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In the present work we report ab initio pseudopotential calculations based on density functional theory to
investigate the noncontact atomic force microscopy �NC-AFM� image contrast on the InAs�110� �1�1� sur-
face. The foremost tip structure is modeled by a SiH3 tip. The effect of the tip-induced surface relaxations on
the calculated forces was investigated for the tip above As and In atoms. The force curves corresponding to
these vertical scans show an hysteretic behavior and this effect causes an energy dissipation of 0.3 �tip on top
of As� and 1.8 eV �tip on top of In�, respectively. The presence of this hysteresis suggests that stable NC-AFM
images can be obtained for tip-sample distances before this instability. In this stable regime the force curves
obtained for perturbed �due to tip-sample interaction� and unperturbed InAs�110� surface exhibit the same
qualitative behavior. From the calculated forces for the unperturbed InAs�110� surface on a large number of
grid points in real space we obtained maps of constant frequency shifts. The influence of long-range van der
Waals forces on the simulated AFM images due to the macroscopic part of the tip was taken into account by
an empirical model. The overall structure and the corrugation of the simulated NC-AFM images are in good
agreement with the experimental results and allow us to explain the experimentally observed features of the
image contrast mechanism on the basis of the calculated short-range chemical tip-sample interaction forces.
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I. INTRODUCTION

InAs is a well-investigated and well-understood direct-
gap III-V semiconductor with a high carrier mobility which
has already been used in a large variety of electronic and
optic devices. A promising perspective with a potential sig-
nificant technological impact is the use of this material in
nanodevices which take advantage of the low dimensionality
of the systems under consideration.1–5 For instance, quantum
dots made of InAs are very attractive for quantum dot lasers,
optical memory devices or high-speed electronics.6–8 From a
technological point of view, the development of nanodevices
requires a detailed knowledge of the surface structure at
atomic scale because for such systems the surface effects
may become at least as important as the bulk ones.

Exactly, the atomic surface structure of InAs was recently
examined by Schwarz et al.9–11 using noncontact atomic
force microscopy �NC-AFM�.12,13 This microscopy technique
is an extension of the atomic force microscope �AFM� �Ref.
14� which emerged as a very powerful experimental tool for
surface scientists to image in real space the surfaces of con-
ductors, semiconductors, and insulators. Originally, most
atomic force microscopes operated in contact mode where
tip and sample are in direct mechanical contact. Conse-
quently, the obtained constant force maps were interpreted as
the topography of the scanned surfaces. Despite this simple

physical interpretation of its outcome, the contact mode
AFM failed to deliver “true” atomic resolution of the inves-
tigated surfaces in the sense that it is not able to image point-
like defects even if the periodicity of the atomic surface is
resolved. The reason for this failure is the elastic and plastic
deformation of tip and surface due to adhesive forces.

These drawbacks have been overpassed by noncontact
atomic force microscopy. The basic features of this technique
reside in a cantilever oscillating near the sample surface. The
most frequent experimental setup is the so-called frequency-
modulation �FM� technique introduced by Albrecht et al.15

With this approach the cantilever oscillates always with a
constant amplitude A at its actual resonant frequency f �see
Fig. 1�a��. Due to the tip-sample interactions this resonant
frequency changes with the actual distance of the cantilever
to the sample surface. During imaging, the frequency shift
�f = f − f0 with respect to the eigenfrequency f0 is kept con-
stant by a feedback loop. Using this experimental setup in
ultrahigh vacuum �UHV� true atomic resolution images of
several types of surfaces are routinely obtained �for an over-
view see Refs. 16–18�.

However, despite its practical success, the image contrast
mechanism in NC-AFM is still a matter of debate. The un-
derlying reason consists in a strong nonlinear behavior of the
tip-sample interaction force, which acts on the tip only dur-
ing a part of the cycling period. An intuitive picture of the
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physical origin of the atomic-scale resolution in NC-AFM
can be reached from the analysis of the distance dependence
of the various components of the total tip-surface interaction
force. Since the long-range van der Waals or electrostatic
forces do not vary significantly at the atomic scale, one can
expect that the short-range chemical component of the tip-
sample force is responsible for the atomic resolution in NC-
AFM. This conclusion is supported by pioneering ab initio
calculations performed by Pérez et al.19,20 �see also Ref. 21�.

From a practical point of view, the problem to be solved
in NC-AFM is to determine the correspondence between the
positions of the atoms �defects� present on a given surface
and the features �maxima and minima� of the recorded AFM
image. As pointed out in literature �see, for instance, Ref. 22�
this correspondence cannot be performed unambiguously
only on the basis of structural �geometrical� considerations.
An unambiguous assignment of the atomic positions in a
NC-AFM image requires an accurate knowledge of the tip-
sample interaction necessary in order to calculate the fre-
quency shift.23,24

These difficulties can be overcome by first-principle
simulations providing a firm basis to interpret the observed
features of the experimental NC-AFM images. To make pos-
sible such parameter-free calculations, the macroscopic tip is
typically modeled by a microscopic tip attached to a macro-
scopic body �see Fig. 1�b��. The microscopic tip which actu-
ally represents the apex structure of the experimental AFM
tip is used in simulations in order to obtain the short-range
chemical tip-sample forces which are thought to be respon-
sible for the experimentally observed atomic resolution. The
long-range forces of the macroscopic part of the tip are com-
monly modeled by an empirical model.

In this paper we report about our ab initio calculations
performed in order to elucidate the mechanism of the NC-
AFM image contrast formation for the InAs�110� �1�1� sur-
face. To reach this aim we focused on the calculation of the
short-range tip-sample interaction forces, which are reliably
described by density functional theory and calculated by ab
initio methods. To accurately simulate NC-AFM images for

this surface we computed the three dimensional �3D� field of
the tip-surface force over a dense mesh in real space. The
subsequent calculation of the frequency shift enables the
simulation of NC-AFM images which are in a good agree-
ment with the experimental findings of Schwarz et al.9–11

II. CALCULATION SCHEME

Since the image contrast in noncontact atomic force mi-
croscopy is caused by the change of the resonance frequency
of the oscillating cantilever, it is a prerequisite to recall the
relationship between the tip-sample interaction and the shift
of the resonance frequency. This issue has been analyzed by
numerical25 as well as analytical23,26,27 approaches. In many
cases—especially for the results of Schwarz et al.9–11 ob-
tained for InAs—the experimental oscillation amplitude is
considerably larger than the tip-sample interaction range
�D�A� and it can be shown that the relation between the
tip-sample force Fts and the frequency shift �f is given by
the integral equation23,26

�f�D,A� =
1

�2�

f0

czA
3/2�

D

� Fts�z�
�z − D

dz . �1�

where cz is the bending spring constant of the cantilever and
D is the nearest tip-sample position �see Fig. 1�a��. In UHV
the tip-surface interaction force Fts�z� is given by the super-
position of the short-range chemical forces Fchem and the
long-range
van der Waals �FvdW� and electrostatic �Felectr� ones. Since
our simulations have been performed for zero applied bias
voltage, only the effect of the long-range van der Waals
forces on our NC-AFM results will be discussed in the fol-
lowing.

With this equation it is straightforward to calculate the
frequency shift if the tip-sample force is known. In the case
of van der Waals surfaces like xenon�111� �Refs. 24 and 28�
and HOPG�0001� �Ref. 22� the interaction force can be ob-
tained by a simple summation of pair potentials, but for
semiconductors like InAs this procedure can lead to unreli-
able results. Therefore, we applied the following ab initio
calculation scheme to determine the short-range chemical
component of the tip-sample force generated by the micro-
scopic tip and InAs�110� surface interaction.

Total energy calculations of the InAs�110� surface have
been performed within the framework of density functional
theory29 in the local density approximation.30 The Kohn-
Sham equations have been solved self-consistently using the
pseudopotential method31 as implemented in our fully paral-
lelized EStCoMPP code.32 The full ionic potentials were re-
placed by smooth pseudopotentials using the same reference
states as described in Ref. 33 while for H atom we used the
bare Coulomb potential. The InAs�110� �1�1� surface was
modeled by a slab consisting of five layers of In and As
atoms separated by a vacuum region corresponding to eight
atomic layers ��15.5 Å�. The corresponding supercell was
constructed using the theoretical lattice parameter 6.041 Å
obtained for bulk InAs which is 0.3% smaller than the ex-
perimental value of 6.06 Å.34 In order to avoid the interac-

FIG. 1. �Color online� �a� Illustration of the experimental setup
of a noncontact atomic force microscope. The cantilever with inte-
grated tip vibrates with oscillation amplitude A close to the sample
surface. The resonance frequency of the oscillating cantilever
changes due to the interaction between tip and sample surface. �b�
The tip-sample interaction is divided into short- and long-range
forces. The long-range part is described by the van der Waals force
between a spherical tip with radius R. The short-range forces be-
tween the foremost tip atoms and the surface are modeled by ab
initio calculations where the tip is represented by a small atomic
cluster.
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tion between the AFM tip and its periodically repeated rep-
licas due to periodic boundary conditions we used a �2�2�
surface unit cell. A fractional charged hydrogen layer has
been employed to passivate the bottom surface as shown in
Fig. 3�a�. The positions of the atoms for three atomic layers
counting from the bottom surface were fixed to their bulk
values while those belonging to two surface layers were re-
laxed in the absence of the AFM tip.

Since the experimental NC-AFM images were recorded
using silicon tips,9–11 for the microscopic part of the AFM tip
we employed a SiH3 molecule with three dangling bonds
saturated by three H atoms and one dangling bond pointing
towards the surface. This choice is similar to the AFM tip
used by Sasaki et al.35 and Ke et al.36 From the physical
point of view this option corresponds to a rather stiff tip,
since we neglect the tip relaxation by this choice. This option
has also been used by Huang et al.37 in order to simulate the
tip-sample interaction between silicon tips and the Si�111�-
�7�7� surface. Larger tips might show relaxations or multi-
bond interactions, if they are close to the surface. Another
important issue is the tip morphology and its orientation rela-
tive to the sample surface. These effects have been exten-
sively discussed in literature �see, for instance, Refs. 38–40�.
It is important to note that the interactions might depend on
the tip morphology and its orientation. However, since the
exact atomic structure of the tips is unknown in nearly all
NC-AFM experiments, it is not a priori clear which tip struc-
ture is the best choice for a theoretical study. In this context,
our tip-sample force curves might look different with other
tips. Nonetheless, this observation is also true for any other
ab initio simulation of NC-AFM experiments.

The surface relaxation as well as the electronic structure
calculations performed to simulate NC-AFM images have
been carried out using a basis set which includes all plane
waves up to a cutoff energy Ecut of 9.0 Ry. With this choice,
the relaxed positions obtained for surface atoms were found
to be in a good agreement with the results already reported in
literature �see, for instance, Refs. 33 and 41�. More specifi-
cally, in the first surface layer the As atoms relax outwards
and the In ones inwards leading to a surface buckling of
about 0.76 Å. This surface relaxation is accompanied by a
charge transfer from In to As ions leading to filled dangling
bonds of As ions and empty dangling bonds of In ones. Spe-
cial care has been given to the accuracy of the calculated
tip-surface forces, because they represent the basic input in
the simulations of the NC-AFM images. To obtain accurate
tip-sample interaction forces, the Brillouin zone integrations
have been carried out using a 2�4�4 Monkhorst-Pack42

k-mesh. We carefully checked this computational setup with
respect to the thickness of the vacuum region, a larger �3
�4� surface unit cell, the Brillouin zone sampling and the
number of plane waves in the basis set controlled by the
parameter Ecut to ensure a good convergence of the calcu-
lated forces. In particular, a 3�4 supercell was used to
check the accuracy of the details of the dynamics of As and
In atoms at atomic scale. All first-principles calculations car-
ried out for this larger supercell �3�4� have been done using
only the gamma point. We found an overall agreement for
both supercells, and all presented data were obtained for the

2�2 supercell. A peculiar exception was the retraction force
curve calculated for the tip on top of In atom. Since the tip
tends to “pick up” the In atom from the surface during re-
traction, it was necessary to use the larger 3�4 supercell to
get reliable results.

As already briefly discussed in the Introduction, the AFM
tip is modeled by a microscopic and macroscopic part. One
reason for this separation is that the current state-of-art
exchange-correlation functionals used in the current ab initio
methods do not describe properly the long-range van der
Waals interaction. Besides this, the tip oscillation period is
several orders of magnitude larger than that of the substrate’s
phonons, and thus an ab initio simulation of the interaction
of the mesoscopic tip with the surface is not possible due to
finite computational time.

However, when simulating AFM images it is essential to
take into account the long-range van der Waals forces acting
between the macroscopic tip and the sample in order to ob-
tain NC-AFM images at the experimental value of the fre-
quency shift as well as the experimental corrugation.43,44

This is accomplished by adding to the ab initio calculated
forces the long-range van der Waals forces due to the mac-
roscopic part of the tip.45 As other authors, we model this
macroscopic part of the tip by a sphere with radius R �see
Fig. 1�b��. The corresponding long-range force is then given
by23

FvdW�z� = −
AHR

6z2 . �2�

where AH represents the Hamaker constant. This empirical
model neglects retardation effects, but describes the long-
range forces occurring in atomic force microscopy between
tip and sample for most practical cases �see, e.g., Refs. 17
and 18�. Since we are not aware of a better value, we used
1.865�10−19 J �Si-Si interaction in air19,38� for the Hamaker
constant. The tip radius was assumed to be 100 Å �value
given by the manufacturer46�. Nonetheless, the qualitative
results are independent of the chosen values in a wide range
as discussed below.

With this procedure we calculated the tip-sample forces
along a direction perpendicular to the sample surface. Then
we determined the corresponding frequency shift curves us-
ing the integral equation Eq. �1�. However, since �f
� f0 / �czA

3/2�, it is advantageous to use reduced units. The
normalized frequency shift23

��D� ª �f�D,A�
czA

3/2

f0
�3�

is independent of the actual experimental values of A, cz, and
f0. Therefore, we use this definition throughout this paper. In
this way the presented theoretical results are easier to com-
pare with experimental data.

The behavior of the feedback in the experimental setup is
modeled in the following way: After choosing a suitable nor-
malized frequency shift �const we determined the correspond-
ing nearest distance D at different scan positions �x ,y�, i.e.,
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we solved numerically the equation ��D�=�const. This proce-
dure results in maps and line scans of constant frequency
shift similar to the experiment.

III. SIMULATION RESULTS

A. Tip-sample interaction forces at specific sites

One intrinsic difficulty in NC-AFM is represented by the
fact that during the experiments the distance between the
cantilever and the sample surface is not known. This situa-
tion raises the question of what is the relevance of the sur-
face relaxation induced by the tip-sample interaction on the
experimental output. The importance of this perturbation for
systems such as Si, InP, and GaAs was discussed in
literature38–40,47,48 by means of ab initio simulations. To get
an insight concerning the relevance of this issue for
InAs�110� surface, we analyzed the tip-induced surface re-
laxations when the tip oscillates above As and In atoms. The
vertical tip oscillation was simulated by moving the SiH3 tip
in a direction perpendicular to the surface. The tip-sample
distance z used to plot the theoretical force curves �or dis-
placement curves� corresponding to these vertical scans is
the vertical distance between the Si apex atom of the AFM
tip and the surface terminating As atoms in their equilibrium
ground state structure �see Refs. 47 and 48 for more details�.
In order to distinguish between the force curves obtained
when the sample surface was relaxed from those calculated
where the surface was not relaxed, we refer to perturbed and
unperturbed calculations in the following. �The relaxation of
the InAs�110� surface in the absence of the tip is considered
in any case.�

In Figs. 2�a� and 2�b� we present the force curves as a
function of the tip-sample distance z calculated for the SiH3
tip on top of As and In atoms, respectively. The InAs�110�
surface was allowed to relax due to tip-sample interaction for
these calculations. A basic feature of these displacement
curves is the presence of discontinuities induced by the jump
of the As and In atoms at approximately 3.7 Å and 3.2 Å,
respectively, along the surface normal direction when the tip
moves towards the surface. The corresponding jump height
is approximately 0.7 Å for both atoms. The physical origin
of these jumps towards the tip consists in the formation at
these distances of a chemical bond between the apex Si atom
and the As and In ones. Besides this, the calculated force
curve exhibits an additional local minimum for As atom at
approximately 2.4 Å �in the repulsive region� related to the
jump of one In atom from its nearest neighbor site in the
normal direction with approximately 0.7 Å. A qualitative il-
lustration of this behavior for As atom using a ball-and-stick
model is presented in Figs. 3�b� and 3�c�.

Moreover, for both atoms the theoretical displacement
curves exhibit a hysteretic behavior associated with the pres-
ence of two local energy minima for As and In atoms in a
direction perpendicular to surface �see, for instance, Ref. 17,
p. 291�. In consequence, when the tip moves away from the
surface, the As atom jumps back to the surface at approxi-
mately 3.9 Å with a normal displacement of approximately
1.0 Å. We evaluated the energy dissipation corresponding to
this hysteretic behavior of the calculated tip-sample interac-

tion force to approximately 0.25 eV. In the case of the tip
above the In atom, the retraction force curve exhibits a much
larger hysteresis than that for the As one. This leads to a
higher value of the energy dissipation �approximately
2.1 eV� and to a higher tip-surface distance �approximately
4.9 Å� from where it jumps back to the surface. The details
of the atomic dynamics when SiH3 tip is on top of the In site

FIG. 2. �Color online� �a� The short-range tip-surface interaction
force Fchem obtained for relaxed �due to tip-surface interaction� sur-
face as a function of tip-sample distance z with respect to the posi-
tion of the surface terminating As atom is shown for the SiH3 tip on
top of an As atom by symbols. �b� The same as in �a� on top of an
In atom. �c� The calculated force curves obtained for relaxed and
unrelaxed InAs�110� surface when the tip is above As and In atoms
are shown by symbols. For the relaxed case, only the tip-surface
forces calculated before the jumps of As and In atoms towards the
tip are shown.

CACIUC, HÖLSCHER, AND BLÜGEL PHYSICAL REVIEW B 72, 035423 �2005�

035423-4



are reported in Fig. 4. Similar hysteretic behavior for Ga
atom on GaAs�110� surface was reported by Ke et al.39

In particular, for the tip on top of the In atom our ab initio
simulations suggest that when the tip moves away from the
surface it tends to pick up the In atom. This feature is dis-
played when the tip is at about 3.1 Å above the surface and
is characterized by a normal displacement of In atom with a
magnitude of approximately 2.3 Å with respect to its equi-
librium position. For comparison, the similar displacement of
As atom is about approximately 1.0 Å. This theoretical find-
ing agrees well with the experimental observation that some-
times the AFM tip picks up atoms from sample surface
which usually determines a dramatic change of the recorded
NC-AFM images. For instance, the use of a clean Si tip leads
to an invisible In sublattice in NC-AFM images while it
becomes visible when using a tip which crashed into the
InAs surface.9–11 However, a better insight into this rather
delicate problem might be provided by the use of a larger tip
in the simulations. Moreover, one should point out that in
order to get reliable results for In dynamics when the tip

moves away from the surface a larger �3�4� supercell must
be used in our calculations. The reason is that for a smaller
in-plane surface unit cell one nearest neighbor As atom is
trapped into an energy minimum due to a lack of relaxation
freedom.

The presence of a hysteresis for both atoms has an impor-
tant consequence for the stability of the NC-AFM opera-
tional mode on InAs�110� surface. More specifically, in order
to ensure a stable feedback, our ab initio simulations suggest
that the distance of closest approach D between tip and
sample must range between approximately 3.7 Å �tip on top
of As� and approximately 3.2 Å �tip on top of In� �see Fig.
2�b� for more details�. Since these distances are quite close to
the upper limit of the range of the chemical forces �approxi-
mately 5 Å�, the question is what is the relevance of the
surface relaxation on the calculated interaction forces in this
case.

In Fig. 2�c� we compare the displacement curves obtained
for the SiH3 tip on top of As and In atoms when the
InAs�110� surface remains unperturbed by the tip-sample in-

FIG. 3. �Color online� Ball-and-stick model for the relaxed supercell of InAs�110� �2�2� when the SiH3 tip approaches the surface on
top of an As atom. �a� For a tip-sample distance of �4.4 Å the InAs�110� is almost unperturbed by its interaction with the tip. �b� As the
tip-surface distance is further reduced, the surface relaxation becomes significant. Here is a snapshot of the atomic structure for a tip-surface
distance of �3.7 Å. �c� The jump of As atom at z�3.6 Å due to the formation of a chemical bond between the Si apex atom and the As one
is shown.

FIG. 4. �Color online� Ball-and-stick model for the relaxed supercell of InAs�110� �3�4� then the SiH3 tip moves away from surface on
top of an In atom. �a� As in the case of the tip on top of an As atom, when the tip moves towards the surface from large tip-sample distances
��4.3 Å�, the tip-sample interaction does not induce a significant relaxation of the InAs�110� surface. �b� At a tip-surface distance of �3.7 Å
the In atom is pulled out from the surface due to its strong chemical interaction with the apex atom of the tip. The magnitude of the normal
displacement of the In atom is �2.2 Å with respect to its equilibrium position. �c� At z�4.5 Å the chemical bonding between In atom and
Si one is broken and the In atom starts to return to its equilibrium position.
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teraction with those obtained when the surface perturbation
was included. In order to ease the comparison, for the case
when the surface relaxation was taken into account only the
data up to the atoms jump towards the surface are shown.
One can observe a stronger interaction of the tip with the
surface when it is on top of the As than when it is above the
In atoms. This behavior is intrinsically related to the struc-
ture of the InAs�110� surface �in the absence of the tip�. As
mentioned before, to reach equilibrium in the first surface
layer the As atoms relax outwards and the In ones inwards
leading to a surface buckling of approximately 0.76 Å. As a
consequence of the charge transfer from In to As ions, the
chemical interaction between the filled dangling bonds of As
ions with that of the half-filled dangling bond of the Si apex
atom is stronger than that between the empty dangling bonds
of In with the dangling bond of the Si tip. One should men-
tion that our results are similar to those reported in Ref. 39
for GaAs�110� surface.

By analyzing the above force curves one can observe that
there are two additional effects of the surface relaxation be-
sides the hysteresis, �i� in the repulsive region the magnitude
of Fchem is significantly reduced when the surface relaxation
is taken into account; �ii� there is a shift of the minimum of
the calculated forces in the absence of surface relaxation to
higher absolute values by approximatively 0.7 nN and to
smaller distances with respect to the InAs�110� surface. A
key observation for our subsequent ab initio simulations is
that in both cases �perturbed and unperturbed� the calculated
force curves when the SiH3 tip approaches the surface on top
of the As atom are always on the “right” side �i.e., to higher
tip-sample distances� with respect to those obtained for the
In one. The direct consequence of this finding is that irre-
spective of the inclusion of the surface perturbation induced
by the tip, the As atom will appear brighter in an NC-AFM
image than the In one regardless of the magnitude of the
long-range van der Waals forces. Moreover, as clearly shown
in Fig. 2�c�, for tip-surface distances at which a stable feed-
back can be maintained, the displacement curves calculated
for perturbed and unperturbed cases show a quite similar
shape although they differ in magnitude.

B. The simulation of a NC-AFM image

The results presented in the preceding section imply that
for the SiH3 tip the surface relaxation due to the tip-sample
interaction does not qualitatively change the frequency shift
maps obtained on the basis of short-range chemical forces. In
consequence, we simulated NC-AFM maps of constant fre-
quency shift by ignoring the surface relaxation due to its
interaction with the tip. Of course, the calculation of the
short-range forces including the additional relaxation of the
sample surface due to the tip-sample interaction might pro-
vide a better agreement with the experiment but such ab
initio calculations require too much computer time to get a
complete NC-AFM image.

In order to simulate NC-AFM images for the InAs�110�
surface, we calculated the normal component of the short-
range chemical tip-sample forces Fchem�x ,y ,z� at 32 �xi ,yj�
in-plane grid points regularly distributed in the irreducible

wedge of the surface unit cell, which represents 1 /8 of the
full c�2�2� surface unit cell. At each �xi ,yj� point, the forces
where calculated at 40 different zn points perpendicular to
the surface using a increment of 0.1 Å. This amounted in
total to about 1300 self-consistent calculations. In order to
obtain an overall description of the tip-sample interaction
force, we calculated the short-range interaction forces acting
between the SiH3 tip and InAs�110� surface for distances up
to z=1.5 Å above the As atoms, even if in experiments such
a short distance would imply a tip crash into the surface due
to attractive tip-surface chemical bondings which may be
formed at certain places on the surface. This huge amount of
ab initio computations was necessary to obtain a good de-
scription of the interaction forces in real space without the
need to fit our results to certain �possible inaccurate� model
potentials. On this fine mesh the additional relaxation of the
surface due to the tip-surface interaction was not included
into the calculations.

Both the long-range van der Waals and the short-range
chemical forces are considered for the calculation of the nor-
malized frequency shift curves plotted in Fig. 5. The main
feature displayed by these curves is a faster change of the
normalized frequency shift with respect to the distance of
closest approach D when the tip is above the As atom com-
pared with the case when it is on top of the In one. This
behavior suggests that the As site should be brighter than the
In one. This assumption is confirmed by the detailed analysis
of our simulated NC-AFM images.

In Fig. 6 we present a simulated NC-AFM image, which
was calculated assuming a normalized frequency shift of
�const=−20 fNm1/2. The basic feature of the simulated image
is that only the As sublattice is imaged as it can be seen by a
comparison with the surface structure of InAs�110� displayed
on the right-hand side. Furthermore, it can be observed that
the position of the In atom does not appear as a specific
feature in the simulated NC-AFM image. The same result is
obtained for other values of �const. We also checked the in-
fluence of different values of the the Hamaker constant
and/or the tip radius �see Eq. �2��. By changing this value
one can increase and decrease the corrugation of the simu-

FIG. 5. �Color online� The normalized frequency shift is calcu-
lated taking into account the long-range van der Waals force. The
NC-AFM image in Fig. 6 is obtained for a normalized frequency
shift of �const=−20�10−15 Nm−1/2.
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lated NC-AFM images, but the As sublattice is imaged in
every case. The consideration of suitable offsets between the
macroscopic and microscopic tip49 does not change this re-
sult. In addition, we tried different tip geometries. However,
the simulated NC-AFM images obtained for a cone and
cone-sphere tips showed that—regardless of their geometri-
cal parameters—only the As atoms are imaged as bright
protrusions.

The emerging conclusion of this analysis is that the NC-
AFM image contrast formation for the InAs�110� surface is
mainly governed by short-range chemical forces, since the
image contrast is independent of the assumed shape of the
macroscopic tip. Similar results have been reported for other
systems.19,40,47,48

Finally, our simulated images are in agreement with the
experimental ones obtained by Schwarz et al.9,10 Their analy-
sis revealed that when using clean silicon tips the recorded
NC-AFM images consisted of rows of bright protrusions
which were assigned to the As atoms on the basis of a pure
geometrical analysis. This conclusion, however, is fully con-
firmed by our calculations. The overall structure of the the-
oretical NC-AFM images agrees with the experiment. The
corrugation height of the images is also comparable with the
experiment. This is shown in Fig. 7 for the same value of
frequency shift used for the simulated image presented in

Fig. 6. The heights along the �001̄� and �11̄0� directions are
about 28 pm and 15 pm, respectively. The experimental val-
ues are in the same order of magnitude depending on the
actual tip shape and the chosen frequency shift.9–11 The
dependence of the corrugation on the scan direction has also
been observed by Schwarz et al.50

As already briefly discussed above, a geometrical assign-
ment between a NC-AFM image and a surface structure at
atomic level might be misleading in some cases. The origin
of this situation is that the tip-sample interaction forces de-
pend on the charge density surrounding the atoms and usu-
ally there is no one-to-one correspondence between the to-
pology of the electron density and the underlying atomic
structure. This situations is in particular illustrated by the
above-mentioned experimental work, where for tips which

previously crashed into the surface a second feature was im-
aged as minima or darker maxima �see Fig. 3 of Ref. 10� and
it was assumed that it originates from In sublattice. This
effect, however, could not be reproduced by the present
work. From this difference between experiment and theory
we conclude that our assumption that the tip apex consists of
a single silicon atom with one dangling bond does not hold
anymore for these tips. After an indentation of the tip into the
sample surface the tip structure might be modified or the
foremost tip atom might be changed to an In or As atom. In
both cases the short-range chemical forces are modified re-
sulting in a different NC-AFM image contrast.

IV. SUMMARY

By using the ab initio pseudopotential method, we have
investigated the dynamics at atomic scale during the scan-
ning process for a SiH3 tip on top of As and In atoms on the
InAs�110� surface. For vertical scans above these atoms the
effects of tip-induced surface perturbation on the calculated
tip-sample chemical forces have been investigated. Our first-
principles simulations showed that the calculated force
curves for both atoms show an hysteretic behavior associated
with the jumps of these atoms. Due to the presence of this
hysteresis, a stable operational mode of the NC-AFM for the
InAs�110� surface is expected only at distances where these
jumps do not occur.

In this stable regime, the force curves obtained with and
without the consideration of the tip-sample interaction �per-
turbed and unperturbed case� show the same qualitative be-
havior and show no hysteresis before the discontinuity.
Therefore, we assumed that the surface relaxation due to the
tip-sample interaction does not qualitatively change the fre-
quency shift maps obtained on the basis of short-range
chemical forces. With this assumption, we simulated com-
plete NC-AFM images for the InAs�110� surface for the un-
perturbed case. The short-range chemical tip-sample interac-
tion forces as well as the long-range van der Waals force

FIG. 6. �Color online� Simulated NC-AFM image for the re-
laxed InAs�110� surface structure. The surface structure is shown on
the right-hand side for comparison. Notice that the As and In atoms
are not in the same surface plane. The image size corresponds to the
4�4 unit cell. The dashed and dotted line mark the scan direction

along the �001̄� and �11̄0� direction, respectively.

FIG. 7. �Color online� Calculated scan lines reveal a corrugation
of �28 pm and �15 pm depending on the scan direction. The

dashed and dotted line mark the scan lines along the �001̄� and

�11̄0� directions, respectively. Both scan directions are marked in
Fig. 6 by dashed and dotted lines, respectively.
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were taken into account. In order to remove any inaccuracy
of the calculated short-range chemical forces due to a fit to a
potential model, we sampled the irreducible wedge of
InAs�110� surface by a grid of �1300 points. We considered
three different geometries for the macroscopic part of the
AFM tip. Regardless of the geometry used, only the As at-
oms were imaged as maxima. This outcome does not change
within a wide range of values for the Hamaker constant and
the tip radius. Therefore, we conclude that the NC-AFM im-
age contrast mechanism for InAs�110� surface relies on the
short-range interaction between the half-filled dangling bond
of the tip apex atom with that of As atoms. The long-range
van der Waals force is relevant only for the corrugation of
the experimental and theoretical NC-AFM images as well as

for the value of the constant frequency shift at which the
theoretical NC-AFM images are simulated.
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