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The scanning tunneling microscope~STM! images of benzene on Pt~111! have been calculated with different
adsorption sites~hollow, top, and bridge sites!. Our aim was to get a qualitative understanding with a
molecular-orbital~MO! approach of the factors that govern the STM image pattern and shape in the case of a
molecular adsorbate. The calculated images strongly depend on the chemisorption site and they allow the
assignment of each experimental image of benzene to a given site and orientation of the molecule. The
contributions to the tunnel current of each molecular orbital were calculated and analyzed with the help of a
simple analytic model of tunneling through a molecule. It is not only the orbitals close to the Fermi level that
have a significant contribution to the current. Indeed, the shape of the orbital~especially the number of nodal
planes perpendicular to the surface! also has a great importance. The final image results from the electronic
interferences between these individual MO contributions and with the direct tip surface electronic current, as
explained by the model. The main interference effect is between thes and thep orbitals of benzene with a
given symmetry, since these orbitals have a different phase behavior across the tunnel junction~respectively,
symmetric and antisymmetric!. The site differentiation in the STM pattern results from the effective symmetry
of the adsorption site and, for the hollow case, only appears after interference of the MO contributions.

I. INTRODUCTION

There is no doubt now that the scanning tunneling micro-
scope~STM! is able to provide high-resolution images of
molecular adsorbates on a surface.1–12 The electronic and
geometric structure of such an adsorbed molecule is of great
importance for surface science and related fields, such as
heterogeneous catalysis or tribology. The interpretation of
these STM images of molecules is, however, difficult, since
the STM does not display directly the position of the atomic
nuclei, but reflects the electronic structure at the substrate
Fermi level of the surface with adsorbates. This is especially
true for the internal structure of a molecule image with the
STM, which is usually rather weak with a few maxima that
cannot be associated with atoms. Moreover, the registry of
the molecule with the surface lattice, that is to say the ad-
sorption site, is not obvious to determine, since it is not
generally possible to obtain a simultaneous resolution of the
substrate and of the molecule, either because there is no mol-
ecule free area in the image or because the conditions for the
imaging of the molecule are not compatible with the resolu-
tion of the substrate.8 How the molecule distorts upon ad-
sorption is also not directly accessible. Even if we put aside
the structural information, the surface electronic information
is similarly difficult to analyze. Which molecular states of
the adsorbate are involved in the STM image formation pro-
cess? What is the influence of the direct tunneling between
tip and substrate, compared with the tunneling mediated by
the molecule? These questions do not have a definitive an-
swer yet.

Upon all the molecules that have been studied with the
STM, benzene occupies a special place because it was the
first one to be imaged in coadsorption with CO on Rh~111!.3

The image displays a pattern with three lobes in a triangle
with a small hole in the middle. A theoretical calculation of

this image,13,28 using the hcp hollow adsorption site, deter-
mined by low-energy electron diffraction~LEED!,14,15gave a
good agreement with the experimental data. More recently,
Weiss and Eigler performed a low-temperature STM study of
nearly isolated benzene molecules on a Pt~111! surface.7 The
benzene molecule appears as a protrusion from the flat~111!
terraces. However, the interesting and unexpected point is
that at high resolution, three different characteristic types of
protrusions have been found. It should be noted from the
start that these images are not related with different STM
imaging conditions, but should be associated with different
types of benzene molecules on the surface. It was suggested
that the three images correspond to different benzene adsorp-
tion sites.7,16

In relation with this experimental study, we present a
theoretical analysis of the STM images of benzene on
Pt~111! using different adsorption sites. Even if we wish to
relate each molecule image shape with a given site, our aim
is not to obtain a precise quantitative reproduction of these
images, which is out of reach and would not be very useful
anyway, but to get a qualitative understanding, with a
molecular-orbital~MO! analysis approach, of the factors that
govern the STM image pattern and shape in the case of such
a molecular adsorbate. The origin of the eventual internal
structure in the molecule pattern will be analyzed in the
terms of interference effects between molecular-orbital tun-
neling contributions. A preliminary short account of this
work has already been published.16

II. THEORETICAL METHOD
OF STM IMAGE CALCULATION

The theoretical STM images are calculated with the elec-
tron scattering quantum chemical~ESQC! method,13,17–22

which we will only briefly recall here. The system for the

PHYSICAL REVIEW B 15 FEBRUARY 1996-IIVOLUME 53, NUMBER 8

530163-1829/96/53~8!/4910~16!/$06.00 4910 © 1996 The American Physical Society



calculation is infinite inz with a single tunnel gap, each atom
being represented by a set of basis functions: a semi-infinite
substrate is built by repetition of a cell slab from2` to the
surface, then the adsorbate and the tip apex~a cluster! are
positioned and this tip apex is connected to a second semi-
infinite solid up to1`, which represents the tip bulk. There-
fore, the infinite nature of the electron reservoirs on each side
of the tunnel gap is correctly described here. The system is
finite in the lateralx,y directions with cyclic boundary con-
ditions.

Therefore, the adsorbate and tip are periodically repeated.
Here, we want to calculate ‘‘isolated’’ benzene molecules on
a ~111! platinum surface. This imposes the use of a rather
large cell, which sides are six atoms long, in order to get long
enough translation vectors~16.5 Å!, so that the calculated
pattern for one molecule is not affected by the boundary
conditions: this means that the benzene molecules are far
enough, so that their STM images do not overlap. Notice that
this also ensures that the tip-tip interactions are negligible.
As a consequence of this long repeat vector, the bulk cell
contains a large number of atoms~108 atoms!.

The major approximation in the calculation is the projec-
tion of the Hamiltonian on a local-orbital basis set~linear
combination of atomic orbitals approach! the Hamiltonian
matrix elements on a set of Slater functions are calculated
with the effective semi-empirical extended-Hu¨ckel Hamil-
tonian, while all overlap matrix elements are exactly calcu-
lated. This ensures a full account of symmetry and a reason-
able qualitative description of the electronic structure, while
some more subtle quantum chemical effects are neglected. It
should be noted that these calculated overlap and Hamil-
tonian matrix elements between Slater-type orbitals explic-
itly depend on the precise atom-to-atom distances and more
generally on the system geometry. The structure of the sur-
face, the tip, and their relative position are then fully taken
into account in the calculation. Even with such a simplified
approach, the large number of atoms makes the use of a full
spd basis set very heavy and, since thes electron on the
metal atom is known to dominate the tunnel process, Pt at-
oms are described by a single 6s orbital, while a valence 2s,
2p basis set is used for carbon. The Fermi level of platinum
bulk was calculated with a separate band-structure calcula-
tion, with the same Hamiltonian and with a fullspdbasis set
on platinum.

From these Hamiltonian and overlap matrix elements, the
complete wave function of the system is not calculated. In-
stead the scattering matrix27 for the bulk wave vectors
through the tunnel gap is obtained via a propagative
technique13 that uses the wave-function spatial propagators
in the bulk and across the gap, which is considered as a
two-dimensional defect in an otherwise periodic system. It
should be noted that this calculation of the scattering matrix
from the Hamiltonian matrix elements is exact and goes be-
yond the perturbative approaches. Moreover, the system be-
ing calculated as a whole, with all electronic coupling in-
cluded, the electronic coherence within substrate, adsorbate,
and tip is fully taken into account. The tip is considered on
the same foot as the rest of the system.

III. CALCULATED IMAGES AS A FUNCTION
OF ADSORPTION SITE

The STM image of benzene on a Pt~111! surface has been
calculated for eight adsorption geometries of the molecule on

the surface. Following previous surface science studies of
benzene on a metal surface14,15 a flat adsorption on hcp hol-
low, fcc hollow, bridge, and top sites has been considered in
two azimuthal orientations, as shown on Fig. 1. It is known
that the molecule is somewhat distorted upon adsorption
compared to its gas phase geometry. The influence of the
geometric coordinates for each site on the calculated image
was studied by a variation of the radius of the ringR, the
metal carbon distanceM -C, and the tilt anglea of the hy-
drogen from the carbon plane@see Fig. 1~b!#. As a reference
value for these coordinates, we use other experimental or
theoretical determinations of these parameters for benzene
on metals.14,15,25

For all the calculations, the tip apex is a tetrahedral Pt4
cluster pointing toward the surface. A tip terminating with a
C atom instead of a Pt atom has also been tested, but it gives
similar images, which only differ by the quantitativez val-
ues. Therefore, only the Pt tip termination will be considered
here.

The three patterns for benzene on Pt~111! obtained in the
experiment of Weiss and Eigler7 are shown in Fig. 2. The
molecule always appears as a protrusion above the~111! ter-
race, but the shape is different. The first type shows three
lobes in an almost threefold symmetric arrangement and re-
sembles the image obtained by Ohtaniet al. for benzene on
Rh~111!. It should be noted, however, that the depression at
the molecule center is much weaker here than it is for the
benzene on Rh~111! image. Moreover, the image shows a
shallow depression around the protrusion, which extends
rather far away from the molecule. The second type of image
has been described as a volcano: a cylindrical protrusion
with a dip at the top, while the third type of the image ap-
pears as a simple symmetric bump. It should be noted that
the minimum to maximum height difference in these topo-
graphic images are different for rather similar tunnel gap

FIG. 1. ~a! Schematic view of the possible sites used for a ben-
zene molecule on a platinum~111! surface; four sites are considered
~hollow hcp, hollow fcc, bridge, and top sites! with two azimuthal
orientations~only one is shown in the case of the hollow fcc site!.
~b! The main coordinates used for the description of the molecule
geometry on the surface.
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resistances: 0.58 Å~for 500 MV! for the first pattern, 0.72 Å
~for 10 MV! for the second, and 0.91 Å~for 100 MV! for the
third. It was also demonstrated that these different shapes are
not a result of different imaging conditions of the same ob-
ject, but have to be attributed to adsorption of benzene at
different sites on the surface.

The calculated images for each site are shown in Fig. 3.
Notice that the hcp hollow and fcc hollow sites, that only
differ by the position of the metal atoms in the second layer,
give very similar images, that are of course rotated by 60°, so
that only one image is given. The precise coordinates used
for the STM image calculations are given. These coordinates
have been slightly optimized in order to improve the corre-
spondence between the experimental and theoretical images.

These geometrical variations do not modify the shape of the
images, but only slightly the quantitativez values.

Without any calculation, it is clear from symmetry argu-
ments that the hollow sites give images with threefold sym-
metry. However, there are many possible shapes with three-
fold symmetry and the calculation shows that the hollow site
with a u50 orientation indeed yields an image in close
agreement with the first experimental shape, while the same
site with au530 angle gives, with all other coordinates iden-
tical, a triangle shape with the maximum in the molecule
center. A weak depression is present around the protrusion in
the u50 case.

The two remaining experimental shapes have a cylindrical
symmetry and their assignment to a precise site is, therefore,
more difficult. The top site has a threefold symmetry if all
metals layers are considered, but a sixfold one if the first
metal layer is only taken into account. The calculated image
has a sixfold shape, which is almost cylindrical with a de-
pression in the middle. The image for the top siteu50, with
a depth of the crater of 30% of the total height compared to
the experimental value of ca 25%, shows a better agreement
with the second experimental shape than theu530 one. In
that case ofu50, the overall width of the depression and the
absence of secondary depressions around the bump is also in
good agreement with the second experimental image. The
bridge site is the site of lowest symmetry, since it isCs if all
metal layers are included, andC2v with only the first metal
layer. The calculated image shows a single bump with the
maximum in the molecule center. This bump, however, as it
could be expected from the site symmetry, does not have a
perfect cylindrical shape, but shows a weakC2v aspect, be-
ing elongated in the direction perpendicular to the bridge. It
closely resembles the third experimental image that appears
as a single bump structure and often with a smallC2v sym-
metry. Theu50 and 30 bridge adsorptions yield images with
a very similar shape and only differ slightly by their ampli-
tudes.

The comparison, between the experimental and theoreti-
cal images, therefore leads us to assign the first experimental
image type to a hollow~u50! chemisorption, the second
type to a top~u50! case, and the third type to a bridge
chemisorption. The calculated imagez ranges, for a gap re-
sistance of 100 MV, are also in good agreement with the
experiment, the order of increasing range being the hollow,
top, and bridge sites.

In order to test this multiple chemisorption site hypoth-
esis, the same semiempirical Hamiltonian was used for total-
energy calculations. These calculations were done with a
single benzene molecule adsorbed on a Pt114 cluster exposing
a ~111! face ~44, 33, 23, and 14 atoms, respectively, in the
first, second, third, and fourth layer!. The edge effect of the
finite cluster was corrected. Even if a complete and reliable
optimization of the geometry is not possible with the
extended-Hu¨ckel approach, it usually gives good trends for
the comparison of chemisorption energies.23–25However, the
obtained energy values should be considered only for a
qualitative analysis purpose and more precise quantum
chemical approaches should be considered for a really quan-
titative determination. The most stable chemisorption forms
are the hollow~u50! and the bridge~u530! ones, with an
almost identical adsorption energy~;30 kcal mol21!. This

FIG. 2. The three experimental topographic images obtained for
isolated benzene molecules on Pt~111! by Weiss and Eigler~Ref. 7!.
The scan size is 15315 Å2 and the maximum to minimum height
differences are 0.58, 0.72, and 0.91 Å from top to bottom image.
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degenerate situation is in agreement with a simultaneous
population of these sites on the surface. These hollow and
bridge geometries are found by LEED crystallography for
benzene on various metal surfaces.14,15 The best top case
~u50! is calculated to be significantly less stable~;20
kcal mol21! even if it is still a bonding situation. It is sug-
gested from the experimental images that the volcano shape
is located in the vicinity of other adsorbates or of surface
defects, which could yield an increased stability of the asso-
ciated top chemisorption. It should be noted that this top
geometry has been suggested from NMR studies of benzene
on supported platinum particles.26

IV. ANALYSIS OF THE MOLECULAR CONTRAST:
CONTRIBUTION OF MOLECULAR ORBITALS

A. Decomposition of the image

The key question when analyzing the STM image of a
molecule is how the topographic or current pattern can be
related to the electronic structure of the molecule, i.e., the
molecular orbitals. A second important point is to understand
the influence of the modifications of these MO’s, due to their
interaction with the metal surface. We already know that this
influence is strong, since the molecule STM image is deeply
site dependent, but we need to understand in more details the
mechanism responsible for the molecule image contrast.

When scanning over a molecule, there are two general
types of couplings or interactions between the tip and the
sample that are illustrated in Fig. 4. The first type is the
electronic coupling between the tip and the surfacemetal
atoms, which is responsible of the electronic current when
the tip is away from the molecule, but is still important in the
area of the molecule. The second type is one of the couplings

between the tip and the adsorbate atoms~which are in turn in
interaction with the surface!, which vanishes far from the
molecule, but are active when the tip is in its vicinity. How
these two types of couplings combine to create the resulting
image of the molecule is an important question. The simple
idea that the interaction between the tip and the metal surface
would create a rather uniform background current, on top of
which the molecule contribution would simply add is incor-
rect. Indeed the current through the molecule and the current
through the surface interfere locally to create the final image
pattern. Since our calculations use a local basis set, it is
possible to distinguish these two contributions of the current,
simply by selecting the specific interactions during the cal-

FIG. 3. The calculated topographic images obtained with six adsorption sites of Fig. 1~the hollow fcc case is almost identical to the
hollow hcp one!. The scan size is 12312 Å2 and the maximum to minimum height differences are 0.51 Å~hollow 0!, 0.69 Å ~hollow 30!,
1.15 Å ~bridge 0!, 1.04 Å ~bridge 30!, 0.65 Å ~top 0!, 0.34 Å ~top 30!. The imaging conditions for the calculation areV510 mV andI50.1
nA. The coordinates are as follows. Hollow:R51.5 Å, a520°, M -C52.1 Å; bridge:R51.45 Å, a510°, M -C52.3 Å; top:R51.5 Å,
a515°,M -C52.3 Å @see Fig. 1~b!#.

FIG. 4. A schematic representation of the various electronic in-
teractions in the tunnel gap, between the tip and the substrate. The
direct ~through-space! interactions between the tip and the metal
surface are distinguished from the electronic couplings mediated by
the molecule states~through molecule!.
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culation of the current. In Fig. 5, we show current images for
the benzene molecule in the hollow, top, and bridge sites~the
tip z is constant and the current value is displayed! and these
images are of course closely related to the topographic im-
ages previously depicted~Fig. 3!. The current far from the
molecule is approximately 0.03 nA. Notice that for the hol-
low case, two geometries are considered: the first one in-
cludes a Kekule distorsion and alternates 1.4- and 1.5-Å C-C
bonds,14 while the ring is regular with all C-C bonds to 1.45
Å in the second image. On the right of this figure, the corre-
sponding images when only the tip to molecule interactions
are considered are presented~the tip to surface interaction
matrix elements are set to zero!. In the following, these im-
ages will be called through molecule or TM images. As ex-
plained before the current is decaying to zero away from the
molecule, because there is no direct tip surface contribution:
only the electronic interactions mediated by the adsorbate are
considered. With the considered imaging conditions, the cur-
rent contribution from the surface, where only the tip-to-
surface interaction matrix elements are considered, is more
or less constant with a small variation in the area of the
molecule ~small current increase in that case!, due to the
perturbation of the surface electronic structure by the adsor-
bate. This current variation is, however, much smaller than
the current corrugation observed in the through-molecule
current. As expected, the shape of the STM pattern is arising

from the interaction between the tip and the molecular orbit-
als, but this through-molecule contribution is not simply add-
ing to but interfering with the direct through surface current.
As it can be seen in Fig. 5, if we analyze the shape difference
between the total and TM images, this interference that is
constructive is the center of the molecule, where the current
is enhanced in the total image, while it is destructive outside
the carbon ring. For the hollow site, the through-molecule
current shows a strong threefold aspect, which is much re-
duced in the total image, due to the interference described
above. Similarly for the bridge site, the increase in the cur-
rent at the molecule center completely washes away the
weakC2v shape produced by the through-molecule current.

Therefore, we can already conclude that the interaction
between the tip and the molecule is responsible of the mo-
lecular STM pattern, and that the direct interaction between
the tip and the metal surface only tends to diminish this
molecular shape. At this point, we need to go further and
decompose this through-molecule current in molecular-
orbital contributions, in order to understand the electronic
origin of the image. Before going in this decomposition, a
simple one-dimensional~1D! model for the electron tunnel-
ing through a molecule will be presented, and further used
for the qualitative analysis of the results.

B. An analytic model for the electron tunneling
through a molecule

1. The model

Let us consider the following 1D tight-binding system,
which is a model for the electron tunneling through a mol-
ecule~see Fig. 6!. The ‘‘surface’’ and ‘‘tip’’ are both modeled
by a semi-infinite chain of electronic states, described by a
single level of energye, these levels being coupled by the
matrix elementsh along the chain~only nearest-neighbor
coupling is considered!. The molecule, represented byn
molecular-orbital statesvi , is inserted between the surface
and the tip chains and coupled with the surface~respectively,
with the tip! by the matrix elementsai ~respectively,bi!.
There is also a direct coupling between the tip and the sur-
face via the matrix elementg. The case with a single orbital
for the molecule~n51! and no direct coupling~c50! is
equivalent to the one solved in Ref. 17. A similar analytic
approach can be used here to calculate the electronic trans-
mission probability through the molecule and will be de-
tailed in the Appendix. The major result is that this model
system is exactly equivalent, as far as the tunneling current is
concerned, to a much simpler system described in Fig. 6,
where the molecule has disappeared, but where the last ‘‘sur-
face’’ level has been somewhat shifted and, most important,
the coupling matrix element between the tip and the surface
is replaced by aneffectivecouplingG that exactly incorpo-
rates the effect of the molecule for the electronic propagation
through the tunnel gap,

G5g1(
i51

N
a ib i

E2v i

whereEf is the Fermi level, energy for which the electron
transmission probability is calculated. This effective cou-
pling is, therefore, a simple sum of the direct couplingg and

FIG. 5. Calculated total current images~left! and images where
only the through-molecule electronic couplings are included~right!
for the hollow site, the hollow site without kekule distortion, the
top, and the bridge site~from top to bottom!. The positions of the C
or H atoms~black dots! and of the neighboring Pt atoms~white
squares! are indicated. The tip height is 7.1 Å relative to the metal
surface and the maximum current in the scan is indicated~nA! for a
voltage of 10 mV.
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of the individual molecular-orbital contributions
[g i5a ib i(Ef2v i)

21]. The electron transmission probabil-
ity is a rather complex formula, depending on this effective
coupling and on the energy shift of the surface level~see the
Appendix!.

Let us suppose thatb i!a i , which means that the inter-
action between the molecule and the surface is much stron-
ger than the one between the molecule and the tip, and that
G!h, that is to say that the electronic coupling is smaller
across the tunnel junction than within the surface or the tip,
which is always satisfied unless the Fermi energy is in exact
resonance with one molecular level~in which case, anyway,
the above expression for the effective coupling is no longer
valid!. The expression for the electron transmission probabil-
ity can then be simplified to

t~E!5G2/Ah2,

with

A5
x21
2 112qx21

42q2
and q5~Ef2e!h21

x5h21F(
i51

N a i
2

E2v i
G .

Then the transmission probability, and therefore the cur-
rent, is proportional to the square of the effective couplingG

and inversely proportional toA, which depends on the posi-
tion of the Fermi energy, with respect to the band middle of
the model chain, and also throughx on the interaction be-
tween the molecule and the surface and the resulting effec-
tive energy shift of the surface level. It should be noted that
the tip-molecule and tip-surface interactions are only found
in the expression ofG, while the molecule-surface interaction
plays a role for bothG andA. The effect of the molecule is,
therefore, twofold: first it creates an additional molecule me-
diated tip-surface electronic coupling, but also the interaction
between the molecule and the surface modifies the surface
electronic structure, which results in a shift of the surface
electronic level and affects the current through the coefficient
A.

At this point, the analogy with optics is obvious.G is a
transmission probability amplitude and the various contribu-
tions to it are additive. The transmission probabilityt(E) is
then proportional to the square of the total amplitude. In our
case, the contributionsgi to the amplitude that arise from the
molecule are real, but they nevertheless have a sign. Their
superposition in the total amplitudeG will result in interfer-
ence effects, destructive or constructive, as a function of the
respective signs.

This simplified current formula, however, relies on the
hypothesis that there is only one channel in the bulk, which
is of course not valid for real systems. However, if we use
the symmetry of the system, it is possible to define electronic
subsystems, where this simple expression can be used to
qualitatively analyze the results of the complete calculation.

2. Symmetry and calculation of the electronic couplings

The symmetry group of the benzene molecule in the gas
phase isD6h. However, as soon as the molecule is adsorbed
on the surface, the symmetry of the system~surface
1molecule! is lower. The highest symmetry in that case cor-
responds to theC6v group, which is obtained for the top
adsorption, if only the first layer of the~111! surface is con-
sidered. The hollow case keeps the threefold axis and gives a
C3v symmetry group. However, the symmetry of the bridge
site only belongs to theC2v group, which splits the degen-
erateE1 andE2 representations ofC6v. The correspondence
between the symmetry representations of the usefulC6v,
C3v, andC2v groups is recalled in Table I.

Let us consider, for example, the hollow adsorption case
(C3v). From symmetry, the electronic system of the~surface
1molecule! entity can be separated in three orthogonal sub-

FIG. 6. A simple 1D model for electron tunneling through a
molecule and the obtained equivalent system, where the molecule is
replaced by an exact effective couplingG.

TABLE I. Correspondence between the irreductible representations
for the three symmetry groups associated to the three considered
chemisorption sites.

C6v

C3v
(sd→sv)

C2v
(sv→sxz)

A1 A1 A1

A2 A2 A2

B1 A2 B1

B2 A1 B2

E1 E B11B2

E2 E A11A2
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systems, belonging to theA1, A2, andE representations. The
molecular orbitals of the benzene molecules are easily
sorted. For the surface, since the overlap and Hamiltonian
orbital matrix elements that we need to calculate here are
completely local, we will consider the symmetry adapted
combinations of the 6s orbitals on the three metal atoms
bonded to the molecule~shown in Fig. 7! in order to calcu-
late the matrix elements. As we will show in the following,
this separation in symmetry adapted subsystems will allow
us to use at least qualitatively the single-channel analytic
formula and, therefore, to obtain for interpretation purposes a
simple relation between the effective electronic couplingG
and the tunneling current. In this analysis, the orbital labels
from theC6v group ~A1, A2, B1, B2, E1, andE2! will be
mostly used for simplicity, but the equivalence for other
groups is straightforward. In this simplified effective cou-
pling model, the geometry of the system is described by the
values of the matrix elementsai , bi , andg, while the dis-
tortion of the molecule also reflects in its MO energiesvi .

C. Contributions of individual orbitals

In the calculation of the current, it is possible to let the tip
only feel one molecular orbital of the adsorbate. This specific
electronic probing is simply obtained by turning to zero the
overlap and Hamiltonian matrix elements between the tip
orbitals and the other MO’s of the molecule. Technically this
is done after a transformation of the atomic-orbital~AO! ba-
sis set of the molecule into a molecular-orbital basis set. In
the simple model of Sec. IV B, this would correspond to
setting all thebi to zero, except one. For these calculations,
only the current mediated by the molecule is considered and,
therefore, the direct tip-surface coupling are also discarted as
explained in Sec. IV A.

These individual MO currents are shown for each site and
for two positions of the tip~one at the molecule center and
the other near the carbon ring! on Fig. 8. These schematics
are similar to orbital energy diagrams~the vertical axis is an
energy one!, but instead of drawing a simple line for each
level, the length of that line is related to the electronic cur-
rent obtained with the considered MO. MO’s with an elec-
tronic current lower than 1023 nA do not appear on the fig-
ure. The orbitals are labeled according to the symmetry and
the two tip positions are displayed on each side. The total
through-molecule current is recalled at the bottom of the
graph. These schemes for individual MO currents enable us
to select the most important MO contributions, classified in
theC6v symmetry representationsA1, E1, andE2 to simplify
the further analysis. These MO’s that have an important in-
dividual contribution to electron tunneling are schematically
drawn on Fig. 9.

The first impression when comparing the three schematics
of Fig. 8 is that there is no strong qualitative difference upon
sites as far as dominant orbital contributions are concerned:
MO’s that are important for one site have also a large con-

FIG. 8. Tunneling current for each molecular orbital of benzene, in the case where the tip is only coupled to that given MO:~a! hcp
hollow ~b! top ~c! bridge. The tip is located on the benzene center~right part! or on the carbon ring~left part! at az of 7.1 Å relative to the
metal surface. The current is in nA, for a 10 mV bias. The ordinate is the energy of the considered orbital~in eV! and the energy of the
surface Fermi level (FF) is indicated. TheC6v ~top site! labels are used for the MO’s.

FIG. 7. The surface orbital combinations used for the calcula-
tion of the effective coupling for the hollow, top, and bridge sites.
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tribution for the other sites. The second comment is that
these MO contributions are strongly dependent on the chosen
orbital and that many of these individual contributions are
surprisingly high, even much higher than the total current for
that tip position. Moreover, not only the frontier orbitals, the
energy of which is close to the Fermi level, have a strong
influence, but also some orbitals that are located further
away in energy, like for example the 1a1, contribute greatly
to the current. As a result, it is not possible to restrict the
calculation of the current to thep orbitals of benzene~the
two highest unoccupied and lowest vacant ones; 4a1, 3e1,
3e2, and 2a2, with theC6v notation, for example!, because
even if their contributions are high~except 2a2!, they do not
dominate the electron-tunneling process: orbitals from thes
framework cannot be neglected, especially 1a1 and 1e1.

When the tip is above the molecule center, only the orbit-
als from theA1 symmetry representation have significant
contributions, the other orbitals having a node at that posi-
tion. For the second position of the tip, which is in the vi-
cinity of the carbon ring~exactly at the top of one of the
three bumps in the STM image related to the hcp site!, theE1
andE2 orbital contributions are turned on, but these contri-
butions are still weaker than those of theA1 orbitals. The
orbitals ofA2, B1, andB2 symmetries do not have any sig-
nificant contribution to the current, whatever the tip position
is.

All these results can be best understood in relation with
the analytic approach previously described. If we consider
the MO contributions [g i5a ib i(Ef2v i)

21] to the effective
couplingG, they are directly proportional to the orbital inter-
action ai and bi between the MO and the surface and the
MO and the tip, and inversely proportional to the energy
separation between that MO and the Fermi level. In order to

obtain an optimum individual current, one MO must have a
good interaction with surface and tip and must be close to the
Fermi level. Notice, however, that the Fermi-level depen-
dence is only in 1/x, which means that lower-lying orbitals
with a very good interaction can still participate to the cur-
rent. On the other hand, MO’s that have a poor interaction
with the surface and/or with the tip are discarted, whatever
their energy position.

MO’s of A1 symmetry have no nodal plane~or surface!
perpendicular to the surface: all carbon atoms have the same
sign. As a consequence, the interaction with the tip is optimal
~all carbon atoms contribute with the same sign!. TheE or-
bitals have one~for theE1! or two ~for theE2! nodal surfaces
perpendicular to the surface. Since it is rather far away from
the molecule, the tip, even when off center, interacts with
carbon atoms that have different signs in the MO and, there-
fore, the interaction is weaker for theE MO’s than for theA1
ones. Figure 10 shows the ratio between the overlap of a 6s
orbital with an antisymmetric and with a symmetric combi-
nation of 2pz atomic orbitals, as a function of the distance.
The symmetric case is dominating by at least a factor 4, and
even 10 for large distances. In our case, the tip-molecule
distance is about 5 Å, giving an overlap ratio of approxi-
mately 0.15. This explains the decreasing influence ofA1,
E1, andE2 MO’s on the tunneling current, since the number
of nodal planes perpendicular to the surface is increased, and
the negligible role of the other orbitals, likeA2, have an even
higher nodal character. This remains true even if one consid-
ers that theE MO’s are closer to the Fermi level and, there-
fore, favored for the energy position criterion.

It is possible to go further in the application of the ana-
lytic approach by a quantitative calculation of the individual
molecular-orbital effective couplingsgi . In the framework of
the semiempirical Hamiltonian used for the STM images cal-
culations, it is straightforward to obtain the orbital energy
levels vi . Since the overlaps between atomic orbitals are
fully included in the calculation, the off-diagonal interaction
matrix elements areHi j2Ef*Si j , H andS being the Hamil-
tonian and overlap matrices between atomic orbitals. The 6s
orbital at the tip apex is considered, and the molecule-tip
interactionbi is easily obtained for a given position of the
tip. Things are more difficult on the surface side~ai!, since a
single atomic orbital has to be considered. For each symme-

FIG. 9. Schematic description of the molecular orbitals of ben-
zene that are important for the electron tunneling. The extended-
Hückel energies are indicated and the labels refer to theC6v group.

FIG. 10. RatioS* /S between the overlapS* of the tip 6s with
an antisymmetric combination of 2pz orbitals and the overlapS
with a symmetric combination, as a function of the tip/C-C sepa-
rationd. The tip is positioned above the left C atom.
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try, a symmetry-adapted combination of 3~hollow!, 7 ~atop!,
or 4 ~bridge! 6s orbitals has been considered~see Fig. 7! for
this approximate calculation ofgi , for analysis purpose.

The resulting individual effective coupling elementsgi
have been plotted in the case of the hollow site on Fig. 11~in
a similar way as the individual currents of Fig. 8!. It can be
seen that the correspondence is very good between these ap-
proximate effective couplings and the individual MO cur-
rents. The quadratic dependence of the current on the cou-
pling gi is almost exactly followed in theA1 representation,
while it is more qualitative for theE symmetries. The cou-
pling schematic adds other information: the sign of the cou-
pling, which is lost for the individual current. The results
presented here for the hollow site, are very similar in the case
of the top and bridge sites.

The comparison of the contributions of the 1a1 and the
4a1 orbitals deserves special comments. Indeed, it can be
seen that these contributions are very similar in absolute
value. For example the absolute value of the effective cou-
pling is 0.097 for 1a1 and 0.089 for 4a1, the tip being above
the center of the molecule at the chosen height. Clearly the
energy-level position favors 4a1, by a factor approximately
7. As it can be seen in Fig. 9, the 1a1 orbital is the in phase
symmetric combination of 2s atomic orbitals, while the 4a1
is similar, but built on 2pz carbon orbitals. The radial expan-
sions of 2s and 2pz, that both belong to the valence set of
carbon, are similar. Hence the overlap matrix elementsSi j in
the calculation ofgi are almost identical. This is not the case
for the Hamiltonian matrix elementsHi j , since the energy
levelHii of 2s is much lower than that of 2pz ~the absolute
value ofHii is higher!. This on-site energy difference reflects
in the off-diagonal Hamiltonian element, theHi j elements
for 1a1 being larger in absolute value than for 4a1. As a
result, the absolute value ofab is larger for 1a1, canceling
the energy-level influence.

The current images corresponding to the stronger indi-
vidual MO contributions are shown in Fig. 12. For theA1
symmetry, 1a1 and 4a1 dominate, as previously discussed,

and they give images that are very similar in their shape: a
bump centered on the molecule, and in amplitude. Only one
image is displayed on the figure, but both amplitudes are
indicated. The image shape is also similar for the various
adsorption sites. The current amplitudes are, however, differ-
ent: this is the result of the change in site and in the precise
molecule geometry used in the calculation. For theE1 sym-
metry, 1e1 and 3e1 dominate and they give again a very
similar image, being basically the same orbital, built either
from 2s ~1e1! or 2pz ~3e1!. Notice that 3e1 is the highest
occupied molecular orbital~HOMO! of benzene. The image
shape for these individual orbitals is cylindrical with a node
at the center, as previously quoted from Fig. 8. The current
maximum is close to the carbon ring. The image for the
bridge site is slightly different, since the orbital degeneracy
is lost in theC2v group and the two orbitals of the former
3e1 set are not equivalent any more~they become 3b1 and
3b2!.

The same analysis stands for theE2 set. The images ob-
tained from individual orbitals have a high symmetry~six-
fold!. This is true, especially in the hollow site, because a
model regularC6v geometry has been used for the molecule.
It is clear that, for the hollow site, a kekule-type distorted
geometry would yield images of individual MO’s, withC3v
instead of aC6v shape. Compared to theE1 set, the current
maximum is located somewhat more outside the benzene
ring and almost coincides with the positions of the H atoms.
This shouldnot be interpreted as a major contribution from
these H atoms, but is related to the presence of nodal planes

FIG. 11. Calculated effective couplingg1 between the tip and
the surface~see model! for each molecular orbital of benzene~for
the regular hollow site! and for two positions of the tip~the absolute
value is plotted and the sign is given in parenthesis!. The ordinate is
the energy of the orbital~eV!.

FIG. 12. Through-molecule current images obtained for each
site when only a single MO is coupled to the tip. For each symme-
try representation~A1, E1, andE2!, the two strongest MO contri-
butions give qualitatively similar images, so only one is shown, but
the current maximum is indicated for both~s-type orbital at the top
andp-type orbital at the bottom!. The shape of these MO’s giving
the strongest current is also indicated.
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in the MO that shifts outside the ring the position, where the
tip has the best overlap. In the case of the bridge site, the
degeneracy is strongly lifted and, for each set, only one of
the orbitals has a significant contribution. IndeedE2 becomes
(A11A2)C2v ; the orbital withA1 symmetry has a good in-
teraction with the surface, but theA2 one has, on the con-
trary, a very poor coupling, since it has nodal planes at the
positions of the four metal atoms of the site. As a conse-
quence, only the (A1)C2v orbital shows in the image and the
C6 symmetry is lost.

D. Combination of individual orbitals:
The through molecule current

Once these individual contributions of MO’s to the cur-
rent have been analyzed, the second step is to understand
how they combine in order to yield the through-molecule
current. From the analytical model, we know that the effec-
tive couplingsgi ~and not the currents! should be added. This
is only possible, however, if the corresponding MO’s interact
with the same orbitals on the surface, which implies that they
belong to the same symmetry. As a consequence, the MO’s
will be first combined within symmetry representations.
MO’s that belong to different symmetry representations are
coupled to different channels on the surface~channels of
different symmetry! and they are, therefore, independent:
their current can then be added. The analysis will hence be
performed following these two steps: the currents will be
combined within symmetries with the help of the analytical
approach and then the total current is obtained by summing
these symmetry-adapted currents.

Within a symmetry representation, the key point is to un-
derstand how theg i5a ib i(Ef2v i)

21 combine, which
mainly depends on their signs. There is no absolute sign of
a ib i , since it depends on the wave-function sign convention
on the surface and tip. However, once a convention is as-
signed on the surface and tip, the sign ofa ib i is well de-
fined. Notice that reversing the sign of a given MO changes
the sign of bothai andbi and, therefore, does not affect that
of a ib i . The sign ofa ib i clearly depends on the symmetric
or antisymmetric character of the MO for a plane parallel to
the surface, even if such a symmetry plane does not strictly
exist, due to the distortion of the molecule at the surface,s
andp MO’s should, therefore, give different signs fora ib i .

The second factor is the energy-level position compared
to the Fermi levelEf . Therefore, for the same orbital char-
acter (a ib i), an occupied orbital will yield a different sign
for the effective coupling than a vacant one. We can, hence,
conclude that as and ap orbital contribution will interfere
destructively if both MO’s are occupied~or vacant!, while
the interference would be constructive if they occupation is
different. These are the key rules that we will use in the
following analysis.

Let us begin with the orbitals ofA1 symmetry, which are
the only ones that play a role at the molecule center. The
recombination of currents and effective couplings is sche-
matically shown on Fig. 13 for the three sites. We relate each
current value with its associated coupling value. With the
chosen sign convention, the 1a1 orbital, of symmetric~s!
type and occupied, has a positive coupling, while the 4a1, of
p type and occupied, a negative one. The 5a1 is s and va-
cant, and, therefore, the effective coupling is also negative.

On the scheme, the orbitals with the same sign of the cou-
pling ~4a1, 5a1 and, with a smaller contribution 2a1! are
first recombined, with a constructive effect~solid arrows!.
Then the destructive interference between couplings of dif-
ferent signs is performed~dashed arrows!. The final current
is mostly controlled by the destructive interference between
1a1 and 4a1, i.e., the occupieds and p orbitals, with a
smaller but significant contribution of the 5a1 ~s* ! orbital.
This very strong~almost total! destructive interference ex-
plains why the totalA1 current is much smaller than the
individual orbital contributions.

This effect is present for all three sites for benzene. How-
ever, it is smaller for the bridge site. In that case, the indi-
vidual contributions are somewhat higher than for the other
sites~a factor of;2, mainly due to a slightly different ge-
ometry and tip molecule distance!, but the total current is
multiplied by a factor of 5 compared to the hollow case. This
is due to the fact that the electron tunneling through the 4a1
~p! orbital is favored compared to the 1a1 ~s! orbital for the
bridge site, explained by a better interaction with the surface
~more favorable orbital overlap!. The negative effective cou-
pling of 4a1 is increased, and since the overallA1 effective
coupling is also negative, this results in an increase of the
current. The matching between positive and negative contri-
butions to the coupling is slightly destroyed and the interfer-
ence less effective. The top site is intermediate between the
hollow and bridge ones. Notice that it is not directly possible

FIG. 13. Schematic illustrating the recombination of the indi-
vidual MO currents by interference~and of the effective couplings
gi by addition! for the orbitals belonging to theA1 representation;
the three sites are shown and the tip is above the molecule center
~7.1 Å from the surface!.
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to compare the effective couplings between the various sites,
because different surface clusters are used to calculate theai

coupling elements. One solution to solve this problem is to
normalize the couplings to the one of a given MO~e.g., 1a1!.

The images obtained including all orbitals ofA1 symme-
try are given in the left column of Fig. 14. The resulting
shape is cylindrical for all sites~only theA1 orbitals of the
C6v group have been used for the bridge site!. Notice that in
the hollow case, since the 1a1/4a1 interference is very effec-
tive, the double-maxima shape of the 5a1 orbital shows in
the image.

If we want to analyze how the contributions of orbitals of
E1 andE2 symmetries recombine, the sites have to be distin-
guished. Let us start with the hollow and top sites for which
this recombination is indicated on Figs. 15 and 16. The same
phenomenon happen within theE1 and E2 representations
compared to theA1 case. However, the sign of the couplings
now also depends on the position of the tip. Two symmetric
positions across the benzene ring~b andc! have been con-
sidered. TheE1 orbitals have one nodal plane perpendicular
to the surface between these two positions and the sign of the
effective coupling is reversed. For theE2 orbitals, there are
two nodal surfaces between theb and c positions, and the
same sign is recovered. Of course the values of the current
are not dependent on theb or c tip position for theindividual
MO contributions: they are symmetric as previously dis-
cussed.

For theE1 symmetry, all important orbitals are occupied:
then, the 1e1 ~s!, which is built on 2s orbitals interferes
destructively with the 3e1 ~p! built on 2pz , with a secondary
influence of 2e1 ~see Figs. 15 and 16!. The global result is
extremely destructive yielding a very small current~notice
that the current/coupling relation is only qualitative in that
case ofE1 or E2 symmetry!. Things arecompletely different
for theE2 symmetry: Indeed 1e2 is s and 3e2 is p, but the
first one is occupied and the second one vacant. As a conse-
quence, they yield the same sign of coupling and their inter-
ference is constructive: the phase difference between 2s and
2pz is canceled by the different position of these orbitals,
with respect to the Fermi level. Notice that the current for the

E2 system is dominated by the contribution of 3e2, which is
the lowest unoccupied molecular orbital~LUMO! of ben-
zene.

The result is that the total contribution ofE2 orbitals is
larger than forE1 and even forA1 although the individual
contributions are smaller, since thes/p interference is con-
structive forE2, while it is destructive forE1 andA1. The
order of current values is then modified when going from
individual orbitals (A1.E1.E2) to global symmetry repre-
sentations (E2.A1.E1), due to the different interference
effects. Until this point, the hollow and top situations have a
very similar behavior, and the totalE1 andE2 currents still
have aC6 symmetry, as it can be seen on Fig. 14. Things
become different when the mixing betweenE1 andE2 orbit-
als is considered. For the top case,E1 andE2 are two differ-
ent representations: the total result is the simple sum of the
two currents. TheE image is hence keptC6. For the hollow
case, MO’s ofE1 andE2 symmetries, in fact, belong to the
sameE representation of theC3v group and interfere to yield
the totalE current. This interference is dependent on the
position of the tip, since the sign of the effective coupling
changes withb or c tip position forE1 orbitals, but is con-
stant forE2 ones: the interference is constructive in position
b, but destructive in positionc ~see Fig. 15!. As a result, the
E current in positionc is about half the one in positionb and
the overall image has aC3 aspect instead of aC6 one.

Then, the interference betweenE1 orbitals ~which in-
cludes the HOMO! and E2 orbitals ~which includes the

FIG. 14. Current images limited to all orbitals ofA1, E1, E2,
andE ~or E11E2! symmetry for~a! the hollow site,~b! the top site,
~c! the bridge site: the maximum current is indicated for each image
and the symmetry labels refer to theC6v group.

FIG. 15. Schematic illustrating the recombination of the indi-
vidual MO currents by interference~and of the effective couplings
gi by addition! for the hollow site and for the orbitals belonging to
theE1 andE2 representation~in C6v notation!; two symmetric po-
sitions relative to the molecule center are considered for the tip~7.1
Å from the surface!.
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LUMO! is possible on the hollow site, because the symmetry
is lowered and, this interference being tip position depen-
dent, it creates theC3v shape of the image, even for aC6v
benzene molecule geometry. AC3v distortion of the mol-
ecule would only increase thisC3 aspect, which is indeed a
real signature of the interaction of the molecule with the
threefold hollow site.

The bridge site deserves special treatment, because the
degeneracy of theE1 andE2 orbitals is lifted by the interac-
tion with the site. The associated recombination of currents is
shown on Fig. 17. TheE1 orbitals becomeB1 andB2, and
within eachB1 or B2 set the interference betweens andp
orbitals is strongly destructive, as it was for the other sites.
The cumulated ‘‘E1’’ current is small as shown in Fig. 14. As
previously noticed, the lifting of the degeneracy is especially
strong for theE2 orbitals that becomeA1 andA2 in theC2v
group notation. Only theA1 (C2v) orbitals~coming from 1e2
and 3e2! have a strong contribution. Their interference is
constructive~similar to theE2 set previously discussed!. The
two twin A2 (C2v) orbitals also interfere constructively, but
the individual contributions are small, because of their poor
interaction with the surface, and so is the total current.

Therefore, theE2 contribution for the bridge site is strong
and dominated by theA1 (C2v) component of the degenerate
orbitals. TheE2 and finalE image shape has a strongC4
aspect, because the complementaryA2 (C2v) orbitals yield a
much smaller current.

The last step is to combine theE orbitals with theA1
ones, in order to get the total through-molecule contribution.
This is performed by a simple addition for the hollow and the
top site. In those cases, theE current is about three times
larger than theA1 current, as explained by the different in-
terference behavior forA1 andE2. The pattern of theE im-
age is, therefore, strongly apparent in the through-molecule
image. For the bridge site, since theA1 destructive interfer-
ence is less effective, theA1 andE current have a similar
amplitude. These contributions are in that case interfering,
since they both belong to theA1 (C2v) representation. The
fourfold shape is lost, because the vertical lobes of theE2
image interfere in phase with theA1 bump, while the hori-
zontal ones feel a destructive interference. The through-
molecule image for the bridge site still has aC2v shape but,
since theA1 bump and theE structured image have a similar
amplitude in that case, the current at the center of the mol-
ecule is very close to the maximum current of the image,
which is not at all the case for the other sites.

Therefore, the contrast of the through-molecule images
can be explained in terms of the interference of the indi-
vidual MO contributions. However, these through-molecule
images all have a stronger internal structure than the final
complete images~even the bridge has a significantC2
shape!. The through-surface component, therefore, plays an
important role in the molecular contrast that we will analyze
now.

E. Influence of the direct current by the surface

The question that remains from Sec. IV A is to understand
how the direct interaction between the tip and the surface,

FIG. 16. Schematic illustrating the recombination of the indi-
vidual MO currents by interference~and of the effective couplings
gi by addition! for the top site and for the orbitals belonging to the
E1 andE2 representation~in C6v notation!; two positions are con-
sidered for the tip~7.1 Å from the surface!.

FIG. 17. Schematic illustrating of the recombination of the in-
dividual MO currents by interference~and of the effective couplings
gi by addition! for the bridge site and for the orbitals belonging to
the E1 andE2 representation~in C6v notation!; two positions are
considered for the tip~7.1 Å from the surface!.
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and the related through-space current, affects the current im-
ages. We know from Fig. 5 that the inclusion of this direct
tip-surface interaction tends to diminish the shape of the im-
age by increasing the current at the center of the molecule,
and decreasing it on the carbon ring and outside the mol-
ecule.

In the analytical model, the tip-surface interaction comes
with the constantg term in the effective coupling. As before,
since only one surface channel is considered in this model, it
is necessary to go back to the symmetry representation de-
composition. Whatever the tip position, it is clear that the
coupling between the tip and the all in phaseA1 combination
of surface atomic orbitals will always dominate compared to
combinations that include different phases on the surface.
Because of the larger distance, these through-space couplings
are usually much smaller than the through-molecule effective
couplings, at least compared to the ones of the individual
orbitals. However, for theA1 representation, a large destruc-
tive interference takes place and the finalA1 effective cou-
pling is of the same size as the directA1 coupling: the influ-
ence of the through-space interaction is then strong. This is
not the case for theE orbitals, because the interference is
constructive forE2, and the through-spaceE interaction has
a weaker influence. We will, therefore, concentrate here only
on theA1 case.

In order to determine the type of interference, it is impor-
tant to analyze the sign of the direct tip-surface~or through-
space TS! couplingg, compared to the sign of the resulting
through-molecule effective couplingSgi . With the chosen
surface and tip wave-function sign reference, thisg term is
negative forA1 surface orbitals. The final value of the TM
coupling was presented in Fig. 13, for the tip at the center of
the molecule: the sign is negative whatever the site. The
values of TM and TS couplings are given for the hollow site
and for three tip positions in Table II. The TS coupling with
the A1 surface combination is always negative. The small
decrease is due to the limited size of the cluster used for the
evaluation of the coupling~remember that this evaluation is
only qualitative!. The total TM effective coupling is negative
at the molecule center, but the important point is that it
changes sign when the tip is shifted;2 Å from the center.
For A1 orbitals, the overlap with the tip is optimal at the
center and decreases when the tip is off centered. However,
this decrease is dependent on the chosen orbital. It is quicker
for 4a1 which has apz character and a negative coupling,
than for 1a1, which is s. The negative coupling of 5a1 is
decreasing fast, because of the presence of a nodal surface

~remember that this MO has asCH* character!. The net result
is that the negative effective couplings decrease faster, which
yields the sign change. As a consequence, the TM/TS inter-
ference is constructive at the molecule center, but destructive
on the outside edge of the molecule.

This point is clearly demonstrated on the vertical current
profiles given in Fig. 18 where, for the hollow and bridge
sites, and for theA1 andE benzene molecular orbitals, the
total current, the through-molecule current, and the through-
surface current are plotted. Notice that the through-surface
current is the total one and is not decomposed on surface
orbital symmetry. In the case of the hollow site and of theA1
symmetry, the TM current is smaller than the TS one, mainly
because of the strong destructive interference. The minimum
of the TM current around 2 and22 correspond to the sign
reversal of theA1 effective coupling. The thick dashed line
corresponds to the sum of the TS andA1 TM currents and is
displayed for a direct visualization of the interference effect.
The solid line corresponds to theA1 total current, where the
tip is coupled to allA1 orbitals and to the surface. As ex-
pected from Table II, it shows a constructive interference
above the molecule, and a destructive one outside the ring.
This interference effect is shown by a solid line on Fig.
18~A c!, where the difference between the total current and
the sum of TS and TM components is displayed, normalized
to their averaged value. A 50% amplification is obtained on
the molecule~in the area where the current is strong!, while
a 80% destruction is shown outside it. This destructive inter-
ference outside the molecule explains the presence of a de-
pression in some images~including the hollow site one!
around the molecule pattern.

FIG. 18. Current profiles for a vertical displacement~abscissa in
Å! of the tip across the benzene for the hollow~A! and bridge site
~B! limited to the orbitals ofA1 ~a! andE symmetries~b!. For each
representation, the through-molecule current~TM! is indicated~thin
dashed line! together with the total current obtained when the
through-space tip-surface interaction is included~bold line!. The
current obtained with the through-space interactions alone~all sym-
metries; TS; thin long dash! and the sum with the TM current~bold
dashed line! are indicated to illustrate the interference effect.~c!
Difference between the total current and the sum~TM1TS!, nor-
malized to their averaged value, for theA1 ~solid line! and theE
~dashed line! benzene MO’s.

TABLE II. The through-molecule~T.M.! and through-space~T.S.!
electronic couplings for theA1 symmetry representation and for
three radial positions of the tip from the molecule. The molecule is
positioned in the hollow site.

Tip radial position
relative to benzene~Å! T.M. coupling T.S. coupling

r50 20.029 20.029
r52 20.004 20.021
r53 10.007 20.013
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If we stay with theA1 symmetry and look at the bridge
site, it can be seen that theA1 TM current is larger~less
effective interference withinA1! and dominates the TS com-
ponent at the center. Otherwise, the interference effect is re-
ally similar, as seen on Fig. 18~B c!. For theE orbitals, the
interference effect is smaller and is mainly destructive. If
only the TM current is considered, the contribution ofE
orbitals dominates the one ofA1 for the hollow site, or is of
the same order for the bridge site as discussed before. When
the tip-surface interaction is included, the different TM-TS
interference effect favors theA1 contribution. It becomes
equivalent to theE current for the hollow site, which, how-
ever, allows us to maintain the threefold aspect on the image
~see Fig. 5!. For the bridge site, theA1 contribution finally
dominates theE one and the internal structure of the final
image is lost~see Fig. 5!, or strictly speaking, theC2v aspect
is dramatically diminished.

V. CONCLUSION

The qualitative analysis of the origin of the STM contrast
for a benzene molecule presented in this paper is twofold.
First, the influence of the direct tip-surface interaction was
not considered, and the tunnel current resulting from the tip-
molecule interaction was first analyzed with the help of a
simple model. The main results are that the orbitals close to
the Fermi level are not the only important ones, and that,
within each symmetry representation, the current through the
molecule results from strong interference effects between
MO contributions. This main interference effect is between
the orbitals that are built from 2s C orbitals~s orbitals! and
those that are centered on 2pz C orbitals~p orbitals!. Indeed
these orbitals have a different phase behavior when crossing
the tunnel junction: thes orbital is symmetric, while thepz
orbital shows a phase reversal at the interface, since the mol-
ecule is lying flat. This intrinsically creates a destructive in-
terference effect in the tunnel current, if the considered MO
energies are on the same side of the Fermi level. This is what
happens for theA1 and E1 ~including HOMO! symmetry
representations, where boths andpz built orbitals are occu-
pied. For theE2 symmetry, on the contrary, thes orbital is
occupied, but thep orbital is vacant and above the Fermi
level ~this is the LUMO of benzene!. As a result, and as
shown by the simple model, an additional phase change is
introduced and the interference becomes constructive. This is
why theE2 orbitals~and mainly the LUMO! finally dominate
the tunnel process, which is not at all the case if one looks at
individual MO contributions before interference, where the
A1 orbitals give a really stronger current.

This domination ofE2 orbitals, that have a marked nodal
character at the molecule center, is the origin of the internal
structure of the pattern obtained for the hollow and top sites.
The described effect is present for all binding sites, but the
interference within theA1 orbitals is not as effective for the
bridge site, resulting in aA1 current of the same magnitude
as theE2 current and a weaker internal structure for the TM
current. In the case of the hollow site, theE1 andE2 orbitals
belong to the sameE representation of the site symmetry,
and their mutual interference, which is tip-position depen-
dent, yields the threefold shape of the image even with aC6
regular benzene geometry. On the contrary, for the top site,

the total internal structure keeps aC6 symmetry, sinceE1 and
E2 are orthogonal representations of theC6v group and
hence do not interfere. Notice that the symmetry of the top
site is C6v, if only the first metal layer is considered; the
exact symmetry isC3v when all layers are included, but the
C3 influence of the second layer does not appear on the im-
age. Therefore, the site differentiation in the STM pattern
results from the effective symmetry of the adsorption site
and, for the hollow site, only appears after recombination of
the MO contributions.

The strong internal structure obtained in the TM images is
greatly weakened if the through-space tip-surface interaction
is included. Indeed, the TM-TS interference effect favors the
A1 current, especially at the molecule center. For the hollow
and bridge site, theE2 current remains equivalent to theA1
one in the final image and the internal structure is kept. This
is not the case for the bridge site, where theA1 current domi-
nates theE2 one ~they had the same amplitude in the
through-molecule image! and the final image only has a
weakC2v symmetry.

The discussion here has been focused on the origin of the
image contrast and on its dependence on the binding site. It
should be clear, however, that the STM image also contains
information on thez chemisorption distance, for a given site.
This was already demonstrated in Ref. 16, where the images
of weakly bound benzene molecules were calculated. Both
the shape and the amplitude of the image are influenced. In
such a weak adsorption structure, the distance between the
molecule and the surface is larger and the molecule is not
distorted, the gas phase geometry being kept. Both factors
tend to reduce the destructive interference effect within the
A1 symmetry orbitals and the image internal structure is lost.
The explanation is similar to that presented for the bridge
site. The influence on the image amplitude is more tricky,
since for the weak adsorption the corrugation is increased for
the hollow and top sites, while it is almost unchanged for the
bridge site, compared to the strong chemisorption distance. If
we go back to theG effective coupling formula, an increased
adsorption distance for a fixed tip-surface separation would
decrease theai matrix elements, but increase thebi ones.
The tunneling amplitude is also affected by the change in the
molecule geometry, which is coupled with thez distance
variation, and by the modified interference effects between
MO’s. It is, therefore, difficult to extract simple trends for the
influence of adsorption distance on the image amplitude.

The STM image of a molecule, therefore, results in inter-
ference effects between molecular orbital contributions and
with the through-space electronic current. Even if for ben-
zene, the LUMO orbital has a large importance in determin-
ing the internal structure of the image, it is not possible to
neglect the influence of the lower-lyingA1 andE1 orbitals,
even for a qualitative image calculation.

APPENDIX

The analytic calculation of the electron-tunneling prob-
ability for the through-molecule tunneling model~Fig. 6! is
detailed here. Note that this model is not used for the calcu-
lation of the tunneling current, which is performed on the
more realistic system described in Sec. II, but is employed
for the analysis of the contributions of the molecular orbitals
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and for the description of the interference effects among
these MO contributions.

Let us first write the tight-binding Shro¨dinger equation
associated with the model, each equation being related to the
index of the diagonal matrix element, and the wave-vector
coefficients being notedCn for the surface and tip sites and
C 0

i for the molecule states (i51,N),

hCk211~e2E!Ck1hCk1150, kÞ21,0,1, ~A1!

hC221~e2E!C211(
i51

N

a iC0
i 1gC150, ~A2!

a iC211~v i2E!C0
i 1b iC150, i51,...,N, ~A3!

gC211(
i51

N

b iC0
i 1~e2E!C11hC250. ~A4!

The equations~A3! are used to extract the coefficientsC 0
i in

order to eliminate them from equations~A2! and ~A4!,

C0
i 5

a i

E2v i
C211

b i

E2v i
C1 , i51,...,N. ~A83!

Then we obtain, having eliminated the basis functions asso-
ciated with the molecule,

hC221~e212E!C211GC150, ~A82!

GC211~e12E!C11hC250, ~A84!

with

e215e1(
i51

N a i
2

E2v i
,

e15e1(
i51

N b i
2

E2v i
,

G5g1(
i51

N
a ib i

E2v i
.

We, therefore, obtain an equivalent system, where the mol-
ecule has been replaced in an exact manner by the effective

electronic couplingG between the tip and the surface. The
diagonal Hamiltonian matrix elements are also modified on
sites21 and 1 of the surface and tip. If we note that, in the
case of an STM experiment, the tip is at a large distance
~5–8 Å! from the molecule,

b i!1

and

e1>e,

which leads to the equivalent system of Fig. 6.
Once the molecule has been ‘‘removed,’’ the system is a

simple chain of single states and an analytic approach similar
to the one in Ref. 17 can be used in order to calculate the
electronic transmission probabilityt(E):

1

t~E!
511S x11x21

2C D 2

1S q2 ~x11x21!2x1x211G221

C
D 2

1

42q2
,

with the reduced parameters,

x15
e12e

h
, x215

e212e

h
, q5

E2e

h
, and C5

G

h
.

If we suppose, as before, thate1>e and that the tunnel gap
coupling is smaller than the coupling within the metal bulk
~G!h!,

t~E!>
1

11
A

C2

, with A5
x21
2 112qx21

42q2
,

and if we suppose moreover thatt(E)!1, which means that
the tunnel gap resistance is much greater than the quantum
resistance~;13 kV!, then

t~E!>
C2

A
.
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