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Shape of molecular adsorbates in STM images: A theoretical study of benzene on(P11)
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The scanning tunneling microscoff&TM) images of benzene on(R11) have been calculated with different
adsorption siteghollow, top, and bridge sités Our aim was to get a qualitative understanding with a
molecular-orbitalMO) 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 ddsfacially the number of nodal
planes perpendicular to the surfa@so 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 betweeiw thied then orbitals of benzene with a
given symmetry, since these orbitals have a different phase behavior across the tunnel juesgedtively,
symmetric and antisymmetjicThe 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.

. INTRODUCTION this imaget>?® using the hcp hollow adsorption site, deter-
mined by low-energy electron diffractichEED),'*'°gave a
There is no doubt now that the scanning tunneling microgood agreement with the experimental data. More recently,
scope(STM) is able to provide high-resolution images of Weiss and Eigler performed a low-temperature STM study of
molecular adsorbates on a surfdc® The electronic and Nearly isolated benzene molecules on @Pb surface’ The
geometric structure of such an adsorbed molecule is of gre&€nzene molecule appears as a protrusion from theélflay
importance for surface science and related fields, such d§rraces. However, the interesting and unexpected point is
heterogeneous catalysis or tribology. The interpretation ofhat at high resolution, three different characteristic types of
these STM images of molecules is, however, difficult, sincddrotrusions have been found. It should be noted from the
the STM does not display directly the position of the atomicStart that these images are not related with different STM
nuclei, but reflects the electronic structure at the substraténaging conditions, but should be associated with different
Fermi level of the surface with adsorbates. This is especialljyPes of benzene molecules on the surface. It was suggested
true for the internal structure of a molecule image with thethat the three images correspond to different benzene adsorp-
STM, which is usually rather weak with a few maxima that tion sites.’
cannot be associated with atoms. Moreover, the registry of In relation with this experimental study, we present a
the molecule with the surface lattice, that is to say the adtheoretical analysis of the STM images of benzene on
sorption site, is not obvious to determine, since it is notPt111) using different adsorption sites. Even if we wish to
generally possible to obtain a simultaneous resolution of théelate each molecule image shape with a given site, our aim
substrate and of the molecule, either because there is no md§ not to obtain a precise quantitative reproduction of these
ecule free area in the image or because the conditions for tHE1ages, which is out of reach and would not be very useful
imaging of the molecule are not compatible with the resolu-2nyway, but to get a qualitative understanding, with a
tion of the substratB.How the molecule distorts upon ad- Molecular-orbita(MO) analysis approach, of the factors that
sorption is also not directly accessible. Even if we put asid@overn the STM image pattern and shape in the case of such
the structural information, the surface electronic information® Molecular adsorbate. The origin of the eventual internal
is similarly difficult to analyze. Which molecular states of structure in the molecule pattern will be analyzed in the
the adsorbate are involved in the STM image formation proterms of interference effects between molecular-orbital tun-
cess? What is the influence of the direct tunneling betweef€ling contributions. A preliminary short account of this
tip and substrate, compared with the tunneling mediated byork has already been publish&d.
the molecule? These questions do not have a definitive an-

swer yet. Il. THEORETICAL METHOD
Upon all the molequles that have been studied _W|th the OF STM IMAGE CALCULATION
STM, benzene occupies a special place because it was the
first one to be imaged in coadsorption with CO on ®h1).2 The theoretical STM images are calculated with the elec-

The image displays a pattern with three lobes in a triangléron scattering quantum chemic#£SQQ method*17-22
with a small hole in the middle. A theoretical calculation of which we will only briefly recall here. The system for the
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calculation is infinite irz 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 fronw to the
surface, then the adsorbate and the tip af@exlustey are
positioned and this tip apex is connected to a second semi-
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infinite solid up to+o, which represents the tip bulk. There- A i AN %
fore, the infinite nature of the electron reservoirs on each side @ V‘ﬂ@"‘" “@" “"
of the tunnel gap is correctly described here. The system is 'A\ ANA/L A_A_ S
finite in the lateral,y directions with cyclic boundary con- e””"’
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 vectord 6.5 A), so that the calculated 1R ! H
pattern for one molecule is not affected by the boundary b aly
conditions: this means that the benzene molecules are far M-C

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 atorld8 atomg

The major approximation in the calculation is the projec-
tion of the Hamiltonian on a local-orbital basis déhear
combination of atomic orbitals approgcthe Hamiltonian

FIG. 1. (a) Schematic view of the possible sites used for a ben-
zene molecule on a platinut®ll) surface; four sites are considered
(hollow hcp, hollow fcc, bridge, and top sifewith two azimuthal

tri | t t of Slater f i lculat rientations(only one is shown in the case of the hollow fcc site
matnx elements on a set of Siater functions are caiculate ) The main coordinates used for the description of the molecule

W|th the effectlve seml-emplrlcal extended-tkel Hamil- geometry on the surface.
tonian, while all overlap matrix elements are exactly calcu-

lated. This ensures a full account of symmetry and a reasoqh ‘ Followi . ¢ . tudi f
able qualitative description of the electronic structure, while!'€ SUrface. =ollowing previous surface science studies o
henzene on a metal surfa¢eé”a flat adsorption on hcp hol-

some more subtle quantum chemical effects are neglected. ; ; ! .
should be noted that these calculated overlap and HamiloW: fcc hollow, bridge, and top sites has been considered in

tonian matrix elements between Slater-type orbitals expliciwo azimuthal orientations, as shown on Fig. 1. It is known
itly depend on the precise atom-to-atom distances and morf@at the molecule is somewhat distorted upon adsorption
generally on the system geometry. The structure of the su€ompared to its gas phase geometry. The influence of the
face, the tip, and their relative position are then fully takengeometric coordinates for each site on the calculated image
into account in the calculation. Even with such a simplifiedwas studied by a variation of the radius of the riRgthe
approach, the large number of atoms makes the use of a futhetal carbon distancel-C, and the tilt anglex of the hy-
spd basis set very heavy and, since theslectron on the drogen from the carbon plareee Fig. 1b)]. As a reference
metal atom is known to dominate the tunnel process, Pt atvalue for these coordinates, we use other experimental or
oms are described by a single 6rbital, while a valence®  theoretical determinations of these parameters for benzene
2p basis set is used for carbon. The Fermi level of platinumpn metalgt41%:25
bulk was calculated with a separate band-structure calcula- For all the calculations, the tip apex is a tetrahedral Pt
tion, with the same Hamiltonian and with a felpdbasis set  c|uster pointing toward the surface. A tip terminating with a
on platinum. o , C atom instead of a Pt atom has also been tested, but it gives
From these Hamiltonian and overlap matrix elements, themijar images, which only differ by the quantitatizeval-

complete wave function of the system is not calculated. Inyeg Therefore, only the Pt tip termination will be considered
stead the scattering mattix for the bulk wave vectors

through the tunnel gap is obtained via a propagative
techniqué® that uses the wave-function spatial propagatorsexperiment of Weiss and Eigleare shown in Fig. 2. The

in the bulk and across the gap, which is considered as fholecule always appears as a protrusion abovélth ter-

two-dimensional defect_ in an oth_erwise periodic system. _Itrace, but the shape is different. The first type shows three
should be noted that this calculation of the scattering matriX p < in an almost threefold symmetric arrangement and re-
from the Hamiltonian matrix elements is exact and goes be

N sembles the image obtained by Ohtenil. for benzene on
yond the perturbative approac_hes. Moreover_, the SY?‘e”? b%fh(lll). It should be noted, however, that the depression at
ing calculated as a whole, with all electronic coupling in- the molecule center is much weaker here than it is for the
cluded, the electronic coherence within substrate, adsorbatﬁenzene on RA11) image. Moreover, the image shows a
and tip is fully taken into account. The tip is considered ONghallow depression around the prot,rusion, which extends
the same foot as the rest of the system. 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 STM image of benzene on aPtl) surface has been the minimum to maximum height difference in these topo-
calculated for eight adsorption geometries of the molecule ographic images are different for rather similar tunnel gap

The three patterns for benzene oif1Rf) obtained in the

Ill. CALCULATED IMAGES AS A FUNCTION
OF ADSORPTION SITE
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These geometrical variations do not modify the shape of the
images, but only slightly the quantitatizevalues.

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 #=0 orientation indeed yields an image in close
agreement with the first experimental shape, while the same
site with a#=30 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 =0 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 gite0, 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 &30 one. In
that case ob=0, 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 iCisif all
metal layers are included, ari@}, 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 we2k, 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 sn@gl] sym-
metry. Thed=0 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(#=0) chemisorption, the second
type to a top(#=0) case, and the third type to a bridge
chemisorption. The calculated imageanges, for a gap re-

FIG. 2. The three experimental topographic images obtained fo?'Stan_Ce of 100 M, are z_;llso In _good agreement with the
isolated benzene molecules ortl) by Weiss and Eigle(Ref. 7. €xperiment, the order of increasing range being the hollow,

The scan size is 2615 A? and the maximum to minimum height tOP, and bridge sites. . _ o
differences are 0.58, 0.72, and 0.91 A from top to bottom image. I order to test this multiple chemisorption site hypoth-
esis, the same semiempirical Hamiltonian was used for total-

resistances: 0.58 &Kor 500 MQ) for the first pattern, 0.72 A energy calculations. These calculations were done with a
(for 10 MQ) for the second, and 0.91 @or 100 MQ) for the  single benzene molecule adsorbed on,g,Rtuster exposing
third. It was also demonstrated that these different shapes aee(111) face (44, 33, 23, and 14 atoms, respectively, in the
not a result of different imaging conditions of the same ob-first, second, third, and fourth layefThe edge effect of the
ject, but have to be attributed to adsorption of benzene dinite cluster was corrected. Even if a complete and reliable
different sites on the surface. optimization of the geometry is not possible with the
The calculated images for each site are shown in Fig. 3extended-Hakel approach, it usually gives good trends for
Notice that the hcp hollow and fcc hollow sites, that only the comparison of chemisorption energiés® However, the
differ by the position of the metal atoms in the second layerpbtained energy values should be considered only for a
give very similar images, that are of course rotated by 60°, squalitative analysis purpose and more precise quantum
that only one image is given. The precise coordinates usechemical approaches should be considered for a really quan-
for the STM image calculations are given. These coordinatestative determination. The most stable chemisorption forms
have been slightly optimized in order to improve the corre-are the hollow(6=0) and the bridgg#=30) ones, with an
spondence between the experimental and theoretical imagesmost identical adsorption enerdy-30 kcal mol'). This
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hollow 30 bridge 30

hollow 0 bridge 0 top O

FIG. 3. The calculated topographic images obtained with six adsorption sites of Rlge hollow fcc case is almost identical to the
hollow hcp oné. The scan size is 2212 A? and the maximum to minimum height differences are 0.5thdllow 0), 0.69 A (hollow 30),
1.15 A (bridge 0, 1.04 A (bridge 30, 0.65 A(top 0, 0.34 A(top 30. The imaging conditions for the calculation afe=10 mV andl =0.1
nA. The coordinates are as follows. HolloR=1.5 A, a=20°, M-C=2.1 A; bridge:R=1.45 A, a=10°, M-C=2.3 A; top: R=1.5 A,
a=15°, M-C=2.3 A[see Fig. b)].

degenerate situation is in agreement with a simultaneousetween the tip and the adsorbate atdwisich are in turn in
population of these sites on the surface. These hollow anghteraction with the surfage which vanishes far from the
bridge geometries are found by LEED crystallography formolecule, but are active when the tip is in its vicinity. How
benzene on various metal surfat®s® The best top case these two types of couplings combine to create the resulting
(6=0) is calculated to be significantly less stable20 image of the molecule is an important question. The simple
kcal mol'?) even if it is still a bonding situation. It is sug- idea that the interaction between the tip and the metal surface
gested from the experimental images that the volcano shapeould create a rather uniform background current, on top of
is located in the vicinity of other adsorbates or of surfacewhich the molecule contribution would simply add is incor-
defects, which could yield an increased stability of the assorect. Indeed the current through the molecule and the current
ciated top chemisorption. It should be noted that this tophrough the surface interfere locally to create the final image
geometry has been suggested from NMR studies of benzenmattern. Since our calculations use a local basis set, it is
on supported platinum particlé8. possible to distinguish these two contributions of the current,
simply by selecting the specific interactions during the cal-

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 PN A\

molecule is how the topographic or current pattern can be through
related to the electronic structure of the molecule, i.e., the ‘mmecu'el through space
molecular orbitals. A second important point is to understand
the influence of the modifications of these MO’s, due to their QE@
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 FiG. 4. A schematic representation of the various electronic in-
electronic coupling between the tip and the surfacetal teractions in the tunnel gap, between the tip and the substrate. The
atoms, which is responsible of the electronic current whenjirect (through-spaceinteractions between the tip and the metal
the tip is away from the molecule, but is still important in the surface are distinguished from the electronic couplings mediated by
area of the molecule. The second type is one of the couplingge molecule state&hrough moleculg
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total current  through molecule current 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
weak C,, 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-dimensiondfLD) model for the electron tunnel-
ing through a molecule will be presented, and further used
for the qualitative analysis of the results.

hollow Kekule

hollow regular

bridge

B. An analytic model for the electron tunneling

FIG. 5. Calculated total current imagésft) and images where through a molecule

only the through-molecule electronic couplings are inclutteght) 1. The model

for the hollow site, the hollow site without kekule distortion, the ) . ) o

top, and the bridge sitérom top to bottor). The positions of the C Let us consider the following 1D tight-binding system,

or H atoms(black dotg and of the neighboring Pt atonshite which is a model for the electron tunneling through a mol-

squaresare indicated. The tip height is 7.1 A relative to the metal €cule(see Fig. 6. The “surface” and “tip” are both modeled

surface and the maximum current in the scan is indicaiéd fora by a semi-infinite chain of electronic states, described by a

voltage of 10 mV. single level of energye, these levels being coupled by the
matrix elementsh along the chain(only nearest-neighbor

culation of the current. In Fig. 5, we show current images forcoupling is considergd The molecule, represented by

the benzene molecule in the hollow, top, and bridge sttes molecular-orbital states, is inserted between the surface
tip z is constant and the current value is displayaad these @nd the tip chains and coupled with the surfaespectively,
images are of course closely related to the topographic imWith the tip by the matrix elementsy (respectively,s,).
ages previously depictedFig. 3. The current far from the There is also a direct coupling between the tip and the sur-
molecule is approximately 0.03 nA. Notice that for the hol-face via the matrix element The case with a single orbital
low case, two geometries are considered: the first one infor the molecule(n=1) and no direct couplingc=0) is
cludes a Kekule distorsion and alternates 1.4- and 1.5-A C-@quivalent to the one solved in Ref. 17. A similar analytic
bonds!* while the ring is regular with all C-C bonds to 1.45 approach can be used here to calculate the electronic trans
A in the second image. On the right of this figure, the corremission probability through the molecule and will be de-
sponding images when only the tip to molecule interactiondailed in the Appendix. The major result is that this model
are considered are presentéte tip to surface interaction System is exactly equivalent, as far as the tunneling current is
matrix elements are set to zerdn the following, these im-  concerned, to a much simpler system described in Fig. 6,
ages will be called through molecule or TM images. As ex-Where the molecule has disappeared, but where the last “sur-
plained before the current is decaying to zero away from théace” level has been somewhat shifted and, most important,
molecule, because there is no direct tip surface contributiorfhe coupling matrix element between the tip and the surface
only the electronic interactions mediated by the adsorbate af€ replaced by areffectivecouplingI" that exactly incorpo-
considered. With the considered imaging conditions, the curtates the effect of the molecule for the electronic propagation
rent contribution from the surface, where only the tip-to-through the tunnel gap,

surface interaction matrix elements are considered, is more N

or less constant with a small variation in the area of the @i B

molecule (small current increase in that caselue to the F:7+Zfl E— w;

perturbation of the surface electronic structure by the adsor-

bate. This current variation is, however, much smaller tharwhereE; is the Fermi level, energy for which the electron
the current corrugation observed in the through-moleculgransmission probability is calculated. This effective cou-
current. As expected, the shape of the STM pattern is arisingling is, therefore, a simple sum of the direct couplipgnd
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Electron tunneling through a molecule TABLE I. Correspondence between the irreductible representations
for the three symmetry groups associated to the three considered

E chemisorption sites.
z Cay Cay
o CGU (Ud*}Uu) (UUHUXZ)

- P )
h h / 1 \ h h Al Al Al
—~ I _\ e S ’;2 22 ’;2
Y 1 2 1
e e e K _/ e e e B, A B,
E, E B;+B,

E, E Aj+A,

surface molecule tip

and inversely proportional t4, which depends on the posi-
tion of the Fermi energy, with respect to the band middle of
equivalent system: molecule = effective coupling the model chain, and also throughon 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

" h r o the tip-molecule and tip-surface interactions are only found
— — " in the expression df, while the molecule-surface interaction
— — . — — — plays a role for botH™ andA. The effect of the molecule is,
e e e e e e

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

I'= Y"‘E 04 B electronic structure, which results in a shift of the surface
i Eroy electronic level and affects the current through the coefficient
A

At this point, the analogy with optics is obviouE.is a

FIG. 6. A simple 1D model for electron tunneling through a transmission probability amplitude and the various contribu-
molecule and the obtained gquivalen_t system, where the molecule {{ns to it are additive. The transmission probabili) is
replaced by an exact effective couplifig then proportional to the square of the total amplitude. In our
case, the contributiong to the amplitude that arise from the
molecule are real, but they nevertheless have a sign. Their
superposition in the total amplitudéwill result in interfer-
ence effects, destructive or constructive, as a function of the

of the individual molecular-orbital contributions
[vi=a;B:(Es— ;) "]. The electron transmission probabil-
ity is a rather complex formula, depending on this effective
coupling and on the energy shift of the surface ldigele the respective signs.

Appendix. This simplified current formula, however, relies on the

Let us suppose tha;<a;, which means that the inter-  hegis that there is only one channel in the bulk, which
action between the molecule and the surface is much strofg’ ¢ ooy rse not valid for real systems. However, if we use
ger than the one between the molecule and the tip,

. : L and thzf}lie symmetry of the system, it is possible to define electronic
I'h, that is to say that the electronic coupling is Sma”ersubsystems, where this simple expression can be used to

across the tunnel junction than within the surface or the t'p(l]ualitatively analyze the results of the complete calculation.
which is always satisfied unless the Fermi energy is in exac

resonance with one molecular le@ which case, anyway,
the above expression for the effective coupling is no longer .
valid). The expression for the electron transmission probabil- The symmetry group of the benzene molecule in the gas

2. Symmetry and calculation of the electronic couplings

ity can then be simplified to phase isDg,. However, as soon as the molecule is adsorbed
on the surface, the symmetry of the systesurface
t(E)=T"2/Ah?, +moleculg is lower. The highest symmetry in that case cor-
with responds to theCg, group, which is obtained for the top

adsorption, if only the first layer of thel11) surface is con-
X%1+ 1-gx_, sidered. The hollow case keeps the threefold axis and gives a
A=————— andq=(E;—e)h? Cs, symmetry group. However, the symmetry of the bridge
4-q site only belongs to th€,, group, which splits the degen-
erateE, andE, representations dfg,. The correspondence
between the symmetry representations of the us€fy,
Cs,, andC,, groups is recalled in Table I.
Let us consider, for example, the hollow adsorption case
Then the transmission probability, and therefore the cur{Cs;,). From symmetry, the electronic system of {serface
rent, is proportional to the square of the effective couplihg +moleculg entity can be separated in three orthogonal sub-

af

E—wi
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hollow site : Pt cluster  top site : Ptg cluster  bridge site : Pty cluster C. Contributions of individual orbitals

A In the calculation of the current, it is possible to let the tip
1 q{f 0:3:0 only feel one molecular orbital of the adsorbate. This specific
electronic probing is simply obtained by turning to zero the

% {<g> overlap and Hamiltonian matrix elements between the tip
E; E,

orbitals and the other MO'’s of the molecule. Technically this
oo is done after a transformation of the atomic-orb{taD) ba-
EZ% . sis set of the molecule into a molecular-orbital basis set. In
’ O@:O the simple model of Sec. IV B, this would correspond to
setting all theB; to zero, except one. For these calculations,
FIG. 7. The surface orbital combinations used for the calcula—Only the current mediated by the molecule is considered and,
tion of the effective coupling for the hollow, top, and bridge sites. theref.ore, t_he 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 tigfone at the molecule center and
systems, belonging to th,, A;, andE representations. The the other near the carbon ringn Fig. 8. These schematics

molecular orbitals of the benzene molecules are eas"%lre similar to orbital energy diagranihe vertical axis is an

sorted. For the surface, since the overlap and Hamiltoniagnergy ong but instead of drawing a simple line for each

orbital matrix elements _that we need to calculate here ar?evel, the length of that line is related to the electronic cur-
completely local, we will consider the symmetry adaptedent gptained with the considered MO. MO's with an elec-

combinations of the $ orbitals on the three metal atoms tronic current lower than I% nA do not appear on the fig-

bonded to the moleculeshown in Fig. 7in order to calcu- e, The orbitals are labeled according to the symmetry and
late the matrix elements. As we will show in the following, the two tip positions are displayed on each side. The total
this separation in symmetry adapted subsystems will allowhrough-molecule current is recalled at the bottom of the

us to use at least qualitatively the single-channel analytigraph. These schemes for individual MO currents enable us
formula and, therefore, to obtain for interpretation purposes & select the most important MO contributions, classified in

simple relation between the effective electronic couplihg theCg, symmetry representations,, E,, andE, to simplify

and the tunneling current. In this analysis, the orbital labelghe further analysis. These MO’s that have an important in-

from the Cg, group (A4, A, B4, By, E;, andE,) will be  dividual contribution to electron tunneling are schematically

mostly used for simplicity, but the equivalence for otherdrawn on Fig. 9.

groups is straightforward. In this simplified effective cou-  The first impression when comparing the three schematics
pling model, the geometry of the system is described by thef Fig. 8 is that there is no strong qualitative difference upon

values of the matrix elementg, B, andy, while the dis- sites as far as dominant orbital contributions are concerned:

tortion of the molecule also reflects in its MO energigs MQ'’s that are important for one site have also a large con-
hep hollow bridge top
tip on carbon frame tip on molecular center tip on carbon frame tip on molecular center tip on carbon frame tip on molecular center
T T T T T T L T T T T T i e T T T | T
L == 10F sa, 4 L e I S sa, i L = 10T 53, i
- 4 0 B r 1 or B - 1 0F il
Arp— Ef 3e Ef e, Ef
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FIG. 8. Tunneling current for each molecular orbital of benzene, in the case where the tip is only coupled to that given Mp:
hollow (b) top (c) bridge. The tip is located on the benzene cefiight parh or on the carbon ringleft par at az of 7.1 A relative to the
metal surface. The current is in nA, for a 10 mV bias. The ordinate is the energy of the considered(iorieté@l and the energy of the
surface Fermi levelK¢) is indicated. TheCg, (top sitg labels are used for the MO’s.
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FIG. 10. RatioS*/S between the overlap* of the tip 6s with
% O’\OO—_;\O an antisymmetric combination of@2 orbitals and the overla®
with a symmetric combination, as a function of the @pC sepa-

rationd. The tip is positioned above the left C atom.

— 1o obtain an optimum individual current, one MO must have a
—_— % @O good interaction with surface and tip and must be close to the
Fermi level. Notice, however, that the Fermi-level depen-
LI Q%Q dence is only in M, which means that lower-lying orbitals
-30- with a very good interaction can still participate to the cur-
rent. On the other hand, MO’s that have a poor interaction
FIG. 9. Schematic description of the molecular orbitals of ben-With the surface and/or with the tip are discarted, whatever
zene that are important for the electron tunneling. The extendedtheir energy position.
Hiickel energies are indicated and the labels refer tayegroup. MO's of A; symmetry have no nodal plarier surface
perpendicular to the surface: all carbon atoms have the same
tribution for the other sites. The second comment is thasign. As a consequence, the interaction with the tip is optimal
these MO contributions are strongly dependent on the chosdiall carbon atoms contribute with the same 3igrhe E or-
orbital and that many of these individual contributions arebitals have onéfor the E,) or two (for the E,) nodal surfaces
surprisingly high, even much higher than the total current forperpendicular to the surface. Since it is rather far away from
that tip position. Moreover, not only the frontier orbitals, the the molecule, the tip, even when off center, interacts with
energy of which is close to the Fermi level, have a strongcarbon atoms that have different signs in the MO and, there-
influence, but also some orbitals that are located furthefore, the interaction is weaker for tieMO’s than for theA;
away in energy, like for example theai, contribute greatly ones. Figure 10 shows the ratio between the overlap af a 6
to the current. As a result, it is not possible to restrict theorbital with an antisymmetric and with a symmetric combi-
calculation of the current to the orbitals of benzeng¢the  nation of 2, atomic orbitals, as a function of the distance.
two highest unoccupied and lowest vacant ones;,8e;,  The symmetric case is dominating by at least a factor 4, and
3e,, and 2a,, with the Cg, notation, for example because even 10 for large distances. In our case, the tip-molecule
even if their contributions are higtexcept 21,), they do not  distance is about 5 A, giving an overlap ratio of approxi-
dominate the electron-tunneling process: orbitals fromdhe mately 0.15. This explains the decreasing influence pf
framework cannot be neglected, especialdy Bnd le,. E,, andE, MO’s on the tunneling current, since the number
When the tip is above the molecule center, only the orbit-of nodal planes perpendicular to the surface is increased, and
als from theA; symmetry representation have significantthe negligible role of the other orbitals, lig,, have an even
contributions, the other orbitals having a node at that posihigher nodal character. This remains true even if one consid-
tion. For the second position of the tip, which is in the vi- ers that theE MO’s are closer to the Fermi level and, there-
cinity of the carbon ring(exactly at the top of one of the fore, favored for the energy position criterion.
three bumps in the STM image related to the hcp siteeE; It is possible to go further in the application of the ana-
andE, orbital contributions are turned on, but these contri-lytic approach by a quantitative calculation of the individual
butions are still weaker than those of thg orbitals. The  molecular-orbital effective couplingg . In the framework of
orbitals ofA,, B;, andB, symmetries do not have any sig- the semiempirical Hamiltonian used for the STM images cal-
nificant contribution to the current, whatever the tip positionculations, it is straightforward to obtain the orbital energy
is. levels w;. Since the overlaps between atomic orbitals are
All these results can be best understood in relation wittfully included in the calculation, the off-diagonal interaction
the analytic approach previously described. If we considematrix elements arél;; —E+S;;, H andS being the Hamil-
the MO contributions §;= «; 3;(E;— ;) "!] to the effective  tonian and overlap matrices between atomic orbitals. The 6
couplingT’, they are directly proportional to the orbital inter- orbital at the tip apex is considered, and the molecule-tip
action ; and B; between the MO and the surface and theinteractions; is easily obtained for a given position of the
MO and the tip, and inversely proportional to the energytip. Things are more difficult on the surface sidg), since a
separation between that MO and the Fermi level. In order tgingle atomic orbital has to be considered. For each symme-
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FIG. 11. Calculated effective coupling; between the tip and
the surfacesee modelfor each molecular orbital of benzeifr
the regular hollow siteand for two positions of the tifthe absolute
value is plotted and the sign is given in parenthedibe ordinate is
the energy of the orbitaleV).

try, a symmetry-adapted combination oft®llow), 7 (atop,
or 4 (bridge 6s orbitals has been considerézee Fig. 7 for FIG. 12. Through-molecule current images obtained for each
this approximate calculation of; , for analysis purpose. site when only a single MO is coupled to the tip. For each symme-
The resulting individual effective coupling elemens  try representatiotA,, E;, andE,), the two strongest MO contri-
have been plotted in the case of the hollow site on Figiil butions give qualitatively similar images, so only one is shown, but
a similar way as the individual currents of Fig. & can be the current maximum is indicated for bottype orbital at the top
seen that the correspondence is very good between these a&nd p-type orbital at the bottojn The shape of these MO's giving
proximate effective couplings and the individual MO cur- the strongest current is also indicated.
rents. The quadratic dependence of the current on the cou-
pling v is almost exactly followed in thé; representation, and they give images that are very similar in their shape: a
while it is more qualitative for thé&c symmetries. The cou- bump centered on the molecule, and in amplitude. Only one
pling schematic adds other information: the sign of the couimage is displayed on the figure, but both amplitudes are
pling, which is lost for the individual current. The results indicated. The image shape is also similar for the various
presented here for the hollow site, are very similar in the casadsorption sites. The current amplitudes are, however, differ-
of the top and bridge sites. ent: this is the result of the change in site and in the precise
The comparison of the contributions of tha,land the  molecule geometry used in the calculation. For Ehesym-
4a, orbitals deserves special comments. Indeed, it can bmetry, le; and 3; dominate and they give again a very
seen that these contributions are very similar in absolutsimilar image, being basically the same orbital, built either
value. For example the absolute value of the effective coufrom 2s (1e;) or 2p, (3e;). Notice that &, is the highest
pling is 0.097 for &, and 0.089 for 4, the tip being above occupied molecular orbitfHOMO) of benzene. The image
the center of the molecule at the chosen height. Clearly thehape for these individual orbitals is cylindrical with a node
energy-level position favorsa}, by a factor approximately at the center, as previously quoted from Fig. 8. The current
7. As it can be seen in Fig. 9, thelorbital is the in phase maximum is close to the carbon ring. The image for the
symmetric combination of 2 atomic orbitals, while thed,  bridge site is slightly different, since the orbital degeneracy
is similar, but built on D, carbon orbitals. The radial expan- is lost in theC,, group and the two orbitals of the former
sions of & and 2pz, that both belong to the valence set of 3e; set are not equivalent any moghey become B; and
carbon, are similar. Hence the overlap matrix elem&jtén ~ 3b,).
the calculation ofy; are almost identical. This is not the case  The same analysis stands for g set. The images ob-
for the Hamiltonian matrix elementd;; , since the energy tained from individual orbitals have a high symmefgix-
level H;; of 2s is much lower than that of [2, (the absolute fold). This is true, especially in the hollow site, because a
value ofH;; is highep. This on-site energy difference reflects model regulaiCg, geometry has been used for the molecule.
in the off-diagonal Hamiltonian element, thd;; elements It is clear that, for the hollow site, a kekule-type distorted
for 1la; being larger in absolute value than foe4 As a  geometry would yield images of individual MO’s, witB,,
result, the absolute value ofg is larger for la;, canceling instead of aCg, shape. Compared to the, set, the current
the energy-level influence. maximum is located somewhat more outside the benzene
The current images corresponding to the stronger indifxing and almost coincides with the positions of the H atoms.
vidual MO contributions are shown in Fig. 12. For tAg  This shouldnot be interpreted as a major contribution from
symmetry, B, and 4a,; dominate, as previously discussed, these H atoms, but is related to the presence of nodal planes
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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. Indéedbecomes
(A1+A,)C,, ; the orbital withA; symmetry has a good in-
teraction with the surface, but th®, 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 theA;)C,, orbital shows in the image and the
Cg symmetry is lost.

current (nA) / coupling

HCP HOLLOW

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 couplingsy; (and not the currentshould 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.
MQO'’s that belong to different symmetry representations are
coupled to different channels on the surfaokannels 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: a1 MO currents by interferend@nd of the effective couplings

thesg s'ymmetry—adapted currentg. o v by addition for the orbitals belonging to th&,; representation;
Within a symmetry representation, 1the key point is t0 UN-he three sites are shown and the tip is above the molecule center
derstand how they;=a;Bi(Ef—w;) = combine, which (71 A& from the surface

mainly depends on their signs. There is no absolute sign of

a;B;, since it depends on the wave-function sign convention . . .
on the surface and tip. However, once a convention is asOn the scheme, the orbitals with the same sign of the cou-

signed on the surface and tip, the signag; is well de-  Pling (4a;, 5a; and, with a smaller contribution2) are
fined. Notice that reversing the sign of a given MO changedirst recombined, with a constructive effe@olid arrows.
the sign of bothy; and 3, and, therefore, does not affect that Then the destructive interference between couplings of dif-
of a;8;. The sign ofa;B; clearly depends on the symmetric ferent signs is performegiashed arrows The final current
or antisymmetric character of the MO for a plane parallel tois mostly controlled by the destructive interference between
the surface, even if such a symmetry plane does not strictla, and 4a,, i.e., the occupiedr and 7 orbitals, with a
exist, due to the distortion of the molecule at the surface, smaller but significant contribution of thea% (¢*) orbital.
and 7 MO’s should, therefore, give different signs far3;.  This very strong(almost total destructive interference ex-
The second factor is the energy-level position comparegblains why the totalA; current is much smaller than the
to the Fermi leveE; . Therefore, for the same orbital char- individual orbital contributions.
acter (@;B;), an occupied orbital will yield a different sign This effect is present for all three sites for benzene. How-
for the effective coupling than a vacant one. We can, hencegver, it is smaller for the bridge site. In that case, the indi-
conclude that ar and a7 orbital contribution will interfere  vidual contributions are somewhat higher than for the other
destructively if both MO’s are occupie@r vacan}, while  sites(a factor of ~2, mainly due to a slightly different ge-
the interference would be constructive if they occupation isometry and tip molecule distangebut the total current is
different. These are the key rules that we will use in themultiplied by a factor of 5 compared to the hollow case. This
following analysis. is due to the fact that the electron tunneling through the 4
Let us begin with the orbitals o0&, symmetry, which are () orbital is favored compared to the] (o) orbital for the
the only ones that play a role at the molecule center. Théridge site, explained by a better interaction with the surface
recombination of currents and effective couplings is sche{more favorable orbital overlapThe negative effective cou-
matically shown on Fig. 13 for the three sites. We relate eaclpling of 4a, is increased, and since the overall effective
current value with its associated coupling value. With thecoupling is also negative, this results in an increase of the
chosen sign convention, thea] orbital, of symmetric(o) current. The matching between positive and negative contri-
type and occupied, has a positive coupling, while the,of  butions to the coupling is slightly destroyed and the interfer-
7 type and occupied, a negative one. The % o and va-  ence less effective. The top site is intermediate between the
cant, and, therefore, the effective coupling is also negativehollow and bridge ones. Notice that it is not directly possible

FIG. 13. Schematic illustrating the recombination of the indi-
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FIG. 14. Current images limited to all orbitals 8§, E;, E,,
andE (or E; + E,) 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 tlg, group.

to compare the effective couplings between the various sites, 4

&

because different surface clusters are used to calculaig the 258 1e1 =< G ""
coupling elements. One solution to solve this problem is to %
normalize the couplings to the one of a given NEXg., 1a).

The images obtained including all orbitals Af symme-

try are_glven 'n_ the left Col_umn of Fig. 14. The resulting FIG. 15. Schematic illustrating the recombination of the indi-
shape is cylindrical for all sitefonly the A; orbitals of the  yigual MO currents by interferend@nd of the effective couplings
Ce, group have been used for the bridge jsitdotice that in . by addition for the hollow site and for the orbitals belonging to
the hollow case, since theal/4a, interference is very effec- the E; andE, representatiotiin Cg, notation; two symmetric po-
tive, the double-maxima shape of the,5orbital shows in  sitions relative to the molecule center are considered for th@tip
the image. A from the surfacg

If we want to analyze how the contributions of orbitals of
E, andE, symmetries recombine, the sites have to be distinE, system is dominated by the contribution a#,3 which is
guished. Let us start with the hollow and top sites for whichthe lowest unoccupied molecular orbitdlUMO) of ben-
this recombination is indicated on Figs. 15 and 16. The samaene.
phenomenon happen within tHe, and E, representations The result is that the total contribution &, orbitals is
compared to thé\; case. However, the sign of the couplings larger than forE; and even forA; although the individual
now also depends on the position of the tip. Two symmetriccontributions are smaller, since tleés interference is con-
positions across the benzene rifigandc) have been con- structive forE,, while it is destructive fole, andA,. The
sidered. TheE; orbitals have one nodal plane perpendicularorder of current values is then modified when going from
to the surface between these two positions and the sign of tHedividual orbitals A;>E,>E,) to global symmetry repre-
effective coupling is reversed. For titg orbitals, there are sentations E,>A;>E,), due to the different interference
two nodal surfaces between theand c positions, and the effects. Until this point, the hollow and top situations have a
same sign is recovered. Of course the values of the currenery similar behavior, and the totél; andE, currents still
are not dependent on theor c tip position for theindividual ~ have aCg symmetry, as it can be seen on Fig. 14. Things
MO contributions: they are symmetric as previously dis-become different when the mixing betweEpnandE, orbit-
cussed. als is considered. For the top cakg,andE, are two differ-

For theE; symmetry, all important orbitals are occupied: ent representations: the total result is the simple sum of the
then, the ®; (o), which is built on Z orbitals interferes two currents. Thés image is hence kefg. For the hollow
destructively with the 8, () built on 2p,, with a secondary case, MO’s ofE, and E, symmetries, in fact, belong to the
influence of 2, (see Figs. 15 and 16The global result is sameE representation of th€,, group and interfere to yield
extremely destructive yielding a very small currénbtice  the total E current. This interference is dependent on the
that the current/coupling relation is only qualitative in that position of the tip, since the sign of the effective coupling
case ofE, or E, symmetry. Things arecompletely different changes wittb or c tip position forE, orbitals, but is con-
for the E, symmetry: Indeed &, is o and 3, is 7, but the  stant forE, ones: the interference is constructive in position
first one is occupied and the second one vacant. As a consb; but destructive in position (see Fig. 15 As a result, the
guence, they yield the same sign of coupling and their interE current in positiorc is about half the one in positidmand
ference is constructive: the phase difference betweear®  the overall image has @; aspect instead of &¢ one.
2p, is canceled by the different position of these orbitals, Then, the interference betweds; orbitals (which in-
with respect to the Fermi level. Notice that the current for thecludes the HOM® and E, orbitals (which includes the



53 SHAPE OF MOLECULAR ADSORBATES IN STM IMAGES: A. .. 4921

TOP BRIDGE

M.O.
M.O. 1 energy
energy

i (V) .
(eV) o] Q € current (nA) / coupling

current (nA) / coupling

FIG. 17. Schematic illustrating of the recombination of the in-
dividual MO currents by interferendand of the effective couplings
v, by addition for the bridge site and for the orbitals belonging to
the E; and E, representatiorfin Cg, notatior); two positions are
considered for the tig7.1 A from the surface

FIG. 16. Schematic illustrating the recombination of the indi-  1he last step is to combine tte orbitals with theA,
vidual MO currents by interferend@and of the effective couplings ©nes, in order to get the total through-molecule contribution.
¥ by addition for the top site and for the orbitals belonging to the This is performed by a simple addition for the hollow and the
E, andE, representatioriin Cg, notation; two positions are con- top site. In those cases, tiie current is about three times
sidered for the tig7.1 A from the surface larger than theA, current, as explained by the different in-

terference behavior fohA; andE,. The pattern of thé& im-

LUMO) is possible on the hollow site, because the symmetrd€ iS, therefore, strongly apparent in the through-molecule
is lowered and, this interference being tip position depenimage. For the bridge site, since thg destructive interfer-
dent, it creates th€,, shape of the image, even forGy, ence is less effective, t'hél' and E cu_rrent have a S|mllar
benzene molecule geometry. @, distortion of the mol- amplltude. These contributions are in that casellnterfermg,
ecule would only increase thi; aspect, which is indeed a Since they both belong to th&, (C,,) representation. The
real signature of the interaction of the molecule with thefourfold shape is lost, because the vertical lobes ofhe
threefold hollow site. image interfere in phase with the®, bump, while the hori-

The bridge site deserves special treatment, because t@ental ones feel a destructive interference. The through-
degeneracy of th&, andE, orbitals is lifted by the interac- molecule image for the bridge site still ha£Ca, shape but,
tion with the site. The associated recombination of currents isince theA; bump and thée structured image have a similar
shown on Fig. 17. Thé&, orbitals becoméB; andB,, and  amplitude in that case, the current at the center of the mol-
within eachB; or B, set the interference betweenand 7  ecule is very close to the maximum current of the image,
orbitals is strongly destructive, as it was for the other siteswhich is not at all the case for the other sites.
The cumulated E," current is small as shown in Fig. 14.As  Therefore, the contrast of the through-molecule images
previously noticed, the lifting of the degeneracy is especiallycan be explained in terms of the interference of the indi-
strong for theE, orbitals that becomé,; andA, in theC,,  vidual MO contributions. However, these through-molecule
group notation. Only thé, (C,,) orbitals(coming from J,  images all have a stronger internal structure than the final
and 3,) have a strong contribution. Their interference iscomplete imagesieven the bridge has a significaf,
constructive(similar to theE, set previously discussgdrhe  shapé. The through-surface component, therefore, plays an
two twin A, (C,,) orbitals also interfere constructively, but important role in the molecular contrast that we will analyze
the individual contributions are small, because of their poohnow.
interaction with the surface, and so is the total current.

Therefore, thée, contribution for the bridge site is strong

and dominated by tha,; (C,,) component of the degenerate E. Influence of the direct current by the surface
orbitals. TheE, and finalE image shape has a strorm
aspect, because the complementsy(C,,) orbitals yield a The question that remains from Sec. IV Ais to understand

much smaller current. how the direct interaction between the tip and the surface,



4922 P. SAUTET AND M.-L. BOCQUET 53

TABLE II. The through-moleculdT.M.) and through-spacer.S) b
electronic couplings for thé\; symmetry representation and for .
three radial positions of the tip from the molecule. The molecule is a

positioned in the hollow site.

Tip radial position

relative to benzenél) T.M. coupling T.S. coupling
r=0 —-0.029 —-0.029
r=2 —0.004 —-0.021 prdee
r=3 +0.007 -0.013 ‘

=

interference ratio

current (nA)

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, FIG. 18. Current profiles for a vertical displaceméaibscissa in
and decreasing it on the carbon ring and outside the mol&) of the tip across the benzene for the holl6W and bridge site
ecule. (B) limited to the orbitals ofA; (a) andE symmetriegb). For each

In the ana|ytica| modeL the tip_surface interaction Comegepresentation, the thrOUgh-mOlchle CU”(é—M) is indicated(thin
with the constanty term in the effective coupling. As before, dashed ling toggther with _the tot_al current obtaine_d when the
since only one surface channel is considered in this model, firough-space tip-surface interaction is includédid line). The
is necessary to go back to the symmetry representation d@yrrgnt obtalngd with the through-space |pteract|ons alathesym-
composition. Whatever the tip position, it is clear that theMetries: TS; thin long dasfand the sum with the TM curreibold
coupling between the tip and the all in phagcombination dgshed ling are indicated to illustrate the interference effed).
of surface atomic orbitals will always dominate compared toD'ﬁ?Irence bet\.Neen the total current and the. S@.WJFTS)’ nor
combinations that include different phases on the surfac ngahzed t9 their averaged' value, for thg (solid line) and thek

. . (dashed lingbenzene MQO's.

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 individualremember that this MO hasd,, charactex. The net result
orbitals. However, for thé\; representation, a large destruc- is that the negative effective couplings decrease faster, which
tive interference takes place and the fikgl effective cou- yields the sign change. As a consequence, the TM/TS inter-
pling is of the same size as the diréct coupling: the influ-  ference is constructive at the molecule center, but destructive
ence of the through-space interaction is then strong. This ien the outside edge of the molecule.
not the case for th& orbitals, because the interference is  This point is clearly demonstrated on the vertical current
constructive forE,, and the through-spade interaction has profiles given in Fig. 18 where, for the hollow and bridge
a weaker influence. We will, therefore, concentrate here onlgites, and for thé\; and E benzene molecular orbitals, the
on theA; case. total current, the through-molecule current, and the through-

In order to determine the type of interference, it is impor-surface current are plotted. Notice that the through-surface
tant to analyze the sign of the direct tip-surfdoe through-  current is the total one and is not decomposed on surface
space T$coupling y, compared to the sign of the resulting orbital symmetry. In the case of the hollow site and of #he
through-molecule effective couplingy,. With the chosen symmetry, the TM current is smaller than the TS one, mainly
surface and tip wave-function sign reference, thigerm is  because of the strong destructive interference. The minimum
negative forA; surface orbitals. The final value of the TM of the TM current around 2 ané2 correspond to the sign
coupling was presented in Fig. 13, for the tip at the center ofeversal of theA; effective coupling. The thick dashed line
the molecule: the sign is negative whatever the site. Theorresponds to the sum of the TS algdTM currents and is
values of TM and TS couplings are given for the hollow sitedisplayed for a direct visualization of the interference effect.
and for three tip positions in Table Il. The TS coupling with The solid line corresponds to ti#g total current, where the
the A; surface combination is always negative. The smalltip is coupled to allA; orbitals and to the surface. As ex-
decrease is due to the limited size of the cluster used for thpected from Table I, it shows a constructive interference
evaluation of the couplingremember that this evaluation is above the molecule, and a destructive one outside the ring.
only qualitative. The total TM effective coupling is negative This interference effect is shown by a solid line on Fig.
at the molecule center, but the important point is that it18(A c), where the difference between the total current and
changes sign when the tip is shiftee? A from the center. the sum of TS and TM components is displayed, normalized
For A, orbitals, the overlap with the tip is optimal at the to their averaged value. A 50% amplification is obtained on
center and decreases when the tip is off centered. Howevehe moleculgin the area where the current is strongyhile
this decrease is dependent on the chosen orbital. It is quicker80% destruction is shown outside it. This destructive inter-
for 4a; which has ap, character and a negative coupling, ference outside the molecule explains the presence of a de-
than for 1a;, which is o. The negative coupling ofd is  pression in some image@8ncluding the hollow site one
decreasing fast, because of the presence of a nodal surfageund the molecule pattern.
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If we stay with theA; symmetry and look at the bridge the total internal structure keep£g symmetry, sinc&, and
site, it can be seen that thle; TM current is larger(less E, are orthogonal representations of tkig, group and
effective interference withid\,) and dominates the TS com- hence do not interfere. Notice that the symmetry of the top
ponent at the center. Otherwise, the interference effect is resite is Cg,, if only the first metal layer is considered; the
ally similar, as seen on Fig. 1B c). For theE orbitals, the exact symmetry i<, when all layers are included, but the
interference effect is smaller and is mainly destructive. IfC5 influence of the second layer does not appear on the im-
only the TM current is considered, the contribution Bf age. Therefore, the site differentiation in the STM pattern
orbitals dominates the one #f; for the hollow site, or is of results from the effective symmetry of the adsorption site
the same order for the bridge site as discussed before. Whemd, for the hollow site, only appears after recombination of
the tip-surface interaction is included, the different TM-TSthe MO contributions.
interference effect favors th&; contribution. It becomes The strong internal structure obtained in the TM images is
equivalent to thee current for the hollow site, which, how- greatly weakened if the through-space tip-surface interaction
ever, allows us to maintain the threefold aspect on the imaggs included. Indeed, the TM-TS interference effect favors the
(see Fig. 5. For the bridge site, thé; contribution finally ~ A; current, especially at the molecule center. For the hollow
dominates theE one and the internal structure of the final and bridge site, th&, current remains equivalent to thg
image is los{(see Fig. 5, or strictly speaking, th€,, aspect one in the final image and the internal structure is kept. This
is dramatically diminished. is not the case for the bridge site, where fhecurrent domi-

nates theE, one (they had the same amplitude in the
through-molecule imageand the final image only has a
V. CONCLUSION weakC,, symmetry.

The qualitative analysis of the origin of the STM contrast. The discussion here .has been focused on thg ongin qf the
mage contrast and on its dependence on the binding site. It

for a benzene molecule presented in this paper is twofold!

First, the influence of the direct tip-surface interaction was>/0uld be clear, however, that the STM image also contains

not considered, and the tunnel current resulting from the tipllr_'rf](.)rmat"mI on (tjha;jchemstorftl(;m dl';t?nfg’ for: a g|t\;]en.3|te.
molecule interaction was first analyzed with the help of a f|s W?(‘T‘ abrea é’ bemons ra el n | el. 16, w (Trel tedlmlgg?hs
simple model. The main results are that the orbitals close t weakly bound benzene molecules were cajcurated. bo

e shape and the amplitude of the image are influenced. In

the Fermi level are not the only important ones, and that . g
within each symmetry representation, the current through thgUCh a weak adsorption structure, the distance betwe_en the
rr]nolecule and the surface is larger and the molecule is not

molecule results from strong interference effects betweed. torted. th h v being kept. Both fact
MO contributions. This main interference effect is between’'>OMed, the gas phase geometry being kept. soth tactors

the orbitals that are built from<2C orbitals (o orbitalg and tend to reduce the destructwg mterf_erence effect W'thm the
those that are centered op2C orbitals(7 orbitalg. Indeed A, symmetry prbl'gals 'an'd the image internal structure is .|OSt'
these orbitals have a different phase behavior when crossinyq'3 explanation is similar to that presented for the bridge

the tunnel junction: the orbital is symmetric, while the, fte. The influence on the_ image amplltu_de IS more tricky,
orbital shows a phase reversal at the interface, since the mg ince for the weak adsorption the corrugation is increased for

ecule is lying flat. This intrinsically creates a destructive in-the hollow and top sites, while it is almost unchanged for the

terference effect in the tunnel current, if the considered Mobridge site, compared to .the strong chemisorptioq distance. If
energies are on the same side of the Fermi level. This is what® 99 b_ack to thd effect|ve_ coup_llng formula, an mpreased
happens for theA, and E, (including HOMO symmetry adsorption distance for a fixed tip-surface separation would

representations, where bathand p, built orbitals are occu- _(Ij_ﬁcr?ase It.he’i ma}.rt|x dek_amelnts, f?uttlr:jclr)ea;]e t'ﬁ ones. th
pied. For theE, symmetry, on the contrary, the orbital is € tunneling amplitude 1S also aftected by the change in the

occupied, but ther orbital is vacant and above the Fermi molecule geometry, which is coupled with tizedistance
level (thié is the LUMO of benzeneAs a result, and as variation, and by the modified interference effects between

shown by the simple model, an additional phase change iMO’S. Itis, therefore_, diffi(_:ult to extract si_mple trends_forthe
introduced and the interference becomes constructive. This lgflutﬁnce of 'c_ldsorptu]zn d'StIanCT onhthe flmage arr|1pl|_tuqle.
why theE, orbitals(and mainly the LUMO finally dominate ¢ The STM image of a molecule, t erefore, results in inter-
the tunnel process, which is not at all the case if one looks Jerence effects between molecular orbital contributions and

individual MO contributions before interference, where theWlth the through-quce electronic current. Even if for be.n-
A, orbitals give a really stronger current. zene, th_e LUMO orbital has a Iar_ge importance in det_ermln-
This domination ofE, orbitals, that have a marked nodal ing the mter_nal structure of the image, it is not po§3|ble to
character at the molecule center, is the origin of the internarllegleCt the mflgenpe pf the Iower-ly[ngl andE, orbitals,
structure of the pattern obtained for the hollow and top sitesSVEN for a qualitative image calculation.
The described effect is present for all binding sites, but the
interference within the\; orbitals is not as effective for the APPENDIX
bridge site, resulting in &, current of the same magnitude
as theE, current and a weaker internal structure for the TM  The analytic calculation of the electron-tunneling prob-
current. In the case of the hollow site, tBe andE, orbitals  ability for the through-molecule tunneling modglig. 6) is
belong to the sam& representation of the site symmetry, detailed here. Note that this model is not used for the calcu-
and their mutual interference, which is tip-position depen-lation of the tunneling current, which is performed on the
dent, yields the threefold shape of the image even wiBya more realistic system described in Sec. Il, but is employed
regular benzene geometry. On the contrary, for the top sitdpr the analysis of the contributions of the molecular orbitals
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and for the description of the interference effects amongelectronic couplingl’ between the tip and the surface. The

these MO contributions. diagonal Hamiltonian matrix elements are also modified on
Let us first write the tight-binding Shdinger equation sites—1 and 1 of the surface and tip. If we note that, in the

associated with the model, each equation being related to thmse of an STM experiment, the tip is at a large distance

index of the diagonal matrix element, and the wave-vectok5—8 A) from the molecule,

coefficients being note@, for the surface and tip sites and

Cy for the molecule states € 1,N), Bi<1

hC,_,+(e—E)C+hC,,;=0, k#-1,0,1, (A1) and

N elgey

hC_,+(e—E)C_;+ iCo+7C1=0, (A2
2+ )€1 Z’l o™ ¥ (A2) which leads to the equivalent system of Fig. 6.

, Once the molecule has been “removed,” the system is a
@C_1+(0;—E)Cy+B,C1=0, i=1,...N, (A3) simple chain of single states and an analytic approach similar
to the one in Ref. 17 can be used in order to calculate the

N electronic transmission probabilityE):

yC_;+ >, BiCh+(e—E)C;+hC,=0. (A4)
i=1 2

_ 1 X1+X_q1
The equationgA3) are used to extract the coefficiers, in t(E) - 2C
order to eliminate them from equatiofs2) and (A4), )
q
— B _ 5 (XaFXog) =XgX_ g+ G>-1 1
CO=E C_,+ = Cq, i=1...N. (A3 n
— Wj - Wj C 4_q21
Then we obtain, having eliminated the basis functions asso- ith th duced i
ciated with the molecule, wi € reduced parameters,
_ - / e —e e_,—e —e r
hC_,+(e_;,—E)C_,+I'C,=0, (A'2) X, = 1h X = ; A=, andC:H.
FC_1+(61—E)C1+hC2=O, (A,4)
. If we suppose, as before, tha=e and that the tunnel gap
with coupling is smaller than the coupling within the metal bulk
N 2 (F<h)5
P S—
€-1=¢ <1 E-w’ 1 ] x2,1+1—qx,l
t(E)= , with A= ————,
N A 4—q
.2 1+ J—
Bi Cc?
ej=e+ >, .
i=1 E—wj
I and if we suppose moreover thdE) <1, which means that
N @B the tunnel gap resistance is much greater than the quantum
=y+> — resistancé~13 kQ), then
i=1 E_(’-’|
We, therefore, obtain an equivalent system, where the mol- :C_Z
) X t(E)=—.
ecule has been replaced in an exact manner by the effective A
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