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By means of noncontact atomic force microscopy it is possible to atomically
resolve individual organic molecules. For this purpose, being able to control the
atomic structure of the tip apex is crucial. With a CO-terminated tip, the complete
chemical structure of a pentacene molecule could be resolved, showing the ﬁve
fused hexagonal carbon rings and even the C-H bonds [1].

T

he ability to resolve the atomic structure of
single molecules can enable or facilitate studies of various basic chemical and physical
processes such as chemical reactions, charge
transfer, conformational changes, and molecular
adsorption on the level of individual molecules. Application in the ﬁelds of surface catalysis, organic
photovoltaics, and future molecular electronic devices
will beneﬁt from such investigations.
Scanning probe methods are ideally suited for investigations of individual adsorbates, in contrast to

diﬀraction methods which only yield information for
ensembles of atoms or molecules. e scanning probe
methods that achieve the highest spatial resolution are
scanning tunneling microscopy (STM) and its oﬀspring,
atomic force microscopy (AFM). Both methods have
been successfully employed in the past to image numerous surfaces with atomic resolution, but the atomic
structure of an individual molecule has not been resolved until now. To understand the particular diﬃculties
in the imaging of molecules, it is important to review
the working principles of STM and AFM.

䉱 Model of a
CO functionalized tip above
a pentacene
molecule.
The measured
AFM data
(frequency
shift obtained
in constant
height mode) is
shown as color
coded map.
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STM vs. AFM
In STM, an electrostatic potential U is applied between
the tip and the sample and the resulting tunneling current It is measured. As a consequence, STM is sensitive
to electrons with energies lying between the Fermi
energy EF and EF + U. STM can be used to image molecular frontier orbitals, as has been demonstrated by
Repp et al. [2], who recorded fascinating images of the
highest occupied molecular orbital
(HOMO) and the lowest unoccuThe atomic termination pied molecular orbital (LUMO) of a
molecule. is informaof the tip is crucial for pentacene
tion is of great importance, as it
the contrast observed reﬂects the electronic properties of
above the molecule. the molecule. However, the atomic
positions that would be revealed by
imaging the inner electrons (with
energy levels much lower than the Fermi level) are
hardly accessible by STM.
Noncontact AFM (NC-AFM) relies on a completely different imaging mechanism. Here the probe is attached
to a mechanical resonator, which is oscillated at its resonant frequency. e imaging signal is given by the
frequency shi Δf of the resonance that arises due to
forces acting between the tip and the sample. e
energy selection of electrons contributing to STM
images does not apply to AFM. However, there are several reasons that render AFM investigations on single

䉴 FIG. 1:
STM and AFM
imaging of
pentacene
on Cu(111).
(a) Ball-andstick model of
the pentacene
molecule.
(b) Constantcurrent STM
measurement
(CO-terminated
tip, It = 110 pA,
V = 170 mV).
(c) Constantheight AFM
measurement
(CO terminated
tip, tip height z
= –0.1 Å with
respect to the
STM set point
above Cu(111),
oscillation
amplitude
A = 0.2 Å).
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molecules very challenging. One problem is the strong
inﬂuence of the exact atomic composition and geometry of the tip. In addition, the attraction between the tip
and the molecule can lead to unstable imaging conditions, due to displacement or pick-up of the molecule
by the tip. Both problems can be solved by functionalizing the tip apex with diﬀerent atoms and molecules, as
will be shown below.
To achieve atomic resolution with AFM, it is necessary
to operate in the short-range regime of forces, where
chemical interactions give signiﬁcant contributions. In
this force regime, a cantilever of high stiﬀness is desirable, to enable operation at small oscillation amplitudes
(on the order of 1 Å), as pointed out by Giessibl [3]. In
our study, we used a homebuilt combined STM/AFM
based on a qPlus sensor design [4] operated in an
ultrahigh vacuum at a temperature of 5 K. e high
stiﬀness of the tuning fork [5] sensor allows stable operation at oscillation amplitudes down to 0.2 Å. A metal
tip was mounted on the free prong of the tuning fork,
with a separate tip wire attached to measure the tunneling current.

Pentacene imaging
e object of our study is pentacene (C22H14, see Fig.
1a), a linear polycyclic hydrocarbon consisting of ﬁve
fused benzene rings.We imaged pentacene molecules in
STM (Fig. 1b) and AFM mode (Fig. 1c) on Cu(111)
aer a CO molecule had been picked up deliberately
with the tip. e CO tip termination led to a striking
enhancement of the lateral resolution in the AFM
mode. e CO molecule is known to be adsorbed with
the carbon atom toward the metal tip and is known to
aﬀect STM imaging as well [6]. Several faint maxima
and minima are visible in the STM image because of the
interaction of the CO with the pentacene orbitals. In the
AFM image (Fig. 1c) the ﬁve hexagonal phenyl rings of
each pentacene molecule are clearly resolved. We
observe local maxima of Δf above the edges of the hexagons, near the carbon atom positions, and minima
above the centers of the carbon rings (hollow sites).
ese observations are in concordance with recent
AFM measurements on single-walled carbon nanotubes [7]. We also observe the carbon-carbon bonds in
the AFM images and even the carbon-hydrogen bonds,
indicating the positions of the hydrogen atoms within
the pentacene molecule.
In terms of future applications in molecular electronics, insulating substrates will be very important. To
prove that this imaging mechanism can indeed be
used on insulators, we carried out additional investigations on an insulating NaCl film of a thickness of
two monolayers (ML) on a Cu(111) substrate (Fig. 2).
Moreover, measurements with different atomic tip terminations were performed to study their respective

TexTbook image of a moleCule feaTureS

effect on the AFM contrast. Using specific protocols to
pick up different known adsorbates with the tip apex,
we created tips terminated with Ag, CO, Cl, and pentacene, and imaged pentacene molecules with these
tips as shown in Fig. 2. For each tip, the tip height z was
minimized to the closest distance that would still allow
stable imaging. Comparing the different tips, we see
that the atomic termination is crucial for the contrast
observed above the molecule. It should be noted that
with metal-terminated tips (Ag, Au, or Cu), we never
observed any atomic contrast, probably because the
molecule was always picked up by the tip from the surface before the regime of short-range chemical forces
was reached. The highest lateral resolution was observed with CO-modified tips, and in the following we
concentrate on this specific tip termination.

䉱 FIG. 2: Constant-height AFM images of pentacene/NaCl(2ML)/Cu(111) using different tip modifications. (a) Ag tip, z = –0.7 Å, A = 0.6 Å; (b) CO tip, z = +1.3 Å, A = 0.7 Å;
(c) Cl tip, z = –1.0 Å, A = 0.7 Å, and (d) pentacene tip, z = +0.6 Å, A = 0.5 Å. The z-values are given with respect to the STM set point (It = 2 pA, V = 200 mV) above the
NaCl(2 ML)/Cu(111) substrate.

Decomposition of forces
Our AFM measurements yield more than an image of
the molecular structure – the actual intermolecular
forces can be extracted. AFM can directly quantify
forces and energies in processes on the atomic scale. For
example, recently the force needed to laterally move a
single adatom and the corresponding diﬀusion barriers
have been determined [8], and even the magnetic
exchange force was measured with atomic resolution
[9]. To extract the force, one needs to integrate Δf over z,
because the measurement value Δf is basically proportional to the derivative of the force, with some
corrections for the ﬁnite value of the oscillation amplitude [10]. erefore in the experiment, Δf has to be
recorded as a function of the distance, starting far away
(several Å) from the surface. We recorded this data in a
3D ﬁeld above a pentacene molecule. Figure 3 shows Δf
and the extracted forces for diﬀerent tip-sample distances. We observe a featureless molecular image for
large distances (z > 2.8 Å). With decreasing tip height
the contrast increases until we ﬁnally observe features
on the atomic scale.
Before we try to explain the contrast formation, we
want to separate the force contributions between the
sample and the CO molecule on the one hand, and
between the sample and the rest of the tip on the other.
This separation was done experimentally, as shown in
Fig. 4. We first measured the force acting on a purely
metallic tip (Fig. 4a), then picked up a CO molecule
with this tip and measured the force again under
otherwise identical conditions (Fig. 4b). The difference
of the forces for identical tip positions yielded the estimated contribution from the CO molecule only (Fig.
4c). Interestingly, we observe that the CO contribution to the force predominates in the relevant regime,
whereas the metallic part of the tip contributes only
about 30% to the attractive forces and yields no corrugation on the atomic scale.

䉲 FIG. 3: Maps of measured frequency shift Δf (a) and extracted vertical force Fz (b) at
different tip heights z. The data shown is part of a complete 3D force field that has
been measured in a box of 25 Å by 12.5 Å by 13 Å above a pentacene molecule. The zvalues are given with respect to the STM set point (It = 2 pA, V = 200 mV) above the
NaCl(2 ML)/Cu(111) substrate.

Contrast formation
A comparison of the extracted forces between the CO
molecule and the pentacene molecule with density
functional theory (DFT) calculations yielded a good
qualitative and even quantitative agreement [1]. In the
calculations we can distinguish forces of three diﬀerent
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physical origins: electrostatic forces, van der Waals
(vdW) forces, and Pauli repulsive forces. We found that
the vdW and electrostatic forces yield a diﬀuse attractive potential above the entire molecule but show little
lateral corrugation on the atomic scale. ese contributions give rise to the dark halo surrounding the
molecules in the Δf maps. e origin of the atomic
contrast is the Pauli repulsion force which becomes
signiﬁcant only when regions of high electron density
overlap. ese regions are concentrated at the bonds
and near the atomic positions and we probe them for
suﬃciently small tip-sample distances. e AFM image
is closely related to the overall electron density, complementary to the STM image, in which the electron
orbitals near the Fermi energy are reproduced. Modifying the tip with suitable atomic/molecular
terminations was required to operate noncontact AFM
in the regime of Pauli repulsion while maintaining stable imaging conditions.

outlook
In this work, we successfully employed NC-AFM to
image the chemical structure of a molecule revealing
the intramolecular bonds and even the hydrogen positions. Going a step further, it may also be possible to
extract details about intermolecular bonds, e.g. bond
order and length and eventually to probe the reactivity
of diﬀerent molecular sites with respect to the known
molecule or atom at the tip apex. Moreover, chemical
sensitivity – which was recently demonstrated on
semiconductor surfaces [11] – is a goal for future
investigations on individual molecules. Furthermore,
we aim to combine NC-AFM with electrostatic force
microscopy at the atomic level [12] to investigate singleelectron transport and charge distributions in
metal-molecule systems. ■
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