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The capability of atomic-force microscopy (AFM) to localize both individual adsorbates and aggre-
gates of adsorbed molecules was demonstrated a few years ago. More recently submonolayers of ful-
lerene molecules deposited on a gold substrate have been imaged using such devices. In this paper, simu-
lations of the atomic force between a thin probe tip and a set of adsorbed molecules is presented. The
long-range part of the interaction is determined from a whole self-consistent procedure in which many-
body effects are accounted for at all orders. In this description the probe tip interacts with the molecules
and the surface through many-body dispersion forces. Short-range interactions are then included by us-
ing an atom-atom semiempirical pairwise potential. Simulations of AFM images of Cg, adsorbed mole-
cules are presented in two different modes of imaging: the constant-tip-height mode and the constant-

force mode.

L. INTRODUCTION

The advent of local probe microscopies makes avail-
able a growing number of measurements of structures
stabilized on clean and covered surfaces.»? Very recent-
ly, important new issues have arisen with the develop-
ment of atomic force microscopy (AFM).> This tech-
nique derives from scanning tunneling microscopy (STM)
and consists of measuring the force or the deflection be-
tween a thin probe tip and the sample surface. The
probe-surface distance can be varied within a few
angstroms up to about 100 nm. Therefore, in AFM, two
different regimes can be defined.*> In the first one,
strong repulsive forces monitored with a very sharp
probe tip allow atomic resolution to be reached. By in-
creasing the working distance, the attractive regime cor-
responding to long-range interactions (van der Waals,
electrostatic, etc.) can be used for imaging larger struc-
tures (tracks, steps, surface defects, or biological mole-
cules).

Since the original paper of Binnig, Quate, and Gerber,’
many surface corrugations with subnanometer resolution
have been recorded. In addition to observing structures
at the atomic level, the AFM has successfully imaged sur-
faces with adsorbed molecules, such as sorbic acid,
Langmuir-Blodgett films, and proteins.® More recently,
results of AFM studies on a submonolayer coverage of
Cg on gold surface have been reported by Sarid et al.
and by Dietz et al.”® As described in these papers, AFM
can directly measure the tip-sample forces and in this
case the corresponding images reflect the spatial distribu-
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tion of the total charges of the fullerene molecules that
are responsible for the forces involved in the AFM imag-
ing process.

The operation modes of the AFM devices are
influenced by a number of different physical aspects relat-
ed to the interaction between two solid bodies.*® There-
fore understanding the physical processes at the origin of
the image formation requires specific models adapted to
the low symmetry of the tip-sample system.””!? As said
above, the sign and the character of the force varies ac-
cording to the value of the tip-surface separation. The
most prominent repulsive force is due to the overlap of
electron clouds. This force may be directional or an-
isotropic and in any case varies strongly as a function of
the distance. At large distances, the van der Waals forces
are the sole sources of interaction between two neutral
electrodes.!’>!? Since the pioneering works of Lifshitz it
is well known that the existence of such long-range effects
originates in the correlations between the fluctuations of
the charges densities inside the two interacting media.'?

The aim of the present paper is twofold. First, a
unified treatment of the long-range interaction between a
set of adsorbed molecules and an AFM probe tip is_de-
scribed. The long-range part of the interaction is deter-
mined from a fully self-consistent procedure in which
many-body effects are introduced at all orders.!* More
precisely, we will start by building the response of a coat-
ed surface from a sequence of Dyson’s equations. In a
second stage, in order to simulate AFM images of ful-
lerene molecules, the short-range part will then be intro-
duced by considering a summation of pairwise atomic po-
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tentials. Numerical results on Cgz molecules will be
presented in two different modes of imaging: the con-
stant tip-height mode and the constant-force mode.
Comparisons with recent experimental results will be
proposed.

II. THE TIP-SAMPLE SYSTEM

We consider in this section the problem of an AFM
probe-tip placed above a set of (p) molecules deposited
upon a plane surface. The geometry of the model is
shown in Fig. 1. The structure of the tip apex described
atom by atom is composed of four layers of atoms with a
C;, symmetry. This tip structure was already used to
reproduce with good agreement experimental AFM im-
ages of graphite by using a fully relaxed molecular
mechanical approach.!®* When such a probe tip is placed
close to the coated surface, the long-range interaction en-
ergy U; due to the electric correlations between the
charges density fluctuations gives rise to an attractive
force. At very short distances, this force becomes repul-
sive because of the overlapping of the electronic clouds of
the tip and sample. In order to account for this contribu-
tion, we will assume between each atom composing the
tip apex and each atom of the adsorbed molecules a pair-
wise potential of the form

U,.(r,-,Rj)=C12/|ri—Rj|12 > (1)
where the short-range parameters C;, characterizing this
. |

S(RpRpw) S(RpRz:w)
S(R,,R;,0) S(Ry,R,0)
B(Ry,w)=alw) :

S(Rn,RI,Q)) S(Rn,Rz,w)

In this matrix, a(w) represents the effective dipolar polar-
izability of an atom belonging to the tip apex and the
dyadic tensor S is the field susceptibility associated with
the coated surface [cf. Sec. IIB]. The positions of these
atoms are defined by

R,=R,+L;, @)

where the vectors L; represent the atom locations with
respect to the position R,. The dispersion relation (2) is
sufficient for determining the tip-sample dispersion po-
tential energy

#i (o .
Ud(R0)=ET~”f0 In{det[—B(Ro,iu]}du . 5)

For interatomic distances beyond the repulsive regime
each matrix element of B(Ry,iu) remains small with
respect to the unit. It is then possible to perform the fol-
lowing expansion:

Ud(Ro)=——% 73 —’%Tr[ﬁ"”)(Ro,iu)]du ©)
m=1

S(R,R,,w)
S(Ry,R,, o)

S(R,,R,,w)
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form are generally available in the literature for many
atom pairs.!6

A. The dispersion energy

One of the difficulties in formulating a theory for the
van der Waals dispersion interactions between two ex-
tended systems lies in the fact that van der Waals effects
have a many-body character. Thus, in the past, two gen-
eral approaches have been adopted to account for this
feature. In ome class, the interaction is formulated in
terms of the properties of the individual systems by con-
sidering their correlated charge fluctuations.'” In the
second class, the material bodies are treated in terms of
their collective properties.'* In other words, the latter
method is based on the existence of the coupled elec-
tromagnetic modes occurring when the two systems in-
teract. As discussed in Ref. 19, the coupled modes
method provides a convenient framework for describing
the dispersion energy U, between an AFM probe tip and
a coated surface: the coupled modes between an n-atom
tip apex and the sample are the solutions of a standard
dispersion relation

D(w)=det[I—B(Ryp»)]=0, 2)

where I represents the identity matrix, R, the position
vector of the atom terminating the tip apex, and B is the
(3n X 3n ) matrix defined by

3

FIG. 1. Geometry of an AFM tip placed in interaction with a
covered substrate. The dashed circles schematize adsorbed
polyatomic  molecules like fullerenes. The  vector
Ro=(Xy,Y,,Z,) defines the position of the apex atom of the
probe tip. The atomic structure of the diamond tip apex used in
the model is built on the basis of a (111) orientation which
means that the second layer of atoms is very close (0.5 A) to the
apex atom.



in which B'™ represents the matrix product of the mth
order. It may be seen that the first term (m =1) corre-
sponds to the direct coupling between each element in-
side the tip and the coated sample. We now need to
specify the form of the dyadic tensor S used to character-
ize the dynamical response of the coated surface.

B. Field susceptibility of a coated surface

The growing interest in the study of natural or artificial
structures stabilized by a corrugated surface calls for
specific models adapted to the low symmetry of such sys-
tems. In this part the field susceptibility of a reference
system (the surface) covered by a finite number of poly-
atomic molecules is derived from a sequence of Dyson’s
equations. For a large number of interacting particles,
i.e., all atoms composing the adsorbed molecules, we find
it more adequate to derive the field susceptibility by using
a fully self-consistent iterative scheme. In order to illus-
trate this procedure we consider a system composed of
(XN) atoms interacting with a surface. Note that for a set
of n, identical molecules formed of n, atoms, the total
number N of atoms is #,n,. The field susceptibility asso-
ciated with the first atom is found by application of
Dyson’s equation®

S (r, 1, 0)=syr,r',0)+a,(w)syr,r,0)A (o)
Xso(ry, r',0) . M

In this equation, the index (1) refers to the first atom of
the first adsorbate and a,(w) represents its dynamical po-
larizability. The dyadic tensor s, represents the field sus-
ceptibility associated with the substrate alone. This
quantity describes how a punctual dipolar source field is
modified at the proximity of the surface. Various analyti-
cal forms of this response function are available in the
literature.!® Finally, the (3X3) tensor A | is the result of
a small matrix inversion

a‘(1(w)=[I—aa(w)-so(rAl,rl,w)]'l . (8)

In a similar way, the field susceptibility labeled S, associ-
ated with the two first atoms of the molecular aggregate
can be deduced from the knowledge of S;. This leads to

S,(r,r,0)=8(r,r',0)ta,(®)-S)(r,1)w)Aw)
X8, (ry,1',0) . ©)

At this stage the matrix A, is built by replacing s, by §;
in Bq. (8). By repeating this procedure, it is thus possible
to derive the field susceptibility S, of a discrete system
formed of N atoms from the field susceptibility Sy _; of a
system composed of (N —1) atoms. This leads to

Sylr,r',0)=8y_,(r,r',0)
Fa(0)Sy_((r,ry,w)Ayw)
XSN_l(l'N,l",w) . (10)

Such an algorithm avoids the numerical inversion of a
very large matrix (3N X3N). It reduces the self-
consistent problem to a succession of small matrix (3X3)
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inversions. This iterative scheme is therefore relevant for
all studies concerned with a great number of degrees of
freedom because it is much less critical in terms of time
consumption. It is particularly well-suited for consider-
ing low-symmetry systems for which analytical expres-
sions rapidly become intractable. Moreover, the use of
this sequence of equations is not limited by numerical ac-
curacy because the field susceptibility avoids the problem
of self-energy. From Eq. (10) it is possible to fill the
dynamical matrix B [cf. Eq. (3)] by using the different
components taken by Sy for all possible couples of posi-
tion {R;,R;} occupied by the atoms composing the AFM
tip.

III. APPLICATION TO A SPECIFIC SYSTEM:
Cso MOLECULES ON A GOLD SURFACE

Since the discovery of fullerene molecules?! and of an
efficient method?? for its bulk synthesis, the field of
research on these carbon particles has recently grown
dramatically. Among the different experimental tech-
niques used to characterize fullerene materials, local
probe methods including AFM and STM appear to be
useful complementary techniques. Thus Cg, thin films of
ordered monolayers have been imaged with the STM on
many substrates.”> Moreover, isolated fullerene mole-
cules on Au(110) (Ref. 24) and polycrystalline Pt (Ref. 25)
have been studied with an STM and the interpretation of
the images has been recently proposed by Chavy,
Joachim, and Altibelli.?® Atomic force microscopy also
appears to be an interesting alternative for investigating
such systems. In contrast to STM, AFM can directly
measure tip-sample forces and thereby produces informa-
tion on the spatial distribution of the adsorbed fullerene
molecules. As described in Ref. 7, the Cg molecules on
Au(110) often appear grouped in a hexagonal arrange-
ment displaying no atomic-scale features on the top of
the molecules. Very recently, AFM of Cg/C,, single-
crystal fullerenes has been reported. The adsorbed mole-
cules are arranged either in hexagonal or cubic packing®
and the measurement must be performed using very low
contact forces (lower than 0.4 nN) to prevent destruction
or deformation of the soft monolayer. The understanding
of the physical mechanisms occurring during the imaging
process calls for extensive numerical simulations of such
systems. The origin of contrast in AFM appears to be a
complex mixture of sample deformation, tip apex compo-
sition and structural properties of the probe-sample sys-
tem. In this section, we present numerical calculations
involving tip-sample force [relations (1) and (5)] deduced
from the sequence of Dyson’s equations described in Sec.
I1 B. The system studied here consists of a set of (p) Cgg
molecules deposited on a perfectly plane gold surface. In
a first step, the atoms composing the molecules and the
molecules themselves will be frozen in their equilibrium
positions. This approximation is relevant with respect to
all experiments where the surface is covered by a com-
plete fullerene monolayer and in which the imaging pro-
cess is performed with a very low contact force. So for
such weak scanning forces, one can expect the molecules

to keep their equilibrium sites for each tip-sample
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configuration. First, we define the different response
functions used to describe the substrate and the adsorbed
molecules.

(i) The substrate. The various expressions for the
dispersive energy given in previous sections have been ob-
tained without restrictive assumptions about the descrip-
tion of the substrate. The specificity of the surface enters
the Egs. (5) and (6) through the field susceptibility s.
From results available in the literature, the real profile of
the surface could be included in our application without
formal difficulties. However, for the sake of clarity, we
will restrict our study to the case of a perfectly planar
surface. In such a model the field susceptibility
8o(r,1',iu) can be expressed in terms of the local dielec-
tric constant e(zu ) of the material at imaginary frequen-
cy. One has then!®

solr,r’,iu )=T(r,r')+s,(r,r',in), if (r¥r') (i1
and

8o(r, 1’ iu)=s.(r,r,iu), if (r=r') (12)
where T(r,r’) labels the dipolar propagator in vacuum
and s, accounts for the presence of a surface.!” Note that
these two equations express the fact that it is not possible
to couple a given atom with itself. Moreover in the ab-
sence of non-local effects in the substrate, the field suscep-
tibility associated with the surface has a simple form be-
cause frequency and spatial dependence can be separated

s,(r,r',iu )=A(iu )F(r,r') , (13)

where F is a dyadic tensor describing the spatial variation
of s,

F(l', r)=_f _°° dkkKK*
Xexp[ —ik-(I—-1')]
Xexp[ —k(z+z')] (14)

with K=(ik, —k), r=(l,z), and r'=(I",z'). In Eq. (13)
A represents the nonretarded reflection coefficient of the
surface at imaginary frequency

[G(lu)_l o . ,(15)

Aldu )= [eliu)+1] °

Note that useful model formulas exist?’ where one may
assume a Lorentzian form to describe this reflection
coefficient.

(ii) The adsorbate. For ideal C¢, molecules the spatial
arrangement of carbon atoms can be found in Ref. 28.
Moreover in the context of van der Waals dispersive in-
teractions, analytical forms for the dynamical polarizabil-
ities a(iu ) and «a,(iu) at imaginary frequency are needed.
For Cg, carbon atoms we have used recent data given by
Vidali et al.?® for the (1000) face of graphite. Note that
these data, when applied to van der Waals interactions
between two isolated Cg, molecules, give numerical re-
sults in striking agreement with the continuum model re-
cently developed by Lambin, Lucas, and Vigneron.*°
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IV. NUMERICAL RESULTS

The system considered here consists of an aggregate of
seven Cg, molecules placed at the nodes of a hexagonal
lattice in the vicinity of a gold surface. As far as we
know, no experimental data are available for the equilib-

rium distance D, of a single C¢y ball on such metallic

“surfaces. Recently, this distance was estimated by using

the MM2 molecular mechanical routine.?® For the (110)
face of gold this procedure leads to D ., =6.5 A. The dis-
tance D in a plane parallel to the substrate between two
adjacent molecules is found to be equal to 9.95 A. This
value has been determined by introducing the short-range
part described in Eq. (1). Let us note that the determina-
tion of this equilibrium distance has been performed by
accounting for many-body effects at any order in the
dispersion energy calculation of two Cgy, adsorbed mole-
cules. This value is very close to the fullerite nearest-
neighbor distance (10.04 A).*°

In Fig. 2, the variation of both tip-sample energy
U=U,+U,; and the corresponding normal force is
drawn as a function of the approach distance Z,. Three
typical sites labeled (a), (b), and (c) have been investigat-
ed. It may be seen that the equlhbrlum position of the tip
apex (calculated for F=0), varies from 12.75 to 10.2 Aas
the tip is moved from the top site to the hollow one.
Moreover, above the hollow site (c) the binding energy is
maximum and reaches about 1 eV which is consistent
with the number of nearest neighbors seen by the tip ex-
tremity in such a spatial configuration. In a similar way,
the positions of the maxima of the normal force in the at-
tractive range, vary between 10.7 and 13.15 A This

- means that the attractive zone is shifted 2.08 A away

from the hollow site to the top site. Finally, let us recall
that this analysis assumes that all mechanical deforma-
tions of the molecular pattern due to the interaction with
the probe are weak.

From the knowledge of the function U(X,,Y,,Z,), it
is possible to study the evolution of the tip-sample energy
as the probe tip is scanning the sample. Figure 3 presents
two series of equipotential curves U(R,)=const. These
curves have been obtained by calculating the variation of
the energy U in a plane (Z,=const. ) parallel to the sur-
face. The scanned area is (40X40) A and the geometri-
cal parameters are the same as in Fig. 2. Two different
approach distances have been investigated and in each
case the energy varies by steps of 10 meV. As illustrated
by the two van der Waals energy patterns (3a) and (3b),
the density of iso-energy lines varies dramatically when
the tip-sample distance decreases. So, above the molecule
located at the very center of the pattern, the energy con-
trast increases by a factor 2.8 for a variation of 1 A. This
high sensitivity with respect to the approach distance will
be useful for imaging fullerene molecules by working in
the attractive range.

We now address the question of the tip-sample force
and imaging process. Figure 4 presents two sequences of
constant-distance AFM images calculated i in the attrac-
tive range by scanning an area of (20X20) A2 centered
around the origin. For each spatial configuration
(X, Yy) the function U is calculated for a small number
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FIG. 2. Illustration of the variation of both tip-sample energy (solid curves) and tip-sample force (dashed curves) as a function of
the approach distance Z, calculated above three different sites. The object is a set of seven Cg, molecules deposited on a gold surface
and organized on the substrate as an hexagonal pattern. The approach distance D between two neighboring molecules is 9.95 A.
This value has been determined by introducing the short-range part described in Eq. (1) (with C;;=1.825X10° a.u.). Note that the
determination of this equilibrium value has been performed by accounting for many-body effects at any order in the dispersion energy
calculation. The gold substrate is assumed to be a continuous medium and the adsorption distance between fullerenes and surface is
chosen equal to 6.5 A. Three typical sites have been considered: (a) X, =0 and Y, (top site). (b) Xo=D /2 and Y;=0. (¢) X;=0and
Yo=D /3'* (hollow site).
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of points located around Z,. The function U(Z) is then
fitted from these points by a polynomial in Z. The Z-
force component is calculated at the point Z, from this
polynomial. We have used five values of Z to fit U(Z).
As illustrated in Fig. 4, the two-dimensional maps calcu-
lated in the attractive range display no intramolecular
contrast on the top of the molecule, but then in each case
all molecules of the pattern appear well localized in the
image. Moreover, as expected, the amplitude of the cor-
rugation forces decreases when the tip draws away from
the sample. This decrease reaches about 80pN when the
tip moves from 14 to 14.5 A. In any case, these topogra-
phies clearly indicate that the amplitude variation of the
lateral attractive dispersion force in this range is

0 10 20 30

FIG. 3. Representation of two sequences of isoenergy curves
U(Rg)=const experienced by the probe tip above a set of seven
Cg molecules physisorbed on a gold surface. The geometrical
parameters are the same as in Fig. 2. The calculation is per-
formed in a plane parallel to the surface (Z,=const) and the
scanned area is (40X 40) A%, () Z,=14.5 &; (b) Z,=13.5 A.

C. GIRARD et al. 48

sufficiently large to image individual fullerene molecules
by recording force magnitudes accessible with recent ex-
perimental devices.”® To complete our study, we present
in Fig. 5 a series of isoforce curves computed in a plane
Z,=15.5 A. The force in the image varies from 22 to 78
pN by steps of 2 pN. For this approach distance, the
average force reaches about 40 pN above the saddle
points of the pattern and the predicted corrugation force
AF==56 pN is of the same order of magnitude as the
AFM measurements performed by Sarid et al.” on the
same system.

In the AFM constant force mode of imaging, the tip is
scanned across the surface with a constant loading force
applied to the apex. Since the tip is attached to or grown
from a cantilever, this force induces an elastic deforma-
tion of the cantilever during the scan. Thus, when the tip
is displaced along the sample under test, it follows the
contour of the object and the images are obtained by
measuring the deflection of the cantilever. A simulation
of this operating mode is given in Fig. 6 where we have
calculated the trajectory of the tip apex for two different
loading forces (80 and 100 pN). These forces were chosen

FIG. 4. Two sequences of constant-distance AFM images
calculated in the attractive range. The sample is the same as the
one described in Figs. 2 and 3. The forces are given in pN
(107" N) and the scanned area is (20X20) A%, (a) Z,=14 A;
(b) Z,=14.5 A.
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FIG. 5. Representation of an ensemble of isoforce curves cal-
culated in the plane Z,=15.5 A located in the attractive range.
As in previous calculations the sample consists of a set of seven
C¢o molecules and the scanned area is (20X20) A”. The force
varies from 22 to 78 pN in'steps of 2 pN.

in such a way that the tip apex does not deform the Cgy,
molecule. This can be verified in Fig. 2(a) where for
F, <100 pN, the tip apex altltude is larger than 15 A . In
this case, there is more than a 5-A distance separation be-
tween the last top Cg, carbon atom and the tip apex end
atom. This is a distance large compared to the van der
Waals radius of two carbon atoms. It is clear from our
calculation that the deflection amplitude occurring above
the spheres is very sensitive to the magnitude of the ap-
plied force F,,. For example for F,, =100 pN, the corru-
gation reaches 0.65 A which is found to be in good agree-
ment with experimental measurements. 8

V. SUMMARY

In this work we have investigated different manifesta-
tions of the interaction between a realistic probe-tip and a
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FIG. 6. Constant-force AFM scans calculated along the 0X
axis: (a) The loading force F,, =80 pN; (b) F,, =100 pN.

small array of adsorbed fullerene molecules. The long
range part of the tip-sample interaction has been de-
scribed in the framework of the coupled mode method
expressed in terms of the field susceptibility of the
covered surface. Assuming the response of the naked
substrate is known via a given field susceptibility, we have
proposed a numerical algorithm leading to a general
description of the surface when it is converged with a
great number of particles. Such a procedure avoids the
usual extensive computer time and memory allocation re-
quired by matrices of large size. As illustrated by the ap-
plications detailed in Sec. IV, the present approach ap-

* pears to be an efficient tool for modeling tip-sample cou-

pling that occurs in atomic force mlcroscopy Numerical
applications on Cg, adsorbed molecules give results in
good agreement with recent experimental data.
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