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I
maging individual planar molecules
with atomic resolution is possible using
frequency modulation atomic force mi-

croscopy (FM-AFM).1�10 Besides structure
determination, AFM can also provide more
quantitative information. For example, dif-
ferent atomic species can be identified,11�13

and the charge distribution inside a single
molecule can bemeasured.3 Recently, it was
shown that the apparent height and length
of bonds in planar molecules is correlated to
the bond order.4 It is even possible to visua-
lize intermolecular hydrogen bonding using
AFM.14 Because of these new capabilities,
AFM imaging with CO terminated tips finds
increasing use in chemistry, molecular elec-
tronics, and materials science.2,7,8,10,15,16

In all cases where atomic resolution ima-
ging of molecules was demonstrated, the
experiments were performed in constant
height mode. In this mode, the tip is raster
scanned over the surface on a fixed plane,
i.e., the tip does not follow the corrugation
of the surface. Instead, the frequency
shift is measured as a function of position.
In addition, in all experiments, chemically

passivated tipswere used, typically a carbon
monoxide (CO) molecule adsorbed on the
apex. Inert tips are essential to avoid acci-
dental pick-up of themolecule of interest by
the tip at the small distances and oscillation
amplitudes required for atomic resolution
imaging. The geometry of the CO in the
junction depends on the tip�sample dis-
tance and on the crystallographic termina-
tion of the tip apex.16,17 Attractive van der
Waals and repulsive Pauli interactions can
cause the CO molecule to bend.16,18,19 The
direction of this bending depends also on
the neighboring atoms: if their positions are
not symmetric with respect to the atom
directly under the AFM tip, there is a non-
symmetric background force on the CO.
This lateral force causes the CO molecule
to bend and results in an apparent change
of the bond length. The quantitative details
of how nonplanarity and the associated
degree of CO bending and background
forces from the neighboring atoms affect
the bond lengths extracted from AFM
using CO terminated tips have not been
established. Knowledge of these details is
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ABSTRACT Frequency modulation atomic force microscopy

(AFM) allows the chemical structure of planar molecules to be

determined with atomic resolution. Typically, these measurements

are carried out in constant-height mode using carbon monoxide (CO)

terminated tips. Such tips exhibit considerable flexibility, i.e., the CO

molecule can bend laterally due to the tip�sample interaction.

Using epitaxial graphene as a model system, we demonstrate

experimentally that the apparent atomic positions measured by

AFM depend on the sample corrugation. Using molecular mechanics

simulations, we explain these observations by the interplay of the CO bending and the nonlinear background signal arising from the neighboring atoms.

These effects depend nontrivially on the tip�sample distance and limit the achievable accuracy on the bond length determination based on AFM

experiments.
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essential in assessing the experimentally achievable
certainty in the bond lengths extracted from AFM
measurements. This has a direct consequence for the
use of AFM as a tool in single molecule structural
chemistry and molecular electronics.
Here, we study experimentally and computationally

how accurately the atomic positions can be extracted
fromAFMmeasurements using CO terminated tips. We
use epitaxial graphene20,21 as a model system. This
material is ideally suited for this investigation as, due to
a lattice mismatch between graphene and the Ir(111)
substrate, the epitaxial layer exhibits a periodic physi-
cal buckling. The vertical corrugation is small enough
to allow simultaneous atomic resolution imaging of
both the top and valley sites in constant height
mode.21,22 In addition, the exact atomic scale structure
of this system is known.20,23�25

RESULTS AND DISCUSSION

The structure of graphene on Ir(111) as adapted from
dynamic low-energy electron diffraction (LEED-IV)
measurements20,25 is shown in Figure 1a. The lattice
mismatch between the graphene layer and the under-
lying Ir(111) substrate gives rise to a moiré pattern.
Different regions of the moiré unit cell have different
graphene to Ir(111) registries, and we follow the com-
mon practice in naming these areas: top (graphene
hexagon on top of an underlying Ir atom), fcc and hcp
regions within the moiré pattern.20,26 A schematic of
the AFM experiment is shown in Figure 1b, and an
example of a constant-height AFM image obtained
with a CO tip is shown in Figure 1c. Besides the clear
honeycomb arrangement of the carbon atoms, the

periodic buckling of the graphene layer can be seen.
This buckling corresponds to themoiré pattern.20,25 The
moiré unit cell is indicated in Figure 1c along with the
different areas indicated in Figure 1a: 'top' (green
hexagon), 'hcp'/'fcc' (red star/blue triangle) and bridge
sites (purple line), respectively.
We analyzed the AFM data by extracting the area of

each six-membered carbon ring (Methods). Figure 1d
show the same image as Figure 1c, overlaid with
hexagons color-coded to indicate the relative size of
each cell compared to the average value. It is immedi-
ately clear that the hexagons at the moiré top sites are
significantly smaller than the hexagons in the hcp and
fcc sites. These deviations from average can be as large
as (15%. This implies that the C�C bonds at the top
sites of the moiré pattern should be shorter than those
at the hcp and fcc sites. A difference in area of (15%
approximately corresponds to an average difference in
bond length of 20 pm.
The 3D structure of graphene on Ir(111) has been es-

tablished by both LEED-IV andDFT calculations.20,23�25

Both methods indicate that the variation in the C�C
bond length across themoiré unit cell is very small: the
difference between the shortest and longest bond is
less than 0.3 pm. This is in strong contrast to the AFM
result, where the difference between the longest and
shortest bond can be as large as 15% of the bond
length. This difference is of the same order as the
difference in the bond length of C�C single (154 pm)
and aromatic double bonds (139 pm).27 Such large
differences between bonds in epitaxial graphene are
unphysical. Considering the arguments outlined
above, it is clear that the variations that we see in
AFM are not due to actual differences in bond length
but are instead related to the imaging mechanism. We
would like to note here that the frequency shift on top
of a bond in constant height mode has been used as
an indicator for bond-order in addition to the bond
length.4 This parameter cannot be used for analyzing
bonds on corrugated samples as it relies on constant
tip-bond distance.
In constant height AFM experiments, there are

several variables that affect apparent bond lengths.
First, it is well-known that the CO at the tip apex is
flexible and can bend in response to attractive van
der Waals (vdW) and repulsive Pauli interactions.4,18 As
the tip�sample distance varies in the constant height
mode (the sample is vertically corrugated), the CO
bending will vary and this might give rise to the
observed changes in the bond lengths. Second, when
the tip is exactly on top of a carbon atom, the distance
to the neighboring atomswill be different if the sample
is corrugated. This will give rise to a different back-
ground contribution to the measured force, which will
also shift the apparent atomic positions.
We have investigated these effects in detail by

constructing a model of the AFM experiments based

Figure 1. AFM experiments on epitaxial graphene on Ir-
(111): (a) structure of the graphene on Ir(111) surface, where
the moiré unit cell and the regions with different average
graphene�Ir(111) registries are indicated; (b) schematic of
the AFM experiments with a CO-modified tip apex; (c)
constant height AFM image of the graphene/Ir(111) sub-
strate obtained on the repulsive branch of the Δf vs
tip�sample distance curve using a CO-terminated tip. The
moiré unit cell is indicated by yellow lines. Green hexagons
indicate top sites, purple lines bridge sites and blue triangle
and red star fcc and hcp sites, respectively. (d) Color coded
map of the apparent graphene hexagon area.
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on molecular mechanics force field between a CO
molecule and the sample (see Methods for details).
The model system is depicted in Figure 2a. The main
tunable parameters are the lateral spring constant of
the CO molecule at the tip apex (kCO), the bulk tip
radius of curvature (Rtip), and the offset between the
CO molecule and the bulk tip apex (dCO, due to, for
example, the presence of a metal cluster at the end
of the tip). The latter two parameters mostly affect
the depth of the minimum of the Δf vs tip�sample
distance (dts) curves. These have been selected such
that reasonable agreement with experimental results
is obtained. While this model is more simplistic
than the DFT calculations performed in, for example,
refs 4, 18, 28, 29, the major advantage of the force
field based modeling is that we can freely vary the
lateral spring constant of the CO molecule at the tip
apex, and thereby study the influence of the tip flex-
ibility. In DFT calculations, this number is fixed by
the choice of the metal cluster used as a tip model.
Previous studies suggest the spring constant to be
of the order of 0.1�3 N/m4,16,17 and we explore this
range to assess its effect on the measured response.
Finally, to facilitate direct comparison with experimen-
tal results, we convert the calculated force cube intoΔf
data.30,31

To validate the simulations and to check the pre-
dictions on a well-studied model system, we have first
considered a pentacene molecule adsorbed directly
on a metal (Figure 2). We do not take into account
electrostatic forces in the present case as these are

not expected to qualitatively change the contrast
formationmechanisms in the case of neutral molecules
or graphene. These effects should naturally be included
when considering molecules with charge centers or
a net dipole moment. Calculated constant height Δf
maps with two different lateral spring constants are
shown in Figure 2b,c. Both strongly resemble experi-
mental AFM images of pentacene. Especially the result
obtained with the smaller kCO is in essentially quantita-
tive agreement with the experiment.1 The simulations
accurately reproduce the three main experimental ob-
servations of deviations between the real pentacene
bond lengths and the apparent bond lengths in the
AFM experiments: (1) all the phenyl rings are elongated
in the y-direction;1 (2) the left and rightmost phenyl
rings are also elongated in the x-direction;1 (3) as the
tip�sample distance is reduced, the bonds appear
sharper in the constant height Δf maps.4

The right panels of Figure 2b,c show the tip bending
in the x- and y-direction for the stiffer and softer tips,
respectively. The overall bending at the outer edge
of the molecule is always toward the center of the
molecule and is caused by the attractive vdW interac-
tion between the CO molecule and the pentacene.
A more detailed investigation reveals changes when
going over the atoms as well: the tip can bend away
from the nearest atom irrespective of the vdW back-
ground at sufficiently short tip�sample distances. The
maximum tip displacement is of the order of a couple
of picometers for the stiffer tip, but can reach several
tens of picometers for the softer tip. This naturally

Figure 2. “Ball-and-stick” modeling of AFM imaging with a CO-terminated tip: (a) schematic of the model setup and the
relevant parameters; (b and c) simulated constant height AFM images of pentacene (left) with a relatively stiff (b, kCO = 3 N/m)
and soft (c, kCO = 0.3 N/m) CO lateral force constant and the corresponding maps of the CO bending (right). The arrows
indicate thedirectionof the CObending. (d) Extracted line profile along the center of the pentacenemolecule for a nonflexible
tip. The contributions from the individual dimers (black and gray lines, the corresponding atoms are indicated in the inset)
and the overall van derWaals background between the COmolecule and the pentacene (green dotted line) have been shifted
for clarity. (e) Extracted line profiles along the center of the pentacenemolecule for the tips considered in panels b and c (blue
and red lines correspond to lateral force constants of 3 and 0.3 N/m, respectively).
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depends on the tip�sample distance, with the CO
bending more at smaller dts.
Before discussing the effect of CO bending in detail,

we will first investigate how the background forces
from the neighboring atoms affect the apparent atom-
ic positions. Figure 2d shows an extracted Δf line
profile (blue line) along the center of the pentacene
molecule for a nonflexible tip (kCO =¥). The peaks inΔf
correspond to the apparent positions of the carbon
dimers along the middle of the pentacene molecule.
Their real positions are marked by vertical lines. The
contributions to the total Δf signal from the individual
dimers are given by the black solid lines (the gray lines
give the response of the outermost carbon atoms, see
inset for a schematic). The green dotted line gives the
overall van der Waals attraction between the bulk Ir tip
and the pentacene molecule.
It is immediately obvious that the peaks correspond-

ing to the left and rightmost carbon atoms are shifted
toward the center of the molecule. This effect is large
(the lateral shift is around 25 pm), and it is due to the
asymmetric background signal from the neighboring
atoms. The AFM measures the total Δf, and the signal
from the neighboring atoms (the last dimer has neigh-
boring atoms on only one side) causes an apparent
shift in the position of the C�C bond. The peak
corresponding to dimer 2 is also shifted toward the
left, i.e., the outermost benzene ring is contracted on
both sides. This small shift (around 5 pm depending
on the tip height) is due to the slope of the vdW

background between the tip and whole pentacene
molecule. This effect is of course also present on the
last dimer, but there the asymmetry in the neighboring
atoms has the dominant contribution. In planar mol-
ecules, these effects will always cause an apparent
contraction toward the center of the molecule of the
outermost rings.
Finally, Figure 2e compares the extracted Δf line

profiles along the center of the pentacene molecule
for stiff (kCO = 3 N/m, blue line) and soft (kCO = 0.3 N/m,
red line) CO tips. The results obtained with the stiffer
tip are quantitatively very close to the nonflexible tip
discussed in Figure 2d. As kCO becomes smaller, the
bending of the CO increases. In general, the vdW
attraction causes the molecule to bend toward the
center of the pentacene. As a result, the outermost
bonds appear stretched, both in x- and y-directions.
Hence, the effect of tip flexibility is opposite to that
of the asymmetric background forces. Which effect is
dominant depends on the lateral force constant of the
CO and on the tip�sample distance. Note that it is
problematic to assess the effect of tip flexibility by DFT
calculations, due to the difficulties in varying kCO.
Having established the different mechanisms affect-

ing the apparent locations of the bonds, we now turn
to the buckled graphene moiré. Figure 3a shows a
simulated constant height image of graphene/Ir(111)
surface using coordinates adapted from LEED-I(V)
experiments.25 The left-hand side of the image is
obtained with a lateral spring constant of 0.6 N/m

Figure 3. Simulated AFM images for the graphene moiré. (a) Simulated constant height images (average tip height with
respect to the graphene top site is 3.8Å)with a soft (left, kCO = 0.6N/m) and a stiff (right, kCO= 3N/m) tip. (b) Cross section from
the constant height image in panel a taken along the dotted line from top to bridge site for the twoCO spring constants (blue,
0.6 N/m; red, 3 N/m). The black linesmark the real positions of the bonds in the input file for the simulation. The inset shows a
close up of one the bonds. (c) Simulated constant frequency shift images (atΔf =�8 Hz) with a soft (left, kCO = 0.6 N/m) and a
stiff (right, kCO = 3 N/m) tip. (d) Cross section along dotted line in panel c from top to bridge site for the two CO spring
constants (blue, 0.6 N/m; red, 3 N/m). The black vertical lines denote the actual positions of the bonds. The inset shows a close
up of one the bonds. (e) Bending of the CO along the same section as shown in panels b and d (with kCO = 3 N/m). The solid
lines correspond to the tip height (black line atΔf=�8Hz andmagenta line at constant height of 3.8 Å), while the dotted lines
show the limits of the oscillation (A = 0.85 Å). (f) Close-up of the bending near one of the bonds (indicated with a square in
panel e). (g) Apparent corrugation of the graphenemoiré as a function of theΔf set point on the repulsive side of theΔf vs dts
for a nonflexible tip. The inset shows Δf�dts curves simulated at the points marked with green circles in panel c.
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and the right-hand side with 3 N/m. With the softer tip
one can clearly see the sharpening of the bonds caused
by the CO bending away from the carbon atoms near
the top sites of the moiré where the tip�sample
distance is the smallest. Comparison of the simulated
and experimental images suggests that the tip in these
experiments on graphene on Ir was laterally stiffer than
the tip used for the experiments on pentacene.1 A
variation in the lateral spring constant is not surprising,
as the stiffness depends on the exact atomic config-
uration of the tip and also on the on the tip material.4

Here, the tip apex is likely to be coated by iridium
atoms compared to the Cu tip used in the pentacene
experiment.
We find that the CO at the tip apex generally bends

toward the top sites due to the increased vdW attrac-
tion, in line with what we observed for the pentacene
molecule. However, near the top sites of the moiré the
tip�sample distance is smaller, causing the tip to flip
from side to side when going over the carbon bonds.
This results in bonds that appear sharper on the top
sites in the constant height image. This sharpening is
clearly seen in Figure 3a and in the cross section shown
in Figure 3b. The effect of the CO bending on the
apparent bond lengths is difficult to observe directly in
the simulated constant height images. This is caused
by the fact that the same background will shift broader
peaks more than sharp ones. While the local maximum
of the Δf signal for the softer tip (blue line) is closer to
the real atomic position (shift 11 pm in Figure 3b inset)
than with the stiffer tip (shift 17 pm in Figure 3b inset),
it is impossible to deconvolve the effects of the bond
sharpening effect and the tip bending toward the top
site, as both will always be present.
As can be seen in Figure 3b, the bonds shift toward

the nearest top site for both tip stiffnesses. Hence,
benzene rings near the moiré top sites appear smaller,
which is in qualitative agreement with the experimen-
tal data shown in Figure 1d. The effect is similar to
pentacene imaged with a stiff tip, where the non-
homogeneous contribution from the neighboring
atoms to theΔf signal dominates over the tip bending.
The neighboring atoms around the moiré top site are
closer to the tip and thus have a larger contribution to
Δf signal. Hence, the contribution from the neighbor-
ing atoms to the total Δf signal can be positive, even
when the force between the tip and these atoms is
attractive.
The AFM can also be operated in feedback mode

where the frequency shift Δf is kept constant by
adjusting the height of the tip relative to the sample.
To first order, this eliminates the spatial variation of
the tip�sample distance for corrugated samples.
Hence, the degree of the CO bending as the tip passes
over a substrate atom should no longer be spatially
dependent. As such, constant frequency shift experi-
ments and simulations can give further insight into

which factors are dominant for determining atomic
positions. Figure 3c shows two simulated constant
Δf images with different CO spring constants (0.6 and
3 N/m) at Δf = �8 Hz (in the repulsive branch of the
Δf vs dts). Compared to the constant height images in
Figure 3a, the atomic corrugation is more uniform
across the unit cell since in constant-frequency shift
mode the tip effectively follows the surface contours.
As can be seen in Figure 3d, the bonds are slightly
contracted toward the top sites similarly to the con-
stant height case. The softer tip is again closer to the
true positions with the different bonds being shifted
by 4�16 pm compared to 6�28 pm for the stiffer tip.
Going closer to the sample by increasing the Δf set
point decreases the shift somewhat, but even when
going extremely close, the bonds on the sloping part
of the moiré are still shifted by over 10 pm. At very
close distances, the CO bending actually reverses: the
CO starts bending outward from the moiré top sites
(Figure 3e,f). This is the point where the CO finally starts
to feel repulsion from the neighboring atoms. With a
set point of �8 Hz, the tip just barely reaches this area
where it bends outward on top of the underlying bond
at the very bottom of its oscillation cycle (dotted line in
Figure 3e). Whether this point is reached at a given Δf
depends largely on the shape of the bulk tip and the
oscillation amplitude of the tip.
Contrary to the constant height mode where the

bonds appeared sharpest near the moiré top sites, the
bonds in constant Δf are sharpest near the moiré
hcp and fcc sites. This is especially clear for the softer
tip (left-hand side in Figure 3c). The sharpness of the
bonds is a consequence of a smaller tip-graphene
distance. The reason for the tip being pushed closer
is the increase of the long-range vdW forces from the
bulk tip. Even if the repulsive part of the force increases
very sharply at close distances, the additive character
of the vdW forces combined with the sheer size of the
bulk tip is enough to push it closer. This effect is similar
the one reported previously, where the modeling was
done in the attractive side of the Δf�dts slope and,
hence, caused an inverse effect (underestimation of
the moiré corrugation).32

To study how accurately AFM can measure height
differences in cases where the background forces
change, we plotted the apparent height difference
between the topmost and lowest atoms of the moiré
(marked with green circles in Figure 3c) as a function
of the Δf set point. The resulting curve with a non-
flexible tip is shown in Figure 3g. At Δf set points
corresponding to the bottom of the Δf�dts curve, the
moiré corrugation is overestimated significantly. As the
tip�sample distance is reduced, the apparent corruga-
tion gradually decreases toward the geometric corru-
gation. However, in the span of set points we have
studied, it never reaches the true corrugation of ca.
45 pm, but remains firmly some picometers above this
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level. With reasonable values of Δf, the corrugation is
overestimated by almost 10%. The magnitude of the
overestimation depends again on the bulk tip shape
and the tip oscillation amplitude.
Awareness of the background forces arising from

the substrate is also necessary inmeasuring adsorption
geometries of molecules on surfaces. For example,
when the molecule adsorbs in a nonplanar configura-
tion, the background force has to be considered for
a correct determination of the angle between the
molecular plane and the substrate.28 In the case of
molecules, this background force can be simply mea-
sured on the bare substrate adjacent to themolecule,28

which is difficult for extended two-dimensional layers
such as graphene.
According to our simulations, both constant height

and constant frequency shift AFM measurements
detect apparent changes in the atomic positions on
corrugated surfaces. As explained above, in the case
of the graphene on Ir(111) experiments, we get best
correspondence between theory and experiment
when using a relatively large lateral spring constant.
The apparent changes in the atomic positions are then
caused by the asymmetric background signal from the
neighboring atoms that are at different heights. This
suggests that an appropriate background correction
or subtraction could remedy the situation and allow
us to extract the actual atomic positions from the
experiments. We have tested this idea using the

simulations and the results are summarized in Figure
4. We have removed the moiré corrugation from the
simulated images using different filtering schemes.
Examples on the results of background subtracted
constant frequency shift and constant height images
are shown in Figure 4a. Here, the background was
removed by either estimating the background by
blurring out the atomic corrugation with a Gaussian
and subtracting this from the original image or with a
Laplacian of Gaussians (LoG) filter which removes the
longwavelengthmoiré corrugation (it essentially gives
the second derivative of the sample corrugation). Note
that both methods are generally applicable for any a
priori unknown background with a periodicity that is
larger than the atomic corrugation.
Figure 4b shows cross-sectional profiles of the back-

ground corrected images for two different filtering
schemes. A zoom-in on one of the bonds is shown in
Figure 4c. As can be seen in the images, background
subtraction of AFM images results in an apparent
expansion of the top sites, i.e., the trend from non-
corrected data is reversed. In both the constant fre-
quency shift and constant height data, background
correction improves the match between the apparent
and real bond positions. The apparent positions in
background corrected data can be as close as 1 pm
from the real bond positions; however, typically, the
difference is of the order of 3�5 pm. While these dif-
ferences depend on the exact form of the background,

Figure 4. The effect of background subtraction on the apparent bond positions in simulatedAFM imageswith a stiff tip (kCO =
3 N/m). (a) Background subtracted constantΔf (Δf = 0Hz) and constant height (average tip height 3.65 Å) images using either
a heavily Gaussian blurred background (σ = 1 Å) or a Laplacian of Gaussians filter (σ = 0.6 Å). (b) Normalized cross sections of
the images in panel a in the red square. The vertical lines mark the positions of the bonds. (c) Zoom-in on one of the bonds
showing how the bonds on the constant height image are shifted out from the top sites. (d) Cross section along the same line
for a more flexible tip (kCO = 0.6 N/m) calculated at two different Δf set points. The background color corresponds to the
bending of the CO along the same section. (e) Close-up of the bending in the areamarkedwith a square in panel d. (f) Zoom-in
to the background corrected cross section on the samebond after background subtraction for the two differentΔf set points.
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the tip�sample distance, and the lateral force constant
of the tip, it appears that using the Gaussian blurred
image as the background in constant frequency shift
images results in very accurate estimation of the bond
positions to within <2 pm.
As the background subtraction significantly reduces

the effect of the background forces, we are now able to
study the effect of the CO bending on the graphene
moiré. To enhance the effect of CO bending, we have
calculated two constant frequency shift images with a
softer tip (kCO = 0.6 N/m). Figure 4d shows a height
cross section along the same line as in the previous
panels calculated with two different Δf set points
(�8 and �10 Hz on the repulsive branch). The main
difference is that, at Δf = �8 Hz, the CO reaches the
region where it starts to bend away from the top sites
(red background) at the bottom of its oscillation cycle,
while in the Δf = �10 Hz image, the CO remains bent
toward the top site over the full oscillation cycle. This
can clearly be seen in the zoomed-in image in
Figure 4e. Figure 4f shows the cross section of the
same zoom-in after background correction with the
two methods described above. In the case of the Δf =
�8 Hz image, the bonds now appear closer to the top
site, whereas for the Δf = �10 Hz image, they are
farther from it. This is in line with the tip bending away
and toward the top site, respectively. In addition, the
flexibility of the CO causes the bonds to appear sharper
at the shorter tip�sample distance. Since this also has
a slight effect on the apparent bond positions after

background subtraction, the bond shift in Figure 4f
cannot fully be attributed to the tip bending alone.
However, the shift in Figure 4f is ca. 20 pm, which is
larger than the typical shifts due to changes in the peak
shape.
We can demonstrate the effect of the background

subtraction in the experimental images as shown
in Figure 5. A constant frequency shift AFM image
of the graphene on Ir(111) surface acquired with a CO-
terminated tip is shown in Figure 5a. Background
subtracted images using the Gaussian blurred back-
ground and LoG filtering are shown in Figure 5, panels
b and c, respectively. The extracted apparent hexagon
areas are displayed in Figure 5d�f. It is apparent that
the trend of smaller top sites is reduced, and even
reversed in the background corrected data, consistent
with the LoG filtered simulated images. The remaining
differences in the apparent hexagon areas ((5%)
convert into (3 pm changes in the graphene bond
lengths. This is close to the results from the simulated
images and close to the typical noise levels of a low-
temperature scanning probe microscope.

CONCLUSIONS

We have studied the influence of sample corrugation
on thedeterminationof thebond-lengths bynoncontact
AFM with a CO-terminated tip. For corrugated samples,
the precision is limited by the background forces arising
from the neighboring atoms and the flexibility of the
CO at the tip apex. Using epitaxial graphene as a model

Figure 5. Effect of background subtraction on the experimental AFM images: (a) constant frequency shift AFM image of
graphene on Ir(111) with a CO terminated tip obtained at a feedback set point of Δf = 0; (b and c) image from panel a after
background subtraction using Gaussian blurring with σ = 1 Å (b) or a Laplacian of a Gaussian with σ = 0.6 Å (c); (d and f) color
coded maps of the apparent graphene hexagon area as extracted from the constant frequency shift image in panel a (d), or
background subtracted images in panels b (e) and c (f).
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system, we demonstrate experimentally and by the use
ofmolecular mechanics simulations that the asymmetric
background forces are the limiting factor in our experi-
ments.While nonbackground correcteddata gives errors
of the order 20 pm in the atomic positions, suitable

background correction can reduce this to the level of
a couple of picometers for a relatively stiff tip. Our work
has a direct bearing on the accuracy of total structure
determination at the single molecule level using non-
contact AFM with functionalized tips.

METHODS
Graphene Growth. Epitaxial graphene on Ir(111) was grown

from ethylene using the temperature programmed growth
method.33�37 The Ir(111) surface was cleaned by repetitive
cycles of argon sputtering and flash heating to 1500 K. After
the sample had cooled below 570 K, ethylene was deposited on
the surface (3� 10�6 mbar for 10 s). The temperature was then
increased to 1200 K for 20 s to grow large, mostly defect free
graphene islands.

AFM Experiments. The experiments were done using a low-
temperature STM/AFM (T = 4.8 K, Omicron Nanotechnology
GmbH) and a quartz based tuning fork sensor in the qPlus
design. The microscope is housed within the same ultrahigh
vacuum system (base pressure <10�10 mbar) as the sample
preparation system. Commercially available qPlus force sensors
with mounted W tips were used (resonance frequency f0 of ca.
24.5 kHz, a quality factor of 12 000, and a peak to peak oscillation
amplitude of ca. 170 pm). All images were taken with a bias
voltage of 0 V.

Tip Preparation. The metal tip apex was formed by controlled
contact with the iridium surface, resulting in an iridium coated
metal tip. The metallic nature of the tip was confirmed by con-
ductance spectroscopy on the iridium surface. CO terminated
tips were prepared by leaking CO into the vacuum chamber
(Pmax ∼ 10�9 mbar) and opening the doors in the radiation
shields for 10 s. This often resulted in a CO terminated tip, as
evidenced by the absence of the contrast inversion in constant
height imaging at various heights.21

Bond Length Determination. To determine the bond lengths,
we used a combination of template matching, Voronoi analysis,
and spline fitting using MATLAB. First, the experimental images
are averaged over forward and backward scan direction and
filtered with a Gaussian filter (σ e 1 Å) to remove 'salt-and-
pepper' noise. A spherical mask is created, consisting of a dark
ring matching the size of the hollow sites of the hexagons and
a bright ring around it. The correlation coefficient for each pixel
of the image is calculated according to

FAB ¼ ÆABæ � ÆAæÆBæ
σAσB

where σA = ÆA2æ � ÆAæ2, σB = ÆB2æ � ÆBæ2, and A and B are the
intensities of mask and masked area of the image, respectively.
The resulting correlation image was binarized at a value
of typically þ0.35 and segmented by means of connected-
component labeling. Finally, the centers of the hexagons were
detected by taking the center of mass of each image segment.
Then, a Voronoi analysis was used to detect the nearest
neighbors of each hexagon. The lines connecting each hexagon
to its nearest neighbors were extracted as height/intensity
profiles. The maximum of these profiles was detected by spline
fitting, giving us the center position of each carbon�carbon
bond in the image. The positions of the carbon atomswere then
detected as the intersection of lines fitted through these points.

AFM Image Simulations. A MATLAB code was used to simulate
the CO bending and calculate the forces on the tip after CO
relaxation. All forces were modeled with a Lennard-Jones-type
9�6 potential.38 Four different force components were taken
into account, namely, CO�graphene, CO�bulk Ir substrate, bulk
tip�graphene, and bulk tip�bulk Ir substrate. To relax the CO,
the forces exerted on it were calculated in vector format while
for the other forces only the z-component was taken into
account. The bulk tip was modeled as a continuum Ir sphere
with a radius of 10 nm. Analytic formulas derived based on

ref 39 were used to calculate the bulk forces at each point.
In simulations on graphene, the CO molecule was offset by 6 Å
from the spherical bulk tip in order to mimic a micro tip most
likely present in themeasurements. This offset was set to zero in
the simulations involving pentacene.

The forces were calculated in a cube with a typical step size
of around 5 pm in all directions. For the cross sections, a lateral
step size of 1 pm was used. Only the force on the oxygen atom
of the CO was taken in to account in the relaxation. The oxygen
atomwas allowed tomoveon the spherical surfacewith a radius
defined by the sum of the CO adsorption height and the bond
length (3 Å). The displacement of the oxygen used in calculating
the spring force of the COwas taken along the spherical surface,
i.e., not directly as the lateral displacement. The CO was relaxed
self-consistently in each point of the cube until the lateral
displacement between iterations was less than 5 fm or when
the maximum of 80 iterations was reached. Usually, the forces
converged well before the maximum number of iterations was
reached. Only at extremely close tip�sample distances was the
maximum number of iterations reached in some cases.
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