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The forces governing the contrast in submolecular resolution imaging of molecules with atomic force
microscopy (AFM) have recently become a topic of intense debate. Here, we show that the electrostatic
force is essential to understand the contrast in atomically resolved AFM images of polar molecules.
Specifically, we image strongly polarized molecules with negatively and positively charged tips. A contrast
inversion is observed above the polar groups. By taking into account the electrostatic forces between tip and
molecule, the observed contrast differences can be reproduced using a molecular mechanics model. In
addition, we analyze the height dependence of the various force components contributing to the high-
resolution AFM contrast.
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The use of frequency modulated atomic force micros-
copy (FM AFM) as a tool to study molecules has grown
tremendously over the past few years. The atomic structure
of a single (unknown) molecule can now routinely be
identified [1–3]. Even in the case of a complex mixture, the
atomic structure of different molecules can be determined
[4]. There is increasing interest in extracting quantitative
information, such as bond orders, from AFM experiments
[5–7].
Several papers have addressed the forces responsible for

the submolecular contrast observed in AFM images of
molecules [8–13]. It is now well established that the Pauli
repulsion, i.e., the increase in the kinetic energy of electrons
due to the overlap of electron clouds of the tip and
molecule, is one of the most important force components
[11]. In addition, van der Waals (vdW) interactions need to
be taken into account. Finally, for molecule terminated tips,
it is essential to account for the flexibility of the tip [5,8,14].
This flexibility is responsible for image distortions [15] and
can enhance the contrast between nonbonded atoms to such
an extent that it mimics an apparent bond [8,9,16].
Thus far, mostly pure hydrocarbons were investigated,

although recently also some images of molecules contain-
ing heteroatoms were published [1,17–20]. In the latter, the
charge distribution can be highly nonhomogeneous. For
molecules weakly bound to the substrate, the use of
chemically passivated tips is essential to avoid accidental
pickup of the molecule of interest [2,14]. When molecules
are more strongly bound, also more reactive tips can be

used [21,22]. Typically, chemical passivation is achieved
by adsorbing a single CO molecule on the tip apex. It is
known that a COmolecule adsorbed on a metal has a dipole
moment [23,24], the size and direction of which are very
sensitive to the adsorption geometry. Hence, when such a
charged tip is used to image a polar molecule, it will
experience an electrostatic force. Electrostatic forces are
known to be important in the imaging of polar substrates
[23,25–28]. This raises the question about what the
influence of electrostatic forces is in AFM imaging of
polar molecules with chemically passivated tips. Here, we
investigate how the contrast in AFM images of a molecule
with strongly polarized groups (carboxylic acid, triple
bond) depends on the charge of the tip. The structure of
the molecule bis-(para-benzoicacid) acetylene (BPBA) is
shown in Fig. 1(a). The BPBAwas deposited on a Au(111)
surface, where it forms a self-assembled layer as shown in
Fig. 1(b). We acquired high-resolution AFM images with
CO and Xe terminated tips, which provide substantially
different submolecular contrast. By comparing the exper-
imental data to molecular mechanics simulations, this
variation of the submolecular contrast is attributed to a
negative (CO) and positive (Xe) charge on the tip
[23,29,30]. In particular, we will show that the experimen-
tally observed contrast can only be reproduced in simu-
lations when electrostatic forces are taken into account
[29]. Finally, we assess the height dependence of the
different force contributions to the contrast.
BPBA molecules (synthesized according to Ref. [31])

were evaporated from a stainless-steel crucible using an e-
beam evaporator (Focus GmbH) operated at 0.5 W power
onto a clean Au(111) crystal held at 5 K located in a low-
temperature STM/AFM (Omicron GmbH). All images
were recorded with a qPlus sensor (f0 ¼ 21 922 Hz,
Ap−p ¼ 2 Å, Q ¼ 30 000). After verification that the
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surface coverage was less than a monolayer, the crystal was
allowed to heat to 300 K outside the microscope to allow
the BPBA to self-assemble into a close-packed structure.
The sample was placed back in the microscope after which
Xe or CO was dosed onto the cold sample. CO and Xe
terminated tips were prepared using standard procedures
[32–36]. To minimize the influence of the vdW back-
ground, we studied self-assembled structures of BPBA. All
AFM images were acquired at 0 V in constant-height mode.
The height at which an image was recorded was set with
respect to a STM set point (indicated in the text and figure
captions). A negative height corresponds to a decrease in
the tip-sample distance.
Figure 1(b) shows a STM overview of the self-assembled

structure on Au(111). The well-known herringbone
reconstruction of the Au(111) surface is clearly visible
underneath the patches of molecules. Hence, the BPBA
molecules interact weakly with the surface, in agreement
with observations made for other molecules on Au(111)
[37,38]. Constant-height AFM images acquired with CO
and Xe terminated tips are shown in Figs. 1(c) and 1(d). We
first discuss the contrast in the images acquired with a CO
tip. Both oxygen atoms of the carboxylic acid group are
imaged as bright dots. The carboxyl carbon atom (with
partial positive charge) is not observed at this tip-sample
distance with a CO tip, meaning it is still in the attractive
regime. The electron-rich triple bond in the center of the
molecule also appears as a bright protrusion when imaged
with a CO tip, similar to what has been observed before [3].
Now we discuss how the contrast changes when a Xe
terminated tip is used. The carbonyl carbon is imaged as
more repulsive than the neighboring oxygen atoms (i.e.,
less negative frequency shift). In addition, the signature of

the triple bond is no longer clearly resolved. Furthermore,
the sizes of various features differ with different tips.
Specifically, for these images the apparent distance
between the oxygen atoms belonging to the same molecule
is smaller with a Xe tip than with the CO tip (1.6� 0.2 Å
vs 2.8� 0.2 Å); i.e., with a Xe tip the carboxylic acid
group is imaged as a narrower forklike feature. Finally, the
benzene rings appear larger when imaged with a Xe
terminated tip (CO, 3.4� 0.1 Å vs Xe, 4.4� 0.2 Å).
To shed light on the relative importance of the various

force components, we performed extensive simulations
using a periodic molecular mechanics model (AFMulator)
[8–10,39], including the electrostatic force [29]. Briefly, the
model calculates the tip-sample force (FTS) via pairwise
Lennard-Jones (LJ) potentials. Note that these potentials
contain terms representing the vdW attraction and Pauli
repulsion. In addition, electrostatic forces acting between an
effective charge on the tip (Qtip) and electrostatic Hartree
potential of the fully relaxed sample [29], as calculated using
density-functional theory, are taken into account [40]. The
main parameters in the simulations are the lateral force
constant and the effective charge of the final atom of the tip
denoted as kx;y and Qtip, respectively. The result of the
simulations for the Xe and CO tip with kx;y ¼ 0.25 N=m
and Qtip ¼ −0.05e−=þ 0.3e− for the CO and Xe termi-
nated tips are shown in Figs. 1(e) and 1(f), respectively.
These values for kx;y and Qtip are in agreement with
previously reported values [15,29,44]. Our results are robust
with respect to small changes in Qtip and kx;y (see the
Supplemental Material [40]). All the features observed
experimentally (contrast on and size difference in the
carboxylic acid group, triple bond, size of benzene rings,
discussed above) are reproduced well in the simulations.

FIG. 1. BPBA molecules on Au(111) imaged with a CO and Xe tip. (a) Model of BPBA. (b) STM image of the self-assembled
structure of BPBA on Au(111), 0.1 V, 10 pA, scale bar: 5 nm. (c) Constant height Δf image of BPBA recorded with a CO tip. Image
recorded at −1 Å STM set point (0.1 V, 10 pA), scale bar: 5 Å. (d) Constant height Δf image of BPBA recorded with a Xe tip. Image
recorded at −2.55 Å STM set point (0.1 V, 10 pA), scale bar: 5 Å. (e) Simulated Δf image for a CO terminated tip with a
Qtip ¼ −0.05e− and kx;y ¼ 0.25 N=m. (f) Simulated Δf image for a Xe tip with a Qtip ¼ þ0.3e− and kx;y ¼ 0.25 N=m.
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To demonstrate the influence of the electrostatic force, we
first calculated two positively charged tips with different LJ
potentials: one corresponding to Xe [Fig. 2(c)] and the other
one corresponding with CO [Fig. 2(d)] and compared them to
experimental images [Figs. 2(a) and 2(b)]. The line profiles
from characteristic parts of the molecule are shown in
Fig. 2(g). Importantly, the effective positive charge on the
CO tip gives a contrast that is comparable to that of the
positively charged Xe tip. Namely, we observe a repulsive
contrast on the carbonyl carbon and attractive contrast above
the oxygen atoms and no clear signature of the triple bond.
The additional image features in Fig. 2(d) between the
molecules are due to a relatively large partial charge on the
tip combined with the small atomic radius of the oxygen atom
(1.66 Å vs 2.18 Å for O and Xe). The simulation with a
negatively charged Xe tip shows similar contrast as the
simulation with a negatively charged CO tip, with the
exception of the triple bond. These findings conclusively
demonstrate that the electrostatic force contribution is essential
to understand the contrast in AFM images of polar molecules.
The submolecular contrast is, thus, driven by a combi-

nation of the attractive van der Waals forces, the repulsive

Pauli interaction, and the electrostatic interaction that can
be both attractive and repulsive. At close distances, the
shape of the features, e.g., the apparent position of atoms,
strongly depends on the lateral relaxations of the flexible
molecule or atom (CO, Xe) attached to the metallic tip
apex. This implies that the presence of the electrostatic
interaction not only changes the relative intensity of the
observed AFM contrast over atoms or bonds, but it also
affects the position of sharp contours due to an extra lateral
relaxation of the flexible probe. Consequently, both the
intensity and the shape of the features in submolecular
AFM images acquired with functionalized tips with oppo-
site effective charge (positive Xe and negative CO termi-
nated tips) vary significantly, as shown in Fig. 2. The
possibility to use distortions in AFM contrast to extract
details about the tip charge and the spatial extent of the
electrostatic force will be published elsewhere.
Since the electrostatic force, Pauli repulsion, and vdW

attraction have a different distance dependence, it is
important to establish the importance of each force com-
ponent at different heights. To investigate the height
dependence of these contributions, we acquired 150 con-
stant-height Δf images with a Xe terminated tip and with a
spacing of 5 pm starting from −3.3 Å with respect to a
STM set point of 0.1 V and 10 pA. In addition, we
simulated AFM images over the corresponding height
range with and without the electrostatic force. Theory
and experiment are brought in register by visual identi-
fication of the height at which contrast inversion occurs.
At close tip-sample distances (−3 Å), the contrast is
determined by the Pauli repulsion [Figs. 3(a)–3(c)]. The
bright benzene rings are reproduced in calculations with
and without the electrostatic force [Figs. 3(b) and 3(c)].
However, the slight asymmetric position of the benzene
rings along the long-molecular axis, as well as the more
narrow appearance of the carboxylic acid group is only
reproduced in the calculation including the electrostatic
force [cf. Figs. 3(a)–3(c)]. At intermediate heights
(−2.5 Å), just after the onset of submolecular resolution,
Pauli repulsion over the atoms results in submolecular
contrast [Figs. 3(d)–3(f)]. From a comparison between
Figs. 3(e) and 3(f), it is clear that the electrostatic force is
essential to reproduce the experimentally observed repul-
sive contrast above the carbonyl carbon. We find that the
benzene rings appear larger in simulations with a positively
charged tip. Note that in addition to the effective charge of
the tip, also the radius of the probe atom and the lateral
stiffness of the tip affect the absolute size of the benzene
rings. At a tip-sample distance just before the submolecular
resolution (−2.1 Å), the contrast is very dependent on the
electrostatic forces [Figs. 3(g)–3(i)]. A calculation with
only vdW forces cannot reproduce the experimentally
observed contrast above the triple bond (green arrows)
and in the area between the molecules (red arrows). At even
greater tip-sample separation [−1.3 Å, Figs. 3(j)–3(l)], the

FIG. 2. Importance of tip charge in simulated Δf images of
BPBA in self-assembled structures. (a),(b) Constant-height Δf
images recorded with Xe and CO tips on a self-assembled
layer of BPBA molecules (−3 Å and −2.4 Å STM set point
0.1 V=10 pA). (c),(d) Simulations with tip charge: Qtip ¼
þ0.3e− for the Xe and CO terminated tips. (e),(f) Simulations
with tip charge Qtip ¼ −0.05e− for the Xe and CO terminated
tips. kx;y ¼ 0.25 N=m in all calculations. (g) Line profiles over
characteristic parts of the molecule (indicated in the ball-and-
stick model) from experimental data and simulations. Left panel:
Xe. Right panel: CO. Scale bars: 5 Å.
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vdW attraction above the benzene rings dominates, and the
molecule has a dumbbell shape in simulations with and
without electrostatic interactions [Figs. 3(k) and 3(l)].
However, by including electrostatic forces, the agreement
with experiment above and immediately next to the triple
bond (additional attractive interaction) is improved. We
conclude that taking into account electrostatic forces is
essential to understand the observed contrast over a wide
range of tip-sample distances, even at small distances
where the Pauli repulsion dominates. We note here that
the model currently does not incorporate the vdWattraction
between the molecule and the bulk tip. This additional
attractive contribution strongly depends on the macroscopic
tip shape, something that is very difficult to control
experimentally. However, this long-range vdW component
does not generate the submolecular AFM contrast. Because
of the relatively flat background in the close-packed self-
assembled layer, the omission of the bulk tip will in the
present case only result in a rigid offset of the calculated
frequency shift values.
In the following, we assess the magnitude of each force

contribution as calculated in the molecular mechanics
simulations. Figure S2 [40] plots the electrostatic and
vdW force-distance components calculated above charac-
teristic molecular sites for both CO and Xe tips. The
analysis reveals that the magnitude of the vdW component
(≈100 pN) is much larger than the electrostatic counterpart
(only a few pN depending on the effective charge on the
tip). The magnitude matches previously measured total tip-
sample forces on the order of 10–100 pN for CO function-
alized tips [2,45]. The sign of the electrostatic component
(attractive or repulsive) varies depending on the charge

distribution already at large distances, where the vdW
component is mostly monotonically attractive, and the
Pauli repulsion is negligible. This further supports the
notion that the electrostatic force is essential to understand
the contrast in AFM images of molecules at distances
where the Pauli repulsion is still negligible.
In conclusion, we imaged strongly polarized BPBA

molecules with negatively charged CO and positively
charged Xe passivated tips. The combination of experi-
mental high-resolution AFM imaging supported with
theoretical modeling unveiled the impact of the electrostatic
force acting between the surface and functionalized tip on
the resulting submolecular contrast. We observed large
differences in the Δf contrast, which can be understood by
taking into account the electrostatic contribution to the total
force. These differences were observed at all tip-sample
distances and contributed significantly to the submolecular
AFM contrast. Thus, the electrostatic force plays a very
important role in understanding submolecular AFM con-
trast on strongly polarized molecules.
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