
PHYSICAL REVIEW 8 VOLUME 41, NUMBER 5 15 FEBRUARY 1990-I
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We present a theoretical analysis of tip-sample interactions in scanning-tunneling and atomic-
force microscopy with atomic resolution, based on ab initio calculations of electronic structure, to-
tal energy, and forces. Our results for model systems consisting of a graphite monolayer and of
2X2 or 3X3 arrays of aluminum-tip atoms at high-symmetry sites indicate that at separations
below 4 A the tip already induces changes in electronic structure accompanied by significant charge
rearrangements. In particular, site-specific localized states appear and provide a net binding in-
teraction. Because the tip admixes states different than those near the Fermi level of pristine graph-
ite, the tunneling current can deviate considerably from the commonly assumed proportionality to
the local density of states of the unperturbed sample. Drastic changes occur at shorter distances
where an overall repulsion prevails and where most measurements have been made to date. The
ion-ion repulsion is found to determine the force corrugation in that range and up to the separation
corresponding to maximum attraction. For the system considered here, the net attractive force on
the tip and the corresponding gradient are weaker at the top site than at the hollow site.

I. INTRODUCTION

The invention of scanning-tunneling microscopy
(STM) and subsequently of atomic-force microscopyz
(AFM) opened up new horizons in studying the structure
and the electronic properties of both well-ordered and
partially disordered solid surfaces down to the atomic
scale. Early theoretical studies focused on the resolution
obtainable with STM, including material- and voltage-
dependent effects. As documented in a number of
conference proceedings, ' the explosive development
of experimental studies and applications based on those
techniques has been accompanied by comparatively few
theoretical studies, however. In earlier studies, the focus
of attention was the resolution obtainable with STM.
Starting from Bardeen's transfer Hamiltonian forrnal-
ism" and representing the tip by a single s wave, Tersoff
and Hamann showed that the tunneling current and thus
STM images are approximately related to the local densi-

ty of the electronic states of the sample at the center of
the tip, p, (ro, EF). This quantity may diff'er from the to-
tal surface charge density, p, (ro), especially in the case of
semiconductors and semimetals. ' ' In fact, dramatic
evidence for the importance of this difference has
emerged from STM studies of the cleaved graphite sur-
face. ' ' The crucial effect of the shape of the tip of
STM images of graphite has been explained in similar
terms by Mizes et al. ' Furthermore, the large current-
dependent corrugation obtained from an STM study' of
graphite indicated the importance of tip-sample forces
causing different local elastic deformations of the sample.

The first-order perturbation approach used in the
above theories ' ' assumes sulliciently spaced, nearly
independent electrodes. However, the observation of

0
force variations of order 10 N, i.e., several eV/A, while
the tip is scanned under typical STM operating condi-
tions' implies significant overlap and even rearrange-
ments between the electronic charge densities of sample
and tip, at least if just a few atoms are responsible for
these variations. Since the latter are similar to those typi-
cally involved in AFM experiments, ' ' the same issue
arises in that context. At smail tip samp/e sep-aration h

(i.e., at small bias voltage V or current I) a simple rela-
tion between STM images and the electronic structure of
the unperturbed sample, i.e., p, (ro, EF ), is therefore ques-
tionable. Earlier self-consistent-field (SCF) pseudopoten-
tial calculations have shown that as h is decreased, the
potential barrier 4 gradually collapses, and the surface
charge density of graphite is locally disturbed. This even
leads to a chemical bond (or contact) between a carbon
atom simulating the outermost atom on the probing tip
and the nearest surface atom if h is close to a nearest-
neighbor C-C distance. At the same time Tekman and
Ciraci ' studied effects of tip-sample interactions in the
same system within the empirical tight-binding approxi-
mation, and provided additional insight into the forma-
tion and evolution of tip induced localize-d states (TILS) as
a function of h at high-symmetry sites. They were able to
distinguish three regimes depending on the value of h

(namely, contact or chemical bond, TILS, and nearly in-
dependent electrodes), and showed that STM contrast
can be significantly enhanced in the presence of TILS.
This was demonstrated in calculations based on a gen-
erahzation of the Tersoff-Hamann approach which prop-
erly includes contributions from TILS concentrated near
the tip or the sample. ' An instructive way to look at the
latter is to think of the tip as creating a local perturbation
in the potential near the surface of the sample. Just like a
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surface defect, this perturbation can lead to localized
states or resonances with enhanced amplitude in the vi-
cinity of the tip and to an anomalous h dependence of
STM images. One important difference is that the per-
turbation is dragged along as the tip is scanned over the
sample. The observed modulation in h (at constant tun-
nel current I), or in I itself (at constant mean current)
therefore reflects in part changes in electronic structure
due to the varying local environment of the tip.

The influence of tip-surface interactions on electronic
structure is initiated by the lowering of the intervening
potential barrier, which is appreciable (but not easily
detectable) already at separations h larger than in the
typical STM operating range. The gradual collapse of
the barrier as h is decreased and its delayed effect on the
tunnel current have been illustrated nicely by studies of
the transition from tunneling to essentially single-atom
contact between metallic tip and sample and by calcula-
tions of adatoms on jellium substrates. More recently,
increasingly stronger attraction up to the adhesion
minimum was shown to occur over essentially the same h

range in a combined STM-AFM experimental study.
Finally, STM observations of individual "atoms" with
the expected periodicity on nominally fiat (111) surfaces
of close-packed noble and simple fcc metals ' with a
corrugation much larger than one would deduce from

p, (ro) suggest site-dependent electronic tip-surface in-

teraction effects. %hether force variations and induced
deformations along STM scans' and/or changes in elec-
tronic structure must be invoked to explain such obser-
vations is understandably a matter of increasing concern.

The interpretation of the corrugation measured in
AFM has also been controversial, especially in the case of
graphite. ' Atomic resolution has so far been achieved
with repulsive forces of 10 —10 N. Such strong forces
appear sufficient to cause the plastic deformations, unless
they are distributed over many surface atoms. This
may occur if the tip slides over a thin contamination lay-
er, ' or if it drags along a foreign particle or a flake of
several deformed graphite layers. Even if only the
outermost tip atom is acting, it is commonly assumed
that force variations are primarily determined by the
repulsive interaction which is, in turn, approximately
proportional to the electronic charge density of the free
surface p, (ro). Recent theoretical studies have been at
variance with this simple picture. Apart from distortions
due to the tip shape, ' atomic-force calculations indi-
cated that beyond a certain separation the magnitude of
the force on the tip at the hollow site of graphite can
exceed that at the atomic sites.

In this study we present a thorough analysis of tip-
sample interaction effects based on ab initio SCF-
pseudopotential calculations like those initiated earlier.
In view of computational limitations such calculations
are performed with periodically repeated supercells con-
taining 9—22 atoms. In Ref. 20 results were reported for
a (1 X 1) array of carbon atoms, each one representing the
outermost atom of the tip, at two high-symmetry posi-
tions with respect to three layers of graphite. Since the
main features of the electronic structure of graphite are
determined by that of a single monolayer and since the

tip was found to exert forces on top-layer atoms only, we
have performed calculations of electronic charge densi-
ties, total energy, and atomic forces for a graphite mono-
layer and larger arrays of single-atom and multiatom
aluminum tips. Similar calculations for a (2X2) array of
carbon atoms and of graphite lattice deformations in-
duced by localized forces will be reported elsewhere.

The (0001) surface of graphite is an interesting sample
for a number of reasons, already discussed in the context
of STM (Refs. 5, 12—17, and 20—22) and AFM. '

From a theoretical viewpoint, its structure leads to
dramatic electronic' ' ' ' and lattice deformation' '

effects which are also expected in other layered materials.
From an experimental point of view, broad flat areas of
this rather inert surface are easily exposed by cleavage.
This permits rapid recording of tunneling current and
force (or force gradient) variations at constant mean
values of these quantities, i.e., approximately constant
mean tip-sample separation, as well as conventional
"topographic" images at constant local values of these
quantities. Although many investigations have achieved
"atomic resolution" in air and even in (presumably) inert
liquids, their interpretation has been confused by the
role played by poorly specified contamination layers ' or
particles. To resolve these as well as more fundamental
issues, it seems appropriate to return to studies under
better controlled conditions. Most theoretical results, in-
cluding the present ones, can only be meaningfully com-
pared to measurements with well-characterized tips in
UHV. Unfortunately only a few STM studies of graphite
in UHV have been performed to date. ' ' Aluminum is
chosen for our tip mainly because it is a simple metal
without d states which are easily handled within a pseu-
dopotential scheme. It is also sufficiently hard for use as
tip material in actual STM or AFM experiments. Finally
we also wanted to understand tip-sample interaction
effects between different materials, as well as the influence
of metallic bonding of the outermost atom to the rest of
the tip.

Our purpose is twofold: first, to provide a more realis-
tic description and a deeper understanding of interatomic
forces on the tip and nearby atoms of the sample; second,
to give a more systematic account of changes in the po-
tential energy, charge density, and electronic structure as
a function of tip position in a self-consistent framework.
Consequences of the first and second aspects for STM
and AFM are discussed with an eye towards deviations
from commonly accepted notions. Lattice deformations
and related effects are not considered here. As might be
expected, at sufficiently small tip-sample separations h,
the force on the outermost tip atom is dominated by the
ion-ion repulsion. The latter is stronger at the top site
than at the hollow site and exceeds the attractive force
due to the interaction of the tip with the electronic densi-
ty of the sample (including changes induced by the tip).
In the end one obtains a larger net repulsive force and,
further away, a weaker attractive force at the top site as
compared to the hollow site. The same behavior is pre-
dicted for the force gradient, except that its maximum
occurs at larger h. Accordingly a tip scanning in the
constant-distance mode of AFM images surface atoms as
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repulsive maxima or as attractive minima. The corruga-
tion at constant force is reversed at larger h but this can-
not be observed due to an elastic instability of the re-
quired soft tip-bearing cantilever. ' '

We also examine the formation, energy shifts, and
splittings of electronic states as the tip approaches the
graphite sample. Our calculations indicate that, 2—4 A
away from the sample, the tip can induce several different
site-specific states which become increasingly localized in
the vicinity of the tip as h is decreased. Some of them be-
come occupied and form bonds responsible for the
minimum in the interaction energy, b,E(h). The effect of
the tip can be so dramatic that the tunneling conductance
at small voltage, which is determined by states at the
corners of the Brillouin zone (BZ) if tip-sample interac-
tions are neglected, ' ' becomes dominated by the ad-
mixture of different states within a few eV of the Fermi
level. In this fashion a significant tunneling current can
arise even if the tip faces the hollow site, where p, (rp EF )

is very low.

II. DESCRIPTION OF THE MODEL

Our results are extracted from ab initio calculations for
periodically repeated supercells 18 a.u. high along (001),
each containing several graphite monolayer cells
representing the sample and a tip consisting of one or
four Al atoms. The periodic boundary conditions im-
posed are artificial, but allow us to use a plane-wave
basis. In a given layer of graphite there are actually two
inequivalent atomic sites, usually denoted as the B and
the A sites. ' The A site has one carbon atom directly
below and above it in adjacent layers, whereas the B site
does not. The center of the hexagon is usually denoted as
the hollow or H site. Since previous calculations
showed that tip-surface interaction forces predominantly
act on the top graphite layer, the graphite surface is
represented by a monolayer. The A and B sites then be-
come equivalent, and are henceforth denoted as the B
site. Considering only one layer reduces the number of
plane waves required in the z direction perpendicular to
the layer, and allows us to use larger lateral supercells in
order to better decouple the atoms of the tip array. Most
results have been obtained for the graphite +(2X2) Al
model, where each supercell contains one Al atom
representing the metal tip positioned above a B, or an H
site near the center of 4 graphite monolayer cells, so that
the lateral repeat period is 9.3 a.u. , i.e., twice as large as
in Ref. 20. As a result the range of tip-sample separation
h (from 2.74 to 8 a.u. ) in which lateral interactions are
negligible is also larger. The smallest h (2.74 a.u.), inves-
tigated corresponds to the sum of the covalent radii of
carbon and aluminum atoms at the H site. Since a small-
er h would lead to overlapping of the ionic pseudopoten-
tials, while very large h would require a thick vacuum re-
gion where the plane-wave basis becomes inadequate, the
range of h must be limited anyway. For purposes of com-
parison, we also made calculations for h =3.84 a.u. with
(3 X 3) supercells consisting of 9 graphite monolayer cells
and either one [graphite +(3X3) Al] or four Al atoms
[graphite +(3X3 A14] representing the metal tip; the la-

terai repeat period is then 13.95 a.u. In the case of the
multiatom tip, the closest Al atom is at a distance h from
the sample and aligned with the center of the triangle
formed by the other three Al atoms so as to preserve the
local configuration of bulk Al along the [111]axis. The
triangle of Al atoms is rotated by ~/3 relative to the tri-
angle formed by the nearest neighbors of the B sites in
the graphite monolayer. The same orientation is used at
the H site, so that both configurations have the same C3
rotation symmetry.

Our electronic structure, total energy, and atomic-
force calculations were performed using the SCF-
pseudopotential approach in momentum space within
the local-density approximation (LDA). We used the
nonlocal, norm-conserving ionic pseudopotentials pro-
posed by Hamann et al. Details of the method and
relevant references can be found in Refs. 20, 39, and 40.
In the graphite +(2X2) Al model, plane waves with ki-
netic energy ~k+G~ ~9 Ry were treated exactly, and
those with 9( k+G~ 13 Ry were included via the
Lowdin perturbation scheme. This results in a basis set
of —1100 plane waves. Owing to the larger supercell di-
mensions of the graphite +(3X3) Al and A14 models,
Bloch states were expanded in terms of —1400 plane
waves corresponding to a somewhat smaller kinetic ener-

gy cutoff, ~k+G~ ~8.7 Ry. Since the carbon atom is
lacking core states of p symmetry, its ionic pseudopoten-
tial is strong, and thus full convergence of absolute total
energies would require a much larger plane-wave basis set
than used in our calculations. ' However, binding ener-
gies and site-dependent differences obtained from
differences of total energies or forces calculated with the
same unit cell and cutoff are expected to be reliable when
comparing trends. In the self-consistency iterations the
charge density was sampled at 64 k points uniformly dis-
tributed in the surface BZ of graphite. In calculating
atomic forces we used a more stringent self-consistently
criterion (rms deviation in the potential energy ( —10
Ry).

III. INTERACTION ENERGY AND ATOMIC FORCES

The graphite surface is rather inert, and thus it is not
obvious whether even a single Al atom can be bound on
this surface. Our calculations indicate that the binding is
weak. The calculation of the interaction energy requires
separate computations of the total energies of the graph-
ite monolayer Er[C], of the Al tip array Er[Al], and that
of the combined system for a given tip-sample distance h,
Ez.[C+Al;h]. The minimum of the interaction energy

EE(h) =Er[C+Al;h] —Er[C]—Er[AI]

yields the binding energy Eb. In Fig. 1 calculated values
of hE (h) are illustrated for the Al atom facing the B, and
the H site in the graphite +(2X2) Al model. Due to
differences in the local atomic arrangement of the sub-
strate detected by the tip, the interaction energy at
different sites cannot be merely represented by a universal
function shifted along the z axis. ' ' The binding ener-
gies are rather small: Eb -—24 mRy (0.33 eV) for the 8
site, and Ez ——45 mRy (0.61 eV) for the H site. As expect-
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FIG. 1. The interaction energy AE per Al atom in a (2X2)
array with a graphite monolayer versus separation h at the B
and the H sites; arrows indicate the binding energy. The two
geometries are shown in the inset.

ed, hE ~5E as h~oo. The small value of the bind-

ing energy Eb at either site is the manifestation of the fact
that the graphite surface is inert. Indeed, as will become
clear from the discussion in Sec. IV, only a limited num-
ber of graphite states can effectively interact with Al
states.

Owing to the smaller ion-ion repulsion at the H site (as
compared to the B site) and to the relatively large radius
of Al orbitals interacting with six (as compared to one
plus three) nearby carbon atoms in the graphite mono-
layer atoms, Eb exceeds Eb. Furthermore, hE is much
larger than bE for h &3 a.u. In the graphite +(3X3)
A14 model,

~
hE hE

~
is found —to be 40% smaller than

for the graphite + (2 X 2) Al model for h =3.84 a.u. It ap-
pears that metallic binding among the four Al atoms
representing the tip redistributes the electronic charge
causing the Al-graphite bond to be less localized and the
tip-sample interaction to weaken. As a result, the
difference between the 8 and the H sites also becomes less
pronounced. A similar effect accompanying the metalli-
zation of the overlayer was pointed out earlier for the
Al-Ge(100) interface. At large tip-sample distances
(h ~ 8 a.u. ) the present approach cannot yield an accurate
value for AE. First, lateral interaction between
artificially repeated Al tip atoms exceed tip-sample in-
teractions and weaken the latter. Second, in the resulting
thick vacuum region between the surface and the Al
atoms the tails and residual overlap of wave functions are
poorly represented. Finally, because the total charge
density becomes very low (p=10 —10 a.u.), the local-
density approximation to the exchange and correlation
potential becomes inappropriate. Nevertheless, LDA

TABLE I. Binding energy E&, the tipe force (F, ), and per-
pendicular components of the forces (Fg & ) and (Fg &) on the first
and second neighbors of the tip in the graphite monolayer cal-
culated as a function of h for the graphite +(2 X2) Al model.

0
(a.u.)

2.74
3.20
3.84
4.70
6.00
8.00

EI,
(m Ry)

418
108

—21
—26
—17
—4

B site
p

(10-' N)

42.427
16.899
2.904

—0.350
—0.473
—0.185

Fg)
—37.769
—15.074
—3.667
—0.041

0.252
0.049

—1.585
—0.830

0.041
0.159
0.070
0.017

2.74
3.84
4.20
4.70
6.00
8.00

122
—43
—43
—37
—18
—4

0 site
14.532
0.762

—0.125
—0.552
—0.524
—0.183

—2.552
—0.155

0.078
0.200
0.131
0.023

0.279
—0.038
—0.307
—0.433
—0.200
—0.009

predicts an attractive interaction in the range -4 (h (8
a.u. , where it is still expected to be a reasonable approxi-
mation. Anyway, for h &7 a.u. the two curves hE (h)
and hE (h) essentially merge, leaving a site-independent
attraction, as expected if attraction is attributed to long-
range polarization forces and repulsion to overlap be-
tween neutral atoms. In this range of h the interaction
between the sample and an Al atom (or the metal tip) is
better represented by the sum of an attractive Van der
Waals (or electron correlation) energy, Uvw, and of a
repulsive energy arising from the orthogonalization of
weakly overlapping tip and sample states.

According to the Hellman-Feynman theorem, the
force on a given atom at position ~, in the supercell, cal-
culated from BET(—C+Al)/Br, must agree with the ex-
pectation value of the gradient of the Hamiltonian, pro-
vided that the electronic ground state is accurately calcu-
lated, i.e., if self-consistency has been achieved. In the
pseudopotential method implemented in momentum
space ' within the local-density approximation, the re-
sulting expression for the atomic force has two com-
ponents. The first one, F;„originates from the Coulomb
repulsion between the ion cores, and the second one, F,&,

is due to the interaction of valence electrons with the ion
cores. At small h, F;, is stronger and varies more rapidly
than F,~

with the position of the outermost tip atom.
Atomic forces on the tip F„and on its graphite neigh-

bors within the supercell have been calculated for several
tip positions at the B and H sites. Results for the perpen-
dicular components are listed in Table I, and illustrated
in Fig. 2 for the graphite +(2X2) Al model. It is seen
that calculated forces on the tip and on the sample bal-
ance each other within +0.2X10 N. For a given h in
the repulsive range, the tip force at the B site F, is larger
than that at the H site F, . By contrast, in the attractive
range the magnitude of the tip force at the H site is
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FIG. 2. The z component of force I', exerted on the tip
represented by a single A1 atom versus separation at the B and

the H sites. Insets (a) and (b) show the difference versus h and

the maximum corrugation at constant F, versus F„respectively.

larger. In inset (a) of Fig. I we also show F, F, , whic—h
is quite large at small h but becomes negligible for h & 7
a.u. These large differences will tend to be accommodat-
ed by deformation if the substrate is allowed to relax.
Another interesting consequence is illustrated in inset (b)
where b,h =h —h (the difference of tip z displacements
for a given force) is plotted. It is readily apparent from
the generic form of F, (h) that hh (F) is a single-valued,
slowly increasing, and positive function for F, &0. This
implies that in the constant-force mode the cantilever of
an AFM would deflect more at the B site than at the H
site. According to this picture the maximum corrugation

between B site and 0 site is -0.2—0.3 A (or -0.4-0.6
a.u. ) in agreement with the corrugation of the graphite
charge density in the same h range, ' ' as expected if
the repulsive interaction is proportional to p, (ro). How-
ever, in the attractive range, i.e., F, (0, bh (F) is double
valued. While the above-mentioned trend persists on the
positive branch except for an increased corrugation near
the minimum of F„ the negative branch is nearly the re-
verse of the positive branch. Although this idealized
description suggests the possibility of observing two op-
posite corrugations, this will be difficult to observe for the
following reasons. First, as we argue at the end of this
section, the difference between F, and F, for h beyond
maximum attraction becomes less pronounced for an ac-
tual tip. Second, a soft cantilever with a soft spring con-
stant k is mechanically unstable' in the range where
BF, /Bh +k (0 and jumps towards (away from) the sam-

ple as h decreased (increased). With a stiff cantilever, on
the other hand, no instability is expected because the
effective spring constant of graphite alone exceeds 5 N/m
according to several independent calculations' ' ' and
is thus larger than BFt/Bh throughout the attractive
range. Furthermore, our results indicate that for h&7
a.u. (in the far attractive region), (F, ( & ~F, ). The cross-
ing of the calculated force curves was also obtained in an
earlier study ' of the carbon tip, but at a somewhat
smaller value of h. From this crossover it follows that at
large values of h the tip samples the total charge density
of the substrate (exceeding the ion-ion repulsion contribu-
tion).

In order to understand the behavior of the force on the
tip and to relate it to relevant quantities such as the
charge density, we consider the atomic-force expression
in real space. According to the Hellmann-Feynman
theorem, " atomic forces are obtained by differentiating
those terms in the Hamiltonian which explicitly depend
on the position of the ions. Within the periodic slab
model described in Sec. II the total force on the tip (in
atomic units) is

E~EF
F, =2 g J +„'„(r)

n, k

ZZ
ls jGtip j I I s j

(2)

where RI ranges over superlattice vectors, while ~, and
denote the position vectors of the sample and tip

atoms in the supercell, respectively. The integral in the
first term is evaluated in the supercell. This term is the
electron-ion contribution, earlier denoted as F,~. The
second one is the ion-ion repulsion F;„which is actually
calculated with the Ewald procedure. For widely
separated tip and sample the electronic charge density
p(r) can be viewed as the sum of the free-tip and free-
sample charge densities. The electronegativity difference
between the tip and the sample leads to a transfer of
charge hp„even at large h. This sets up an electrostatic
interaction between the tip and sample. As the tip ap-
proaches the sample, p(r) also undergoes a local redistri-
bution to minimize the total electronic energy. The ions

of the tip and sample themselves are displaced from their
initial positions to attain the lowest total energy at the
preset h. The positions of the ions define a point on the
Born-Oppenheimer surface. Since the tip-sample com-
bined system is subject to an external force, this point
must be determined by constrained minimization. The
displacements of the tip and sample ions have significant
effects on the corrugation in AFM and STM, and are
dealt within separate studies. ' We can write the
charge density of the electronically deformed system con-
sidered here,

E~EF
p(r)= g ~%„„(r)~ =p, (r)+p, (r)+hp(r) (3)

n, k

in terms of total electron densities of the free sample
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p, (r), the free tip p, (r), and the difference charge density
bp(r) arising from the tip-surface interactions. We may
assume that hp„ is split between p, (r) and p, (r). Such a
separation has to conserve charge, of course, and leaves a
hp predominantly localized between the sample and the
tip at the cost of some charge depletion in both elec-
trodes. To simplify our discussion, we neglect the contri-
butions from p, (r) and F;, evaluated among the tip atoms
themselves since they cancel each other for a free tip in
equilibrium. Omitting the electrostatic interaction men-
tioned earlier, which depends on the detailed geometry of
the tip in an actual experiment, we are left with the
short-range force on the tip:

F, =2f [p, (r}+bp(r)]

2

I

O

(Fa F H)~

F.B F.H

4
h (a.u. )

jC tip

s, JEtip ~J

ZJ

Zz
I

dr

(4)

FIG. 3. The variation of the differences between ionic forces
F„,and between electronic forces, F,~, at the B and the H sites
versus h. The shaded area corresponds to ~F, F, ~

i—n the inset

(a) of Fig. 2.

The distinction between R& and r, in Eq. (2) has been cir-
cumvented by considering the limit of a single tip facing
the sample, i.e., an infinitely large supercell. We first con-
sider a single-atom tip by dropping the j sum in Eq. (4)
and discuss the perpendicular component of the resulting
force F, . At small h, F;,) ~F,i ~

yields a repulsive force.
However, as It increases, ~F„~ decays more slowly than

F;, and F, =F„+F;,changes sign where EE(h) attains
its minimum value, leading to a net attraction. This is
mainly caused by the bonding charge density 3p accumu-
lated between the tip and the sample. In the strong
repulsive regiine at small h, F;, considerably exceeds ~F„~
at the top site [in spite of the fact that a significant hp(r)
is present] and is also larger than F;, at the hollow site.
Consequently, F, & F, , and the tip mainly feels the ionic
repulsion and therefore images atomic sites as maxima in
AFM. In the intermediate range of It, b,p(r) plays an im-
portant role in determining force variations. Therefore, a
detailed account of both electronic and ionic contribu-
tions is required. Nevertheless, as demonstrated in Fig.
3, F;,—F;, is still large enough to compensate the appre-
ciable difference arising from F,~

—F,~
and to yield less

attraction on the top site. In this range the tip therefore
feels a more attractive force at the hollow site than at the
top site. The difference between the ion-ion forces at the
8 and H sites is greater than that of the electron-ion
forces up to h =7 a.u. Beyond this value of h, F;,~F;,
and thus F,~

—F„,appears to win over, but this effect is
marginal. The resulting crossing of the force curves is
material dependent and affected by lateral interactions,
and thus cannot be easily explained or generalized to oth-
er tip-sample systems. Moreover, one must be cautious
when drawing any qualitative conclusions from our cal-
culations in this region since LDA and our basis set be-
come less reliable at large values of h.

Another important question is whether the shape of
the tip (e.g., whether it has one or more outermost atoms)
affects the AFM images. As recent model calculations
have shown if the tip has two equivalent outermost

atoms, the net force on the tip can be well approximated
by superposition in a wide range of h. The relative orien-
tation of the tip with respect to the substrate plays an im-
portant role, and the detailed structure of the images can
be quite different from those obtained with a single atom
tip. These calculations indicate, however, that the la-
teral periodicity (i.e., the unit cell) of the sample surface
is always imaged no matter what the orientation of the
tip is. The distortions within the unit cell can become
quite complicated if h is so small that b,p(r) changes ap-
preciably. In the case where the tip has a large flat area,
the corresponding atoms can be at various lateral posi-
tions with respect to the sample unit cell. This tends to
smear out the lateral resolution in AFM. As shown by
recent molecular-statics calculations, such a flat tip is
nevertheless able to image the periodicity of the sample if
it consists of the same material or supports a flake
thereof.

We finally consider the applicability of calculations
such as ours, where the tip is represented by a single
atom. Owing to the metallic bond between the outermost
atom with the surrounding atoms in a real tip, the net
tip-sample force and its corrugation might be
significantly altered. In this context, we note that in ear-
lier studies where the tip was represented by a single
carbon atom, and the repulsive force F, was calculated at
a separation h=2.7 a.u. corresponding to the nearest-
neighbor spacing in graphite, turned out to be 2 orders of
magnitude smaller than the loading force in typical AFM
measurements. ' On the other hand, recent molecular-
statics and lattice statics studies indicate that the tip
forces as low as 10 N is enough to puncture the top
graphite layer. The source of this discrepancy between
theory and experiment is to a large part probably due to
contact of several tip atoms with an intermediate layer or
with the sample surface and, to some extent, to the effect
of attractive forces exerted by tip atoms further away
than the outermost one, owing to their longer range. The
difference between the force on the outermost tip atom



41 TIP-SAMPLE INTERACTION EFFECTS IN SCANNING-. . . 2769

TABLE II. Perpendicular components of forces on the tip
atom (F, ), first and second graphite neighbors of the tip
(Fg &,Fg 2) calculated at h =3.84 a.u. for the graphite +(3X 3) Al
model.

F (10 N)

4.231
1.802

Fg )

—4.306
—0.373

F
—0.049

0.051

and the total tip force may change depending on h, the
radius of the tip base, and the angle of the tip cone. For
example, whenever the outermost tip atom feels a repul-
sion at small h, attraction by the rest of the tip atoms can
force the tip to move even closer. Furthermore the addi-
tional attraction can cause the tip to jump towards the
sample from a much larger h. Within the LDA this at-
traction results from the j summation in Eq. (4) over all
tip atoms. Forces on atoms further away can be approxi-
mated by an integral over body forces. This gives a rela-
tively strong but essentially uncorrugated attraction. A
clean extended tip with a protruding atom cannot exert a
force in the range of -10 N without plastically de-
forming the surface. A Hat tip may support a large
repulsive force, but it is unlikely to lead to atomic resolu-
tion. These arguments are justified by the recent mea-
surements of Durig et al. , who estimated tip forces in
the range of 10 N just before contact.

We explored the effect of the multiatom tip by compar-
ing the forces calculated for the graphite +(3X 3) Al and
the graphite +(3X3) Al~ models, at a distance 3.84 a.u.
from the graphite monolayer. While the first one has
only a single atom representing the tip as in our graphite
+ (2 X2) Al model, the second one has four tip atoms
with a single outermost atom. Calculated forces on tip
atoms and forces on the first- and second-neighbor atoms
of graphite relative to the tip are presented in Tables II
and III. The force on the outermost atom of the four-
atom tip is seen to be larger than that for the single atom
tip, for the B as well as the H site. This is due to the
internal forces in the four-atom Al cluster. As a matter
of fact, a separate calculation shows that in a free A14
pyramid the outermost tip atom is closer to the base than
the bulk spacing used in the present calculation. There-
fore, the internal force which attracts the apex atom to-
wards the base is added up to give larger repulsion. The
most striking difference is found at the H site, where the
first atom of the multiatom tip feels a much stronger
repulsion compared to the single-atom tip. Just like for
the difference between the interaction energies, the force
corrugation becomes less pronounced in going from a sin-

gle to a multiatom tip. This situation is attributed to the
greater delocalization of the tip-sample bond upon
metailization of the four-atom tip, and to the increased
screening of the tip ions. Upon summing the individual
forces over the tip atoms, the internal forces cancel out.
As a result the total force at the B site is smaller than for
the single-atom tip due to partial compensation between
attraction and repulsion. Moreover the total tip forces
are much closer to that on the single-atom tip, but again
the difference between the B and the H sites is less pro-
nounced.

IV. TIP-INDUCED CHANGES
IN ELECTRONIC STRUCTURE

In the independent electrode limit corresponding to
large h, the assumption that the tip as weil as the sample
states are unperturbed is justifiable. However, as the tip
approaches the sample surface, the overlap of the tip and
sample wave functions increases, and a significant in-
teraction sets in. Contours of constant SCF potential
V(x,y, z) (i.e., 1=0 component of pseudopotential plus
Hartree plus local exchange-correlation potentials) of the
graphite +(2X2) Al system on a plane parallel to the
sample surface and bisecting the tip-to-surface distance
are shown in Figs. 4(b) and 4(c) for two values of h. The
corresponding contours for bare graphite at the same dis-
tance z are shown for comparison to the first case in Fig.
4(a). It is seen that for the tip close to the surface, the po-
tential barrier is significantly lowered and even a channel
with V(x,y, z) &EF connecting the tip to the sample is
formed. This can certainly have important implications
for the electronic structure as far as STM and AFM are
concerned. In what follows we examine other manifesta-
tions of the tip-surface interaction.

To understand such effects let us first consider unper-
turbed sample and tip wave functions q, and g, with en-
ergies e, = ( p, ~&, ~ y, ) and E, = ( y, ~%, ~y, ), respective
ly. To simplify the picture we also assume that
(y, ~y, ) =0. For the interacting tip-sample system the
total Hamiltonian & differs from the sum of %, and %,.
Then, in first-order perturbation theory the interaction
energy at a given h is

When U is small the energies of the independent elec-
trode states shift slightly without a significant mixing. In
general the smaller h and ~e, —e, ~, the larger is U. If no
other states are significant, the interacting states become
bonding and antibonding combinations of the unper-
turbed tip and sample wave functions, 4'=c,q, +c,y, .

TABLE III. Perpendicular components of forces on the outermost tip atom (F, I), second layer tip
atoms (F, 2), first and second graphite neighbors of the tip (Fg „Fg&) calculated at h=3.84 a.u. for the
graphite +(3X 3) A14 model.

F, ,(10 N)

5.842
3.943

Fr, 2

—0.830
—0.725

3.350
1.764

—3.113
—0.348

Fg2

0.033
—0.004
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(b) (c)

FIG. 4. Contours of constant electron potential energy, V(x,y, z =h/2) (l=0 component of the ionic pseudopotential plus Har-
tree plus local exchange-correlation potential) for (a) the free graphite (0001) surface in a parallel plane 1.92 a.u. above the surface, (b)
an Al atom facing the B site at h =3.84 a.u. in the same contour plane, (c) the same situation as in (b), but with h =6 a.u. in the plane
bisecting h. The lateral positions of Al and C atoms are indicated by a cross and by closed circles, respectively. The contour spacing
is —0.08 Ry in (a) and (b), and —0.07 Ry in (c), the corresponding Fermi energy being Ez ———0.22 Ry. Small arrows show the direc-
tion in which the potential becomes more negative.

Defining g= [4U + (E, —e, ) ]', the perturbation energy
is minimized for the coeScients c, =c+, c, =c and

c,=c, c, = —c+, where

c+ =[—,'+(e, —e, )/2g]'~

c = [-,' —(e, —e, )/2g]'~

where s+=(%+~%~%+)=(s, +e, )/2+(/2. Thus the
admixture 1 —c+ is a measure of the deviation from the
independent electrode approximation. If s, Pe„mixing
due to UAO results in a transfer of charge. Based on
empirical tight-binding calculations of (3X3) arrays of
carbon atoms at a distance h above a graphite monolayer,
Tekman and Ciraci ' pointed out that, owing to the local
character of the perturbation, + becomes increasingly lo-
calized parallel to the surface as h is decreased. For a
given parallel wave vector k~~ the states of our model sys-
tems are strongly discretized in energy, so that the above
discussion can be applied. In the case of a macroscopic
sample and of a~ isolated tip, it continues to make sense

if the states in question are derived from states of the top-
most graphite layer and from atomiclike resonances of
the outermost tip atom.

%'e now analyze the influence of the tip on the elec-
tronic structure of our system in terms of the above dis-
cussion. We wish to address the following questions: (i)
In what range of h does the tip-surface interaction be-
come significant? (ii) In which positions can the tip pref-
erentially induce TILS in the graphite-Al system? (iii)
What might be the consequences of these effects in STM
and AFM? We first consider charge densities, and look
for interaction effects in the difference charge density. To
this end we show calculated contours of difference and
total charge densities for the graphite +(2X2) Al model
in a plane containing the Al tip atom and nearest neigh-
bors in the graphite sample in Figs. 5(a) and 5(c) and in a
parallel plane bisecting h in Fig. 5(b). The contour plots
of hp(r) in Fig. 5(a) clearly indicate that at small h the
sample and the tip cannot be considered independent.
Charge is accumulated between the tip and the nearest
surface atom via the bonding states 4+, discussed above.

~
gl

~

FIG. 5. Contours of constant charge density. (a) Difference of total charge densities —C(2 X2)+Al at h =3.8 a.u. above the B site
minus separated electrodes —in a vertical plane passing through Al and a C—C bond. (b) Total charge density for graphite +(2X2)
Al at h=6 a.u. above the B site on a plane 3 a.u. above the surface. (c) Total charge density in a vertical plane for the graphite
+(2X2) Al system at h=6 a.u. above the H site. Solid and dotted contours correspond to positive and negative values of the
difference, respectively. The contour spacings are, respectively, 2X10,2X10 ', and SX10 ' electrons/(a. u. ) . Small arrows point
towards increasing density.
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This leads to net binding, i.e., negative EE(h). The
charge accumulation between the tip and sample surface
occurs even for a larger value of h, as shown in Fig. 5(b).
These results are qualitatively similar to those obtained
earlier for a (1X1) array of carbon tip atoms. Note
that a bond localized between the tip and sample requires
the admixture of states from both sides. In what follows
we examine localized states contributing to such bonds.

In order to reveal the origin of states, which form as a
result of the tip-sample interaction, we present the band
structure of the graphite monolayer folded into BZ corre-
sponding to the (2 X 2) supercell in Fig. 6. The scheme of
folding from the actual surface BZ of graphite to that of
the (2 X 2) supercell is also shown in the same figure. The
states (n and n*) crossing the Fermi level at the usual E
point of graphite are folded to K, but states at the M
point are folded to the I point of the supercell BZ. The
band structure shown in Fig. 6 is in good agreement with
previous calculations. ' ' Besides the well-known o, ~,
and ir' states, it reproduces the surface states (labeled by
S) first identified in Ref. 46. In Figs. 7 and 8 we present
the evolution of states near the Fermi level computed for
the graphite +(2 X 2) Al system at the I and E points of
the supercell BZ. In accordance with the simple argu-
ments at the beginning of this section, as h decreases the
tip and graphite states shift and split apart in energy, and
some graphite-derived states which are normally unoccu-
pied dip below the Fermi level. This gives rise to
significant changes in bp(r). For states lying deep in the
valence band interaction effects are weaker in the inter-
mediate range of h. The effect of the tip on states at the
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FIG. 6. Energy band structure of the free graphite mono-

layer folded into the two-dimensional Brillouin zone of the
(2X2) supercell. The dashed lines are the folded bands with

their nature indicated at the symmetry points. The zero of ener-

gy is set at the Fermi level. Bottom: correspondence between
the symmetry points of the (1 X 1) and (2 X 2) Brillouin zones.
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FIG. 7. The evolution of the zone folded states of the graphite +(2X2) Al system as a function of h for Al above the B site, ob-
tained from SCF pseudopotential calculations at (a) I; (b) K. States which are degenerate or very close in energy are shown by thick
bars; numerals denote band indices. Tip-induced localized states TILS are marked by T, whereas surface states modified by the tip
are marked by TS. C~ denotes the graphite states originating from the M point of the (1X1) BZ. Crosses indicate states whose
charge distributions are plotted in Fig. 9.
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FIG. 8. Same as Fig. 7, except that the Al atom is above the H site.

K point is essentially the same at the B and H sites, ex-
cept for the small splitting of the otherwise degenerate n.
and m.* states at the I( point for the B site. Interestingly,
tip-surface interaction effects are more complicated at the
I point. In particular Al p„~ states mix strongly with
M-derived m' states of graphite above the Fermi level.
The interaction is so strong that for h &6 a.u. two unoc-
cupied M-derived m* states form a bonding combination
by acquiring an appreciable admixture of Al p y orbitals
and dip below the Fermi level. Below the minimum of
bE(h) (h 5 4 a.u. ) the evolution of the states is no longer
continuous and involves states further away from the
Fermi level. Thus Al-s states interact with the graphite
s-like states, and the antibinding combination constructed
therefrom rises towards EF and crosses several graphite
states. However, in this range of h the tip-sample system
is expected to undergo strong deformations to accommo-
date huge interatomic forces and to lower the total ener-

gy, leading to further rearrangement of the states.
The tip and sample states near the Fermi level already

exhibit a good deal of mixing in the range 4(h(6 a.u.
These states, which are identified as the tip-induced local-
ized states, should play a crucial role in STM. Electro-
static splitting between graphite I( ~ and Al p states near
EF and changes in the graphite surface states above the
potential barrier between the tip array and the sample
surface are noticeable even for h=8 a.u. Because of this
mixing and also the spurious interactions in the tip array,
the Al p, and p y states, which are normally degenerate
in the free Al atom, exhibit a significant splitting at large
h. Since these states have a small dispersion compared to
the graphite bands near EF, and thus a higher density of
states, the Fermi level for h ~6 a.u. is pinned at the K

point between the lowest Al and the graphite m* states,
but closer to the former. On the other hand, for h&6
a.u. states derived from a combination of the above cross
the Fermi level not only at the B site, but also at the H
site. However, in view of the fact that the tip in a real
STM experiment is only a local perturbation on the mac-
roscopic sample surface, the common Fermi level of a
real graphite sample and Al tip under an infinitesimal
bias has to coincide with EF of the free graphite. Never-
theless, electrostatic energy splittings due to local charge
transfer between tip and sample made of different materi-
als are expected. For graphite, where the degenerate m

states at the K point with nodes at particular top sites

play a dominant role, ' ' ' ' ' their shift below EF will
produce an asymmetric I-V characteristic. Because the
Me'-derived states have a different nodal structure they
cpn even alter the qualitative appearance of STM images.

In Fig. 9 the charge distributions of TILS with varying
orbital character, which are formed from the bonding
and antibonding combination of graphite and Al states,
exhibit characteristic patterns. The important feature
common to all these states is that more charge is located
on the graphite side than about the Al tip atom. This is
an expected trend because carbon is more electronegative
than Al. In terms of the simple two-level analysis
presented above, c, )c, implies charge transfer towards
the graphite. %'e also compared selected states with
those obtained with the multiatom tip [i.e., graphite
+(3X 3) A14 model] and could conclude that the outer-
most tip atom predominantly interacts with the sample,
since the character of most TILS was maintained with
the multiatom tip. The antibonding nature of the state in
Fig. 9(a), which derives from a combination of M-derived
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FIG. 9. Charge-density contours of typical tip-induced local-
ized states (TILS) with energies near E+ for the graphite
+(2X2) Al system. (a) I -21 yz, B site, h=4.7 a.u. , contour
spacing 5p=2X10 ' electrons/(a. u. )'. (b) I =20 yz, B site,
h=4.7 a.u. , 5p=2X10 . (c) I -18 xz, B site, h=4.7 a.u. ,
5p=5X10 . (d) K-19 yz, H site, h=4.7 a.u. , 5p=10
(e) I -18 yz, H site, h=6 a.u. , 5p=10 . (f) I -19 xz, B site, h=6
a.u. , 5p= 10

graphite and Al p, states, is clear from the reduced
charge at the center of the carbon —Al bond. By con-
trast, the analogous state in Fig. 9(b) displays a bonding
character with a significant charge transferred to the
graphite site. Following the evolution of states in Fig.
7(a), we also see that the state shown in Fig. 9(c) displays
a bonding character between the graphite Mm' and the
Al p„orbitals. The state at the K point of the 0 site in
Fig. 9(d) is a bonding combination of one graphite Km
and of the Al p state. That tip-induced localized states
can occur even at h=6 a.u. is demonstrated in Fig. 9(e).
This bonding combination of still another graphite Mm. *

and of the Al p, states, which is just below Ez, contrib-
utes a significant amount of charge above the center of
the surface hexagon. Note that this site normally has
vanishingly small charge density in the free graphite sur-
face. The contour plots in Figs. 9(c},9(d}, and 9(fl give an
idea of a striking effect that TILS should have in STM.
Such x,y-like states should have significant tunneling ma-
trix elements, although they do not contribute to the lo-
cal density of states at the center of the tip, i.e., the tun-
neling current within the Tersoff-Harnann theory, even if
it is generalized to include z-like (m=0) states. Finally
the state shown in Fig. 9(f), which has the same character
as the state in Fig. 9(c), shows an appreciable Al p„ad-
mixture even for the tip 6 a.u. above the surface at the 8
site.

In view of the above discussion, it becomes clear that
the situation for the interacting tip-sample system is quite

different from that commonly assumed, where the tip and
sample states near Ez are weakly overlapping on a divid-
ing surface passing through the potential barrier. Fig-
ure 4 shows that as h decreases a classically allowed
channel forms and the tip-sample interaction gradually
increases. Owing to the strong local tip-sample interac-
tion the parallel-momentum vector k~~, which is normally
conserved in the independent electrode regime, is no
longer a good quantum number. Already, in the inter-
mediate range of h (4&h S6} the difference between
4, =4+k' and the potential barrier 4 is substantially
reduced, and the tip and the sample are electronically
connected by TILS. On the other hand, the energy of the
lowest propagating state in the channel increases owing
to its lateral confinement. Even if the potential in the
channel is lower than Ez, the states of electrodes near E~
may encounter a finite barrier ' 9' denoted as the
effective barrier 4,~. The difference 4,z—4 is positive
and site-dependent but diminishes as h ~~. This im-
plies that prior to the initiation of a point contact the
current is still tunneling even if the local potential barrier
4 already collapses in the range of increasing attractive
force. The formation of TILS imposes local
modifications in the local density and character of states
near EF, which determines the tunneling current. Be-
cause of a small but finite tunneling barrier between the
electrodes the transmission is also affected. Moreover,
these modifications are site specific and thus vary depend-
ing on the position of the tip. Therefore, perturbation
theories of STM (Refs. 3, 5, 15, and 16) must be modified,
in particular, the corrugation obtained in STM measure-
inents can markedly deviate from that of p(ro, E+) at
small h. Even though the tunneling from the base of the
outermost tip atom can be treated within a perturbation
scheme, the inclusion of TILS even in the tunneling range
is not straightforward for the following reasons. First,
the character of TILS varies depending upon the location
of the tip and the energy and momentum of the parent
sample states. This requires a detailed account of
relevant electronic states over the BZ. Secondly, the
transfer Hamiltonian approach, " which is based on the
assumption that tip and sample states weakly overlap on
a dividing plane, may not be adequate for small enough h.
In other words, the tunneling current has to be calculated
by going beyond first-order perturbation theory. In prin-
ciple, the tunneling current can be calculated by evaluat-
ing the current operator for a combined tip-sample sys-
tern. However, such a calculation is not feasible if tip-
sample interaction effects on the atomic scale are includ-
ed as in the present study. In a recent study, ' to judge
qualitative trends and to reveal the relevant contribution
of TILS, the effect of the tip was first included as a local
perturbation on the sample. Then, in addition to unper-
turbed sample and tip states, TILS were included in the
transfer Hamiltonian approach. In the expression for the
tunneling current derived within first-order time-
dependent perturbation theory the effect of TILS is in-
cluded in terms of their overlap integral with the free
sample states ( p, ~ yr, „s) . Using an empirical tight-
binding method it was shown that in the presence of
TILS the tunneling current can be strongly enhanced and
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the corrugation deduced from p, (ro, EF) is significantly
underestimated. '

The effective barrier 4,z diminishes as the potential in
the dividing plane V(x,y, z =h j2) approaches those of
the electrodes if h is further decreased until a well-defined
bond forms. This way an electronic orifice between the
tip and the sample surface is formed and hence a point
contact is initiated leading to quantum ballistic trans-
port. In this range of h (h S4 a.u. ) the character of the
conductance should undergo a drastic change, ' as in
experiments on metals, but its behavior will also depend
on the plastic deformation induced by the tip.

V. CONCLUSIONS

In this paper we have investigated various tip-sample
interaction effects by performing ab initio force and elec-
tronic structure calculations on graphite-sample and
aluminum-tip model systems. Important conclusions are
drawn from this study. (i) In spite of the fact that the
graphite surface is rather inert, its interaction with an Al
atom is significant and results in a bond with a binding
energy of 0.33 eV at the top site and 0.61 eV at the hol-
low site. (ii) The ion-ion repulsion plays a dominant role
in determining the corrugation in all AFM modes in the
repulsive and strongly attractive ranges. The reversed
corrugation, i.e., minimum attraction at the top rather
than hollow site predicted beyond maximum attraction
could be detected with a stifF cantilever as in Ref. 26. (iii)
Attraction by tip atoms far from the outermost one can
make important contributions to the total tip force. In
some cases, their contribution might become so dramatic
that while the total tip force is attractive, the outermost
tip atom is in the strong repulsive-force region causing
plastic deformation of the sample surface. Therefore the
repulsive force on the outermost tip atom is always un-
derestimated in AFM measurements. Nevertheless varia-
tions of the force on the tip as it is scanned along the
sample and its perpendicular gradient, i.e., the quantities
recorded in AFM are dominated by short-range forces

which are adequately predicted by calculations such as
ours. Present results suggest that a sharp tip with a sin-
gle atom at its apex is able to yield atomic resolution in a
truly nondestructive mode provided that the tip-surface
distance is chosen appropriately. The images and the
resolution that are obtained with fiat tips having several
atoms at its apex, however, are distorted and complicat-
ed, and require a detailed Fourier analysis. (iv) The
most fundamental effects of tip-sample interaction are
found in the electronic structure even for an inert sample
surface like graphite. Owing to the close proximity of the
tunneling tip, tip and sample states are strongly per-
turbed and hence are combined to form new states local-
ized near the tip whose energies, charge distributions,
and amplitudes depend on the position of the latter along
and perpendicular to the sample. As a result the local
density of states are modified and new tunneling matrix
elements, e.g., between x,y-like states become important.
Graphite states at the M point of the BZ which have high
density —1 eV above the Fermi level become, in particu-
lar, involved in the formation of localized states. There-
fore one expects that at small tip-sample separations
STM images will deviate in a characteristic but compli-
cated way from those predicted for well-separated elec-
trodes, "' even prior to repulsive contact. Judging
from combined STM-AFM measurements, ' and in view
of the particularly low unperturbed density of states of
pristine graphite at EF, such effects are likely to distort
images recorded under typical STM operating conditions
(1 nA, 10—100 mV). ' ' " Obviously, this deserves
more attention.
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