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Abstract

The underlying mechanisms of image distor-
tions in atomic force microscopy (AFM) with
CO-terminated tips are identified and studied
in detail. AFM measurements of a partially flu-
orinated hydrocarbon molecule recorded with
a CO-terminated tip are compared with state-
of-the-art ab initio calculations. The hydro-
genated and fluorinated carbon rings in the
molecule appear different in size, which pri-
marily originates from the different extents of
their π-electrons. Further, tilting of the CO at
the tip, induced by van der Waals forces, en-
larges the apparent size of parts of the molecule
by up to 50 %. Moreover, the CO tilting in
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response to local Pauli repulsion causes a sig-
nificant sharpening of the molecule bonds in
AFM imaging.
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Atomic resolution of molecules has recently

been achieved with noncontact atomic force mi-
croscopy (AFM) using CO-terminated tips.1–10

Images obtained with CO-terminated tips
appear distorted,1–4 which can be exploited
to distinguish the bond order of individual
carbon-carbon bonds in polycyclic aromatic
hydrocarbons and fullerenes.6 Here, we study
this distortion resulting in an enlarged and
sharpened appearance of the imaged molecules
in more detail and identify the underlying
mechanisms. For this, we imaged 4- (4-
(2,3,4,5,6- pentafluorophenylethynyl)- 2,3,5,6-
tetrafluorophenylethynyl) phenylethynylben-
zene (FFPB)11,12 [see Fig. 1(a)] atomically re-
solved with noncontact AFM as shown in Fig.
1(b). In FFPB, four carbon rings are con-
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Figure 1: (a) The chemical structure of the
FFPB molecule. Green crosses indicate the
lateral positions ybond which are compared to
quantify the distortions, and blue arrows indi-
cate the lateral positions of the linescans. (b)
Measured constant-height frequency shift ∆f
image. The lateral forces extracted from a
three dimensional force map: (c) Fx in the x-
direction and (d) Fy in the y-direction. Mea-
surements (b)−(d) correspond to a tip height
of z = 3.55 Å.

nected by ethynylene units with triple bonds,
with two rings being H-terminated and two
rings F-terminated. In the following the rings
are denoted as H-rings and F-rings, respec-
tively. The FFPB molecules were deposited
on a two-monolayer thick (100) NaCl film on
Cu(111) [NaCl(2ML)/Cu(111)].

The adsorption geometry of the FFPB
molecule on a bilayer NaCl film on Cu(100)
was calculated with density functional theory
(DFT).13 The Cu(100) surface was used for
the calculations because NaCl is commensurate

for this surface orientation, leading to small
super cells. A code with numerical atomic
orbitals as basis functions14 and the Perdew-
Burke-Ernzerhof exchange-correlation func-
tional (PBE)15 was applied. A van der Waals
method16 combined with the Lifshitz-Zaremba-
Kohn theory for the nonlocal Coulomb screen-
ing within the bulk for the Cu substrate17 and
calculated coefficients for atoms in the solid18

for the NaCl film were used.
We found that in the calculations the FFPB

molecule adsorbs with its long axis along a row
of Na atoms in the [011] direction and that the
four carbon rings have four different adsorption
heights. For the orientation shown in Fig. 1(a),
the vertical positions z of the C atoms of the
planar rings are, from left to right: 0.00 Å,
−0.06 Å, 0.01 Å, and 0.09 Å. The left H-ring
is our reference and defines zero for the verti-
cal position z. The outer F-ring relaxes 0.09 Å
further away from the substrate than the outer
H-ring.

The AFM measurements were performed with
a combined STM/AFM using a qPlus sen-
sor19 operated in frequency-modulation mode20

under ultrahigh vacuum and low temperature
of 5 K. As substrate, we used two-monolayer
thick (100)-oriented NaCl islands grown on Cu.
FFPB molecules were thermally evaporated on
the sample at 10 K and low coverages of CO
molecules were co-adsorbed to terminate the tip
with CO.21 The AFM image of a single FFPB
molecule is shown in Fig. 1(b) displaying the
frequency shift ∆f of the sensor’s resonance
with respect to its resonance frequency f0 far
away from the surface. Fig. 1(b) shows the
frequency shift measured at constant height,
parallel to the NaCl surface. Fig. 1(c)-(d)
show the lateral forces extracted from a three-
dimensional force map, obtained using ∆f(z)
spectroscopy on a grid.22

To determine the orientation of the molecule
we employed Kelvin probe force microscopy
(KPFM). Here we used a Cu terminated tip,
obtained by controlled contact of the tip with
the Cu(111) surface. We recorded a map of
the local contact potential difference (LCPD) of
the FFPB molecule on NaCl(2ML)/Cu(111) us-
ing ∆f(V ) spectroscopy at constant height,12,23
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Figure 2: (a) The LCPD measured by KPFM
using a Cu tip. (b) The z-component of the
electric field E of the FFPB molecule at z =
5.07 Å.

shown in Fig. 2(a). The LCPD contrast can
be qualitatively compared to the z component
of the electrostatic field E,23,24 which we cal-
culated for the free FFPB molecule, shown in
Fig. 2(b). The qualitatively different contrast
obtained on the H- and F- terminated rings and
the good qualitative agreement with the calcu-
lations provide us with the molecular orienta-
tion. Making use of this information obtained
by KPFM we assigned the H-rings (left) and F-
rings (right) in Fig. 1 and Fig. 2 as displayed in
the model in Fig. 1(a). In Fig. 1(b) the H-rings
appear with a larger diameter than the F-rings
of the FFPB molecule. The halo, i.e., the re-
gion of minimal frequency shift surrounding the
molecule, is less pronounced around the H-rings
than around the F-rings.

We also determined the adsorption height and
geometry of the FFPB molecule on the sub-
strate using AFM.9 We subtracted the back-
ground forces corresponding to the underlying
substrate and used z∗, that is, the tip height
at minimal frequency, as measure for the ad-
sorption height. The FFPB molecule adsorbs
along a row of Na surface atoms, in agree-
ment with the calculations. We use the cal-

culations (as described later) to calibrate the
tip height and set the tip height with minimal
frequency z∗ at the center of the outer H-ring
to z∗ = 3.93 Å. Note that we subtracted the
background forces corresponding to the under-
lying substrate for the experimental determi-
nation of z∗.9 For the center of the outer F-
ring, we measured z∗ = 4.03 Å. In conclusion
the AFM measurements yield that the outer F-
ring relaxes outwards by 0.10 Å compared to
the outer H-ring, which matches the calculated
height difference of 0.09 Å very well. These
results indicate that the adsorption geometry
of the FFPB molecule on the substrate is very
well described by the calculations with respect
to the experiment. Differences in the adsorp-
tion height can lead to different apparent bond
length and thus different apparent ring sizes as
recently shown.4 The similar adsorption heights
of the different rings, which we found by exper-
iment and theory, indicate that for the FFPB
molecule this effect will be small and other rea-
sons must be responsible for the smaller appear-
ance of F-rings compared to H-rings.

Next, we computationally investigated the
mechanisms for the distortion of the AFM im-
ages obtained with CO-functionalized tips. To
calculate the frequency shift spectra, we re-
moved the underlying substrate but kept the
atomic positions of the FFPB molecule fixed.
Otherwise, the computational time would be
prohibitively long. We calculated the total en-
ergy of the FFPB molecule interacting with
a vertical Cu-dimer tip functionalized with a
CO.6 We used the Cu-dimer as the metallic part
of the tip in our calculations, because its spring
constant of 0.49 N/m seems to be similar to that
of the experiment,25 it shows spherical symme-
try, and the small number of atoms reduces the
computational costs. To obtain the frequency
shift we took the second derivative with respect
to the z-direction. We found that the tip height
with minimal frequency z∗ is 3.93 Å for the cen-
ter of the outer H-ring (used for the calibra-
tion of the tip height z∗ in the experiment) and
4.05 Å for the center of the outer F-ring.

First, to quantify the larger appearance of the
rings in the AFM images, we looked at the lat-
eral position ybond of the molecular bond indi-

3



Table 1: The lateral position of the molecular
bond ybond between the two outer C atoms of
the H- and F-ring indicated by the green crosses
in Fig. 1(a): from the geometry, from the elec-
tron density, from the computed ∆f image with
a fixed CO at the tip, from the computed ∆f
image with a relaxed CO at the tip and from
∆f image from experiment, respectively. For
comparison the relative difference with respect
to the value from the geometry is given in %.

H-ring F-ring
ybond (Å) % ybond (Å) %

geometry 1.21 1.21
density 1.45 20 1.05 -13
fixed 1.37 13 1.13 -6
relaxed 1.58 30 1.40 16
experiment 1.84 52 1.11 -8

cated by the green crosses in Fig. 1(a) with re-
spect to the long molecular axis, which defines
y = 0. Using the atomic positions of the calcu-
lated geometry of the FFPB molecule, we find
that the outer H-ring and the outer F-ring have
almost identical sizes in the y-direction as seen
in Table 1. The difference in size is less than
0.4 %.

Because the atomic contrast is a consequence
of Pauli repulsion,2 which is related to the
charge density,26 we examined the charge den-
sity of the FFPB molecule. Again we re-
moved the substate and kept the position of
the molecule fixed. The charge density at con-
stant height z = 3.61 Å is shown in Fig. 3(a).
The charge density above the H-rings is approx-
imately a factor of two larger than that above
the F-rings. The different saturations of the
rings with either H or F atoms also lead to dras-
tic differences in the apparent sizes of the rings
in the charge density. This can be attributed
to the larger electronegativity of the F atoms,
which seems to influence the π-electrons of the
FFPB molecule.12 The lateral position ybond is
given in Table 1 when taking the maximum of
the charge density as a measure for the bond
location. The lateral position ybond for the H-
ring is significantly larger and the lateral posi-
tion ybond for the F-ring is significantly smaller
with respect to the positions determined from
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Figure 3: (a) The calculated charge density at
a vertical position z = 3.61 Å and model of the
FFPB molecule. (b) The calculated frequency
shift ∆f image at a tip height of z = 3.65 Å
with a fixed CO at a Cu-dimer tip and (c)
with CO relaxed at the tip. (d) The calculated
force Fx in the x-direction and (e) Fy in the y-
direction. The lateral forces always tilt the CO
towards the center of the nearest ring of the
FFPB molecule.

the geometry.
AFM images are calculated using a Cu-dimer

tip functionalized with a CO. First we consid-
ered a fixed CO at the tip. All four tip atoms
are confined along a line perpendicular to the
sample surface. The distances of the atoms
were relaxed for the isolated tip. The frequency
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shift image is shown in Fig. 3(b). As in the ex-
periment the halo around the F-rings is larger
and more pronounced compared to the H-rings.
The image resembles the charge density very
closely, except for the fact that the outer H-
and F-rings exhibit a larger positive frequency
shift than to the two inner rings. In Table 1 the
lateral position ybond is given when taking the
maximum of the frequency shift with this fixed
tip as a measure. This value is relatively close
to the corresponding value from the charge den-
sity for both the H-ring and the F-ring.

Next, the influence of the relaxation of the
CO is examined. We calculated the frequency
shift keeping the Cu-dimer tip fixed while relax-
ing the CO until the forces were smaller than
0.8 pN. The frequency shift image in Fig. 3(c)
including relaxations of the CO shows some dis-
tinct differences to the image in Fig. 3(b) us-
ing a fixed CO. The halo around the F-rings
is even more pronounced compared than that
around the H-rings. Furthermore, all rings ap-
pear larger (Table 1). Tilting of the CO en-
larges the apparent sizes of the H- and F-rings
when comparing with the results with a fixed
tip.

To understand the origin of the differences
between experiment and computations, we de-
termined the lateral forces experimentally and
computationally. Experimentally, the lateral
forces were obtained by integrating the fre-
quency shift twice over the tip height to z =
7.55 Å and taking the lateral derivative in x-
and y-directions.27 However, as the tilt of the
CO depends on the tip height, the lateral po-
sition of the probing O atom changes with the
tip height. This will lead to an error in the in-
tegration.3 The experimental lateral forces are
shown in Fig. 1(c) and (d). The largest lateral
forces arise above and in the vicinity (about 2
Å) of the molecule, corresponding to the extent
of the halo around the molecule. The forces
always point towards the center of the nearest
ring. In Fig. 3(d) and (e) the computed lat-
eral forces are shown, which were determined
from the derivative in the corresponding lat-
eral directions of the total energy of the FFPB
molecule and tip system. The computed lateral
forces are qualitatively very similar to the ex-

perimental ones. In the experiment, the lateral
force Fy is similar in size above both types of
rings, whereas in the computations it is larger
above the F-rings than above the H-rings. The
reason for the larger lateral force above the F-
rings is not clear. The screening of the sub-
strate which is neglected in our calculations
might reduce the van der Waals contributions.
Finally, electrostatic interactions might be an-
other source of the remaining discrepancy be-
tween experiment and theory. Electrostatic in-
teractions and their effect on the tilting are in-
cluded in our theory, however, with some errors.
The dipole moment of CO tips is not completely
accurate in DFT and under debate experimen-
tally.28,29 Moreover, also higher order electro-
static multipole moments of the tip have to be
taken into account.24 The measured LCPD con-
trast and the calculated electrostatic field above
the molecule (Fig. 2) are essentially inverted for
H- with respect to F-rings. Therefore, electro-
static forces will act differently on H- and F-
rings and could lead to different image distor-
tions for both type of rings.

In the computations, we can examine the ori-
gin of the lateral forces in more detail. From
the lateral displacement ∆y of the O atom of
the CO and the lateral force Fy, we can calcu-
late an effective spring constant. This is 30 to
60 % larger than the inherent spring constant of
0.49 N/m for the tip calculated without a sam-
ple molecule.6 The vertical force from the sam-
ple molecule acting on the CO leads to a addi-
tional restoring force. If we take a maximal ver-
tical force of 80 pN and a lever arm of 3.02 Å,25

this vertical force alone results an increase of
the lateral spring constant of the CO molecule
of 0.26 N/m.3 Therefore, this additional stiff-
ness to the inherent, position-independent stiff-
ness of the CO cannot be neglected. Further-
more, a different substrate material can change
the vertical van der Waals forces or a bias be-
tween tip and sample can lead to additional
electrostatic vertical forces and therefore to a
change of the stiffness of the CO tip and of the
image distortions.

For large tip heights (z > 4 Å) the lateral
forces show almost no atomic contrast and no
contribution of the Pauli repulsion. For all lat-
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eral positions, the lateral forces tilt the CO
towards the center of the nearest ring in the
FFPB molecule. The tilt leads to a larger ap-
pearance of molecules and rings. For smaller
tip heights, the tilt of the CO leads not only
to the larger appearance of molecules in AFM
images but also to a sharper appearance of the
bonds, which we will discuss next. This lateral
sharpening of the bonds is commonly observed
in AFM measurements with CO terminated tips
on molecules.1–10 At small tip heights, approx-
imately when the maximal short range force
is reached, the intramolecular bonds appear
as sharp lines with a full width of half maxi-
mum (FWHM) much smaller than the charge
density.6,30 In Fig. 4, frequency shift linescans
above the outer H- and F-ring are shown for
different scan heights for the experiment and
computations. Note that van der Waals and
electrostatic interactions between tip and sub-
strate lead to a height dependent background in
the experimental frequency shift curves in Fig.
4(a) and (b). In the computations [Fig. 4(c)
and (d)], the sharpening of the bonds can be
seen very clearly. With decreasing tip height
the FWHM of the peaks becomes smaller. The
line shapes deviate more and more from the
frequency shifts with a fixed CO (grey dashed
lines). Directly above the bonds the Pauli re-
pulsion has its maximum. Above the bond it
is energetically more favorable for the CO to
tilt away from the bond. As a result the images
are locally compressed in these regions and thus
the FWHM decreases. This apparent sharpen-
ing of bonds is a result of the Pauli repulsion
in interplay with the van der Waals interaction.
Also the elongated shape of the triple bonds
in ethynylene units perpendicular to the direc-
tion of the bond in AFM images [Fig. 3(c)] is
a result of this intricate interplay. This charac-
teristic distortion of triple bonds has also been
experimentally observed in a recent study us-
ing CO-terminated tips8 and is also apparent
in the case of FFPB [Fig. 1(b)]. It is important
to note that the sharpening is not a dynamic ef-
fect and does not originate from the oscillating
or scanning motion of the tip. The sharpening
can be fully reproduced by the static calcula-
tions and is a result of the different tilt angles
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Figure 4: Measured frequency shift ∆f lines-
cans through (a) the H-ring and (b) the F-ring
as indicated by the arrows in Fig. 1(a) and as
a function of the lateral position y. The height
spacing between the lines is 0.1 Å. The calcu-
lated frequency shift ∆f linescans through (c)
H-ring and (d) the F-ring with (colored solid
lines) and without (thin grey lines) relaxing
the tip geometry. Also given is the calculated
charge density (dashed blue line) through both
rings at height z = 3.61 Å.

of the CO molecule at the different lateral tip
positions. Lastly, in the center of the rings a
maximum appears for very small tip heights as
seen in Fig. 4(d) for z = 3.65 Å. In experiment

6



the tip heights are too large for the maximum to
appear. However, it has been observed experi-
mentally elsewhere.6 The reason for this maxi-
mum is that there are no lateral forces at this
point and the CO is confined in the carbon ring
and cannot tilt significantly in any direction due
to the surrounding ring of large electron density.

The image distortions of a FFPB molecule
in AFM with a CO-terminated tip were stud-
ied in detail. We observed experimentally that
the fluorinated rings appear with smaller diam-
eter than the hydrogenated rings. The distor-
tions with respect to the atomic positions of
the atoms have two origins: the charge density
and the tilt of the CO at the tip. Already in
the charge density in a plane above the FFPB
molecule the rings exhibit different sizes. In ad-
dition the molecules appear distorted because
of the tilt of the CO due to attractive van der
Waals forces. For small tip heights, the Pauli
repulsion and the van der Waals interactions to-
gether tilt the CO in such a way that the bonds
appear sharpened.
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