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E
ver since its discovery in 1985 by Kroto
et al.,1 fullerene has always attracted a
considerable interest toward single-

molecular devices.2�5 Although the orienta-
tion of C60 adsorbed between metallic elec-
trodes plays a crucial role in its electronic
property,6,7 no straightforward approach to
resolve directly its orientation has been
established yet. High-resolution scanning
tunnelling microscopy (STM)8 imaging
opened up a field to study individual mol-
ecules adsorbed on conductive surfaces
and has significantly increased the under-
standing of their self-assemblies9 and their
reactivities.10,11 However, since STM probes
the local electronic density of states near
the Fermi level and molecular orbitals are
usually extended over the entire molecule,
atomic features within amolecule are usual-
ly obscured. Although numerous attempts
have been performed by STM to corrobo-
rate the complex molecular orbital patterns
of C60, theoretical calculations were always
required for understanding their orienta-
tions on the surface.12�15

Since the first systematic achievement of
atomic resolution in 1995,16 noncontact
atomic force microscopy (nc-AFM) became
an important tool for real-space high-reso-
lution imaging.17 The tip�sample interac-
tion force gradient is detected via the
resonance frequency shift Δf of the oscillat-
ing cantilever. The atomic resolution mainly
arises from the short-range interaction
while the long-range force does not give
specific information. In contrast to STM, the
local electronic density of states surround-
ing a molecule has a relatively weak impact
on the force field probed by nc-AFM. Ad-
vances in this technique18 have recently
demonstrated the resolution of the inner
structure within adsorbed molecules such
as pentacene and perylene-3,4,9,10-tetra-
carboxylic-3,4,9,10-dianhydride (PTCDA) via
the detection of the repulsive tip�sample

interaction with a CO-terminated tip.19�21

Since the intrinsic properties of the sample,
such as flatness, stiffness, mobility, and re-
activity, are always crucial for stable imaging
conditions, pure carbon materials such as
graphite are known as one of the most
difficult samples for nc-AFM imaging.22�25

Indeed, in these van der Waals (vdW) sur-
faces the site-dependent interaction forces
arising between tip and carbon atoms in-
duce smooth potential corrugations.24,26

Moreover, atomically resolved images on
three-dimensional carbon objects like nano-
tubes are also problematic since the flatness
is locally lost.27,28 For these reasons, C60
would be the most challenging sample for
such atomic-scale investigations. So far, nc-
AFM investigations of C60 have been essen-
tially focused on the growth properties of
self-assemblies.29�31

In this paper, the chemical structure of
C60 molecules adsorbed on Cu(111) is
resolved by nc-AFM which gives a direct
and unambiguous observation of their
orientations on the surface. Systematic
three-dimensional force spectroscopic
measurements performed above single
C60 molecules reveal that Pauli repulsive
forces are required to reach such intramo-
lecular resolutions. The detection of site-
dependent tip�sample force variations
above the buckyball structure is demon-
strated at the atomic scale.
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ABSTRACT In this work, the mechanical properties of C60 molecules adsorbed on Cu(111) are

measured by tuning-fork-based noncontact atomic force microscopy (nc-AFM) and spectroscopy at

cryogenic conditions. Site-specific tip�sample force variations are detected above the buckyball

structure. Moreover, high-resolution images obtained by nc-AFM show the chemical structure of this

molecule and describes unambiguously its orientations on the surface.
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RESULTS AND DISCUSSION

STM and nc-AFM experiments were performed with
a tuning-fork-based STM/nc-AFM microscope running
at low temperature (77 and 5 K) in an ultrahigh vacuum
chamber. All STM images were recorded at constant
current mode with the bias voltage applied to the tip,
and the nc-AFM images were acquired at constant
height or at constant current (see Supporting Informa-
tions Figures S1 and S2). The C60 molecules were
deposited from an effusion cell (650 K, 1 min) onto
the atomically cleaned Cu(111) surface kept at room
temperature resulting in a coverage of approximatively
50�60% of a monolayer.
For this coverage, C60 exhibits an island growth mode

on Cu(111) and the molecule adsorbs with several dif-
ferent orientations14 depicted schematically in Figure 1a.
Since three independent parameters, the binding site of
C60 to the surface (polar angle), the surface site and the
rotation of the C60 (azimuthal angle) modifies the charge
transfer trough the molecule,14 a large set of contrasts is
usually detected by STM12 as shown Figure 1b. Figure 1c
shows a STM topography of C60 of the secondmolecular
layer, measured at a negative tip bias voltage (�500mV).
The 3-fold symmetry pattern is typical for the lowest
unoccupied molecular orbitals with a pentagon facing
the tip,6,14 and the rotation of the observed contrast
by 30� arises from different azimuthal angles of the
molecules.

To directly resolve these C60 orientations, we con-
ducted nc-AFM measurements with a tuning fork
sensor at 5 K. Figure 1d shows the frequency shift
obtained at constant height z above the second layer
of C60, marked 2. Compared to the STM contrast, new
intramolecular patterns within C60 are resolved by nc-
AFM. The contrast of the molecule in the second layer,
where relative large positive Δf values of up to∼40 Hz
were measured, clearly indicates different molecular
orientations relative to neighboring molecules. Since
mainly the long-range vdW forces acting between the
tip and the sample above this first C60 layer (marked 1
in Figure 1d), the vdWbackground can be estimated to
be roughly �50 Hz. Therefore, the effective Δf due to
the short-range interaction forces allowing the sub-
molecular resolution above layer 2 is approximatively
90 Hz. The corresponding force gradient time-aver-
aged over one oscillation cycle with an amplitude of 50
pm is F0 ≈ �12.5 N/m and can be related to a global
stiffness probed by the tip above this layer. This large
negative force gradient indicates also that the contri-
bution of repulsive Pauli interactions yields to the
intramolecular contrast.19�21 A detailed measurement
of the contrast above a molecule is visualized in the
narrow scan image in Figure 1e. Inner structures seem
to appear on top of the molecule revealing orientation
informations. In the image the contrast is composed of
polygons with a positive frequency shift (Δf = 100 Hz)

Figure 1. (a) Scheme of different possible orientations of the C60 molecule. (b) Constant-current STM image performed at
T = 77 K on top of a C60 island grown on Cu(111) revealing different molecular orbitals (It = 200 pA, Vt =�1.9 V, no tuning fork
oscillation). Panel c shows a more detailed STM image where all molecules have the same vertical orientation but different
azimuthal angles (marked in the image) (It = 50 pA,Vt =�500mV, resonant oscillationA= 40 pm). (d) Constant-height nc-AFM
image recorded at 5 K above two layers of self-assembled C60 molecules, marked 1 and 2, showing directly the C60 atomic
structures of the layer 2, (A = 50 pm, Vt = 0 V). (e) High-resolution image of a C60 molecule recorded with nc-AFM at constant
height (A = 60 pm, Vt = 0 V).
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and edges appearing slightly darker. The contrast of a
carbon ring arises from its center, so-called hollow site,
with amore repulsive interaction force compared to its
edges. Considering that the tip is terminated by a Cu
atom with an atomic radius of 135 pm, this local
maxima of the repulsive interaction at the hollow site
is induced by the summation of the C�Cu interactions
from each atom of the carbon ring.23,32 Moreover, due
to the curvature of the molecule, the Δf of each
peripheral surrounding polygon has also a gentle
gradient depending on the actual tip�sample dis-
tance. The neighboring penta- and hexagonal rings
give thus a non-neglectable contribution in the force
field and appear as facets (Figure 1e). The sum of all
these contributions enhances the visualization of the
chemical structure and reveals the C60 orientation.
Since the achievement of such resolution requires to
probe the short-range force regime and owing to a
spherical structure, constant height measurements
within C60 remain challenging and result sometimes
in manipulation rather than intramolecular imag-
ing.33,34 Whereas C60 molecules are known to self-
assemble with a relative weak binding energy, our
measurements show that the closed packed structure
of themolecule in multilayers on the Cu(111) substrate
can stabilize the system enough to reach the repulsive
force region.
To resolve the peripheral structure in a safer way, the

actual tip�molecule distance should be kept constant.
Figure 2 shows Δf images measured while the
tip�sample distance is controlled by keeping a con-
stant tunnelling current (see Supporting Informations
Figures S1 and S2). It is true that the STM feedback
above a C60 induces a variation of the tip�sample
distance (∼50 pm) which might have an influence on
the nc-AFM images; however, we have shown that the
submolecular resolution of AFM can also be achieved

in constant height mode as well, which demonstrates
the robustness of the method. Contrary to Figure 1d,e,
the peripheral rings are clearly resolved. With regards
to the positive frequency shift (30 Hz), the imaging
conditions are gentle compare to the constant height
measurements, and the observed hexagonal patterns
again arise due the upper carbon atoms of the mole-
cule. The length of the hexagon edges is estimated to
be 1.4 Å, in good agreementwith the C�C bond length
in a C60.

35 We can also see that, although the tip probes
the short-range regime above the adsorbedmolecules,
the ones involved in themonolayer below could not be
atomically resolved. The frequency shift signal re-
corded above this area is dominated by attractive
interaction forces (ca. �50 Hz) and thus results in
long-range tip�molecule interactions.
The accurate observation of the upper structure

within the C60 molecules allows an unambiguous
understanding of their orientations within molecular
islands. A possible lateral arrangement between the
molecules, illustrated in the model Figure 2b, can be
deduced directly from the experimental data Figure 2a.
The Δfmap (Figure 2c) presents similar atomic resolu-
tion on several self-assembled molecules at a larger
scale, and enables also the identification of two differ-
ent orientations when adsorbed on top of C60 islands
(marked as 1 and 2 on the figure). The observation of
these orientations gives also detailed insights about
themolecular interaction with the underlayer since C60
has a high degree of symmetry. As illustrated in
Figure 2d, molecules in orientation 1 are adsorbed on
a benzene ring, and molecules in orientation 2 are
absorbed on an edge between adjacent polygons.
According to this model, interactions between adja-
cent molecules among a monolayer arise through
edges for the molecule with the relative orientation
1, and through edges and pentagons for the molecule
with the relative orientation 2 (Figure 2d).
To further understand the observed contrasts, we

carried out systematic three-dimensional spectro-
scopic measurements at 77 K on different single
molecules being adsorbed on top of self-assembled
islands. Figure 3 illustrates the evolution of Fz(x,y) and
It(x,y) at different tip/molecule heights (Figure 3 panels
a and b, respectively) as well as vertical cross sections
Fz(x,z) and It(x,z) (Figure 3c,d, taken along AA0 axis in
Figure 3b). For tip�sample distances smaller than 300
pm, the detected contrast in the force field above the
molecule, which appears as a homogeneous dark pro-
trusion, is induced by attractive forces of ca. �70 pN
(z = 250 pm, Figure 3a and region II Figure 3c). In the
corresponding Itmap and cross-section, small currents
of 10�20 pA are simultaneously recorded. With de-
creasing tip�sample distance, the It intensity becomes
larger up to an absolute value of 150�160 pA (z= 0pm,
Figure 3b). The spatial electronic density of states
remains without drastic modifications during the tip

Figure 2. (a) Constant-current nc-AFM image revealing the
upper atoms of three C60 adsorbed on top of a molecular
island (It = 58 pA, Vt = þ6 mV, oscillation amplitude A = 60
pm). (b) A proposed model of their self-assembly. (c) Con-
stant-current nc-AFM image on a larger area. Two distinct
adsorption configurations marked as 1 and 2 can be seen.
(d) Model of the adsorption configurations.
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approach and is in good agreement with previous
numerical calculations done at the Fermi level.13 For
tip�sample distances smaller than z = 100 pm (region
III, Figure 3c), the observed contrast in the Fz map
shows first a local decrease at the center of the dark
protrusion which even became positive for smaller
tip�sample distances (z = 20 pm, Figure 3a). At the
closest distance probed during this measurement, the
total vertical force is mainly positive above the mole-
cule. The Fz sectional map Figure 3a presents a diag-
onal bright region at the center of the molecule and
contrasts drastically from the one observed in the
simultaneous It map. In this regime, the tip is mainly
influenced by Pauli repulsive forces coming from the
upper carbon atoms of the molecule.19 The observed
contrast is thus induced by a C�C bond on top of
the molecule similar to orientation 2 described in
Figure 2d. Systematic spectroscopic measurements
on different molecular sites have been done revealing
also the orientation with a top pentagon which corre-
sponds to configuration 1 (see Supporting Informa-
tions Figure S3) but we cannot exclude the possibility
to find also other orientations.
The analysis of individual force and tunnelling cur-

rent spectroscopic curves is shown in Figure 3e,f. We
focused our interest on specific sites (see inset of
Figure 3e) corresponding to carbon sites (marked
a�e) and the center of a carbon ring (f). For z distances
of the region I and II, the curves are nearly indistin-
guishable as expected for long-range attractive forces.
When the tip�sample distance is smaller than 100 pm
within the molecule, we observe strong differences

induced by the repulsive force regime. The total inter-
action force obtained on the upper carbon atoms of
the C60 (a and b) attains a maximal value of 550�570 pN.
Since the tip�sample distance is larger by a few
picometers on similar carbon sites c, d, and e due to
the molecular structure, this value is found to be
lowered to 460�500 pN. The last curve was obtained
at the center of the carbon ring (site f of Figure 3c)
and as expected exhibits the smallest repulsive force
(390 pN). In contrast, the It curves simultaneously
recorded on the same typical sites (Figure 3f) show
different behaviors. The site f at the center of the
carbon ring has now the highest value of tunnelling
current (�130 pA), whereas the different C sites appear
with less intensity. According to the small tip�sample
voltage used (Vtip = �5 mV), the tunnelling current
might not reflect directly atomic features but only the
local density of states at the Fermi level.
The slopes of the F(z) curves in the repulsive force

regime (Figure 3e) correspond to the local force
gradient, which can be interpreted as local elastic
properties appearing between the structure of the
C60 molecule and a Cu-terminated tip. Above carbon
atoms (black dots a and b and blue dots c�e), this
vertical force gradient is found to be ca.�9 N/m and
ca. �7 N/m, respectively, whereas above the center
of the carbon ring (red dot f) this value is lowered to
ca. �4 N/m. Therefore it reveals that different site-
dependent stiffnesses exist between the molecular
structure and the tip. Since the dissipation signal was
extremely small (e10 meV/cycle), we conclude that
the deformations are purely elastic and that plastic

Figure 3. (a, b) Sectional maps of the extracted total force Fz(x,y) and It(x,y) measured at different tip�sample distances. (c,d)
Vertical cross sections of the Fz(x,z) and It(x,z) along the AA0 axis shown in panel b. (e, f) Analysis of individual Fz(z) and It(z)
curves above specific sites described in the insets (Vt = �5 mV, A = 35 pm).
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deformations can be neglected. Indeed, the linear
behavior of the F(z) curves observed in the repulsive
force regime confirms these elastic deformations
and also shows the requirement of a stable
tip�molecule junction. Since a softer tip compared
to the molecule would not give intramolecular re-
solutions as shown in Figure 3a, we believe that the
observed site-dependent force variations are related
to local stiffness variations of the C60 structure.
The tip�sample interaction potential U were then

calculated by integrating Fz along the z direction.
Thereafter, we extracted the lateral force Fx by differ-
entiation ofU along the x direction. Themaximum Fx in
the repulsive regime is ca. 10�15 pN, whereas in the
attractive regime this value is almost zero (e �2 pN).
The corresponding lateral force gradient is thus ca.

�0.1�0.2 N/m. Considering that in our measurement
the tip trajectory is always vertical and the detected
lateral forces extremely small,36we can conclude that the
C60molecule is not rotated. The controlledmanipulation
of this molecule would be more efficient by laterally

pushing the side of the cage structure rather than
pressing at the top.33,34,37

CONCLUSION

In summary, these results demonstrate a systematic
observation of the C60 orientations on Cu(111) by achiev-
ing intramolecular resolution by nc-AFM. Three-dimen-
sional force field spectroscopy shows that no C60
manipulation is induced duringmeasurements and char-
acterizes the tip�sample interaction forces, coming from
Pauli repulsive forces, required to reach such resolutions.
Moreover, atomic-scale tip�sample stiffnesses are de-
tected above the cage structurewhich are related to local
stiffness variations of the C60 structure.We anticipate that
such parallel studies of the atomic structure and the local
electronicdensityof statesofmoleculeswill yielddetailed
insights about intermolecular interactions in self-as-
sembled systems and functional groups involved in
chemical reaction on surfaces, andwill also give systema-
tic informations about the intrinsic elastic properties of
single molecules at the atomic scale.

EXPERIMENTAL SECTION
Sample Preparation. The Cu(111) substrate was prepared into

the vacuum chamber with a base pressure lower than 5� 10�10

mbar by repeated Arþ sputtering and subsequent annealing
cycles (870 K). The C60 molecules were then thermally evapo-
rated from a quartz glass crucible heated up to 620 K onto the
substrate being kept at room temperature. The deposition rate
was determined with a quartz microbalance and from large-
scale STM images at ∼0.5 ML/min in these conditions.

STM/nc-AFM Experiments. STM and nc-AFM experiments were
performed with a commercial qPlus STM/AFM microscope
(Omicron Nanotechnology GmbH) running at low temperature
(77 and 5 K) under ultrahigh vacuum lower than 1� 10�10mbar
and operated by a Nanonis Control Systems from SPECS GmbH.
We used a commercial tuning-fork sensor (resonance frequency
f0≈ 26 kHz, spring constant k0≈ 1800N/m, typical quality factor
Q = 11 000 at 77 K, Q = 20000�60000 at 5 K). All STM images
were recorded at constant current mode with the bias voltage
applied to the tip. The nc-AFM images were performed at
constant height or at constant current (see Supporting Informa-
tion Figure S1 and Figure S2). During nc-AFM experiments, low
bias voltage was always applied in order to minimize the
tunnelling current flow and prevent a possible disturbance of
the modulation of electrostatic forces at the tip apex in the Δf
signal. Oscillation amplitudes of the tuning fork were always set
below 100 pm. Since the tip was indented several times to the
substrate before measurements to improve its quality, we
assume that the apex was functionalized with copper adatoms.

Three-Dimensional Spectroscopic Measurements. During spectro-
scopic measurements, the frequency shift Δf(z) and the tunnel-
ling current It(z) versus distance z curves were recorded
simultaneously above single molecules at 77 K in order to
construct a box of 1.2 nm�1.2 nm� 0.5 nm length containing
61 � 60 � 128 data points. During measurement, the thermal
drift was compensated by using atom-tracked positioning38

before each z distancemeasurement. Additionally, aΔf(z) curve
was taken (typical sweep distance ca. 5�10 nm) after the
complete measurement. Thereafter, the total vertical force Fz
was extracted from the collected data utilizing the Sader and
Jarvis formula.39
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