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I. Introduction
From the inception of scanning tunneling micros-

copy, the precise interpretation of the atomic scale
images has always been a concern and a problem.
This stems from the fact that the image is not at all
a steric representation of the surface but is a view of
its electronic structure at the Fermi level energy. In
most cases, it is therefore not possible to directly and
simply relate the bumps and shapes on the STM
image to the actual lateral positions of atoms. Iden-
tifying the nature of the atoms or their heights above
the surface is an even greater challenge. Our discus-
sion will be limited here to the case of images of
adsorbates on a surface, atoms, or molecules. Such
adsorbates clearly give a perturbation of the elec-
tronic structure and STM current in their vicinity
compared to the bare surface, resulting in specific
patterns in the image that are independent if the
adsorbates are sufficiently isolated from each other.
The shape and amplitude of these patterns cannot
be easily related with the nature and structure of the
adsorbate, especially in the case of molecules. The
well-known counterintuitive example is the case of
atomic oxygen chemisorbed on a metal surface, which
appears as a depression in the STM image even if
the atom is positioned above the metal surface layer.
The influence of the nature of the substrate and of
the chemisorption site and geometry of the adsorbate
is also not clear. Moreover the height of the pattern
in a topographic image is generally much lower than
the real height of the adsorbate. In relation to the
electronic structure of the adsorbate, it would also
be important to determine which electronic states or

orbitals predominantly contribute to the image con-
trast. The implication for the image of changes in
the surface structure, such as adsorbate-induced
relaxation and reconstruction effects, is not well
understood.
In the case where the adsorbate is present on the

surface in the form of a dense layer, additional
questions arise. Indeed, the shapes induced by the
adsorbates are no longer independent since they will
“overlap” to yield the final image. How the image
will change with coverage is therefore not clear,
especially in the case where the adsorbates adopt
inequivalent positions on the surface.
Moreover, the STM has technical characteristics

that can also influence the contrast. The main one
is the probe tip whose apex structure and nature is
generally not at all well defined, and even changes
in the course of an experiment. It is obvious that
the tip apex is a direct partner in the tunnel process
and, as evidenced by experiments, that its structure
can influence the resulting image. In addition, the
tip can even directly modify the adsorbate itself by
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at CNRS and “Maı̂tre de conférence” at the “Ecole Polytechnique”.

1097Chem. Rev. 1997, 97, 1097−1116

S0009-2665(96)00082-9 CCC: $28.00 © 1997 American Chemical Society



application of a force: molecules can be displaced on
the surface in which case imaging is problematic, or
they can be distorted which will modify the contrast.
Finally the applied bias voltage between tip and
surface is an important parameter which opens the
way to spectroscopic approaches.
This paper reviews theoretical calculations that can

bring insights to these open questions when imaging
adsorbates on a substrate.

II. Theories for the Simulation of STM Images of
Adsorbates
General theories for STM image calculations can

directly be applied, in principle, to the case of
adsorbates, even if large adsorbates cannot be handled
by all methods due to computer limitations. It is not
the purpose of this section to give a systematic
presentation of all calculation methods but to make
a brief presentation of the main classes of methods
and to underline the essential points necessary for
the following discussion.
The knowledge of the electronic structure of the

system consisting of surface and tip is a prerequisite
for the calculation of the tunneling current. There-
fore, it is important to separate the approximations
made in the treatment of the Hamiltonian from those
used for the calculation of the current. For the
electronic structure, various levels of approximation
are used ranging from effective Hamiltonian ap-
proaches like extended Hückel,1 to first-principles
self-consistent methods based mainly on the density
functional theory.2
Various levels of approximation are also used for

the calculation of the current. The most popular
class of methods relies on perturbation theory, fol-
lowing Bardeen,3 and Tersoff and Hamann.4-6 One
advantage of this approach is that, assuming an
s-wave for the tip, the current can be related to a
property of the surface alone: it is proportional to
the local density of states (LDOS) at the center of
curvature of the tip and for the Fermi level energy.
It is important to underline the difference between
this quantity and the total charge density at the same
position which can be probed for example by He
scattering. The interpretation of the total charge
density for He scattering is rather easy since an
isocontour follows the van der Waals shape of the
surface atoms. This is completely different from STM
which, in the previously described approximation, is
considered as a probe of the charge density for the
electronic states at the Fermi level only and not for
all occupied states. This explains, in simple terms,
the general difficulty in understanding STM images.
This approach is based on several important ap-

proximations.7 The tip and the surface are treated
separately, which neglects any interaction between
them and is valid only in the limit of large tip-
surface distances. Secondly, a severe approximation
is made to the structure of the tip apex and any tip
dependence of the image is lost. Chen has general-
ized the perturbation approach8,9 to p and d states
as tip orbitals, by calculating the corresponding
tunneling matrix elements.10 Tsukada et al. have
extended the perturbation approach to a more precise
description of the structure of the tip than a single

atomic state,11 and have introduced an accurate
description of the wave function tail in vacuum.12 In
this approach, the tip apex is described by a cluster
of ∼10 atoms and the dependence of the image on
the tip structure can be explored.13

The second class of methods goes beyond perturba-
tion theory by a proper description of the interacting
sample and tip with a scattering theory formalism.
The basic idea is to consider the tunnel gap as a two-
dimensional defect inserted between two semiinfinite
periodic systems. The tunnel event is then viewed
as a scattering process: incoming electrons, for
example from the bulk of the sample, scatter from
the tunnel junction and have a small probability to
penetrate into the tip, and a large one to be reflected
toward the bulk. The channels for scattering are
hence the asymptotic wave functions for the bulk of
the sample and of the tip, far from the tunnel
junction. Multiple scattering events in the barrier
are here taken into account, which as shown by Sacks
and Noguera14-16 are the key difference with respect
to perturbative approaches. In this case, the current
has been shown to be strongly dependent upon the
chemical nature of the tip, even if a s-wave is
assumed, if rather short distances are considered
between the tip and the surface. Tip-induced local-
ized states, characteristic of covalent (or ionocovalent)
partial bond between the electrodes, are present as
shown by Ciraci et al.17,18 Barrier resonances play
also an important role in the conductance.19,20

Among this second class of methods,21-23 some have
been especially applied to the case of adsorbate
imaging and will be briefly introduced here. Doyen
et al. developed a method based on a layer Green
function formalism.24,25 A model Hamiltonian ap-
proach is used for the description of the tip, consisting
of a single atom (e.g. W, Al) adsorbed on a metal sur-
face. Sautet and Joachim have adopted the scatter-
ing matrix approach and the generalized Landauer’s
theory to calculate the tunnel current, in their elec-
tron scattering quantum chemical (ESQC) approach.26
The system for the calculations is infinite in the
direction perpendicular to the surface, the tunnel
junction being modeled by the approach of substrate
and tip semiinfinite bulk solids. The adsorbate is
chemisorbed on the substrate surface, while the tip
apex, attached to the second semiinfinite solid, is
modeled by a cluster of 1-15 atoms. Coupling with
the tip and substrate electron reservoirs is hence fully
taken into account. The Hamiltonian matrix ele-
ments on an orbital basis set, which are the ingre-
dients of the scattering matrix calculation, are ob-
tained with an effective Hamiltonian approach, the
extended Hückel theory. Images are generally in-
terpreted in terms of quantum interference effects
between different electron tunneling channels.
Kenkre, Biscarini, and Bustamente (KBB) ap-

proached the tunnel current calculation as a trans-
port problem in quantum statistical mechanics and
incorporated thermal effects and reservoir interac-
tions.27,28 They are able to describe an arbitrary
degree of quantum coherence in the tunnel junction.
They especially underline quantum interference ef-
fects and apply their theory on the basis of an
extended Hückel electronic structure theory.
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III. Isolated Adsorbates

1. Imaging a Single Adatom on a Metal Surface
One important difficulty in STM of adsorbates is

to identify the nature of the species that corresponds
to the pattern observed in the image. This simply
arises from the fact that STM probes the electronic
structure of the surface at the Fermi level and is
therefore only indirectly sensitive to the position and
chemical nature of the nuclei. The simplest version
of this problem is to consider atoms adsorbed on a
metal surface and to inquire how the associated
shape in the image might depend on the chosen
element, for example on its electronegativity, elec-
tronic radius, polarizability etc. In this section only
low bias imaging will be considered and the effect of
a finite bias voltage will be addressed later.
The pioneering work in this direction was per-

formed by Lang.29,30 In his approach, the surface and
tip electrodes are described by the jellium model, in
which the ionic lattice of each metal is smeared out
into a uniform positive charge background. The
perturbative approach of Bardeen is used to calculate
the tunnel current. The tip apex is described by a
Na atom positioned on the tip electrode. Constant
current scans of this tip above Na, S, or He atoms
yield characteristically different results31 (Figure 1a).
Na and S atoms are imaged as bumps, but the
maximum tip displacement is much smaller for S (0.8
bohr ) 0.4 Å) than for Na (3 bohr ) 1.6 Å). Two
reasons are given: S sits closer to the surface than
Na and the Fermi level state density for S is smaller
than that for Na (Figure 1b). For the He, the tip
displacement is slightly negative (-0.6 bohr ) -0.3
Å) which means that the atom would be imaged as a
depression. The valence shell of He (1s) is very low
in energy, and its only effect is to polarize metal
states away from the Fermi energy, yielding a
decrease of the state density near that energy com-
pared to the bare metal. A small electronegative
atom like oxygen would also make a negative con-
tribution to the total state density at the Fermi level

and produce a depression32 (-0.2 bohr ) -0.1 Å). In
this study, the actual value of the tunnel current (or
the tunnel conductance) is not determined in an
absolute way. The “relative current” value, to be kept
constant in the scan, is obtained with a chosen height
difference of 16 bohr () 8.5 Å) between tip atom and
adsorbate atom and with an infinite lateral displace-
ment of those two atoms. Since the tip-sample
distance is generally not accessible from the experi-
ments, a direct comparison of the calculation results
with measured corrugations (at a given tunnel gap
conductance) is not possible. For a C adsorbate the
depression is 0.15 Å deep for an initial height
difference of 8.5 Å and increases to 0.3 Å if the
separation is reduced to 5.3 Å.33 The same interpre-
tation is given for the depression as in the case of
the O atom, despite the significantly reduced elec-
tronegativity. Another limitation is that the chemical
nature and atomic structure of the metal surface are
not taken into account, so that arguments such as
binding site of the adatom cannot be addressed. The
tip displacement curve was shown to correspond to
the contour of constant local density of states at the
Fermi level in agreement with the discussion by
Tersoff and Hamann in the case of an s-wave tip.
Such an agreement is not surprising here since a Na
atom, with dominant 3s character, was chosen as tip
atom. However, the tip displacement is noticeably
different from the profile of the total charge density
as explained previously.
The case of the rare gas Xe adatom is interesting

since the adatom shows a high 1.5 Å bump in the
STM image on Ni(110),34 although Xe, like He, would
seem to have no electronic states in the proximity of
the Fermi level. It was shown with Lang’s approach
that the measured tip trajectory is close to a contour
of constant local density of states at the Fermi level
and that the main contribution comes from the tail
of the Xe 6s resonance. This resonance is located
almost 4 eV above the Fermi level, but this is
compensated by the extended radius of the 6s orbital
and by the fact that physisorbed Xe binds at a large

Figure 1. (a) Tip displacement ∆s ) s(Y) - s(∞) versus lateral separation Y for constant current with s(∞) ) 16 bohrs.
Tip atom is Na and sample adatoms are Na, S, He (1 bohr ) 0.529 Å). (b) Difference in eigenstate energy between the
metal-adatom system and the bare metal for Na and S (Part a and b: Reprinted from ref 31. Copyright 1986 American
Institute of Physics.)
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distance from the surface. Bouju et al. have ad-
dressed the same problem with ESQC.35 An atomic
description of the Cu(110) substrate and Cu tip is
used. The calculated image shows a combination of
the 0.17 Å corrugated rows of the Cu(110) substrate
and a slightly elliptic ∼1.7 Å high bump for Xe in
good agreement with Eigler’s data and with the
previous calculations. Another approach of rare gas
imaging was proposed by Mahanty et al.36 It was
shown that the tunnel potential barrier height is
significantly reduced in the region above the atom.
This was explained by the self-energy of the tunnel-
ing electron from the induced polarization of the
atom. The enhancement of the tunnel current de-
pends directly on the effective polarizability of the
adsorbed species.
The question of the pattern produced by an oxygen

atom on a metal surface has also been addressed by
Doyen and co-workers with a model Hamiltonian
study on Ni(100).37 Tip and sample are treated on
equal footing and the tip consists of a tungsten atom
chemisorbed on a flat W(110) surface. The equilib-
rium distance of O on Ni(110) was calculated to be
0.9 Å above the first layer of Ni atoms, in good
agreement with experimental structure, and ad-
sorbed oxygen shows an increased spatial extension
due to the partial filling of the 3s affinity orbital. The
perturbative transfer Hamiltonian approach is used
to calculate the tunnel current. The results contrast
with that of Lang and depend on the chosen tip-
surface separation on the clean metal. The adatom
is calculated as a bump for a separation larger than
7 Å (a bump of 0.4 Å height for 8 Å separation) and
is almost invisible for separations between 6 and 7
Å. Only for an even smaller separation would the
oxygen atom appear as a dent in the scan. Such an
effect is not shown in the experimental data where
the O atom is imaged as a depression in a large range
of separations.
One important point is that the contours of con-

stant tunnel current show in these calculations a
behavior different from those of the Fermi level
charge density, which would indicate a rather large
bump shape for the adatom for all physically reason-
able tip-surface separations. This reveals a break-
down of the Tersoff-Hamann hypothesis. The given
reason is that the adsorbed oxygen atom strongly
perturbs the exponential decay of the Ni wave func-
tion. Moreover due to the diffuseness of the W atom,
the amplitude of the sample wave function is not
probed at the center of the tip but predominantly 2-4
Å closer to the surface, probing somewhat into the
interior of the surface. It is important here to
comment on the description of the decay of the metal
wave function away from the surface. In Doyen’s
calculations, the potential is described as a step
function, which yields a considerably faster decay of
the eigenfunctions than the jellium model.38 The
contribution of the adatom in the wave functions will
therefore be more important, yielding a higher pro-
trusion. A correct description of the decay of the
metal wave function thus appears to be a crucial
point. A simple test in that respect would be to
calculate the tunnel current as a function of tip-
surface separation and to compare with experimental

results. Another reason for the discrepancy could be
a slightly exaggerated spatial extension of the O atom
in the spin unrestricted Hartree-Fock calculations
of Doyen.
A study of O imaging on Al(111) has been per-

formed by Jacobsen et al.39 with a Tersoff-Hamman
approach and density functional calculations. Oxy-
gen is imaged as a rather deep depression (∼1 Å)
with a small protrusion in the center. However the
minimum tip height in the isocontour of LDOS
corresponds to a separation of ∼1 Å compared to the
O adatom, which seems somewhat small. C on Ni-
(100) has been calculated by Hörmandinger et al.40
with a method based on Bardeen’s approximation and
a Green function formalism. For the quasi-isolated
adatoms in a p(3×3) arrangement, C appears as a
only 0.08 Å deep depression for tunneling conditions
of I ) 1 nA and Vsample ) -0.5 V. As did Lang, this
is interpreted as a carbon-induced depletion of the
surface local state density.
Biscarini and co-workers have also addressed this

problem of the STM contrast of adatoms with their
KBB approach.41 The authors have considered Au,
Na, H, C, and O on a Au(111) surface described by a
cluster in most cases built from a single layer of
atoms. For a current of 1 nA and a bias voltage of
20 mV, an Au adatom appears as a 2.45 Å protrusion
while Na appears as a 3.5 Å bump, much higher than
the 1.6 Å value of Lang. For H, the pattern depends
on the tip-sample distance: a hole for 4 Å and a
small bump for 5 Å. This effect of H appearing
smaller is interpreted by its closer distance to the
surface and also by the low-energy position of the H
adatom resonance compared to the Fermi level. A
similar inversion of contrast with tip-surface sepa-
ration appears for C: a protrusion for z ) 4 Å and a
depression for z ) 3.5 Å. The oxygen atom is imaged
as a depression with no contrast inversion when the
tip substrate separation is increased. However,
topographic values are not given. The depression,
called “non topographical feature” by the authors is
related to resonance in the adatom for energies below
the Fermi level and to an interference occurring
between direct tip-substrate and adsorbate-medi-
ated tunneling.
One striking aspect of this study is that the

corrugation obtained for Na is much larger than the
result of Lang and that the considered tip-surface
separations are much smaller than Lang’s and Doy-
en’s (4-5 Å compared to 8 Å or more). The purpose
of Biscarini et al. is primary qualitative, but as they
have remarked, the decay of the wave function and
current as the tip is moved away from the surface is
too fast in their calculations (more than 2 orders of
magnitude when the tip is retracted by 1 Å). This
decay is much stronger than that observed experi-
mentally (close to 1 order of magnitude of current per
angstrom), and this explains why the tip has to come
near the surface in order to reach a reasonable
current and also why the adatom protrusion is
higher. The effect is similar, but stronger, to that
for the comparison between Lang’s and Doyen’s
results.
The fast decay of the current can be attributed, as

will be discussed later, to the choice of single-ú orbital
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functions for the s and p orbitals of Au. Such single-ú
orbitals are well adapted to describe the short-range
interaction between two neighbor atoms in the solid,
but they are too contracted to correctly describe the
long-range interaction between tip and surface at-
oms.
More recently, a study of adatom contrast with the

STM by Sautet has appeared.42 The ESQC approach
is used to calculate the current in a low bias voltage
approximation on the basis of extended Hückel
Hamiltonian matrix elements. The image of several
atoms (see Figure 2) is studied on a Pt(111) surface
with a Pt tip (the tip apex is a Pt tetrahedron
connected to the tip base). In contrast with to the
previous paper, double-ú functions43 are used to
describe all atomic functions in the tunnel gap region.
Only selected elements will be discussed here and
compared to previous studies and experiment. If a
set point current of 1 nA and a bias voltage of 10 mV
is assumed, O appears as a -0.35 Å deep depression,
significantly lower than Lang’s result (-0.1 Å) and
in good agreement with experiment (-0.3 Å). Sulfur
is calculated as a protrusion of 0.8 Å height (Lang
0.4 Å) and Na as a 1.7 Å high bump (Lang 1.6 Å). A
recent experimental study of isolated S atoms on Pd-
(111) gives a 0.85 Å bump for S. Although the
relative corrugations agree well between calculations,
absolute values of the corrugation are somewhat
larger than that given by Lang. Two causes can be
proposed to understand the difference. The first one
is the tip-surface separation far from the adsorbate.
Lang uses a 8.5 Å separation between tip atom and
adsorbate atom. The value obtained by Sautet for a
10 MΩ gap resistance is 7.5 Å between tip atom and
metal surface, which for a S adatom for example
would reduce to ∼6 Å between tip atom and adsor-
bate atom explaining the larger corrugation values.
Secondly the tip apex is different. The decays of the
tunnel current as a function of tip-sample separation
are rather similar (0.9 order of magnitude current
per angstrom (Lang) compared to 0.98 (Sautet)). The
main limitation of Sautet’s calculation is the semiem-
pirical non-SCF description of the electronic struc-
ture, while Lang’s approach neglects the atomic

structure of the substrate and relies on a perturbative
treatment for the current calculation.
Correlations drawn between adatom STM corruga-

tion and elemental electronegativity or polarizability
are shown in Figure 3. The correlation with elec-
tronegativity, often presented in the discussions, is
only partly correct since elements with the same
electronegativity, like C and S, can give a very
different pattern. The comparison with polarizability
is more satisfactory which means that the electronic
radius of the atomic orbitals is the key factor that
controls the tunnel response of the adsorbate, the
energy position of the orbital playing also a role but
less important. An analysis of the adatom STM
shape is proposed on the basis of a decomposition of
the electronic interaction through the tunnel gap. The
interactions between tip and metal surface atoms are
responsible for the tunnel current far from the
adatom and this through-surface contribution to the
tunneling amplitude is decreased in the vicinity of
the adatom due to the shift in energy of the surface
levels induced by chemisorption. In addition, the tip
interacts with the adsorbate itself and the current
that would result from this interaction alone is called
the through-adsorbate current. The final current
results from constructive or destructive interferences
between the through-adsorbate and through-surface
tunneling amplitudes. The through-adsorbate con-
tribution to the current has a bump shape and decays
away from the adsorbate. The maximum value of
this bump, compared to the through-surface current,
mainly depends on the orbital extension and controls

Figure 2. Topographic profiles of atomic adsorbates for a
tunnel current of 1 nA and a bias voltage of 10 mV. Z is
the distance between the tip apex atom and the first Pt
layer, and the scan is centered on the adsorbate. (Reprinted
from ref 42. Copyright 1997 Elsevier.)

Figure 3. Correlation between the tip height on top of
the adsorbate and (a) the atom electronegativity or (b) the
atomic polarizability and the average radius of the most
important atomic orbital. (Reprinted from ref 42. Copyright
1997 Elsevier.)
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the final image shape. For a contracted atom like
oxygen, the through-adsorbate current is small and
the depression in the through-surface contribution
imposes the final dip shape. Carbon is a frontier
element since through-adsorbate and through-surface
contributions have the samemagnitude which results
in a weak contrast. The more polarizable S atom
gives a large through-adsorbate current and the final
image is a bump.
The through-adatom current can be further decom-

posed into interfering atomic orbital contributions,
which originate from tails, at the Fermi energy, of
resonances from adatom atomic levels (nonresonant
tunneling).
The comparison of these different studies, sum-

marized in Table 1, therefore gives a rather coherent
picture of the imaging of adatoms with the STM. The
various and complementary interpretations enable
a qualitative understanding of the adatom contrast,
the shape of which constitutes a “chemical finger-
print” of the adsorbate.

2. Images of Molecules
Compared to atoms, the interpretation of the

contrast of chemisorbed molecules adds a level of
complexity. Similar questions arise such as the
general aspect (bump or hole) or the corrugation of
the features but specific additional problems appear.
In many cases, the pattern shows internal structures
and details, but for molecules it is not clear at all
what the bumps mean and even whether they are
located on some atoms of the adsorbate. However,
this molecular resolution image contains information
that needs to be related to the electronic structure
of the molecule, in order to establish a correspon-
dence between the observed pattern and the chemical
nature of the molecule. Moreover, molecules can
adopt different coordination modes and binding sites
at surfaces and the dependence of the STM image
on these geometrical factors needs to be clarified.
One of the simplest molecules studied with STM

is CO. When chemisorbed on a Pt(111) surface and
imaged at very low temperature (4 K) to avoid
mobility, CO shows two different images44,45 (Figure
4). One can be described as a bump with a height of
0.44 Å while in the second image the bump is lower
(0.14 Å) and is surrounded by a circular depression
(∼-0.1 Å). These two different shapes are not due
to different imaging conditions, such as bias or
different tip apex structure, since they can be found
together in the same image, but have been attributed
to two different chemisorption sites of the molecule

on the surface, presumably top and bridge chemi-
sorption sites. Notice that it was not possible to
identify these binding sites from STM alone, since
the short tip-sample distances necessary to resolve
the substrate generally displaces the molecules.
Therefore only the relative registry of the two mo-
lecular features can be obtained after calibration of
the piezoscanner. This problem is rather general for
STM imaging of molecules. Therefore theoretical
simulations can be of great value here in explaining
the site dependence of the pattern and identifying
the binding site.
Images of CO on Au(111) have been calculated by

Biscarini et al.41 with their approach (KBB). At the
top site, CO appears as a 2 Å high protrusion, while
the bridge site gives a somewhat lower feature (1.8
Å). Even if the qualitative comparison between top
and bridge sites seems correctly described, the size
of the bumps is overestimated and this can be
associated, as in the previous section, with the too
rapid decay in vacuum of the metal wave function.

Table 1. Apparent Height (Å) of Adatoms in STM Images from Different Theoretical Approachesa

Lang29-34 Doyen et al.37 Hörmandinger et al.40 Biscarini et al.41 Sautet42 experiment

O -0.1 -0.2/+0.4 -0.35 ∼-0.3b
C -0.15/-0.3 -0.08 +0.55/-0.7 -0.1 +0.3/-0.333,79,80
S 0.4 0.8 0.85c
Na 1.6 3.5 1.7
Xe 1.7 1.7 1.534

a Negative values indicate that the adatom appears as a depression. b Eigler, D. Unpublished results. Esch, S.; Hohage, M.;
Michely, T.; Comsa, G. Phys. Rev. Lett. 1994, 72, 518. Brune, H.; Winterlin, J.; Behm, R. J.; Ertl, G. Phys. Rev. Lett. 1992, 68,
624. Brune, H.; Winterlin, J.; Trost, J.; Behm, R. J.; Ertl, G. J. Chem. Phys. 1993, 99, 2128. Ruan, L.; Besenbacher, F.; Stengaard,
I.; Laegsgaard, E. Phys. Rev. Lett. 1993, 70, 4079. Kopatzki, E.; Behm, R. J. Surf. Sci. 1991, 245, 255. c On Pd(111) from Rose,
M.; Behler, S.; Salmeron, M. Unpublished results.

Figure 4. Two 10 Å × 10 Å STM topographic images of
the CO molecule on Pt(111) obtained by Eigler et al. (bias
) 0.01 V, current ) 1 nA). (Top) “Bump”-state CO, 0.44 Å
high. (Bottom) “Sombrero”-state CO; the peak of the
protrusion is 0.14 Å above the Pt plane and the moat
around it is 0.07 Å deep. (Reprinted from ref 44. Copyright
1991 Science American Association for the Advancement
of Science.)

1102 Chemical Reviews, 1997, Vol. 97, No. 4 Sautet



A second study was presented by Bocquet et al.46 with
the STM-ESQC approach on a Pt(111) substrate. The
calculated images are shown in Figure 5. The top
site result is in very good agreement with the first
experimental shape while the bridge calculated im-
age closely resembles the second “sombrero” shape.
The authors showed that despite the semiempirical
treatment of the wave function, the image corruga-
tions, and shapes are reproduced in a semiquantita-
tive way. The hollow site, not present in the experi-
ment, is predicted to give a smaller bump surrounded
by an even deeper depression. So when going from
top to bridge and then to hollow site, the image
changes as if the molecule bump was pushed down
to lower z values, causing a depression around it. A
simple interpretation is proposed for this evolution
of the image shape (see Figure 6). It is based on a
decomposition of the current similar to that used for
the images of adatoms. The “through-space” current,
resulting from the interaction between tip and sur-
face metal atoms, is weakened in the region of the
admolecule and this in a similar way for both sites.
Moreover, the tip-molecule electronic interaction
results in a “through-molecule” current which image
is a bump located on the molecule, decaying to zero
when the tip is moved away. The final contrast is
given by the superposition, with interference effects,
of these two current contributions. In the case of the
top site, the through molecule bump is strong enough
to cancel the depression in the through-space com-

ponent. For the bridge site, the through-molecule
contribution is reduced, mainly because the molecule
sits at a lower z on the surface: the bump moves
down and the through-space depression is no longer
completely compensated. An additional point in the
discussion describes the contribution of COmolecular
orbitals to the through-molecule current. It is shown
that, due to the perpendicular orientation of the
molecule, πCO and π*CO bonding and antibonding
orbitals have a very small influence, the current
being dominated by the 5σ lone pair contribution.
This contribution is however not very strong, due to
the contracted nature of the O atomic orbitals and
their small contribution in the 5σ MO, and this
explains the weak final contrast of the molecule (0.45
Å for top site) despite the fact that the O end of the
molecule is 3 Å above the surface.
Physisorption of small organic molecules on graph-

ite was studied with a quantum chemical approach
by Lambin et al.,47 with the aim to understand how
STM imaging can depend on the nature of chemical
groups present in a molecule or polymer. Graphite
was modeled by a benzene molecule and physisorp-
tion of CH4, H2O, H2S, CF4, and benzene was studied
at the Hartree-Fock level, with special emphasis on
the top valence electronic levels48,49 and on the
influence of an electric field. The tunnel current was
not explicitly calculated but qualitatively related with
the electronic structure. The highest occupied mo-
lecular orbital (HOMO) of the complexes always
correspond to the HOMO of the benzene “substrate”,
the MO’s localized on the molecule being very far in
energy for CF4, intermediate for CH4 and H2O, but

Figure 5. Calculated topographic images for CO on Pt-
(111) (bias ) 10 mV, current ) 1 nA): (top) on-top site (16.6
Å × 12 Å, z range ) 0.47 Å); (middle) bridge site (13.8 Å ×
12 Å, z range ) 0.18 Å, including a 0.08 Å deep depression);
(bottom) hollow site (13.8 Å × 12 Å, z range ) 0.1 Å).
(Reprinted from ref 46. Copyright 1996 Elsevier.)

Figure 6. Contributions to the tunnel current for top and
bridge site CO on Pt(111): the through-molecule (TM,
dashed line) current and the through-space (TS, dotted line)
current interfere to give the final contrast (solid line). A
constant height scan centered on the molecule is repre-
sented. The tip height relative to the surface is 7.5 Å and
the bias voltage is 10 mV. (Reprinted from ref 46. Copyright
1996 Elsevier.)
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very close in energy for the S3p level of H2S and
obviously for the benzene dimer. In the case of H2S,
a relatively strong interaction occurs with one S3p
state, and the HOMO of the complex acquires a
significant contribution on that orbital. The two
complexes (benzene/H2S and benzene/benzene) that
give rise to a significant interaction correspond to the
chemical group (SH and phenyl) that yield a strong
response in the STM. The effect was shown to be
amplified by the influence of an external electric field.
Among hydrocarbon molecules,50 the favorite one

for STM imaging and calculations is certainly ben-
zene. One of the early experimental images of this
molecule, coadsorbed with CO on Rh(111) was ob-
tained by Ohtani et al.:51 the molecule appears as
three lobes arranged in a triangle. The z corrugation
of the molecule pattern is 0.5-2.0 Å, depending on
the imaging conditions. The first calculation of
benzene STM image52 was performed on Rh(111) by
Sautet et al. with ESQC (the coadsorbed CO mol-
ecules were not included). The calculated image
(Figure 7) shows three lobes and the overall shape
(lobe separation ) 2.7 Å) and corrugation (1.2 Å) are
in good agreement with the experiment. The struc-
ture of the chemisorbed molecule was taken from
LEED:53 it sits in a 3-fold site on the trigonal Rh-
(111) surface (a chemist would describe it as a triple
η2µ1 coordination on three neighbor Rh atoms) result-
ing in a small Kekulé distortion. The lobes in the
calculated images are located near the middle of the
longer C-C bonds, in between underlying Rh sub-
strate atoms. Hence the STM image of benzene does
not show atoms but some of the C-C bonds and the
pattern is 3-fold symmetrical. It is important to
understand the origin of the lower symmetry of the
STM image compared to the gas-phase molecule. It
was shown that the image is not significantly changed
if the Kekulé distortion is removed, that is if a 6-fold
molecule is positioned on the surface. The shape
mainly results from the interaction of the molecule
with the 3-fold surface site. Benzene does not have
any electronic state in resonance with the Fermi level
of Rh, the occupied and vacant frontier orbitals being
well separated. The contrast was shown to arise

from nonresonant tunneling i.e. through tails of
molecular orbital resonances. As already noticed for
Xe, this is the quasi-general case for the STM
imaging of closed-shell adsorbates. For benzene the
image shape is governed by the tail of the lowest
unoccupied molecular orbital (LUMO) π*. By inter-
action with the substrate, this π* orbital is partially
mixed with the HOMO π and this results in the 3-fold
shape. The image therefore qualitatively shows how
the low-energy antibonding states are deformed and
localized by interaction with the surface.54 The
substrate and the symmetry of the binding site
therefore have a key importance in the image shape
of the molecule.55 Moreover, the image gives impor-
tant information on the local reactivity of the mol-
ecule on the surface.
The image of benzene on Rh(111) was also calcu-

lated by V. Hallmark et al.,56 this time including the
coadsorbed CO molecule present in the 3×3 experi-
mental structure. The result for benzene was quali-
tatively very similar, and it was also underlined that
the presence of a Kekulé distortion was not necessary
to produce the three-lobed shape. Biscarini et al.
calculated the image of benzene on the hollow site of
Au(111) with the KBB approach.41 In agreement
with other calculations, three bright lobes dominate
their calculated images; however, the halo surround-
ing them presents a hexagonal shape, which does not
appear in the two previous studies and in the
experimental image on Rh. This can be caused by
the Au substate, which gives a smaller interaction
with the benzene molecule compared to Rh, therefore
yielding a less pronouced perturbation of the 6-fold
symmetry of the gas-phase molecule or could be
attributed to different calculation conditions.
More recently, STM images of isolated benzene

molecules have been acquired at very low tempera-
ture on a Pt(111) surface.57,58 One interesting and
unexpected point is that, at high resolution, three
different characteristic types of protrusions have been
found. These images are not related with different
STM imaging conditions, but should be associated
with different types of benzene molecules on the
surface. As in the more recent case of CO discussed
above, it was proposed that the three images cor-
respond to different benzene adsorption sites. Such
a dependence of the STM image of a molecule on the
way it interacts with the surface was already sug-
gested by the benzene on Rh(111) calculations, but
was further explored in more detail in subsequent
papers.
Images of benzene on graphite andMoS2 substrates

were reported by Fisher et al.59 with a Tersoff-
Hamann approach and an ab initio electronic struc-
ture calculation. They underline the sensitivity of
the STM image to the molecule-substrate interac-
tion. At low voltage, the STM images a substrate
state, modulated by the molecule, and reflects the
details of the molecule-substrate interaction. The
image then acquires atomic features of the adsorbate,
but retains the symmetry of the substrate states.
They stress again the importance of substrate-
induced broadening of the molecular energy levels
into resonances, with a small amplitude tail in the
molecule gap and at the substrate Fermi level. As

Figure 7. Calculated topographic STM image of benzene
on Rh(111) (current 2 nA, voltage 10 mV). A stick model of
one of the benzene molecule is given, and the neighboring
Rh atoms are indicated by white squares. The origin of the
z scale (in Å) is arbitrary. (Reprinted from ref 63. Copyright
1992 Elsevier.)

1104 Chemical Reviews, 1997, Vol. 97, No. 4 Sautet



illustrated in Figure 8 the image of the molecule on
graphite is then naturally strongly dependent on the
adsorption site. The on-top site shows a 3-fold image,
carbon atoms above substrate hollows being brighter.
When the molecule is adsorbed on a bond-centered
site (Figure 8b), the image is 2-fold symmetric.
The image site dependence for benzene on Pt(111),

the experimental substrate of Weiss et al., was
studied by Sautet et al.60 with the ESQC approach.
Six chemisorption structures (three sites and two
orientations) have been considered. 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 (Figure 9). The maximum to minimum
height differences for a gap resistance of 100 MΩ
range between 0.5 and 1 Å, depending on the site and
show a good qualitative agreement with the mea-
sured values. The hollow site gives an image with
three lobes on a triangle, similar to the benzene on
Rh(111) case. The top site is associated with a 6-fold
volcano shape, which has almost a complete cylindri-
cal symmetry. Finally, the bridge site gives a simple
bump shape with only a weak 2-fold aspect. The
influence of the molecule-surface distance and of
additional adsorption induced deformations of the
benzene, such as increase of ring size, Kekulé distor-

tion, and out of plane H tilt, have also been discussed
in detail.61 For the hollow site, a larger radius and
tilt angle of the H atoms yield a more pronounced
separation of the three lobes with a decrease of the
amplitude at the center. A shorter metal-carbon
distance also gives an enhancement of the C3 aspect
of the images. For the “volcano shape” on-top ben-
zene, a larger radius gives a greater amplitude of the
image, and the best theory-experiment agreement
is obtained for a radius of 1.5 Å. Modifying the H
tilt angle or the metal-carbon distance changes the
relative depth of the crater. The global trend for all
sites is that the internal structure in the image,
adapted to the symmetry of the substrate, is en-
hanced when the molecule is more strongly distorted
upon adsorption, or if it is adsorbed closer to the
surface.
A precise analysis of the molecule contrast was

proposed,62 extending the simple analysis given for
benzene on Rh(111).63 The shape of the pattern and
its internal structure is imposed by the through-
molecule contribution to the current, but this internal
structure is greatly weakened by the interference
effect with the through-space current resulting from
tip-substrate interaction. The through-molecule
current was further decomposed in the contributions
(i.e. tails of resonances) of the various molecular
orbitals. The main result is that it is not possible to
restrict the analysis to the frontier orbitals close to
the Fermi level. For example, a calculation including
all π orbitals of benzene only would give an image
markedly different from the one incorporating the
influence of the σ framework.
If a given molecular orbital is chosen, two factors

mainly affect the strength of its contribution to the
tunnel current. First, an orbital whose energy is
close to the Fermi level has a stronger contribution
than one which lies far away in energy. However the
current decay with the energy difference ∆E is
asymptotically proportional to only 1/∆E2, since the
tunnel current resonance has a Lorentzian shape.
The second factor is the strength of the electronic
couplings of the molecular orbital with the surface
and with the tip, the product of which controls the
width of the resonance: the current is proportional
to the square of this product (Figure 10). One
important aspect for these interactions is the number
of nodal planes perpendicular to the surface in the
MO. In the case of benzene, fully symmetric A1
orbitals do not have any such nodal plane: their
interaction with the tip is favorable and they can give
an important contribution to the current, even if they
are not so close to the Fermi level. Orbitals with the
symmetry of the HOMO have one nodal plane
perpendicular to the molecule, and those with the
LUMO symmetry have two. The tip overlaps with
carbon atoms that have different signs in the MO and
the global interaction is weaker. As a consequence,
the contribution of these orbitals is smaller, even if
they are located closer to the Fermi level.
However, the benzene molecule contrast results

from strong interference effects between MO contri-
butions. The most striking interference effect is
between σ orbitals built from carbon 2s orbitals, and
symmetry associated π orbitals built from 2pz. A

Figure 8. Predicted STM images for benzene on graphite
for Fermi level energy (a) 3-fold symmetry site. Atoms
above substrate hollows are bright (b) with the benzene
ring at a bond centered site with 2-fold symmetry. The gray
scale represents the tip height above the surface in
constant current mode; filled atoms show molecule atoms,
empty atoms substrate atoms. (Reprinted from ref 59.
Copyright 1993 American Institute of Physics.)
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simple analysis, based on the symmetric (anti sym-
metric) character of s (pz) orbitals across the tunnel
gap, was proposed in order to understand the sign of
this σ-π interference effect. This interference is
constructive for the symmetry of the LUMO orbital
(E2), while it is strongly destructive for all other
orbital symmetries. This is why orbitals with the
LUMO symmetry finally dominate the tunneling
process. In the case of the hollow site (with no
Kekulé distortion), the 3-fold shape only appears
after recombination of MO contributions and arise
from the interference between orbitals of LUMO and
HOMO symmetries. Therefore, even if for benzene
the LUMO orbitals have a large importance in the
internal structure, it is not possible to neglect the
influence of other orbitals, that are located further
from the Fermi level.

Figure 9. (a) The 3 STM images of the benzene molecule obtained by P. S. Weiss and D. M. Eigler with a gap resistance
of 0.1-1 GΩ. The scan size is 15 Å × 15 Å and the image amplitudes are 0.6, 0.7, and 0.9 Å. (b) The calculated topographic
images obtained for the chemisorption of benzene on the hollow, on-top, and bridge site with a gap resistance of 0.1 GΩ.
The scan size is 12 Å × 12 Å and the image amplitudes are 0.5, 0.65, and 1.0 Å. (Part a: Reprinted from ref 57. Copyright
1993 American Institute of Physics. Part b: Reprinted from ref 61. Copyright 1996 Laser Pages Publishing, Ltd.)

Figure 10. Schematic representation of the lorentzian
current resonance associated with a given MO and its tail
crossing the Fermi level. The MO-surface electronic
interaction is noted R while the MO-tip interaction is
noted â.
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Larger unsaturated molecules have also been con-
sidered. Images of polycyclic molecules have been
calculated by V. Hallmark et al.:64 naphthalene,
azulene, and a variety of substituted azulenes. These
molecules have a rather similar structure and the
ability of STM to distinguish them in mixed overlay-
ers was demonstrated by a combined experimental
and theoretical approach. Even if the calculations
of LUMOs and HOMOs for isolated molecules can
give some agreement for certain molecules, inclusion
of the substrate is required for a correct simulation
of the image. The images are then dependent on the
adsorbate site symmetry, which needs to be deter-
mined either by total energy calculations or by
comparison with experimental data. Naphthalene
has a bilobal structure, and a double ring pattern can
be obtained if a smaller height above the surface is
considered for the local density of states calculation.
The plot of the isolated molecule LUMO does not
agree well with the STM experimental image. The
difference between isolated molecule LUMO and
LDOS for the chemisorbed molecule is even more
striking for monomethylazulene on Pt(111) (Figure
11). Isolated molecule LUMOs do not exhibit sig-
nificant intensity contributions at the position of the
methyl group, implying that the isomers could not
be distinguished by STM. The image shapes are
however different in the STM data and agree well
with the LDOS plots for adsorbed molecules, with
intensity on the methyl group position. In this case
again, surface-induced mixing between LUMO and
HOMO is an important factor for the contrast mech-
anism. Similar shape recognition was obtained for
dimethyl- and trimethylazulene molecules.
The ability of STM to image a large range of

molecular adsorbates has been discussed by Ramos65
with a simple approach based on CNDO molecular
orbitals. A projection type criterion was designed in
order to calculate the weight of the molecule in the
electronic states close to the Fermi level. This
enables one to decide whether an STM observation
shows the adsorbed molecule directly or the indirect
influence of the molecule on the current of the
substrate. It was shown that molecules that can be
successfully imaged by the STM present a contribu-
tion to the wave function greater than 10%.
Even larger molecules have been investigated.

Images of Cu-phthalocyanine66 were calculated by

Sautet et al. with the ESQC technique. The interpre-
tation of the contrast mechanism for such large mole-
cules is still an open debate. The molecule appears
in the calculated image as a 4-fold arrangement of
bright patterns, mainly centered on the carbon
atoms, with no protrusion on the central Cu atom.
Some internal details are apparent in the image, but
they do not correspond to any atomic positions
because of the delocalized nature of the electronic
structure. The image is built up from the interfering
superposition of molecular orbital contributions, which
may come from orbitals out of resonance with the
Fermi level. More recently images of C60 on Au-
(110)67 were obtained by Chavy et al. with the same
approach. The tunnel current through C60 cannot be
explained only by the contribution of HOMO and
LUMO but tails of resonances from 36 MO’s contrib-
ute to 90% of this current. The C60 apparent height
in the image is only 3.5 Å in good agreement with
experimental results. An intramolecular contrast is
found in the image and this internal shape is de-
pendent on the orientation of the C60 molecule (Figure
12). In the equilibrium position (Figure 12, top), the
image shows four bumps, which are not located on
the top carbon atoms but correspond to the six-
member rings. The origin of these four bumps is not
straitforward, since it is related with a destructive
interference between the C60 active tunneling chan-
nels when the tip is located on the central bond,
creating a depression in the image at that position.
The conclusion that more MO’s than only HOMO

and LUMO of a molecular adsorbate need to be
considered for STM contrast was also underlined in
a calculation of STM profiles for adenine on a
graphite substrate.68

IV. Dense Layers of Adsorbates
The previous discussions were mostly limited to the

case of isolated adsorbates. Some ordered layers
were considered, but tunneling through single ad-
sorbates was assumed in the image interpretations.
Specific effects related with close contact between
adsorbates in a dense layer were not addressed.
When imaging a dense layer (or a cluster) of adsor-
bates, the key question is to understand whether the
final image will be a simple superposition of isolated
adsorbate patterns, or if some more complex process
will take place.

Figure 11. Monomethylazulenes on Pt(111). Schematic, LUMO for isolated molecule (upper plot) and local density of
states (lower plot) for (a) 1-methylazulene (1-MA), (b) 2-MA, and (c) 6-MA. Plots for 1-MA and 2-MA are calculated at a
height of 2 Å above the molecule, while for 6-MA the height is 0.5 Å. (d) Low-resolution STM image of mixed 1-MA ∼20%
coverage (in squares, e.g.) and 2-MA (in circles, e.g.). (e) High-resolution images of 6-MA. (Reprinted from ref 64. Copyright
1993 American Institute of Physics.)
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Is the contrast similar in the layer compared to the
isolated species? Are the bumps located on all
adsorbates? What is the influence of having two
types of adsorbates in the layer, with different
neighbors? Those are the open questions.
The p(2×2) layer of sulfur on a Re(0001) surface is

a simple system well-characterized by surface science
techniques, which shows a remarkable tip-depen-
dence effect in STM imaging69 (Figure 13A). De-
pending on the tip structure, the sulfur atoms in the
layer are imaged as bright balls, triangles, or Y
shapes that join to build a honeycomb structure. The
calculations70,71 with ESQC show that the ball shape
is obtained with a tip ending with a S atom, the
triangle with a Pt termination, and the Y shape with

a “flat” tip terminated by three Pt atoms (Figure
13B). More generally, three classes of tips were
defined: tips ending with a small main group atom
from contamination (e.g. S, C, etc.) would yield the
ball shape, those ending with a metal atom (Pt, Rh,
Re) give the triangle aspect, while the tip ending by
three (or two, respectively) metal atoms at similar
distance from the surface give the honeycomb image
(or a slightly distorted honeycomb, respectively).
The striking aspect is that all these tip dependence

effects disappear if separated atoms are considered.72
A similar calculation for a fictitious low-density 4×4
layer, where the distance between S atoms on the
surface is doubled, gives a ball shape for all types of
tips, the only very natural difference being that a
larger tip apex would give a larger bump, just by
convolution effect. So clearly for that system, there
is a strong effect of the dense layer, that switches on
the dependence of the image on the tip apex struc-
ture. It was shown that in the case of the dense layer
the tip can simultaneously overlap with neighboring
adsorbates on the surface, which is equivalent to
saying that the atomic STM patterns have a signifi-
cant overlap. The first effect is to reduce the cor-
rugation of the image. A topographic calculation

Figure 12. Four 8× 8 Å2 calculated constant current STM
images of a single C60 molecule on Au(110) restricted to
the C60 top part with a 0.5 Å z range from black to white.
The C60 orientation is different for each image and is drawn
on the left as seen from above the surface. The bias voltage
is 100 mV and the current is 0.7 nA. (Reprinted from ref
67. Copyright 1993 Elsevier.)

Figure 13. (A) The three experimentally observed STM
current images for the (2×2) overlayer of sulfur on Re(0001)
at an average gap resistance of 25 MΩ. The shape of the
maxima (round (a), triangular (b), and Y-shaped (c)) is not
dependent on the bias voltage or gap resistance. (B)
Calculated images at the same gap resistance with S atom
in the hollow site at a 1.67 Å height and for each selected
class of tip represented by tips ending in one sulfur atom
(a), one platinum atom (b), or three platinum atoms (c).
The position of one sulfur atom is indicated by S. The
images are calculated in the constant height mode with a
height of the tip matching the experimental gap resistance.
(Reprinted from ref 71. Copyright 1993 Elsevier.)
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gives a 0.8 Å bump for an isolated S atom, while in
the 2×2 layer the image corrugation is 0.2-0.3 Å.
However, the dense layer image is not a simple
superposition of S atom patterns. Since the tip can
be coupled simultaneous to different adatoms, several
tunneling paths are possible for the electron and the
final image results from the interference between
these tunneling paths. In the considered example a
constructive interference, when the tip is over the
center of a specific triangle of three S atoms, results
in a modification of the shape of the adatom image.
For a tip ending with a small atom (first class) this
effect is negligible, since the tip cannot interact
efficiently with several adsorbates. For the metal
atom ending tip, the electronic extension is larger and
the interference gives the triangle shape. Finally the
effect is strong for the large Pt3 apex, and the current
when the tip is over the middle of a triangle of S
atoms (i.e. above no adsorbate) is equal to that on
the S adsorbate. Similarly a dependence of the image
shape on the adsorption site and height of the atom
was demonstrated for the dense layer, which van-
ishes for the isolated case. Therefore the sensitivity
of the image to the tip or chemisorption structure
seems strongly enhanced for the dense layer, due to
the interference effects between adsorbates.
Another example from a very different type of

system was given by Tsukada et al. The atomic
structure of the (x3×x3)R30° layer of Ag on a Si-
(111) surface has been a puzzle only recently solved.
A model called the honeycomb-chained-trimer (HCT)
was proposed,73 and it is consistent with almost all
experimental results. However, the position of the
Ag atoms on the surface for this model is not at all
in agreement with the position of the bright spots in
the STM image.74-76 Therefore a simple analysis
would rule out this model. A calculation77,78 of the
STM image with a +1 V bias on the sample and a
W10 cluster to model the tip was performed with the
HCT model. The bright spots in the image are in
excellent agreement with the experimental image

and, hence, do not correspond with the positions of
Ag atoms. Each bright spot is located at the center
of the triangle formed by three Ag atoms and does
not correspond to any atom (Figure 14). This is
characteristic of the electronic structure and corre-
sponds to the maximum amplitude position of the
lowest unoccupied state which consists mainly of Ag
5s and 5p orbitals.
Various concentrations of carbon on Ni(100) have

been studied by Hörmandinger et al.40,79 As ex-
plained above, the presence of C leads to a decrease
of the density of states at the surface around the
Fermi energy and this causes the tip to come closer
to the surface in a localized area around the C atom.
As the concentration of C grows, this reduction of the
density of states becomes more pronounced, so the
tip continues to approach the surface. Compared to
the bare surface, the average position of the tip moves
down by 0.06 Å for the p(2×2) structure (coverage
0.25 monolayer) and 0.19 Å for the c(2×2) structure
(0.5 monolayer), in qualitative agreement with the
experimental observations.80 In the case of sulfur on
the same surface, the behavior is opposite.81 The
average tip height increases by 0.5 Å between the
0.25 and 0.5 monolayer situations, while the corruga-
tion drops from 0.25 to 0.05 Å. The calculations
confirm that the height difference observed between
the two images is of electronic origin and is not at
all related with a modification of the z coordinate of
the adsorbate.
Sulfur produces a set of ordered structures on Mo-

(100) for coverages of 0.5, 0.66, and 0.75 monolay-
ers.82 For the two lowest coverages, the STM images
show a protrusion at each sulfur adsorbate and then
directly reflects the structural arrangement of ad-
sorbates.83 The situation is more complex for the
high-coverage c(4×2) structure. Each surface unit
cell contains four Mo surface atoms and hence three
adsorbed S atoms. However the STM images only
show one large protrusion with an important cor-

Figure 14. (a) Gray scale image of the calculated tunneling current for (x3×x3)R30° Ag on Si(111) with a logarithmic
scale for a bias voltage of -1.0 V applied to the tip. The distance between Ag layer and the outermost W atom of the tip
was 3.7 Å. (b) Contour map of the tunneling current in the logarithmic scale under the same conditions. Filled and open
circles denote Ag and Si atoms, respectively, and H indicates the maxima of tunnel current. (Reprinted from ref 77. Copyright
1991 American Institute of Physics.)
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rugation (0.4-1.2 Å depending on the tip) per unit
cell. Therefore the images clearly display the c(4×2)
symmetry of the overlayer, but give no direct infor-
mation on the unit cell content. The situation gets
even more intriguing if the LEED structural results
is considered:84 all sulfur atoms occupy similar 4-fold
hollow sites, with however two types of S atoms with
two (type-A) or three (type-B) S neighbors on the
surface (Figure 15). The adsorbate-induced relax-
ation of the substrate results in a difference in z for
the S atoms, the S atoms of type A being 0.2 Å higher.
The calculated image with ESQC is very sensitive to
the presence of the surface reconstruction.85 The
unrelaxed surface shows a maximum in the image
for each S atom. However, as soon as the surface
relaxation obtained by LEED is included, the calcu-
lated image shows only one maximum on type-A
sulfur. On the second type of S atoms, the tip height
is ∼1 Å lower, almost the same as on the empty
hollow sites, even if their true z coordinates is only
0.2 Å smaller than that of type-A sulfur. This
calculated image is in good agreement with the
experimental data. The decrease of the tunnel cur-
rent on type-B S atoms is due to destructive interfer-
ence effects between tunneling channels involving A
and B type adsorbates. This effect amplifies the
dependence of the image to atomic positions, the 0.2
Å z difference giving an especially strong destructive
effect over B. This destructive interference effect was

explained by a different sign on the pz atomic orbital
for type-A and type-B sulfur atoms in the most
important electronic states for tunneling.

V. Influence of Imaging Conditions
Most of the images in the previous sections (except

on semiconductors) were calculated with a low bias
voltage, but still with a relatively large gap resistance
(10-100 MΩ), so that the tip is not too close to the
adsorbate. Specific effects arise when the bias volt-
age is increased so that levels further away from the
Fermi energy can be probed, or on the contrary when
the tunnel gap resistance is decreased and strong
tip-surface interactions are switched on. Other as-
pects on the dependence of the image on the structure
of the tip apex will also be discussed in this section.

1. Effect of Bias Voltage
When a low bias voltage is considered, the sample

and tip Fermi levels are equalized and only bulk con-
duction electrons at that energy are involved in the
tunnel process. For a perturbative calculation, the
LDOS is evaluated at the Fermi energy and for a
scattering matrix calculation incoming and outgoing
electrons are considered at that same energy. Notice
that this does not prevent MO’s of the adsorbate at
an energy different from the Fermi level to partici-
pate via tails of resonances (or in other words, orbital

Figure 15. Calculated and experimental topographic images of Mo(100) + c(4×2)-3S, modeled at bottom: (top left)
calculated image assuming a bulk-termination “unrelaxed” structure; (top middle) calculated image assuming the relaxed
structure found with LEED; both calculated images correspond to a sulfur-terminated tip and to a current of 1nA and a
voltage of 50 mV; the black or white dots indicate the positions of the S atoms on the surface; (top right) experimental
image. (Reprinted from ref 85. Copyright 1996 Elsevier.)
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mixing) in that “tunneling” state. When a finite bias
voltage V is applied to the sample, a range of
electronic states [Ef, Ef + |e|V] is probed by the tunnel
process and the final current is integrated over that
interval. If the bias is positive, electrons tunnel into
Fermi level and empty states of the sample up to Ef
+ |e|V. On the contrary, they would tunnel from
filled states of the sample for a negative bias.

The bias-dependent apparent size of an adatom in
a topographic STM image was studied by Lang, for
the examples of Na, Mo, and S chemisorbed on
jellium (see section III) in order to understand how
the image reflects the sample density of states86,87
(Figure 16). For Na the corrugation increases when
probing empty states and this is simply related to
the fact that the 3s resonance peak in the DOS is

Figure 16. Calculated results for adsorbed Na (top), Mo (middle), and S (bottom) on jellium. Left: Difference in eigenstate
density between metal-adatom system and bare metal (m ) 0 component). Right: tip displacement as a function of applied
bias voltage ∆s (V). (Reprinted from ref 86. Copyright 1987 American Institute of Physics.)
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mostly above the Fermi level. The case of Mo is
especially interesting since the DOS shows two
features: the large narrow peak below the Fermi
level corresponds to 4d orbitals of the atom, while
the 5s state appears in a broad and small peak 1 eV
above the Fermi level. The tip-sample separation
increases for positive bias, reflecting the 5s state
resonance but there is no contribution of the 4d states
to the topography. These d orbitals are much more
contracted as compared to valence s orbitals and
hence have a smaller amplitude at the tip. The case
of S reflects the tail of the occupied 3p peak. Past 1
eV above the Fermi level, the S atom decreases the
state density of the surface. The apparent height is
reduced for positive bias, and the contrast is pre-
dicted to invert to a depression at ∼1.3 eV, reflecting
the evolution of the state density.
The adsorption of oxygen on Ag(110) shows an

interesting bias voltage effect. Oxygen forms on this
surface a (2×1) added-row reconstruction with the
formation of -Ag-O-Ag- chains on the surface. The
calculated images88,89 show a clear linelike structure
along the added row. For a negative sample bias
-1.5 V, the maximum current along the line is
positioned over the O atom, while if the sample bias
is increased beyond V ) -1.0 V (up to +0.5 V) the
brightest position shifts to the Ag site, and this even
though O is farther out of the surface than Ag. This
result can be connected with the low bias voltage
images that show O adatoms on a flat surface as a
depression. States centered on O 2pz orbitals begin
1 eV below the Fermi level, resulting in an increase
of the current over O for bias voltages more negative
than -1 V. In this case, LDOS images show a
behavior markedly different from the calculated
current, and this is attributed to an effect of the tip
electronic structure, which is properly taken into
account in the current calculation.
The influence of bias voltage was also addressed

in the case of an adsorbed benzene molecule.52 For
benzene on Rh(111) the tunnel current was calcu-
lated as a function of the energy of the incoming
electron, which differs from a realistic bias in that
only single energies are considered and that the
integration in the allowed energy interval [Ef, Ef +
|e|V] is not performed (Figure 17). This calculation

shows the resonances and their tails crossing the
Fermi level. If the tip is positioned over the center
of the molecule, only the low-lying a1 resonance
appears by symmetry, while for an off-center position,
the resonances corresponding to the e HOMO and e*
LUMO states are turned on. Clearly, for the surface
Fermi level, the tail from the LUMO orbital is the
principal contribution to the tunnel current. Images
have been calculated with different electron energies.
For energies higher than Ef, the contribution of the
LUMO is even increased and this reinforces the 3-fold
aspect of the image, the lobes being more clearly
separated. By contrast, below the Fermi level, the
influence of the LUMO is decreased and the 3-fold
shape is weakened, disappearing for an energy 1.5
eV lower than the Fermi level.
Similar variations in the electron energy were used

for benzene on graphite.59 The highest occupied
states of the molecule come almost in resonance with
the tip Fermi level, 2 eV below Ef, and the image is
essentially a charge density map of these orbitals and
shows a 6-fold symmetry. The LUMO is almost in
resonance, 1.5 eV above Ef, but only a weak 3-fold
symmetry is apparent in the image. This difference
from Rh(111) can be explained by the smaller inter-
action between the molecule and the graphite. The
same problem of the contrast of benzene on graphite
as a function of bias voltage was studied at the same
time by Tsukada et al.90 An approach was developed
that combines an analytical theory based on a
transfer matrix formalism and first-principles calcu-
lations of the electronic states of the adsorbed sys-
tems. The assumed adsorption geometry of benzene
on graphite is different from that calculated by Fisher
et al.59 The results are however rather similar: the
π electron cloud of the molecule is visible at high bias
voltage (1 V) while for low bias voltage the substrate
is mainly imaged and the benzene molecule is more
or less transparent.
Bias-induced changes of the internal contrast of a

molecular adsorbate have also been reported in the
case of Cu-phthalocyanine.66 The internal details
of the image are completely modified if the electron
energy is increased by 1.5 eV, reflecting the partici-
pation of different MO’s in the contrast. The varia-
tion of the transmission coefficient through a C60
molecule as a function of the incident electron energy
was also calculated with ESQC.91 The I(V) charac-
teristic was then integrated and found to have a
linear behavior for low bias voltages. This is a
consequence of the absence of molecular-level reso-
nance in the considered energy window around the
Fermi level.
A theory of local tunneling spectroscopy was pre-

sented by Baratoff et al.92,93 They considered tun-
neling via an isolated molecule, including coupling
to a vibrational mode. The conditions under which
resonant tunneling with enhanced vibrational excita-
tion can occur have been identified, and the relative
features in local I(V) characteristics have been pre-
dicted.

2. Influence of the Tip −Surface Separation;
Strong Tip −Surface Interaction
In the experiment the tip-surface separation is

controlled by the given resistance of the tunnel gap.

Figure 17. Intensity of the tunneling current for benzene
on Rh(111) as a function of the incoming electron for a tip-
to-Rh(111) distance of 6.0 Å: (a) intensity in the center of
the molecule and (b) on the benzene ring at the lobe
maximum. The energy positions of the benzene molecular
orbitals and of the Fermi level Ef are indicated. (Reprinted
from ref 52. Copyright 1991 Elsevier.)

1112 Chemical Reviews, 1997, Vol. 97, No. 4 Sautet



It was already noted that, generally speaking, a
reduction of the gap resistance, i.e. of the tip-sample
distance, results in an increase of the corrugation of
the adsorbate since faster changing electronic density
regions are probed. More dramatic effects can appear
at small tip-sample separation where the Bardeen’s
perturbative approach breaks down.
Noguera used an approach similar to that of Lang,

for a Na atom chemisorbed on a flat metallic “jellium”
surface.94 However, smaller tip-to-surface separa-
tions were considered, and the calculations went
beyond the transfer Hamiltonian approach, taking
into account the tip induced modification of the LDOS
(MLDOS) of the surface. The resulting contrast
depends on the tip apex structure, a Na tip giving
an enhancement of the current, and an electronega-
tive atom tip a reduction, compared to the result of
the perturbation approach.
The missing row reconstruction of Cu(110) induced

by chemisorption of potassium was studied by Doyen
et al.95 The K atoms sit in the trough of the
reconstructed Cu(110) surface, deep inside the first
Cu layer. Calculated images at 4.4 Å separation
show the top Cu rows as maxima. The K 4s reso-
nance is positioned well below the Fermi level, and
the K atom is almost invisible. However at smaller
tip-surface separation (2.6 Å), the K atoms appear
as protrusions exceeding the Cu maxima, because the
tip interacts with the K atoms.25 Such inversion of
the STM image contrast with a modification of the
gap resistance has been observed experimentally.
The high coverage p(2×2) structure of Na on Al-

(111) involves two Na atoms in the unit cell; however,
the STM image shows only one bump per unit cell.
One Na atom is in a substitutional position within
the first Al layer, while the second is on the surface
in a fcc hollow position. The tunnel current was
calculated96 at a z of 3.8 Å above the Al surface, and
with a bias voltage of -1.2 V i.e. probing occupied
sample states. Surprisingly, the highest current is
obtained when the tip is over the substitutional Na
atom, in contrast with the LDOS which is maximum
above the adsorbed Na atom. If the tip-sample
separation is increased up to 6.3 Å, the contrast is
inverted and the brightest spots are on the Na-fcc
atom. The larger distances are more relevant with
the STM experiments but contrast inversion was
indeed observed at small tip heights.
Tip-surface interactions97 generally result in forces

on the surface and tip apex atoms. These forces are
especially exploited in the atomic force microscope,
but they can have significant influences in STM.
They result in deformations and even atom trans-
fers98 which can strongly affect the STM contrast.
They can be especially important for the imaging of
a large and soft adsorbate. Simultaneous calcula-
tions of current and tip-induced deformation when
imaging an adsorbate are rather rare.
The variation of the tunnel current as a function

of the tip apex to surface distance, when the tip is
above a C60 molecule, was calculated by Joachim et
al.99 in comparison with an experimental measure-
ment on Au(110). The C60 deformation was included
in the ESQC calculation with a molecular mechanics
parametrized approach (MM2 routine100) and the

conformation of the molecule was optimized for each
selected tip-surface separation. For a separation
lower than 12 Å, the molecule begins to undergo
compression and the current increases due to the
closure of the C60 HOMO-LUMO gap under defor-
mation (Figure 18). At short separations the mol-
ecule is almost transparent to the tunneling electrons
and the quantum resistance limit is reached. This
observation of a pressure dependence in the conduc-
tance of an individual C60 molecule is a first step
toward the understanding of electrical properties of
isolated molecules.
Another influence of the tip on the adsorbate is

related with the electric field between the tip and
substrate. This was studied with self-consistent
CNDO calculations and a cluster model by Ramos et
al.101,102 Bardeen’s approach was used to calculate
the current from the wave function. Isolated carbon
monoxide, acrylonitrile (CH2CHCN), and pyridyl
sulfide (S(C5H4N)) molecules were considered, verti-
cally adsorbed at the C, N, and S atom, respectively.
The substrates were Cu(100), Cu(111), and Al(111),
and the tip was moving 6 Å above the top of the
molecules, with a 2 V bias voltage. Upon interaction

Figure 18. (a) Variation of the tunneling current intensity
I(s) through a C60 molecule as a function of the tip apex to
surface distance s. The open circles indicate the experi-
mental values; the solid line indicates the calculated values
with a deformation of C60 upon the tip approach. In both
cases, a 50 mV bias voltage is chosen. Optimized structure
of the C60 molecule in the tunneling junction for a tip apex
to surface distance of (b) s ) 14 Å and (c) s ) 7.35 Å. The
W tip apex was considered rigid during the approach.
(Reprinted from ref 99. Copyright 1995 American Institute
of Physics.)
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with the electric field, molecules were rotated (up to
15°), distorted, or displaced toward the tip or the
sample (up to 0.6 Å). For CO, the effect was a
displacement of 0.2 Å toward the tip. In the case of
a submonolayer of CO, the STM tip results in a
rotation and displacement of the molecules along the
surface. The electric field can push the molecule from
a 2-fold to a 4-fold site. It is therefore clear that a
high bias voltage between tip and surface can have
a dramatic effect on the adsorbed molecule. Experi-
mentally, CO on Pt(111) was imaged at low voltage,
while a higher bias was used in order to manipulate
the molecule.103

3. Influence of the Atomic and Electronic
Structure of the Tip Apex
In many calculations, the structure of the tip apex

is not taken into account. The tip is modeled by a δ
function or an s-wave. However, the tip is a very
important partner in STM imaging, and the precise
structure of the apex can dramatically influence the
resulting image, as already discussed above. The
main difficulty is that the tip apex structure is not
known in the STM experiments, so that various
hypotheses have to be considered. The importance
of p and d states at the tip apex for the calculated
corrugation of bare surfaces has been demonstrated
by Chen.104 The influence of d orbitals at the tip apex
on the local electronic structure and current was also
underlined by Doyen et al.105 At short tip-sample
distance, a significant part of the tunnel current flows
directly via the tip d orbitals.
Sudden changes in the appearance and amplitude

of atomic corrugation images of adsorbates are com-
monly observed in the experiments. These changes
are usually attributed to random modification of the
tip apex structure, either by atomic diffusion at the
tip apex or by atomic transfer from or towards the
surface. Variation in the image of a S layer on Pt-
(111) has been investigated by controlled transfer of
atoms between tip and sample and the results were
compared with theoretical calculations with ESQC.106
From the calculations, it was shown that a tip
terminated by a Pt atom results in a small current
corrugation on the S layer (0.2 nA), while a tip
terminated by a S atom would yield a much larger
corrugation (more than 1 nA) for a constant height
profile with a similar average current value (∼1 nA).
The difference can be qualitatively understood by
considering the overlap between tip atom orbitals and
the adsorbate. The 6s valence orbital of Pt extends
farther out in space than the more contracted 3s and
3p of the S atom. The tip terminated by the S atom
must be brought by ∼1.5 Å closer to the surface to
maintain the same average tunneling current. As a
result the current corrugation is larger for the S tip.
This calculation clearly and simply relates the elec-
tronic size of the tip apex with the image corrugation.
The influence of the tip electronic structure was

also particularly studied by Tsukada et al.,107-110 with
various models of W tip apexes, modeled by 10-20
atom clusters. Most of the current is concentrated
on a single tip apex atom, if the other atoms at the
bottom of the tip are not at the same z level. This
situation leads to normal STM images. If there is

more than one atom at the same level at the end of
the tip, abnormal images are obtained. Applications
were given in the case of Ag on Si(111)107,108 that was
already discussed in section IV.
Four apexes were considered: (a) W10 with a [111]

orientation; (b) W9, similar to a but with the apex
atom missing; (c) W14 with a [110] orientation; and
(d) W13 similar to c but with the apex atommissing109
(Figure 19). The apexes a and c, that terminate in a
single atom, give the same image with the honeycomb
arrangement of bright spots. Tips b and d terminate
in three or four atoms at the same z, and the images
show quite different image patterns, and differ from
each other. Notice that the symmetry of the tip can
affect the symmetry of the image, as is the case for
the d tip.110 The influence of a tilt of b and d apexes
was examined. The abnormal images recover a
normal shape with only a tilt of ∼20°, since this
allows the tunnel current to be concentrated on a
single W atom at the apex. When the current flows
through more than one atom at the tip apex, inter-
ference effects appear but the qualitative features of
the image can be reproduced by a simple superposi-
tion of tunnel current. However, interference effects
cannot be neglected for some specific orientations of
the tip.

Figure 19. Gray scale images of the tunneling current
for (x3×x3)R30° Ag on Si(111) with a logarithmic scale
calculated for (a) W10, (b) W9, (c) W14, and (d) W13 tips, with
the tip-sample distance of 3.7 Å. Schematic views of the
tip models are also shown. (Reprinted from ref 109.
Copyright 1994 Slack Inc.)

1114 Chemical Reviews, 1997, Vol. 97, No. 4 Sautet



VI. Conclusion
The interpretation of images of adsorbates obtained

with the scanning tunneling microscope is not simple
and straightforward. It seems important to go
beyond visual inspection and to develop a detailed
analysis with the help of theoretical simulations and
other experimental techniques. In many cases, and
especially for molecules, bumps in the images are not
located at the position of atoms and experimental
conditions can influence the contrast. Several theo-
retical approaches have been developed with different
levels of approximations for the wave function and
tunnel current calculations. Although none of these
approaches can claim a fully realistic or quantitative
simulation of the STM images, several insights and
concepts have been proposed that can be an impor-
tant help to better understand the images and to
extract more information from them.
For the imaging of adsorbates with the STM, it is

not correct to say that the microscope images the
adsorbate, or that it images the adsorbate perturbed
by its interaction with the substrate. The microscope
in fact probes the adsorbate and the substrate, both
perturbed by their mutual interaction. Depending
on the system, the direct contribution of the electronic
states of the adsorbate is more or less strong, but in
many cases it is not possible to neglect the contribu-
tion of the substrate itself, these contributions inter-
fering to give the final image. In the case of metal
surfaces, where adsorbate interaction is usually
strong, the general case is that the contribution of
the substrate to the tunnel current is decreased in
the region of the adsorbate, i.e. creates a depression.
This is not the case for graphite where the interaction
is weaker. The direct contribution of the adsorbate
to the current is a bump. The lowering of molecular
symmetry at the surface site allows orbital mixing
and can create an internal structure in the image
which reflects the symmetry of the binding site. As
a consequence, the STM image is dependent on the
binding site of the molecule.
In the general case, the adsorbate has no MO at

the substrate Fermi energy. Nonresonant tuneling
occurs and the contribution of the adsorbate to the
current comes from tails of MO resonances crossing
the Fermi level. These tails are usually rather small
at the Fermi level, compared to resonant tuneling,
which explains why contributions from the substrate
itself cannot be neglected, despite the rather impor-
tant difference in height. Together with the more
contracted nature of adsorbate atomic orbitals, com-
pared for example with a valence s orbital of a metal
surface atom, this explains the usually small z
amplitude of topographic images of adsorbates, com-
pared to the real z coordinate of the adsorbate. A
larger bias voltage in the experiment (typically (1
V) increases the contribution of occupied or vacant
MO’s depending on the sign. In most cases, it is not
correct to say that the image shows one MO of the
adsorbate, LUMO or HOMO. A larger number of
MO’s above and below the Fermi level need to be
included in order to accurately describe the tunnel
current. The contribution of a given MO can be
understood in terms of its energetic distance with the
Fermi level, and also of the strength of its interac-

tions with surface and tip. Moreover these contribu-
tions from MO’s can strongly interfere with each
other and this can have a large influence on the final
contrast.
Due to the delocalized nature of MO’s, the image

of a molecular adsorbate does not show the atoms
but the pattern is characteristic of the molecule, and
it allows a shape recognition of the molecule, distin-
guishing between isomers.
A specific aspect arises in the case of dense layers

of adsorbates, as shown in the case of atoms. In this
case, if the electronic radius of the tip is large enough,
it can interact with several adsorbates at the same
time and electronic interferences between these dif-
ferent tunneling channels can strongly affect the
image and give a strong dependence on the tip apex
structure. The current maxima can then be posi-
tioned in between atoms, or two symmetry-inequiva-
lent adsorbates on the surface can show markedly
different contrast. These electronic effects tend to
create STM topographic images that can be strongly
different from the geometric structure of the sub-
strate.
Experimental conditions can also have a large

influence on the contrast. A change of bias modifies
the energy of the electrons and probes differents
parts of the electronic structure, opening the way to
spectroscopic measurements. A small tunnel con-
ductance gives a short tip-surface separation. Per-
turbative approaches are not applicable any more
and the strong tip-surface interaction can affect the
contrast and even invert the image in some cases.
Forces are present between tip and surface: they can
displace the molecules, or distort and compress them.
Such a compression can give a strong amplification
of the tunnel current, by a perturbation of the
electronic structure of the molecule. Finally, the tip
shape can be an important and often poorly charac-
terized element. However, the dependence of the
image on the tip structure is not too dramatic,
especially for well-separated adsorbates, because as
soon as one atom is significantly lower than the
others at the tip apex, most of the current flows
through that individual atom.
Many pitfalls and difficulties were underlined in

this review. However STM is a wonderful tool that
provides local “atomic” resolution information of an
adsorbate on a surface. It is hoped that the insights
and warnings presented here will allow a richer and
more precise analysis and understanding of a con-
stantly growing number of high quality STM images.
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