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ABSTRACT: Experiments using noncontact atomic force microscopy (NC-AFM) with
CO-molecule-functionalized tips have distinctly imaged chemical structures within
conjugated molecules. Here we describe a detailed model based on an ab initio approach
of the interaction force between the AFM tip and the sample molecule that yields atomic-
scale images, which agree very well with the experimental images we considered. The key
ingredient of our model is to explicitly include the effect on the image due to the tilt of the
CO molecule at the tip apex resulting from the lateral force exerted by the sample. On the
basis of this model, we specifically discuss the distortion seen in AFM images. As reported
very recently, the distortion in AFM images originates from an intrinsic effect, namely,
different extents of π-electron orbitals, as well as from an extrinsic effect, specifically CO tilt.
We find that intrinsic distortion is scanning height dependent, attributing to the integrated
electron density in the tip−sample overlapping region moving away from (the vertical
projection of) the atom or bond positions. This intrinsic distortion is dominant in AFM
images, although the atomic positions could be displaced even more by the extrinsic
distortion due to CO tilt.

1. INTRODUCTION

In recent years noncontact atomic force microscopy (NC-
AFM) with molecule-functionalized tips (MFT) operated in
the frequency modulation mode1 has reached unprecedented
atomic resolution of molecules supported on solid substrates.
Since the detailed imaging of the chemical structure of a
pentacene molecule was accomplished in 2009,2 the chemical
structure of a variety of other conjugated molecules has also
been imaged by NC-AFM.3−12 Most impressively, the intricate
chemical transformation of an individual molecule6 as well as
weak hydrogen-bonds between molecules were directly
imaged.8 In addition, it was reported that it is possible to
discriminate between bond orders of carbon−carbon bonds
within polycyclic aromatic hydrocarbons and fullerenes.5

Despite the impressive success of the NC-AFM technique in
resolving the chemical structure of individual molecules, the
molecular geometry in the AFM image seems to be
considerably distorted.2,5,13−15 The chemical bonds are in
general elongated and the lateral size of the molecule is
enlarged. In certain cases, the apparent positions of atoms
measured by AFM can be displaced by distances as large as 1 Å.
This effect is much larger than the experimental uncertainty or
than possible geometry changes of the molecule due to its

interaction with the substrate, which makes the accurate direct
determination of a single molecule’s geometry using the AFM
technique a very challenging task. Under such circumstances, it
is of crucial importance to understand the origin of this
pronounced effect. It has been proposed13−15 that the
distortion of AFM images arises from the tilt of the CO
molecule. However, with this assumption extremely small
values for the lateral stiffness of the tip are needed for a good
artificial fitting.15 Very recently, it was suggested that distortion
in AFM images originates from an intrinsic effect (different
spatial extents of π-electron orbitals) and from an extrinsic
effect (CO tilt).16

So far, direct comparison between experimental and
simulated NC-AFM images has been rare. In previous studies
based on ab initio calculations,2,17 the lateral tip−sample
interaction was ignored because it is very time-consuming to
relax the tip at every grid point within a 2-dimensional area. A
molecule functionalizing the AFM tip is actually flexible at the
apex and bent due to the lateral interaction during scanning,
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and the images obtained with rigid tips conceal many details
and can be misleading. However, although the lateral tilt effect
of CO tip has been considered in the simulation based on the
force field model, further analysis related to the electronic effect
is difficult and was even avoided altogether in one study.18

In this work, we first present a more accurate and detailed ab
initio approach to simulate the AFM image; in particular, it
includes specifically the effects of the tilt of the CO molecule
under the influence of the sample as the tip is scanned across
the sample such that it allows complete two-dimensional
frequency shift maps to be calculated efficiently and compared
directly to AFM experiments. Second, by comparing the
simulated images, which include or exclude the effect of the CO
tilt with the electron density profiles between the CO tip and
the sample, as well as with the chemical structures of the
sample, the origin of the distortion of the AFM image can be
studied in more detail.

2. THEORETICAL DETAILS

For convenience, we consider that the CO molecule, which
functionalizes the AFM tip, when far from the sample, is
oriented perpendicularly (vertically) to the sample surface, with
the C atom bonded to the metallic tip.2,19,20 We also ignore the
vibration of the tip and use an average scanning height (Hscan =
zO − zsurface, being the distance between the O in CO and the
sample surface plane, for a planar molecule, or planar part of a
molecule, lying parallel to the surface) in our simulations.
During the scanning, the metal-CO tip feels the tip−surface
interaction force and tilts, as shown in Figure 1a. The lateral
displacement of the O atom |Δ⃗lat| depends on the lateral
stiffness of the metal-CO tip and the lateral force, which in turn
is related to the individual sample molecule and the Hscan. For
instance, with a Cu3−Cu−CO tip above a pentacene molecule
(Figure 1b) with Hscan = 3.4 Å, max(|Δ⃗lat|) ≈ 0.2 Å with max (|
F⃗lat|) ≈ 30 pN, corresponding to lateral stiffness of 1.5 N/m;
the max (|Δ⃗lat|) stays close to 0.2 Å for Hscan = 4.0 Å, due to the
slow decay of the long-range attractive force, while it increases
to ∼0.4 Å for Hscan = 2.6 Å. Because of the much longer Cu−
C−O distance (∼2.95 Å), the lateral displacement only yields a
small tilt angle θ ≈ 0 to 10° of the CO at the metallic tip apex,
and correspondingly only a very small vertical displacement of
the O atom (Δz ≈ 0.03 Å for a 0.4 Å lateral displacement). In
addition, for typical parameters of the cantilever, the vertical
tip−surface interaction force (usually less than 100 pN) is

much weaker than the axial strength of the C−O bond21 or the
metal−C chemical bond,19 and the stretching frequency of C−
O22 on a metal surface is much larger than the oscillation
frequency of the cantilever. Consequently, the vertical metal−
C−O length is affected very little by the vertical interaction
force. To confirm this, relaxing a metal−C−O tip over a sample
molecule where the vertical interaction force is 80 pN and the
lateral force is zero due to symmetry gives a vertical
displacement of the O atom of ∼0.002 Å. Therefore, it is a
good approximation to omit the vertical displacement of the O
atom during the AFM scanning. However, the lateral
displacement of the O atom is much larger, and it should be
approximately proportional to the lateral interaction force. The
corrugation of the lateral force Fx varies very similarly to the
lateral oxygen displacement Δ̅lat above the molecule area, as
shown in Figure 1c. Outside the area of the sample molecule
the short-range interaction (Pauli repulsion) decays fast to zero,
while the long-range van der Waals (vdW) interaction is
dominant and acts on the whole tip, resulting in a decreased
correlation between the lateral force and displacement. In our
model we, second, assume that the lateral displacement of the
oxygen atom is linearly proportional to the lateral force when
the tilt angle is small, including the area above the sample
molecule that we are most interested in. This assumption has
been used by other authors to include the CO tilt effect.15,23

Third, we assume the interaction force is decisively determined
by the position of the oxygen atom relative to the sample
because the Pauli repulsion decays rapidly (exponentially) with
increasing tip−surface distance.13,24

The above considerations suggest that we must distinguish
between, on one hand, the nominal position of the macroscopic
tip (R⇀tip), which is the position that is measured
experimentally as if the tip were rigid, and, on the other
hand, the actual displaced position of the O of CO (R⇀O),
which is the position that determines the force. At a lateral
position R⇀tip = (x,y) of the macroscopic tip (taken to be the
lateral position of the O atom without tilt), the metal−C−O tip
feels the lateral force F⃗lat from the sample surface, tilting the
metal−C−O such that the O atom moves to a new tilted
position R⇀O = (xtilt,ytilt). Neglecting the vertical oxygen
displacement, the vertical force Fz

tilt(R⇀tip) experienced by the
macroscopic tip at its measured nominal position R⇀tip = (x,y)
actually corresponds to the vertical force Fz(R⇀

O) experienced
by the O atom at its tilt-corrected displaced position R⇀O =

Figure 1. (a) Schematic diagram of the lateral tilt of CO at a metallic Cu tip apex during AFM scanning. Cu atoms are shown in orange, C in gray,
and O in red. The tilt angle is exaggerated for clarity. (b) The chemical structure of a pentacene molecule; the dashed-dotted line denotes the long
axis along which scanning with a Cu3−Cu−C−O tip produces the lateral force and oxygen displacement of panel c. (c) The black curve shows the
lateral force in the x direction, while the red dashed curve denotes the lateral displacement of O atom (all Cu atoms are constrained). The lateral
displacement is defined as Δx = xO − xCu. The two green vertical lines denote the positions of the first and sixth C−C bridge bonds.
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(xtilt,ytilt) obtained for the constant height Hscan. The lateral
displacement of the oxygen atom can be added through R⇀O =
R⇀tip + 1/k·F⃗lat assuming a linear relationship between the
lateral force and small lateral displacements. The constant k
corresponds to the lateral stiffness of the entire metal−C−O
tip: when calculated for Cu2CO, the stiffness k is 0.5 N/m,5

while experimentally it is measured to be 0.26 N/m.23 Finally
the measured (tilt-corrected) force Fz

tilt(R⇀tip) at the nominal
(measured) tip position R⇀tip is actually the force Fz(R⇀

O)
that acts at the displaced tip position R⇀O: Fz

tilt(R⇀tip) =
Fz(R⇀

O).
The pair [R⇀tip,Fz(R⇀

O)] corresponds to the experimental
data of the measured nominal tip position vs the vertical force
on the bent CO at the tip apex. The AFM image records the
tip’s frequency shift Δf(x,y,z) that can be calculated by
differentiating the corresponding Fz

tilt(R⇀tip).25 The relation-
ship between the frequency shift and the vertical force for small
oscillation amplitudes (i.e., ∼0.2 Å) of the cantilever is given by
Sader and Jarvis,25 which can be simplified as

Δ = −
∂ ′

∂ ′
′=

f x y z
f

k
F x y z

z
( , , )

2
( , , )z

z z

0

0

tilt

(1)

where f 0 and k0 are the resonance frequency and the spring
constant of the macroscopic tip, respectively. Because the tip−
surface interaction force is weak (less than 100 pN) during the
AFM measurements,2 very accurate calculations are required.
To this end, we used the Fritz Haber Institute ab initio
molecular simulations (FHI-aims) code package26 with accurate
atomic-centered basis set and grid-based real-space integration
of ″tight″ settings, which guarantees an accuracy of the force
output within 1 pN. The DFT + vdW method of Tkatchenko
and Scheffler (TS)27 is applied for describing the intermo-
lecular interactions. We chose the generalized gradient
approximation of Perdew, Burke, and Ernzerhof (PBE)28 for
the exchange-correlation functional used in the DFT
calculations. We first calculated Fz with a rigid tip on a lateral
grid of x and y positions with intervals of 0.2 Å. For a flexible
tip, the displaced O position R⇀O may well fall in between grid
points. In this case, the force Fz(R⇀

O) is estimated by cubic
polynomial interpolation. Obviously, in this model three
assumptions are used, which result in some deviation from
the practical AFM images. In details, the simulated maps are
less sharp due to the constant height assumption; the nonlinear
interplay of the Pauli repulsion and the spring force of the tilt of
the CO play a role. Nevertheless, as presented in the following,
in most cases this model reproduces the AFM images well for
discussion.

3. RESULTS AND DISCUSSION
With this model, we compare an experimental image2 of
pentacene on Cu(111) with the frequency shift image obtained
by differentiation of Fz

tilt based on eq 1, as shown in Figure
2(a,b). The corrected force Fz

tilt is calculated with lateral stiffness
k = 0.5 N/m for tip heights ranging from Hscan = 3.675 Å to
3.75 Å with a vertical spacing of 0.025 Å. The calculations used
a pentacene molecule, which is first optimized on a Cu(111)
surface until the forces are below 1 pN, while the Cu(111)
substrate is removed in the subsequent AFM simulations to
save calculation cost. The pentacene tilts a little along the long
axis.29 Clearly this pattern shows very good agreement with the
experimental results on Cu(111):2 the C−C bonds are sharp;
the two C6 rings at the two ends are imaged with a more

realistic horseshoe shape and the central three C6 rings are
hexagons stretched considerably in the y direction.
It has been observed that the contrast in the vertical force is

the same as for the corresponding frequency shift image with a
shifted Hscan (see the Supporting Information),2,5,13,17,24 as
visually verified by comparison between the frequency shift
map in Figure 2b and the Fz

tilt map in Figure 2c. Consequently,
to reduce the calculation cost, in the following our further
analysis will be based on direct comparison between Fz

tilt and
experimental frequency shift images.
An Fz map without lateral effect is shown in Figure 2d to

demonstrate the effect of CO tilt on AFM imaging. The Fz map
looks more or less like the experimental image due to the main
vertical contribution, but appears much more blurred (see
Figure 1a). The sharper image of Figure 2c compared to Figure
2d arises from flexible CO tilt at the tip apex. To demonstrate
this point, we scan along the long axis of pentacene on a lateral
grid of x positions with a spacing of 0.2 Å. The corresponding
forces Fx, Fz, and Fz

tilt are shown in Figure 3a. The lateral force
component Fy is close to zero due to symmetry and is thus
omitted. The sharper peaks of Fz

tilt compared to Fz imply that
the CO tilt sharpens the bond images since the lateral force Fx
tilts the CO toward the center of the nearest C6 ring.

14 This
also happens at the two ends of the molecule, but in addition,
longer range forces like the vdW interaction have the more
global effect to tilt the CO molecule toward the molecule
center. This leads to a general expansion of bond images (away
from the sample molecular center), especially for bonds located
further away from the sample molecule center, making the
entire molecule look expanded relative to its real size. In our
simulation the distance between the first and the sixth C−C
bridge bonds is observed to be about 1.0 Å wider than in the
actual pentacene, as revealed by the two maxima of the red
curve of Fz

tilt in Figure 3a.
The general expansion can be distinguished in the

experimental images,15 while it is more striking that the
hexagonal C6 rings appear stretched considerably in the y
direction. Visually the α-bond is twice as long as the β-bond in
the AFM image, where the α-bond is a C−C bridge bond
parallel to the y direction and the β-bond is a C−C bond
oriented about ±60° from it, as denoted in Figure 2a. However,
the DFT-calculated bond lengths of the central α- and β-bonds
in free pentacene are 1.461 and 1.405 Å, respectively, differing
only by about 4%;30 experimental values for these bonds in the
pentacene crystal are on average 1.467 and 1.396 Å,

Figure 2. (a) Experimental AFM image of pentacene on Cu(111).2

The α-bond is a C−C bridge bond and the β-bond is a C−C bond
connected to it; (b) frequency shift image at Hscan = 3.7 Å based on
Fz
tilt. (c) Fz

tilt map and (d) Fz map without lateral effect at Hscan = 3.4 Å.
Fz
tiltis obtained with lateral stiffness k = 0.5 N/m.
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respectively, differing by only 5%.31 We show line profiles along
the y direction over the ring center and the α-bond of the
central C6 ring in Figure 3b,c. The Fx components along these
two lines are zero due to symmetry (see Figure 3a) and
omitted. Compared to Fz (blue curve), Fz

tilt (red curves)
including CO tilt exhibits a flattened valley over the ring center
(Figure 3b) and over the α-bond (Figure 3c), as well as sharper
peaks corresponding to C images. Additionally, the maximum
repulsive force Fz

tilt is located about 0.1 Å of the C1 sites, while
it is 0.5 Å outside the C2 site. The two repulsive maxima of Fz

tilt

along the C−C bridge bond thus lead to peaks outside the C2
sites in the AFM images, which could be erroneously assigned
to represent the carbon sites. As a result, the apparent α-bond
image, which connects the two maxima of Fz

tilt, is about 1.0 Å
longer than the real bond length, an extension of almost 70%.
This large displacement of C2 also considerably modifies the
apparent orientation of the β-bond. In contrast, the distance
between two C−C bridge bonds changes little (Figure 3a, red
curve), and hence, the C6 rings look much more stretched in
the y direction.
It is conjectured that this distortion arises from the lateral

effect of CO tilt, but it is difficult to understand why the C6
rings are much more stretched in the y direction than in the x
direction.13−15 For this, we look into the Fz curve (blue)
obtained without CO tilt in Figure 3c, of which the Fz
maximum, corresponding to the apparent position of C2, is
already moving away from the C2 site. The displacement of the
Fz maximum from the C2 site is found to depend on Hscan, as
demonstrated in Figure 3d: it is located at about 0.1, 0.2, 0.35,
and even 0.5 Å outside the C2 position Hscan at values of 2.6,
3.0, 3.4, and 3.6 Å. The lateral resolution of Fz disappears with
Hscan larger than 3.6 Å, and the maximum near C2 cannot be
located any more. This displacement of Fz maxima from
corresponding atom or bond positions is not uniform for
different sites of the pentacene. For example, Fz maxima in a
range of Hscan (3.0−3.6 Å) shift very little from the C1 site
(Figure 3b) and are displaced by less than 0.2 Å from the first

and sixth bonds in pentacene (Figure 3a). We note that the Fz
without any lateral effect is calculated without any assumptions
in our simulations. Consequently, it is intrinsic that the
chemical structures are distorted in AFM images. This intrinsic
effect can be very big, for example, elongation by 30%, 50%,
and 70% for α-bonds at 3.0, 3.4, and 3.6 Å Hscan, respectively.
It has been proposed that contrast of AFM images is related

to the electron density distribution of the sample where a
greater electron density leads to a stronger repulsive force.13,24

Although the maxima of total electron density are located at the
nuclear positions,32 the valence electrons of conjugated
molecules like pentacene are delocalized π-electrons and so
that the maxima of the valence electron density in overlapping
regions can be displaced laterally from the projections of the
atom positions. Both the electron density maxima and the force
Fz maxima move progressively away from the projected
positions of the nuclei, as Hscan increases, but the locations of
the two kinds of maxima are not the same at a given Hscan. We
thus conjecture the repulsive force that the tip feels should be
considered as an integrated effect arising from the electrons in a
region of certain thickness below the tip, for example,
dependent on integrated electron density (IED) along the z
direction from a given height above the sample molecule plane
up to the level Hscan. The inset in Figure 3d shows that the IED
maximum above the 1.0 Å height plane is located less than 0.1
Å away from the C2 site, while above the 1.5 and 1.9 Å planed
it shifts to about 0.15 and 0.35 Å away from the C2 position,
respectively; this explains the Hscan dependence of the intrinsic
elongation of the α-bond without CO tilt. This is further
confirmed with a line profile of the IED above the 1.9 Å plane
along the α-bond (rather than a single point) shown in Figure
3e, which matches well the Fz curve (blue curve in Figure 3c)
obtained at Hscan= 3.4 Å, including the positions of Fz maxima
and the shape of the valley in between. IED maxima above 2.0
Å become elusive and do not match any atomic positions; we
think the IED is too small above 2.0 Å because of the
exponential decay of the electron density, which is related to
the resolution vanishing in AFM images.
In addition to the intrinsic effect due to displacement of the

IED maximum from the atom or bond positions, the extrinsic
effect due to CO tilt further distorts the AFM image by shifting
positions of Fz maxima. This is determined by the lateral force
at the positions of Fz maxima and stiffness of the metal−CO tip.
In our simulations, the lateral force is found to be around 15
pN at the positions of Fz maxima corresponding to the C−C
bridge bonds at the two ends, and around 8 pN at the positions
of Fz maxima corresponding to the C1 and C2 sites at Hscan =
3.4 Å, see Figure 3a−c. With lateral stiffness k = 0.5 N/m, the
outward shift due to CO tilt of the first or sixth bonds is 0.3 Å,
adding the intrinsic displacement of 0.2 Å, and thus the total
expansion of pentacene along the long axis is 8%; the
elongation of the α-bond arises from the intrinsic displacement
by 0.35 Å and the extrinsic effect from CO tilt by 0.15 Å, giving
an overall elongation of 70%. Consequently, the AFM image of
pentacene seems considerably stretched in the y direction.
Clearly, a softer tip or larger lateral force will further shift the
vertical force maxima and hence distort the AFM image more.
However, the primary feature of the distortion within the
pentacene, which is the stretch of the C6 ring in the y direction,
is dominated by the intrinsic effect, while the extrinsic effect
due to CO tilt is more or less a general expansion distortion.
The extension of the α-bond in experiments is approximately

70%, 40%, and 100% for pentacene on Cu(111),2 Cu(111),15

Figure 3. (a,b,c) Scans (along the dotted black lines) of Fx, Fy, Fz, and
Fz
tilt shown as black, black, blue, and red curves. C1 and C2 sites are

denoted by arrows. The maps and line profiles are obtained at Hscan =
3.4 Å and Fz

tilt obtained with k = 0.5 N/m. (d) Displacement from C2
site along the α-bond of the Fz maximum and (inset) integrated
electron density ranging from different planes above the molecule to
Hscan (see the text). (e) Line profile of integrated electron density
above 1.9 Å along the α-bond. The green lines mark the positions of
C.
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and NaCl/Cu(111) substrates,15 respectively. In our simu-
lations, 30−70% elongation of the α-bond could arise from the
intrinsic effect dependent on Hscan. It is noted that in our
simulations the substrate effect is ignored to save calculation
cost. By including different lateral forces from the substrate,15

the dramatic distortions in experiments can be understood for a
reasonable lateral stiffness of the tip.
Another example to demonstrate dramatic distortion in AFM

image is the adsorption of C60 on Cu(111) exposing a near-
hexagonal C6 face. The C−C bond joining two hexagons (h-
bond) has an apparent length that is 30% shorter than that
joining a pentagon and a hexagon (p-bond) in AFM images,5

although in the chemical structure these bond lengths only
differ by about 4%.33 We show in Figure 4b that the Fz

tilt pattern

is in close agreement with the experimental image obtained at z
= 3.6 Å;5 the bright ring corresponds to the exposed C6 ring. By
locating positions of the maximum repulsive forces on the Fz

tilt

map, it is easy to find the apparent location of the C−C bonds:
the h-bond and the p-bond are shifted by about 0.37 and 0.27
Å, respectively, away from the molecular center. The resulting
apparent lengths of the h- and p-bonds are 1.6 and 2.3 Å,
respectively, differing by about 25%, as denoted by dashed
yellow lines in the Fz

tilt pattern.
The bond length difference is due to the fact that the h-bond

is shifted away from the molecular center further than is the p-
bond.5 In our simulations the h-bond is shifted by about 0.1 Å
more than the p-bond away from the molecule center,
consistent with the result obtained with the fully relaxed
Cu2CO tip.5 It is suggested in our simulations that outward
shift of the two bonds is an overall result due to the intrinsic
and extrinsic effects: Fz maxima are already shifted away from
the actual bond locations, 0.17 and 0.08 Å outward from the h-
and p-bonds, respectively, while the extrinsic effect due to CO
tilt is about 0.2 Å for both bonds, see Figure 4c. It is important
to note that the intrinsic displacement is the cause of the
observed displacement by 0.1 Å from an h-bond to a p-bond.

This is why our model based on assumptions, which could
underestimate the tilt effect, actually reproduces the shift
difference obtained with a fully relaxed Cu2CO tip.5 Moreover,
the p- and h-bonds are bent in AFM images in addition to the
elongated bond lengths, as shown in Figure 4b or in
experiments.5 The distortion of the bent bonds can only be
understood with the intrinsic effect. A 2-dimensional IED
contour above 1.8 Å from C6 plane to Hscan is shown in Figure
4d to compare with a hexagon therein indicating the C6

positions: the maxima of the IED outside the middle points
of the h- and p-bond explain the intrinsic outward shift, and
connection of the IED maxima near the C6 hexagon reveals the
intrinsic distortion of the bond shapes, bent C−C bonds rather
than straight ones.
On the basis of the above discussion, the intrinsic effect is the

primary effect in the distorted AFM images and dominates the
main features of the distorted structures, although the atomic
positions could be displaced even more by the extrinsic effect
due to CO tilt. The intrinsic distortion could be crucial to
interpret the distorted images. For example, according to the
intrinsic distortion within pentacene and C60, we find that the
vertical force Fz maximum near the C1 site in pentacene or near
the p-bond in C60 will only shift a little in a reasonable range of
Hscan. This means that some sites in AFM images can be used as
references and are assumed displaced fully due to CO tilt. By
this approach, the extrinsic distortion by CO tilt could be
excluded,15 and then details of the image with intrinsic
distortion can be understood by comparing it with the
theoretical results. This will be explored in future work.

4. CONCLUSIONS

In summary, our model based on a detailed ab initio calculation
of the tip−surface interaction for flexible CO-functionalized tips
can generate patterns that agree very well with experimental
images. A big advantage of our model is that it is a process
comprised of two steps: first the Fz can be calculated without
assumptions, and the lateral effect is introduced afterward with
artificial lateral stiffness of the CO at the metallic tip apex. In
this way, intrinsic and lateral effects can be decomposed and
studied separately. With direct comparison between simulated
two-dimensional maps and experimental images, we confirm
that the CO tilt indeed sharpens the bonds and artificially
expands the AFM images. We further found that distortion in
AFM images is mainly determined by an intrinsic effect
originating from the integrated electron density in the tip−
sample overlap region moving away from (the vertical
projection of) the atom or bond positions. This intrinsic effect
is of crucial importance to understand or interpret the distorted
AFM images.
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dotted line in the chemical structure figure. (d) Integrated electron
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tilt obtained with k = 0.5 N/m.
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