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Non-contact atomic force microscope is a powerful tool to investigate the surface topography with atomic resolution.
Here we propose a new approach to estimate the interaction between its tips and samples, which combines a semi-empirical
model with density functional theory (DFT) calculations. The generated frequency shift images are consistent with the
experiment for mapping organic molecules using CuCO, Cu, CuCl, and CuOx tips. This approach achieves accuracy close
to DFT calculation with much lower computational cost.

Keywords: semi-empirical model, atomic force microscopy, density functional theory, functionalized tips
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1. Introduction
The invention of atomic force microscopy (AFM) opened

a new way to detect the surface geometry of solids.[1] The sub-
molecular resolution of organic molecules was achieved by us-
ing CO-functionalized tip and qPlus technique.[2,3] The high
performance of topography imaging enables its application in
atomic recognition,[4,5] surface manipulation,[6,7] bond order
recognition,[8–10] self-assembly,[11] and tracing reactions on
surfaces.[12] The terminating CO molecule is chemically in-
ert, which reduces the manipulation or bonding with the sam-
ple molecule. As the CO molecule is weakly attached to the
tip apex, it could be deflected laterally when approaching the
sample. The deflection of tip termination causes the distorted
image for organic molecules, such as the shifted C–C bond
length for the top ring of C60 molecule,[13] the enlargement of
fluorinated carbon ring,[14] and the asymmetric image for a CO
molecule.[15] The tip of non-contact AFM (nc-AFM) can also
be functionalized by picking up Cl, Br, Xe or O atoms,[16–19]

in which the chemical reactivity and the structural stability of
the tip apex is responsible for the performance of imaging.

Theoretical simulations are needed to explain the contrast
mechanism of nc-AFM. The interaction between tip and sam-
ple contains the short-range Pauli repulsion and the long-range
attractions including electrostatic and van der Waals (vdW)
forces. The former is responsible for the sub-molecular res-
olution while the later is dominant in the cases with long or
medium tip-sample distances.[20–22] Density functional theory
calculation is reliable to estimate the force between tip and
sample, but the computational cost is not affordable for repro-
ducing a high-resolution image. In order to reduce the cost,
Moll et al. proposed a simple model in which a power law re-

lation is assumed between the Pauli repulsion and the sample

charge density.[23] The model works well for repulsive tip apex

such as CO-functionalized tips, but the tip bending and attrac-

tive forces are absent. Hapala et al. introduced tip relaxation

to the simulation and successfully reproduced the sharp sub-

molecular contrast in nc-AFM observation.[24] Another way

to accelerate the simulation is adding approximations to the

DFT calculation, which could be achieved by implement of

pseudopotential[25,26] or an efficient approach called frozen

density embedding theories.[27,28] There are also methods that

can simulate AFM images, such as Fourier expansion,[29]

higher harmonic methods,[30] virtual tip methods,[31] and the

method that can only be applied with graphene and graphite

characterization.[32] The previous methods give results qual-

itatively similar to the experiment with affordable computa-

tional effort. The estimated tip-sample interaction still quanti-

tatively differs from full DFT calculations.

In the present work, we develop an approach called force

assisted simulation tool for atomic force microscopy (FAST-

AFM) that combines a semi-empirical model with DFT calcu-

lation. The estimated tip-sample interaction forces are quanti-

tatively comparable to DFT calculation, but the cost is much

lower. This tool is applied to simulate the nc-AFM images

of pentacene molecule on Cu(111) with CuCO, Cu, CuCl and

CuOx tips. The tool shows robust performance for all consid-

ered tips. It also achieves clear element identification while

simulating the image of 4-bromo-3′′-iodo-p-terphenyl (BrI-

TP) molecule on Cu(111) and dicoronylene (DCLN) molecule

on Cu(110).
†These authors contributed equally to this work.
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2. Model and method of calculation
2.1. Formulation of the FAST-AFM

The force between tip and sample is contributed by dif-
ferent types of interaction, such as Pauli repulsion, coulomb
interaction, bonding effect, van der Waals interactions. To
make the model simple, we divide the force into the repul-
sive part and attractive part. The repulsive part is described
with a modified Moll model, while the attractive part is pro-
portional to the power of tip-sample distance. The Moll model
uses the double atom system to describe the Pauli repulsion
between tip and sample.[23] The kinetic energy decreases al-
most exponentially with tip-sample distances. The increase of
kinetic energy is approximated to a simple model with two pa-
rameters and the sample charge density ∆Ekin(R) = Aρs(R)B.

The Pauli repulsion energy is given by the increase of kinetic
energy,

Erep(Z) =
1
Z

∫
∞

Z
Aρs(Z′)BdZ′, (1)

where Z is the tip-sample distance, ρs is the charge density of
the sample, A and B are fitting parameters. The Pauli repulsive
force is therefore the first derivative of the energy.

Frep(Z) =−
∂Erep(Z)

∂Z
=

A
Z2

∫
∞

Z
ρ

B
s (Z

′)dZ′+
1
Z

ρ
B
s (Z). (2)

The Moll model has great performance for systems in
which the Pauli repulsion is dominated, such as the AFM im-
age for a PTCDA molecule with a CO functionalized tip.[23]

However, due to the absence of the attractive interaction, the
prediction may be poor for systems involving stronger attrac-
tive interaction. Attractive forces between tip and sample in-
clude electrostatic and vdW interactions etc. These forces are
mostly proportional to 1/ZN and related to the charge distribu-
tion. It is hard to induce dipole for highly localized electrons,
which is expected to generate weaker vdW interactions. We
define a modified localized electron function with the form of
| 1

ρs

∂ρs
∂Z |

M to rescale the strength of attractions. The attraction
term is expressed as

Fatt(Z) =−C
∣∣∣∣ 1
ρs

∂ρs

∂Z

∣∣∣∣M 1
ZN , (3)

with C, M, and N being fitting parameters. The repulsive and
attractive parts are summed to generate the total force between
the tip and samples. The expression of Frep contains the in-
tegral of charge density while typical DFT calculations use
mesh grids to describe the charge density. One solution is
to transform the integral to the summation of discrete points,
which requires accurate reproduction of the charge density, es-
pecially for the vacuum space. Here we assume that the charge
density of an isolated atom decays exponentially with the dis-
tance R. The charge density far above the sample can be ap-
proximated to the form

ρs(Z) = i · e− jZ , (4)

in which fitting parameters i and j can be estimated from a less
accurate charge density mesh. Combine Eqs. (2)–(4), the total
force can be expressed as

Ftot = AiB e− jBZ
(

1
jBZ2 +

1
Z

)
−C
∣∣∣∣ 1
ρs

∂ρs

∂Z

∣∣∣∣M 1
ZN . (5)

This equation uses uniform Z for all positions, but the substrate
with adsorbates is not absolutely planer. Even the flat pen-
tacene molecule is bent on the Cu (111) surface. The charge
density could be used to represent the difference in heights of
atoms. Here we implement a correction h for the distance Z.
The parameter h is the height of a charge density iso-surface
relative to the molecular plane. The final form of the total
force with h is

Ftot = AiB e− jBZ
(

1
jB[Z′−h]2

+
1

Z′−h

)
−C
∣∣∣∣ 1
ρs

∂ρs

∂Z

∣∣∣∣M 1
ZN , (6)

where Z′ shifts the height that makes Z′− h equal to the tip-
molecule distance in the molecular region. The implementa-
tion of h is essential to better reproduce the force, the necessity
will be discussed in the next section.

The values for B and h are tested to get the best perfor-
mance. It is found that setting B to 0.83 and the charge density
iso-surface for h to 0.016 e/Å3 is proper in the simulation.
Other global parameters are optimized with the DFT calcu-
lated force curves.

The steps of simulation using this model are as follows:
(1) Get the sample charge density with DFT calculations.

Build a tip model and calculate the force between tip and sam-
ple for several positions on the plane, which is used as the
input force curve for the model.

(2) Functionalizing charge density using Eq. (4), get pa-
rameters i, j, h for each point.

(3) Fit Eq. (6) to the F(Z) data acquired in step (1). Get
global parameters A, C, M, and N.

(4) Build a mesh grid for the 2D contour of AFM simula-
tion. Forces at each grid point can be calculated using Eq. (6).

We have programmed a toolbox to complete steps (2)–(4).
What the user needs to do is running the initial DFT calcula-
tions and set a few tags. They are the charge density expo-
nent B (can set to 0.83), the level of iso-surface ρ (can set to
0.016 e/Å3), tip sample distance Z (can use multiple values
if not sure), resonance frequency of the tip f0 (according to
the experiment set up), force constant in z direction, k0, (from
Hessian matrix or references), and the lateral force constant k
(from Hessian matrix or references).
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2.2. Density function theory calculations

The DFT simulations were performed with the Vienna
ab initio simulation package (VASP) code with the Perdew–
Burke–Ernzerhof (PBE) approximation for the exchange and
correlation functional.[33] The dispersion correction was im-
plemented using the DFT-D3 method.[34] Wavefunctions were
described with a plane wave basis and the projector augmented
wave method.[35] The cutoff energy for the plane wave basis
was set as 400 eV. The first Brillouin zone was sampled by
gamma point only for structural relaxation and force calcula-
tion, verified by a 2×3×1 k-mesh. The charge density is cal-
culated with the 2×3×1 k-mesh for all systems, the 2×3×1
mesh for the pentacene/Cu(111) system, and it is reduced to
gamma-only sampling for DCLN and BrI-TP systems. For
the sample system, a 4-layer slab model was built to simulate
the substrate with a vacuum space of 35 Å. The size of the
supercell is chosen to ensure 6 Å spacing between adsorbed
molecules. The tip model was built with a tetrahedra clus-
ter containing about 20 atoms. All atoms except for the bot-
tom two layers of tip and substrate were fully relaxed until the
residual force is less than 0.02 eV/Å per atom. Static calcu-
lations were performed to obtain the force curve. The charge
density file is generated with the energy convergence set to
10−8 eV.

3. Results and discussion
The pentacene molecule adsorbed on the Cu (111) surface

is a well-studied system in experiments. It contains the most
common elements in organic molecules and various bonds
such as σ and π bonds. Two sides of the molecule are slightly
lifted up after the adsorption [Fig. S4(a)], making both sides
slightly brighter than the middle in the AFM image. With this
model, we first simulate the frequency shift image of the sys-
tem and made a comparison with the experimental observa-
tion.

DFT calculations can produce a mesh grid of charge den-
sity. Figure 1(a) is the 2D map of sample charge density for
the plane 3.2 Å above the molecule. The charge density plot
has a dumbbell-shaped appearance due to the bending of the
molecule. As mentioned in the method section, the charge
density distribution is functionalized to an exponential form to
ease the calculation. Some crucial positions such as C-top, C-
hollow, H-top, and substrate were selected to judge the perfor-
mance of the approximation, as shown in Fig. 1(b). It is clear
that the exponential approximation fits the calculated charge
density well for every curve. The detailed values of i and j are
listed in Table S1.

The parameter h is introduced to consider the fluctuation
of the sample surface. The pentacene/Cu(111) system is used
again to run the test. Figure 2(a) shows the distribution of h
with the iso-surface value ρ = 0.016 e/Å3. The tip-sample in-
teraction forces are calculated for a 2×3 mesh with DFT. The

tip is modeled by a tetrahedra-shaped Cu cluster with CO on
the termination, as shown in Fig. 2(b). The fitted force curve
for the model using Eq. (5) and (6) is shown in Fig. 3. The
curves do not fit the DFT results well for points 4–6 without
parameter h while the error is greatly reduced after adding h
to the equation. This comparison proves the necessity of con-
sidering the surface fluctuation in the model.

(a)

 Å
Z/. Å
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2 18
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Fig. 1. Charge density for the pentacene molecule. (a) Two-
dimensional map of the DFT calculated charge density above the pen-
tacene molecule. The circles are the positions of atoms. (b) Charge
density curves at crucial positions. The red circle, black square, blue tri-
angle, and green diamond indicate the DFT results for C-top, C-hollow,
H-top, and substrate, respectively. Solid lines are corresponding the
functionalized values.

Z

-
0
.5

 Å
 

1
.5

 Å
 

2 A

-3 A 1 2 3

4 5 6

(a) (b)

ρs=0.016 eSÅ-3  Å

Sample plane

Tip apex

Fig. 2. The h profile and atomic structure of the tip-sample model. (a) Top-
and side-view for the distribution of parameter h. The black line shows the
cleaved slice of the side-view. (b) Atomic structure and the distribution for
the 2×3 mesh used in the simulation. The orange, gray, red and white balls
are copper, carbon, oxygen and hydrogen atoms, respectively. Points 1–3
of the mesh are away from the molecule while points 4–6 are within the
molecular region.

The tip termination can be functionalized to get bet-
ter performance in AFM observation. Pure metal tips made
by Cu, Ag, and Au are too reactive for imaging organic
molecules.[16,36] The tip apex becomes chemically inert by
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attaching a CO molecule to the termination, which gives a
better resolution of the atomic structure. However, the ob-
served structure could be distorted as the terminating CO
molecule is easily displaced by lateral forces.[13,14] Using
halogen atoms to functionalize the tip can reduce the lateral
distortion.[16] However, the resolution is worse than the CO-
functionalized tip. Another good candidate for the function-
alized tip is the oxidized copper tip. Harry et al. found that
the CuOx tip gives a clear backbone of aromatic molecules
without distortion.[19,37] The diversity of tip terminations is a
great challenge for AFM simulation. The FAST-AFM uses the
DFT calculated force to optimize the parameters, which helps
to adapt different tips.

2.4 2.8 3.2 3.6 4.0

0

0.3

0.6

0.9

1.2 Point 1 Point 2

Point 3 Point 4

Point 5 Point 6

Point 1 Point 2

Point 3 Point 4

Point 5 Point 6

2.4 2.8 3.2 3.6 4.0

0

0.2

0.4

0.6

F
 (
e
V
SÅ

-
1
)

F
 (
e
V
SÅ

-
1
)

Z (Å)

Z (Å)

(a)

(b)

Fig. 3. DFT calculated forces (dots) and the simulated forces (curve)
between CuCO tip and the pentacene/Cu(111). (a) Forces are simulated
using Eq. (5). (b) Forces are simulated using Eq. (6). Black square, or-
ange circle, green triangle, blue star, red triangle, and yellow rhombus
indicates the 1-6 points, respectively.

First, we use FAST-AFM to reproduce the AFM im-
age of pentacene/Cu(111) with the CuCO tip. The structural
model and selected positions for DFT calculation are shown
in Fig. 2(b). The optimized parameters are listed in Table 1.
Figure 4 gives the simulated frequency shift image. The tip
height is set as 3.8 Å to meet the range in the experiment. The
simulated image shows clear carbon rings of the pentacene
molecule. Two sides of the molecule are brighter than the
middle due to the bending. The upper half of the middle ring
is slightly darker than the lower half. The molecule is sur-
rounded by a dark halo, which is thought to be caused by a
diffuse attractive potential above the molecule.[16] As the CO
molecule is loosely attached to the tip termination, it could be
displaced laterally while probing the sample.[13–15] We mod-
ify the simulated image with a tip tilting correction, as shown
in Fig. 4(c). The lateral force constant of the tip termination is
set as k = 0.5 N/m.[8,24,38] Compared with the image without
correction, the skeleton of the molecule becomes more sharp
and bright elongation appears at C–H bonds. All of these fea-
tures are consistent with the experimental observation shown
in Fig. 4(b). These parameters in the equation are optimized

using the DFT calculated forces for 2× 3 mesh marked in
Fig. 2(b). They are used without any further optimization to
estimate force curves for crucial positions including C-top, C-
hollow, H-top, and substrate. It is amazing that the estimated
forces are almost identical to the DFT calculation. Relative
errors are shown in Table S2. Values for the two terms on the
right side of Eq. (6) are plotted in Fig. S1 in the Supplemen-
tary information. Both terms quickly decay with the distance.
It needs to clarify that they are not equal to real repulsive or
attractive forces, as the FAST-AFM is only a semi-empirical
model with its parameters optimized by total forces from DFT
calculation.
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Fig. 4. FAST-AFM simulations for pentacene/Cu(111) with CuCO tip.
(a) Simulated frequency shift image without tilting correction. Tip
height is 3.8 Å. (b) Experimental image with CO-functionalized tip.[16]

(c) Simulated frequency shift image with tilting correction at Z = 3.8 Å.
(d) Simulated force curves (dashed lines) verses DFT calculations (dots)
at crucial positions.

The FAST-AFM simulations were also applied to other
tips including Cu, CuCl, and CuOx. The frequency shift im-
age for the Cu tip is calculated at a tip height of 5 Å, as shown
in Fig. 5(a). Metal tips are too reactive to distinguish the inner
structure of the pentacene molecule. The simulated image only
gives a dark outline of the molecule, similar to the experimen-
tal observation using Ag tip (Fig. 5(b)). The reversed contrast
of molecule and substrate indicates that the tip–sample inter-
action is attraction dominated. Successful reproduction of the
attractive interaction is ascribed to the second term of Eq. (6),
which is a reasonable supplement to the Moll model. For the
CuCl tip, the 3p orbitals of the terminating Cl atom are almost
filled after charge redistribution, making the CuCl tip less at-
tractive than the pure Cu tip. The simulated AFM image in
Fig. 5(c) is similar to that with the CuCO tip. The Cl atom is
more tolerant to the lateral force due to strong Cu–Cl interac-
tion. Less distortion is found in both the simulated image and
the experimental image (Fig. 5(d)). The CuOx tip is reported to
have the submolecular resolution for organic molecules.[37,39]

Here we compare the simulated image to the AFM im-
age of dicoronylene/Cu(110), as shown in Figs. 5(e) and 5(f).
The adsorption structure of the DCLN/Cu(110) system and the
sampling sites for force curves are shown in Fig. S2. The
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DCLN is also an aromatic molecule with multiple carbon
rings. The backbone of the molecule is bolder than the im-
age produced by the CuCO tip. The negative frequency shift
proves the attractive interaction between the CuOx tip and the

molecule. The simulated image reproduced the backbone of
the molecule, while the brightness of the edge is different from
the AFM image. The inconsisitence is ascribed to the opti-
mized structure in which not all edge atoms are lifted up.
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Fig. 5. FAST-AFM simulations with other tips. (a)–(d) Images of the pentacene molecule. (a) Simulated image for the Cu tip. (b) The nc-AFM
image with Ag tip.[16] (c) Simulated image for the CuCl tip. (d) The nc-AFM image for pentacene/NaCl with CuCl tip.[16] (e) Simulated image
for DCLN/Cu(110) with CuOx tip. (f) The nc-AFM image for DCLN/Cu(110) with CuOx tip.[37] The atomic models of corresponding tips are
inserted to panels (a), (c) and (e).

The model is also applied to another molecule to test the
performance for other elements. The nc-AFM images of the 4-
bromo-3′′-iodo-p-terphenyl (BrI-TP) molecule on the Cu(111)
substrate are simulated using this model, as shown in Fig. 6.
The CuCO tip is selected according to the experiment. The
triphenyl group is slightly distorted due to the steric hindrance
between H atoms, which leads to asymmetric brightness of
benzene rings.[40] The Br atom is slightly higher than the I
atom in the simulated image, while in the nc-AFM image they
have almost identical brightness. This deviation is ascribed to
the higher position of the Br atom in the relaxed structure of
BrI-TP (Fig. S4(b)).

-
3
.2

 H
z

0
 H

z(a) (b)

3 Å Z=3.95 Å

Fig. 6. FAST-AFM simulation and the experimental images for the BrI-
TP/Cu(111) with CuCO tip. (a) Simulated image with Z = 3.95 Å. (b) Exper-
imental image and the structure of BrI-TP molecule.[41] The purple, brown,
gray, and white balls are I, Br, C, and H atoms, respectively. The 2×2 mesh
is settled according to the shape of supercell.

The fitting parameters A, C, M and N for the previous sim-
ulation are listed in Table 1. A and C are scaling parameters for
the repulsive and attractive terms, respectively. Larger value of
A/C is related to a repulsive interaction between tip and sam-
ple. In our simulation the A/C values for CuCO tip, CuCl
tip, and Cu tip are 48.28, 25.68, 20.09 respectively, showing a
transition from repulsive dominating to attractive dominating.
For pentacene, the CuOx tip is abnormal with an A/C value
of 16.59, showing a strong attractive regime. However, the
imaging performance of the CuOx tip is much better than the

attractive Cu tip, the simulation image is shown in Fig. S5. The
reason could be the high electronegativity of the oxygen atom,
which creates a negatively charged termination and achieves
the intramolecular resolution of the organic molecule.[37] The
parameters M for all tips are around−3. This indicates that the
effect of the modified localized electron function does not vary
much with the choice of tips. The last parameter N decides the
decay of attractive forces with the distance. A smaller value of
N means that the attractive force is close to electrostatic inter-
action, while larger values mean that the attraction is mainly
contributed by other vdW interactions such as dipole interac-
tion etc. The simulation for the BrI-TP molecule is also ap-
plied with the CuCO tip, which gives A/C value similar to the
pentacene case. As the charge distribution of halogen atoms is
different from carbon or hydrogen atoms, the optimized values
of M and N deviate from those for pentacene.

Table 1. Parameters obtained for two molecules and different tips using
Eq. (6).

System Pentacene BrI-TP
Tip CuCO Cu CuCl CuOx CuCO
A 1461 4182 4975 1817 1829
C 30.26 208.18 193.72 109.51 27.67
M –2.90 –3.19 –3.42 –3.52 –2.73
N 2.88 3.35 3.22 2.55 2.94

In FAST-AFM the parameters are optimized using the
DFT calculated force curves as they are thought to have good
accuracy. It is also easy to determine tip positions in DFT cal-
culation. The small standard deviations between our model
and DFT calculated force curves proves that our model has
the potential to achieve accuracy similar to DFT calculations.
However, the DFT calculated results differ from experiment
for many reasons. The simulated structures of tip termina-
tions or the adsorbates are not identical to the real system. Tip
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vibration is ignored in the DFT calculated force. The calcu-
lated force may be inaccurate according to the selection of
exchange-correlation functional and other calculation tags. All
of these problems could cause the difference between the sim-
ulated image and the experimental observation.

The FAST-AFM method avoids the direct calculation of
massive data points in the 2D map with an ab initio approach.
The cost of this method can be divided into the DFT calcu-
lation and the parameter optimization. In this work, it only
needs to calculate six force curves with DFT. The simulated
forces are very close to DFT calculation at positions away
from the selected mesh, even if the number of sampling force
curves is reduced to 3 (Fig. S3). Taking the simulation for pen-
tacene/Cu(111) as an example, which contains 228 atoms. The
DFT calculation is conducted with 80 cores. It needs about
two hours to get the charge density and 22 hours to get six
force curves (15 min for each energy point). Then the FAST-
AFM generates the simulated image of 280×180 dots within
several minutes. On the other hand, in a full DFT calcula-
tion at least three energy points are needed to estimate the
frequency shift for each position. The estimated time would
be 280×180×3×15 min≈ 37800 hours. The cost could be
even higher if the tip-sample distance is unknown.

4. Conclusions
We have developed the FAST-AFM method to simulate

nc-AFM images for organic molecules with limited cost and
accuracy comparable to DFT calculations. This method is
based on a semi-empirical model which describes repulsive
and attractive interactions with the sample charge density. The
parameters (A, C, M, N) are optimized with force curves from
DFT calculation. By testing it on the pentacene/Cu(111) sys-
tem, we find that the simulated images are highly consistent
with the experiment for different functionalized tips, including
the repulsive CuCO tip, less repulsive CuCl and CuOx tips, and
even the attractive pure Cu tip. This simulation tool also shows
good elemental identification for the imaging of the more com-
plicated molecule BrI-TP. The high accuracy and wide-range
adaption of FAST-AFM make it a reliable method to conduct
nc-AFM simulations for various systems.
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