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Effect of the tip structure on atomic-force microscopy

Naruo Sasaki and Masaru Tsukada
Department ofPhysics, Uniuersity of Tokyo, Hongo 7 3 I-, B-unkyo ku,-Tokyo II3, Japan

and JRDC, Pre-Research Program Laboratory, Ikenohata 1-1-15, Taitoh-ku, Tokyo 110, Japan
(Received 20 March 1995)

Theoretical simulation of atomic-force microscope (AFM) images is performed with a model of a
single-atom tip or two kinds of multiple-atom diamond tips scanned on a graphite substrate surface.
Several fundamental effects on AFM images are systematically investigated. First, it is made clear how
the AFM images and the force distributions change as the load varies. Then, for the multiple-atom tips,
the effects of the tip orientation and the tip apex structure, including the bond length, are examined.
The characteristics of the AFM images, such as their detailed microscopic pattern, the symmetry, and
the corrugation amplitude, depend strongly on these effects. In the cluster models, the interatomic po-
tential within the tip and the surface is assumed to be harmonic, and that between the tip and the surface
is taken as being of the Lennard-Jones type. It is clearly shown that AFM images reflect not merely the
geometrical structure of the surface, but also various microscopic properties of the tip and the surface.

I. INTRODUCTION

Among various sorts of scanning probe microscopes,
the atomic-force microscope' (AFM) is a powerful tool
for the determination of surface structures, because it can
resolve both conducting and insulating surfaces in an
atomic scale. Therefore AFM is expected to become a
basic experimental device not only in the field of surface
science but also in many other basic and applied fields
such as semiconducting devices, catalyses, electrochemis-
try, and biological science. In fact, a number of experi-
ments have been successfully done so far on a variety of
substrate surfaces —layered materials such as graph-
ite, boron nitride ' (BN), and molybdenum disulfide
(MoS2), ' ionic crystals such as NaC1 (Ref. 10) and
LiF, "and even biological substrates such as fibrin, ' bac-
terium, ' and DNA fragments. ' On the other hand,
theoretical studies on AFM have been performed for
both rigid surfaces' ' and deformable surfaces. ' In
these studies, theoretical AFM images were obtained on
the calculations such as ab initio calculations, ' ' first-
principles calculations, ' molecular relaxation calcula-
tions, ' and molecular-dynamics (MD) simulations.
An analytical method to express a periodic force field as
a Fourier series was also performed. ' ' Further, the
effect of the tip structure was investigated by using
several kinds of multiple-atom tips (including the
double-atom tip) ' and graphite flakes. Many oth-
er effects on the AFM images such as load, tip apex
structure, bond length of the tip, and tip orientation have
been discussed. In particular, Tang, Joachim, and Devill-
ers systematically investigated the effect of the load and
tip orientation. However, there still exist some points
that have not been made clear yet —detailed features of
the force distributions between the tip and surface, effect
of the tip apex tilting, and inhuence of changing the bond
length. Therefore, we performed overall studies about
these points in the present paper.

As the first step to deal with the AFM mechanism in a

systematic way, we performed a theoretical simulation of
AFM images in a contact mode. In this work, it is made
clear how the AFM images and the force distributions
systematically change based on the load variation. Fur-
ther, the efFects of the tip apex structure, the bond length,
and the tip orientation are investigated by calculating the
AFM images, including the tip and surface deformations.
Then the complicated interrelation among them is clearly
shown.

In the simulation, a cluster model of a graphite sub-
strate surface with a single-atom tip and. two kinds of dia-
mond [111]tips is used. The reason a diamond tip is em-
ployed is that a diamond tip is inert and it is used in
many AFM experiments. The graphite is one of standard
samples to evaluate the performance of AFM. Both the
tip and the surface are elastically described by the intera-
tomic harmonic potential. The interaction between the
tip and the surface is described by the 6-12 Lennard-
Jones pair potential. These potentials are presented with
the values of the parameters in Sec. II. Then the total po-
tential energy is minimized by the conjugate gradient
(CG) method and the optimized structure of the tip and
the surface is obtained. This method is known as a
molecular relaxation technique, and it is briefly explained
in Sec. III.

In this paper, our main interest is to reveal systemati-
cally several microscopic effects on the AFM images as
mentioned above: (1) the nonlinear effect of the load with
force distributions over the tip and surface atoms, (2) the
inhuence of the tip apex structure and the tip orientation,
and (3) the effect of the bond length of the tip as the spe-
cial case of 2. In Sec. IV, results of calculations about all
of these effects are shown. First, the size of the surface
cluster is described by comparing the deformations for
the different size of surfaces. Then, in the case of a
single-atom tip and two kinds of multiple-atom tips, force
distributions are directly investigated in order to see the
detailed feature causing the total load between the tip
and the surface near the contact region. The effective tip
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apex structure is varied by the tilt of the tip, which clear-
ly shows the significant dependence of the symmetry of
the AFM image on that of the tip apex. This effect is also
examined by comparing the results for two kinds of
multiple-atom tips. Furthermore, the influence of the
bond length is studied by superposing the single-atom im-
ages. Lastly, the tip orientation is varied by rotating the
tip. This has significant influence on the corrugation am-
plitude as well as the pattern of the image.

II. MOQEL

~(Iri j Ir bj)=lr(Ir;, j)+&s(jr. bj)

+ &Ts( I r„,j, I r..b j ),
where jr„~j and I r,„„jare the positions of the tip atoms
and the substrate surface atoms, respectively.

First, VT is assumed to be a simple harmonic potential
for the diamond. It is expressed as the sum of two
different types of harmonic terms as follows:

Vr( Ir„~j )=—gA, „(r; ro)—=1

In this paper, our interest concentrates only on the
case of the contact mode with a repulsive force of AFM.
Therefore, only the microscopic contact region between
the tip and the surface is treated, and the attractive forces
coming from the far wider region of the surface and the
tip including the cantilever are neglected. Such forces
might overcome the repulsive force from the atomistic
contact region, but their spatial dependence would be
much smoother than the repulsive force. Although the
simulation of the AFM images including these forces and
the macroscopic cantilever system must be performed,
especially for the case of the noncontact mode, this sub-
ject will be treated later in our following works.

The cluster model is composed of the tip and the sub-
strate surface. The total energy of the system V consists
of the potential energy of the tip VT, that of the substrate
surface V&, and the tip-surface interaction VT& as follows:

+ QA, sr o
—(6, k

—80)" (2)

Here the first term means the bond-stretching energy due
to the change of each nearest-neighbor bond length r,"
from the equilibrium one ro. The second term represents
the bond-bending energy corresponding to the change of
each bond angle 8; k from the equilibrium one 80. The
parameters of VT are ro = 1.5445 A, A,„=29.512 eV/A,
80=cos '( —1/3)rad, and A,e=3.5213 eV/A . The mi-
croscopic parameters A., and A, were determined by Har-
rison from the elastic constants c&&, c44, and c,2 based
on the classical theory of elasticity. Mcskimin and
Bond observed these macroscopic constants by means
of ultrasonic waves.

Similarly, Vz is also assumed to be a harmonic poten-
tial for the graphite, which consists of four different
types of harmonic terms as follows:

, I,„bj= 2+8„;J—0 + QIzg 0—;1k
—0) + 2+IJ,z(d;J —do) + gP~ 5z;——

2

(3)

This potential was used by Yoshimori and Kitano in or-
der to study the lattice vibration and specific heat of
graphite. Similar to VT, the first and second terms corre-
spond to the bond-stretching and the bond-bending ener-
gy, respectively. 8;Jk denotes the angle between the bond
i-j and the bond j-k within the same honeycomb net
plane. The third term is the interlayer bond-stretching
energy for the change of the interlayer distance d," from
the equilibrium distance do. The fourth term is the bend-
ing energy of the local planar structure due to the normal
displacement of the ith atom from the plane made of the
three neighboring atoms j, k, and 1; 6z, denotes the nor-
mal displacement of the ith atom from the initial posi-
tion. The parameters of Vz are assumed to be ro = 1.4210
A, p„=41.881 eV/A, 80=2@./3 rad, pe=2 9959 eV/. A,
pd =0.34765 eV/A, do=3. 3539 A, and p~ =18.225'2eV/A, respectively. The values of p, and p& were es-
timated by Komatsu and Nagamiya from the observed
force constants of planar vibrations of benzene molecule.
Those of pd and p were determined by Yoshimori and
Kitano. Komatsu estimated the quantities containing
pd and p~, from the observed compressibility and the
specific heat, respectively.

The sum of the 6-12 Lynnard-Jones potential is chosen
for VTg, i.e.,

1 Ts( frtipj I subj ) XUTs( lrt p,
—r,.b,, I )

17J
12

E7J

6

(4)

Here, we assume that every tip atom interacts with all
the surface atoms only through a pair potential and that
this potential is the same for all the pairs of the tip and
the substrate surface atoms. Although the parameters e
and cr are not necessarily unique, those used by Cxould,
Burke, and Hansma —g =0.873 81 X 10 eV and
a =2.4945 A—are employed. The merit of this potential
is that the corrugation amplitude is well reproduced.
This potential is used with a cutofF at r, =2.3o..

Thus, the total potential V chosen in the simulation
does not include the torsion energy and intrabulk van der
Waals interaction except the nearest interlayer interac-
tion of the graphite. In this point, V is difFerent from
those of molecular-mechanics models. '
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III. METHOD OF CALCULATION IV. RESULTS AND CALCULATIONS

In this section, the method of calculation is briefly ex-
plained. First, the tip is placed above the substrate sur-
face. Then the total energy V is minimized by using the
Polak-Ribiere —type conjugate gradient method. ' The
CG method is one of the most efficient methods of mul-
tidimensional minimizations. This structual optimization
is called a molecular relaxation technique. Then the total
force F(z} acting on the tip is obtained for the respective
values of z. Here z is the coordinate parallel to the [111]
axis of the diamond, that is to say, perpendicular to the
graphite [0001] plane, as shown in Fig. 2. The details of
the diamond-graphite cluster are mentioned in Sec. IV.
In our calculation, only the perpendicular deflection of
the cantilever is allowed, and we focus on the z com-
ponent of F(z},F, (z). Because of the llatness and the
symmetry of the graphite surface, the calculated lateral
components E„(z)and F~(z) are actually a few orders of
magnitude lower than F,(z) and can be neglected. Here
we set the convergence criterion as the maximum of ab-
solute values of all the forces acting on the movable
atoms that is lower than 10 nN, i.e.,

A. Three kinds of tip and the size of the surface

Considering the symmetry, the cluster model of the
graphite surface is made by adding hexagons around the
center hexagon. If the surface deformation near the tip-
surface contact region is noticed, the small surface cluster
with 96 cluster atoms per layer is enough for the AFM
simulations. In order to confirm this, the deformation of
the monolayer surface is calculated. First, a single-atom
tip is placed right above the atom of two kinds of
clusters —the small cluster composed of 96 atoms and
the large cluster composed of 600 atoms. All of the edge
atoms of both the clusters are fixed. Then, as shown in
Fig. 1(a), the tip is moved closer to the surface. The sur-
face deformations near the tip in the case of F, =5 nN
are presented in Figs. 1(b-1) and 1(b-2). It can be said
that the deformed large cluster with 600 atoms is approx-
imately obtained simply by translating the deformed
small cluster with 96 atoms parallel to the z axis as seen
in Fig. 1(b-2). Thus, surface deformations near the tip

max (~F;~)(10 nN,
1&i &N (a) ZI[

where N is the total number of movable atoms both of the
tip and the substrate surface, and F, is a force acting on
the ith atom.

We performed calculations as mentioned above for
several z values for a fixed (x,y). Further, according to
the method adopted by Tang, Joachim, and Devillers,
z-F, relation (force curve) is obtained by a polynomial fit
from F, values corresponding to these z values. The sixth
order polynomial is used and the residue of this fitting is
less than the order of 10 nN. Then the equation

F,(z)=F
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is solved and the tip height z for the scanning force F„is
calculated. If this procedure is repeated for (x,y) values
in the region of the tip scanning, the AFM image with a
constant scanning force of F„canbe made. On the other
hand, when z is fixed, the constant height image is ob-
tained.

Lastly, since the potential V derives from the harmonic
approximation, our calculation is valid only when the
atomic displacements are relatively small. Therefore,
about 5 nN is the maximum repulsive force we can treat
in our calculation. We are basically interested in the de-
formation under the comparatively weak loading condi-
tions. In a much stronger loading regime, it can be
thought that the qualitative nature of the present results
based on the harmonic potential V is not very different
from that based on the potential suitable for the stronger
force regime. We want to study only the general features
of the AFM images.

:O.

I

—5
x [A.]

5

FIG. 1. (a) The cluster model of the single-atom tip and of
the monolayer surface made up of 96 atoms. Z is the direction
parallel to the [0001] axis, and denotes the distance between the
tip atom and the surface atom right below it before the surface
relaxation. {b-l) The deformations of the monolayer surface
with 96 atoms and with 600 atoms. The x and z coordinates of
the tip and the surface are illustrated. Black circles and the
solid line correspond to the case of the surface with 96 atoms,
and white circles and the dashed line to the case of the surface
with 600 atoms. (1-2) Surface deformations near the tip corre-
sponding to the dashed line box in (b-1).
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can be described rather accurately even by the compara-
tively small cluster made up of 96 atoms.

Therefore, as a cluster of the substrate surface, the
graphite made up of 288 atoms with three layers, each of
which consists of 96 atoms, is used. As a boundary condi-
tion, all of the 96 atoms of the third layer, and 42 atoms
on the edges of the first and the second layers, are fixed.
Following the standard nomenclature of bulk graphite,
the atomic site of the first layer just under which there
exists an atom or not is designated as the A or the B site,
respectively. And the center of the hexagon is called the
H site.

Then, the single-atom tip and two kinds of multiple-
atom diamond [ill] tips are used. The example of the
AFM cluster system used in our calculation, with a dia-
mond tip made up of 54 atoms, is presented in Fig. 2.
The diamond [111]tip made up of 50 atoms is shown in
Fig. 3. The effect of the reconstruction of the tip surface
is neglected.

B. Single-atom tip

The model of the single-atom tip, which represents the
virtual sharpest tip, is first calculated for the comparison
with the results of more realistic tip models. Figures
4(a-1) and 4(b-1) show the images with a constant scan-
ning force of 0.5 and 5.0 nN, respectively. Both images
show honeycomb lattice patterns. The corrugation ampli-
tude M~H (the difference in the tip height between the A
and the H sites) is about 0.2 A. This calculated corruga-
tion 0.2 A is of the same order as the experimental one
0.15 A obtained by Albrecht and Quate in air. In these
images, the effect of the mechanical interlayer interaction
is so weak that there seems little difference between the A
and B sites. Then, force distributions are calculated in or-

Diamond Tip

FIG. 3. Multiple-atom tip made up of 50 atoms.
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der to see why the image of the total force that the tip
detects is different in these two cases. In a weak repulsive
force of F,=0.5 nN, a single-atom tip right above the A
site approximately detects a force from only the A site as
shown in Fig. 4(a-2). In this case, the single-atom con-
tact occurs. This means that the honeycomb image of
Fig. 4(a-1) directly rejects the geometrical surface struc-
ture. In a strong repulsive force of I', =5.0 nN, Fig. 4(b-
1) also presents a honeycomb pattern similar to Fig. 4(a-
1). But in this case, the image of the A site is made up of
forces from four surface atoms —one A site and three B
sites which are nearest neighbors of the A site as shown
in Fig. 4(b-2). About 79%%uo of F, derives from the A site,
and the other from three B sites as shown in Fig. 5. Thus,
although the single-atom contact begins to break, atomic
resolution is still achieved.

In Figs. 4(a-1) and 4(a-2), the A sites are as bright as
the B sites. Furthermore, the hexagonal rings are also
clearly seen. However, such perfect honeycomb patterns
are not observed in the experiments. Even nearly honey-
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Graphite Substrate Surface

FICr. 2. The cluster model of the diamond [111]tip made up
of 54 atoms and the graphite surface. Z denotes the vertical dis-
tance between the 6xed basal plane of the tip and the first layer
of the surface before relaxation. 0 ~ is a tilt angle of the tip.

FIG. 4. Constant-force images and force distributions for a
single-atom tip. The scanning force F, is a weak repulsive force
of 0.5 nN for (a-1) and (a-2), and a strong repulsive force of 5.0
nN for (b-1) and (b-2). In (a-1) and (b-1), the lateral dimensions
are 8 AX 8 A. In (a-2) and (b-2), the single-atom tip is placed
right above the A site. Only the x and z components of the
atomic sites and the forces are shown. The larger black circles
represent surface A sites or tip atoms, and the smaller black cir-
cles represent surface B sites.
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FIG. 5. The ratio of the vertical force originating from the A
site to total F„when a single-atom tip is placed right above the
A site. In the case of F,=5.0 nN, 79% of F, originate from the
A site, and the other from three B sites (the nearest neighbors of
the A site).

comb images are observed only in some experiments, '

and a variety of deformed images, that is to say, anoma-
lous images, has been obtained for graphite surfaces.
Therefore, the single-atom tip is too ideal to model the
AFM tip. Several authors have well reproduced anoma-
lous images by using a graphite flake or multiple-atom
tips. ' In the following section, two kinds of
multiple-atom tips are used to study more realistic effects
on AFM images.

C. Multiple-atom tip made up of 54 atoms

One of two multiple-atom tips is made up of 54 atoms
with the axis parallel to the diamond [111] direction.
This tip consists of eight layers, and has one apex atom
and three atoms in the second layer as shown in Fig. 2.
The calculated results with this tip, such as force curve
and image patterns, are qualitatively similar to those with
a 13-tip apex used by Tang, Joachim, and Devillers. In
the present paper, we report the results of simulation us-
ing the 54-tip apex. The tip orientation is fixed as shown
in Figs. 6(a) —6(c). In this orientation, force Ii, versus
distance z curves are presented in Fig. 7. We note that z
is defined as shown in Fig. 2. At a certain load I

„

the H
site is lower than the A and B sites. The B site is a little
higher than the A site. The reason for the difference of
height between the three sites is explained below, with
the interpretations of AFM images. The tip detects
forces mainly by one apex atom and by three atoms of the
second layer [Figs. 8(a-2) and 8(b-2)]. In a weak repulsive
force of F, =0.5 nN, one apex atom detects the dominant
repulsive forces, and three atoms of the second layer feel
rather small attractive forces [Fig. 8(a-2)]. Therefore, the
forces between the tip and the surface approximately con-
centrate only on one atom of the tip and the surface, and
the single-atom contact occurs, similar to the case of the
single-atom tip. However, as F, increases, repulsive
forces distribute over many atoms. In a strong repulsive
force of I', =5.0 nN, the forces felt by three atoms of the
second layer also become repulsive and larger, and
multiple-atom contact occurs [Fig. 8(b-2)]. However, the
image reflects the periodicity of the graphite lattice and

FIG. 6. Multiple-atom tip made up of 54 atoms positioned on
the (a) A, (b) B, and (c) H sites. The large and the small black
circles correspond to the first- and the second-layer tip atoms,
respectively. The white circles correspond to the graphite
atoms.

has an atomic resolution [Fig. 8(b-l)]. With further in-
crease of the net force, the tip detects a mixing of repul-
sive forces distributed over a wider region.

Although the interpretation of the calculated images is
generally difficult, the brightness of the site in the partic-
ular example mentioned above is explained by the loca-
tion of the tip atoms. For the case of F, =0.5 nN, the
simulated image shows basically a honeycomb lattice pat-
tern, in which the B site is a little brighter than the A site
if we look at the image closely [Fig. 8(a-1)]. This image is
similar to an experimental image. When the tip is
placed above the A site, three atoms of the second layer
of the tip are located above neither the A site nor the B
site as shown in Fig. 6(a). In this case, the attractive
forces between the surface and the second layer of the tip
become larger when the tip is placed above the A site
than those obtained when the tip is situated above the 8
site [Fig. 6(b)]. However, the repulsive force between the
surface and the tip apex atom above the A site is almost
equivalent to that for the tip above the B site. Therefore,

Z'.

N 2
LL

0—

8 9 30
Z [A]

FIG. 7. Force F, vs distance z curves on A, B, and H sites for
a multiple-atom tip made up of 54 atoms.
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FIG. 8. The same as Fig. 4 for a multiple-
atom tip made up of 54 atoms. In (a-1) and (b-

1), the lateral dimensions are 13 AX13 A. In
(a-2) and (b-2), the tip is placed right above the
B site. The larger black circles represent sur-
face B sites or tip atoms, and the smaller black
circles represent surface A sites. The solid line
denotes the section of the paraboloid that in-
cludes four tip apex atoms. The broken lines
denote the boundary of the cluster models.
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the net repulsive forces above the B sites are larger than
those above the A sites. With the increase of F„the
trend of a triangular lattice pattern becomes enhanced.
In the case of F, =5.0 nN, we notice that the bright spots
show almost triangular shapes, and that the wire net pat-
tern that combines the A and the 8 sites is also presented
[Fig. 8(b-I)]. This image corresponds well to the experi-
mental image. When the tip is placed above the 8 site,
each of the three tip atoms of the second layer can easily
interact with the A site as shown in Fig. 6(b). In this lo-
cation, the repulsive forces between the surface and the
second layer of the tip become the largest. Furthermore,
the effect of the interlayer interaction becomes more
enhanced in the case of Fig. 8(b-1) than the case in Fig.
8(a-1). Thus, the net repulsive forces above the B sites
are larger than those above the A sites. In this strong
repulsive force mode, the physical quantity represented
by the AFM image is the sum of the forces distributed
over many atoms that are self-consistently determined,
together with the microscopic atomic deformations of
both the tip and the surface. Therefore its correspon-
dence with the surface corrugation is rather complicated
and a simple explanation is rather difficult.

The corrugation amplitude hzaH (the di6'erence in the
tip height between the B and the H sites) is about 0.14 A
for Fig. 8(a-l), and 0.08 A for Fig. 8(b-l). The reason the
corrugation for the strong repulsive force is smaller than
that for the weak repulsive force is probably that the edge
effect is negligible for the multiple-atom tip even at
F, =5.0 nN.

The effects of the tip apex structure on the image are

also investigated by the tilt of the tip. The tilt of the tip
causes the change of the tip apex geometry, which
influences the net forces between the tip and the surface.
The tip is tilted around the axis parallel to the x axis
passing the tip apex atom. The tilt angle is denoted as 0,
presented in Fig. 2, and it is varied from 19.5' to 0. At
the respective 8

„

the tip is scanned with a constant force
of O. l nN. At 19„,=19.5', an effective tip is composed of
one apex atom and three atoms in the second layer, and it
has threefold symmetry. On the other hand, when

Oyz 0 the tip consists of two apex atoms and two
second layer atoms, and it has twofold symmetry. Corre-
sponding to this change of the tip apex symmetry, the
threefold symmetry of AFM images also turns into two-
fold symmetry as shown in Figs. 9(a)—9(d) in the order of
8, =(a) 19.5', (b) 10', (c) 5', and (d) O'. With the decrease
of 0„„the A sites become darker and the stripes become
brighter. Figure 9(d) is obtained because the forces are
distributed dominantly on two apex atoms of the tip as
shown in Fig. 10. This image corresponds well to the ex-
perirnental images. ' The theoretical simulation with
simpler diatom tips also reconstructed such images. ' '

When the tip is placed right above the B site, both apex
atoms are located nearly above the surface sites. But
above the A or the H site, only one of the two apex atoms
is located above the A or the B site, respectively. There-
fore, only the regions near the B sites become bright. But
in fact, if we look at Fig. 9(d) closely, we notice that the
bright spots in Fig. 9(d) do not perfectly match the real
atomic sites. Because the bond length of the diamond is
about 0.1 A larger than that of the graphite, the bright
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FICx. 9. Constant-force image for a multiple-atom tip made
up of 54 atoms with the scanning force of 0.1 nN. The tilt angle

8~, is (a) 19.5, (b) 10', (c) 5', and (d) O'. The lateral dimensions
are 5 AX5 A.

spots of the B sites of Fig. 9(d) are located at about 0.1 A
higher than those of Fig. 9(a) in the vertical direction.

D. Multiple-atom tip made up of 50 atoms

The other model of a multiple-atom tip is made up of
50 atoms parallel to the [111]axis. This tip consists of six
layers, and has three apex atoms and six atoms in the
second layer as presented in Fig. 3. Therefore it is a rath-
er dull tip. The tip orientation is fixed as shown in Figs.
11(a)—11(c).This tip detects forces mainly by three apex

atoms and by six atoms of the second layer [Fig. 12(b)].
The image of the graphite surface with a scanning force
of 0.5 nN shows a honeycomb lattice [Fig. 12(a)]. In this
image, both the B and the H sites are brighter than the A
sites. Similar to the case of the tip made up of 54 atoms,
the brightness of the site is explained as follows: When
the tip is placed above the H site, three first-layer atoms
and six second-layer atoms easily interact with the B and
the A sites, respectively [Fig. 11(c)]. Above the B site,
only three apex atoms significantly interact with the A
sites [Fig. 11(b)]. However, when the tip is placed above
the A site, only six atoms of the second layer are located
above the B sites [Fig. 11(a)]. Therefore, the repulsive
tip-surface interaction above the B and the H sites be-
comes larger than that for the case with the tip placed
above the A site. The corrugation amplitude hzH& is
0.14 A, and the H site is as bright as the B site. Thus, al-
though multiple-atom contact occurs, even the rather
dull tip can observe a honeycomb lattice similar to that
obtained by a single-atom tip with a single-atom contact.
Unlike the image of the single-atom tip, the bright spots
do not match the real atomic sites any longer. Though
the A sites are atomic sites, the image of the A sites is
dark. This dull tip observes the forces distributing over a
wider region than the multiple-atom tip made up of 54
atoms as shown in Fig. 12(b). However, in the orienta-
tion mentioned above, the projection of the tip apex to
the surface is nearly commensurate with the graphite lat-
tice, and eventually the honeycomb image is obtained.
Therefore, this image [Fig. 12(b)] rejects the periodicity
of the graphite lattice. We should be careful that the
periodic AFM images can be always obtained with an
unusual tip as used here, if the surface has an ideal two-
dimensional translational symmetry. The tip apex struc-
ture is an important factor in determining the contact
condition and the region of force distributions.
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FIG. 10. Force distributions for a weak repulsive force of
F, =0.1 nN when the tilt angle 0~, is 0 . The y and z coordinates
of the atomic sites and of the forces are presented.

FIG. 11. The same as Fig. 6 for the multiple-atom tip made
up of 50 atoms.
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and F, (r —rz ). Of course, both atoms of the double-
atom tip are located in the same plane parallel to the
(x,y) plane.

Then, in order to see the effect of the bond length of
the tip, rr is varied. F2(r) is calculated for rz =(O, do),
(0,2do), (0,3do), (0,4do), (0,6do), and (V'3do, 0). Each
case corresponds to Figs. 13(b), 13(c), 13(d), 13(e), 13(g),
and 13(h), respectively. It is clearly shown that the bright
spots in these images, except for Fig. 13(e), do not match
the real atomic sites. When ~rz ~

is small [rz =(O, do)],
the image is still a honeycomb pattern a little extended in
the vertical direction [Fig. 13(b)]. But ~rz ~

is increased
still more [rz =(0,2do) and (0,3do)] and the sum images
become triangular arrays of rectangles as shown in Figs.
13(c) and 13(d), respectively. Figure 13(d) is analogous to
the previously calculated images reported in Refs. 17 and
22. In the case of MoS2 and BN, similar images have also
been observed. ' When ~rr ~

becomes equal to the lattice
constant of the graphite [rz =(0,4do)], both the B sites
of Fi(r} and the A sites of F, (r —rz. ) enhance each other.
Therefore the image becomes a triangular array of
spheres and the bright spots match the real surface B
sites as shown in Fig. 13(e), corresponding to the experi-
mental images. ' As

~
r z.

~
is increased still more

[rz =(0, 5do )], the wavelike stripe parallel to the x direc-
tion, which links the bright spots, appears. In this case,
the bright spots become ellipses [Fig. 13(e)].This image is
very similar to the constant force image of Fig. 9(d) as
mentioned above. In the case of rz =(0,6do}, the image
becomes a perfect straight stripe [Fig. 13(g)]. This image
appears because the H site of I', (r) is located on the mid-
dle point between two H sites of Fi(r —rz ). This image is
also reported by another theoretical calculation. ' Fur-
thermore, similar images were observed for BN. Then
F,(r) is moved parallel to the x direction. In the case of
rz =(&3d0,0), the image is a honeycomb one where the
wavelike stripe can clearly be seen [Fig. 13(h}]. For
rz =(2&3d0, 0), the iinage becomes the same as in Fig.
13(g). This wavelike image is a modified honeycomb pat-
tern often observed in experiments. ' '

Thus a variety of images mentioned above is caused by
the enhancement of the surface sites of two force images
whose phases are difFerent from each other. Therefore, it
can be concluded that the AFM image is very sensitive to
the bond length of the tip. The efFective structure of the
tip apex mainly detecting the forces is especially impor-
tant. In this section, only the case in which two atoms
are in the same plane parallel to the x-y plane is treated.
By changing the weight of the superposition of the two
images, a more general case, where two atoms are in
di6'erent planes, can be discussed. But we will make this
argument in a future work.

with a scanning force of 0.5 nN (Fig. 14), the image varies
as shown in Figs. 15(a)—15(d). The definition of 8 is il-
lustrated in Fig 14 At Ozy 0, the B sites is brighter
than the A site [Fig. 15(a)], and the corrugation ampli-
tude is about 0.13 A. As 8

„

increases, the difFerence of
the brightness between the A and the B site decreases
[Fig. 15(b)]. At 8„=30',the A site is approximately as
bright as the B site and the image becomes a nearly per-
fect honeycomb lattice pattern [Fig. 15(c)]. In our calcu-
lation, the precise angle where the A site is exactly as
bright as the B site is about 27 . When 0„„increases still
more, the A site becomes brighter than the B site and the
corrugation amplitude becomes larger and takes the max-
imum value, 0.15 A at 0 =35'. These results show the
mechanical inequality between the A and the B sites
based on the interlayer interaction. At 8„„=60,the
brightness of the A and B sites is perfectly reversed com-
pared to the case of 8 =0' [Fig. 15(d)], and the corruga-
tion is about 0.14 A. Thus AFM images reAect the rota-
tion of the tip for 60', and the rotation causes the reverse
of the site brightness between the A and the B sites. This
reverse is caused mainly by the interaction between three
second-layer atoms of the tip and the surface sites.

Then, the rotation of the multiple-atom tip made up of
50 atoms is performed. This tip has three atoms on the
truncated plane of its apex. Therefore, the rotation of
this dull tip deals with a more general case than the one
treated in the work of Paik, Kim, and Schuller. Paik,
Kim, and Schuller performed a MD simulation for a sim-
ple triangular tip and obtained images similar to Figs.
16(a}—16(c). Furthermore, they also calculated a tip-
surface interaction based on a Fourier series, and ob-
tained a similar relation to the solid line of Fig. 17. The
inhuence of the tip orientation is rather different from
that for the tip made up of 54 atoms. The tip is also ro-
tated clockwise around the [111] axis with a scanning
force of 0.1 nN. The image varies as shown in Figs.
16(a)—16(c). For this tip, the brightness between the A
and the B sites for 0 =60' is also perfectly reversed
compared to that for 0 =0', similar to the case of the
tip made up of 54 atoms. At I9 „=0',the tip is commens-
urate with the surface and the honeycomb image is ob-
tained as shown in Fig. 16(a). In this case, the corruga-
tion amplitude is about 0.17 A. However, when t9

„

in-
creases, the tip apex structure becomes incommensurate
with the surface, and the corrugation amplitude becomes

F. The eft'ect of the tip orientation

Finally, the e6ects of the tip rotation around its axis on
the image are investigated for two kinds of multiple-atom
tips. First, results of the case for the multiple-atom tip
made up of 54 atoms are mentioned. When the tip is ro-
tated clockwise around the [111]axis parallel to the z axis

FICz. 14. The rotational angle g„ofthe tip. The smaller
black circles denote the tip apex atoms and the larger black cir-
cles denote the atoms of the second layer of the tip. The white
circles denote surface atoms.
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strongly dependent on the short-range interatomic forces.
However, it should be remarked that, in the actual exper-
iments, the repulsive forces detected by the tip apex are
screened by the long-range attractive forces, which are al-
most constant in the atomic scale. Under certain condi-

N-m4!

FIG. 15. Constant-force image for a contour plot expression
with NT =54 and E, =0.5 nN. The rotational angle 0„~is (a) 0',
(b) 20, (c) 30', and (d) 60'. The lateral dimensions are 5 A X 5 A.

smaller. At 8 = 10', the corrugation of the image
changes a little [Fig. 16(b)]. However, at 8„=20',the
corrugation rapidly decreases and the image becomes
rather dark [Fig. 16(c)]. At 8„=30,the tip apex struc-
ture becomes the most incommensurate with the surface
and the corrugation takes the minimum —0.01 A. There-
fore, although the image still has threefold symmetry, it
can be thought that the image for this orientation cannot
be observed in the experiment [Fig. 16(c)]. This restricts
the region of rotation angle for observing the AFM im-
ages, and the region in which AFM images are impossible
to obtain appears at every 60 .

If a small load is applied to a dull tip, the difference be-
tween the A and the B sites hardly occurs, unlike in the
case of the tip made up of 54 atoms. The corrugation
amplitude as a function of the tip orientation (8„~)is
presented in Fig. 17. The difference between the max-
imum and the minimum corrugation for the tip made up
of 54 atoms —0.01 A—is much smaller than that for the
tip made up of 50 atoms. Thus, although the AFM image
is sensitive to the tip rotation, the sensitivity to the tip
orientation depends strongly on the tip apex structure.

~%4

4!

V. SUMMARY AND CONCLUSION

In this paper, we performed a theoretical simulation of
AFM images in the repulsive force mode based on cluster
models. From this calculation, several fundamental
features of the effects on the AFM images are systemati-
cally clarified. Generally speaking, AFM images not only
represent the surface geometrical structures, but also are
inAuenced by many other microscopic features of the tip
and the surface such as the force distributed over atoms
in the contact region, deformation, tip apex structure,
bond length, and orientation. The cluster system used in
our calculation represents only the microscopic contact
region of the tip surface, and neglects the macroscopic re-
gion of the surface and tip including the cantilever. Nev-
ertheless, the calculated AFM images are consistent with
the experimental images. This probably means that
AFM of a contact mode in a repulsive force region is

FICx. 16. The same as Fig. 15 for gray-scale expression with
0 0

NT =50 and I', =0.1 nN. The lateral dimensions are 5 A X 5 A.
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FIG. 17. Corrugation amplitude as a function of the rotation-
al angle 8

„

for (a) Nz =54 and F,=0.5 nN (white circles), and
(b) NT =50 and I', =0. 1 nN (black circles). Here NT is the num-

ber of tip atoms and I, is a scanning force.

tions the latter overcomes the former, then the atomistic
AFM image can be obtained even in the attractive-force
mode. Therefore the macroscopic effects of the system
are necessary to deal with the AFM mechanism of a non-
contact mode.

Then, it is made clear how the transition from a
single-atom contact to a multiple-atom contact occurs as
the load increases. The tip apex structure is also investi-
gated. Even when multiple-atom contact occurs, the
honeycomb image, which is very similar to that observed
by a single-atom tip, is obtained in a specific orientation,
because the tip apex structure is commensurate with the
surface. Therefore, the commensurateness between the
tip and the surface is very important for the atomic reso-
lution of the images. However, the bright spots in the
image do not necessarily correspond to real atomic sites.
In this case, the interpretation of the image becomes
complicated, and the quantities represented by AFM im-
ages are not necessarily simple. Furthermore, the possi-
bility to evaluate the tip apex structure is revealed by tilt-

ing or rotating the tip. For example, in the case of a dull
tip that has three atoms on the tip apex, the corrugation
amplitude rapidly decreases at a specific range of the
orientation. In particular, the study of the corrugation
by rotating the tip can be easily performed in experi-
ments. We also note a standard process to study the sur-
face structure based on theoretical images as follows:
First, the tip is scanned on a well-defined surface such as
graphite and, comparing experimental images with
theoretical ones obtained in calculations such as ours, the
tip apex structure can be identified. Then the tip is
scanned on a substrate surface one should actually ob-
serve, and obtained images can be analyzed based on the
tip apex structure. Although this is a straightforward ap-
plication of the calculation technique, we think that it is
interesting. However, both the tip and the substrate sur-
face may be damaged in a contact mode, and the method
to evaluate the tip in a noncontact mode should be
developed. In this case, the macroscopic region of the
AFM system —a large cluster model —must be con-
sidered as mentioned above. Larger models are also
necessary to treat not only perfect periodic surfaces but
also nonperiodic surfaces including defects and impuri-
ties. The theoretical method to include such effects of the
AFM system is now being developed, and will appear in a
future work.
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