Wannier functions are used to span the linear space of the

occupied orbitals, there is no Wannier center at the dangling
bond of the dimer down atom.

As the molecule approaches the dimer, the aromaticity of
the benzene ring becomes distorted leading to an increase in
the energy by 0.10 eV. In the transition state TSB, shown in
Fig. 3�b�, the CuSi distances to the dimer down and up
atoms reduce to 2.44 and 3.08 Å, respectively. There are two
Wannier functions related to these emerging bonds, which
are plotted in panel �c� of Fig. 3 and labeled Bd and Du,
respectively. The Bd Wannier function �near C1� is induced
by the interaction of the molecule with the empty dangling
bond at the dimer down atom, which pulls charge out of the
benzene ring. In the idealized view of a � complex, an inter-
mediate in an electrophilic reaction, the Bd orbital is com-
pletely used to establish a CuSi bond to the dimer down
atom. In the ring, six � as well as two � orbitals and a
positive formal charge remain. The latter is stabilized by the
conjugacy of the � bonds and mainly localized at the ortho-
positions �C2 and C6� and paraposition �C4�, which manifests
itself in the position of the Wannier centers of the � orbitals
at the meta-atoms �C3 and C5� shown in Fig. 3�b�. The
charge loss in the ring leads to an interaction of the occupied
dangling-bond orbital at the dimer up atom Du with the para-
atom C4, as can be seen in the lower panel of Fig. 3�c�.

In the final adsorption geometry �SB�, shown in Fig. 3�d�,
the states Bd and Du have evolved to CuSi � bonds. Their
bond length is 1.97 Å. The two remaining � bonds of the
ring together with the respective � bonds set up the C2vC3
and C5vC6 double bonds.

C. Electronic structure

We now turn to the electronic structure of
C6H6:SiC�001�-�3�2� in the SB geometry. The band struc-
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FIG. 3. �Color online� Wannier centers for precursor, transition, and final SB geometries of the C6H6:SiC�001�-�3�2� adsorption
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ture of the system is shown in Fig. 4 together with the local
DOS, as calculated by weighting the DOS with the popula-
tion of the MLWFs at the molecule and at the CuSi back
bonds. To ease the discussion, we compare in Fig. 4 the band
structure of the adsorbate system with the DOS of an isolated
benzene molecule �C6H6�, as well as with the DOS of an
isolated 1,4-cyclohexadiene �C6H8� molecule, which is iso-
electronic to a benzene molecule on SiC�001�-�3�2� in
SB configuration. Most states of cyclohexadiene are close-
ly related to the adsorbate-induced states of the
C6H6:SiC�001�-�3�2� adsorption system. The peaks of the
molecular DOSs are labeled by the appropriate irreducible
representations of the D6h �C6H6� and D2h �C6H8� symmetry
groups.

An isolated benzene molecule contains twelve � and three
� bonds. The � bonds are only slightly influenced by adsorp-

tion of C6H6 in SB configuration. As a consequence, 12 pro-
nounced bands occur lying between −17 and −3 eV in the
band structure. The molecular � bonds, on the contrary, are
significantly affected due to the interaction of C6H6 with the
substrate.

Let us first address the different band groups among the �
bands in some more detail. Beneath −7 eV there are seven
adsorbate-induced bands. The states giving rise to these
bands are similar in nature to the respective states of C6H8.
The assignment of these states to those of C6H6 is self-
evident taking the twofold degeneracy of 2e1u and 2e2g into
account. The MLWF weighted DOS closely resembles that
of the isolated C6H8 molecule. In addition to the adsorbate-
induced bands there exist further states within the heteropo-
lar gap which are localized at the dimers of the two Si ad-
layers and the first complete Si layer of the substrate. In the
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FIG. 4. �Color online� Electronic structure of the C6H6:SiC�001�-�3�2� SB adsorption system. The left section shows the band structure
with benzene-derived bands marked by black dots. Bands whose states are localized at the top Si dimer are indicated by filled ocher �gray�
triangles. The projected bulk-band structure is shaded in gray. The high-symmetry points J and J� lie on the �11̄0� �x� and �110� �y� directions
of the surface Brillouin zone, respectively. To the right, the density of states �DOS� weighted by the population of the MLWFs at the
molecule and at the CuSi back bonds is shown in comparison with the DOSs of an isolated 1,4-cyclohexadiene �C6H8� and an isolated
benzene �C6H6� molecule, which are shifted in energy to match the energetic position of the lowest state of the adsorbate system. The
molecular states are labeled according to the irreducible representations of the D2h and D6h symmetry groups of the free molecules,
respectively �Refs. 8 and 45�. All states with a nodal plane parallel to the surface are marked by upper indices � or CH, respectively,
depending on their chemical nature.
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energy range between −7 and −5 eV there are three further
benzene-induced bands. Due to the large spatial extent of the
4b2u state of C6H8 in y direction, the corresponding band is
the most dispersive of the three bands with an energy of
−6.0 eV at � and −6.7 eV at K. The other two bands, 3b2u
and 5b3u, both only have a width of the order of 0.1 eV. The
two bands at −4.2 eV and between −4.1 and −3.4 eV cor-
respond to the two cyclohexadiene states 6ag and 3b1g, re-
spectively. The large spatial extent of the 3b1g state in the y
direction leads to a large dispersion of 0.7 eV of the latter
band as well.

As a side note, we mention that we find the same 12
adsorbate-induced � bands for benzene adsorption in SB
configuration on Si�001�-�2�1�, but all of them disperse by
less than 0.2 eV. This can be attributed to the respectively
larger intermolecular distance of 3.50 Å in the y direction
between H atoms of neighboring C6H6 molecules in the SB
structure on Si�001�-�2�1� as compared to 2.00 Å at
SiC�001�-�3�2�. For a detailed discussion of the correlation
between respective molecular states and surface bands at
Si�001�-�2�1�, see Ref. 8.

The stronger interaction between the benzene � orbitals
and the Si dangling bonds of the SiC�001�-�3�2� surface
gives rise to states of the adsorbate system that are related to
the 1b1u

CH and 1b2g
CH back-bond states of C6H8. They do not

appear as strong resonances in the band structure but are
spread over the whole energy region from −10 to 0 eV.

The remaining two � bonds of the adsorbed benzene mol-
ecule give rise to two bands labeled as �− and �+ in Fig. 5,
which shows an enlarged section of the band structure close
to the fundamental band gap. These bands reside in the en-
ergy region between −3 and 0 eV. Due to the strong coupling
of the molecular orbitals to the substrate states, these bands
are discernible in parts of the Brillouin zone only. This is not
surprising since both the � bonds and the back bonds stem
from the benzene � system and there is no symmetry which
could prevent these states from interacting with the substrate.
The antisymmetric linear combination �− �which corre-
sponds to 1b3g

� in cyclohexadiene� has a node in the dimer
plane, which reduces its back-bond character, but there is
significant interaction with the second-layer dimer states.

The symmetric linear combination �+ �2b1u
� �, in contrast,

contributes significantly to the CuSi � bonds. The symmet-
ric and antisymmetric linear combinations of the antibonding
��

� orbitals, which interact far less with the substrate, occur
between 3 and 3.5 eV.

Figure 5 clearly shows that the empty and occupied dan-
gling bonds of the clean SiC�001�-�3�2� surface41 become
saturated and are thus quenched by adsorption of benzene.
The band gap of 0.72 eV of the clean surface opens up to
1.02 eV for the adsorption system. The occupied states S1
and S2 localized at the Si dimers on the third layer remain
essentially undisturbed upon benzene adsorption, while the
antibonding second-layer states23 rehybridize to a symmetric
�B+� and an antisymmetric �B−� linear combination due to
the mirror symmetry x↔−x of the adsorbate system. This
mirror symmetry is missing at the clean surface since the
top-layer dimers are asymmetric in that case. The change in
the substrate-related bands is very similar to the case of
acetylene adsorption in on top positions on the same
substrate.23

To encourage and support experimental scanning tunnel-
ing microscopy �STM� studies of benzene on the
SiC�001�-�3�2� surface, we have calculated filled- and
empty-state STM images in the constant-current mode within
the Tersoff-Hamann approximation.47 Occupied states down
to −3 eV and empty states up to 4 eV with respect to the
projected valence-band edge have been included. The most
prominent features of the empty-state image in the upper
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FIG. 5. �Color online� Section of the band structure near the gap
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layer. For further details, see the caption of Fig. 4.
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of the benzene �� and � orbitals. In the left half of the figures, the
atomic positions of the benzene molecule and the first two Si layers
are shown.
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panel of Fig. 6 originate from the antibonding �� orbitals at
the CvC double bonds, which appear as two bright lobes
with pronounced intensity minima in their center. The latter
are due to the nodal plane of the wave functions in the
middle of the CvC double bonds which are not directly
involved in bonding of the molecule to the substrate. In the
filled-state image, shown in the lower panel of Fig. 6, the
bonding � orbitals lead to bright spots at the CvC double
bonds without an intensity minimum in the middle since the
occupied states do not have a nodal plane. Thus benzene
molecules give rise to clearly discernible fingerprints in
empty- and filled-state STM images.

IV. SUMMARY

We have investigated benzene adsorption on the
SiC�001�-�3�2� surface by DFT-GGA calculations. Accord-
ing to our results, benzene adsorbs on the SiC�001�-�3�2�
surface in the standard-butterfly configuration. The asymmet-
ric Si dimers on the top layer of the clean surface become
symmetric thereby. For chemisorption, the benzene molecule
has to surmount only a small barrier of 0.1 eV. We have
discussed the adsorption reaction as an electrophilic addition.
For none of the other favorable structural models discussed
previously for benzene adsorption on Si�001�-�2�1�, a vi-
able reaction pathway is found on SiC�001�-�3�2�. Thus it

should be possible to achieve a well-ordered monolayer
of benzene in SB sites on the SiC�001�-�3�2� surface
by self-organization. The surface-band structure of
C6H6:SiC�001�-�3�2� features 12 occupied � bands with a
dispersion of 0.7 eV at most. The molecular � states giving
rise to these bands are influenced only weakly by adsorption
of the molecule. On the contrary, the � states of the molecule
are more strongly affected by adsorption since they give rise
to the bonding between the molecule and the surface by es-
tablishing new CuSi bonds. In the energy region close be-
low the top of the projected valence bands, the remaining �
states hybridize with the CuSi back bonds and the second-
layer Si dimer states, respectively. While the dangling-bond
states of the clean SiC�001�-�3�2� surface are fully
quenched by benzene adsorption, the surface states of the
clean surface on the second and third layers remain in the
projected gap after benzene adsorption. Our simulated STM
images suggest that benzene molecules adsorbing in the
standard-butterfly configuration on the SiC�001�-�3�2� sur-
face should clearly be identifiable in STM experiments.
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