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ABSTRACT: Atomic resolution imaging of surfaces in liquid environments using
atomic force microscopy (AFM) is challenging in terms of both reproducibility and
measurement interpretation. To understand the origins of these challenges, we used
molecular dynamics simulations of AFM on hydrophilic self-assembled monolayers
(SAMs) in water. The force on the model AFM tip was calculated as a function of
lateral and vertical position relative to the SAM surface. The contributions of the
water and SAMs to the overall force were analyzed, and the former was correlated to
the water density distribution. Then, dynamic AFM was modeled by oscillating the tip
at a driving amplitude. It was found that the contrast between amplitudes at different
lateral positions on the surface was dependent on the vertical position of the tip.
Lastly, amplitude maps were produced for two vertical positions at constant height,
and the ability to capture atomic resolution was related to the force on the tip. These
results offer an explanation for the observed instability in atomic scale imaging using
AFM and more generally provide insight into the contrast mechanisms of surface images obtained in liquid environments.

■ INTRODUCTION

Dynamic atomic force microscopy (AFM) has been widely
used to image various surfaces, including both organic and
inorganic samples.1−6 It has been shown that dynamic AFM
can achieve higher spatial resolution than contact mode AFM
by minimizing the interaction forces between the AFM tip and
sample.1,2,7 Such studies performed in vacuum environments
routinely demonstrate the ability to image with atomic/
molecular resolution.8−10 There has also been significant
interest in using AFM to study liquid−solid interfacial
phenomena that are important to a wide range of technological
applications, including electrocatalysis, biosensors, biomolecu-
lar adsorption, as well as lubrication and corrosion in
tribology.4,7 However, high-resolution AFM imaging in liquid
is more challenging than in vacuum for several reasons. First,
the oscillatory force due to solvation layers formed at the
solid−liquid interfaces may affect the force sensitivity that is
required for atomic resolution imaging.11 In addition, in a
liquid environment, the cantilever resonance has a low-quality
factor, which leads to noise in force detection and degrades
image resolution.7 Despite these challenges, recent studies have
shown that atomic/molecular resolution can be obtained with
dynamic AFM in liquid.6,11−14 However, the stability and
reproducibility of these measurements remain significant
limitations.15 Further, the interpretation of images obtained
in liquid environments is challenging since the origin of the
atomic scale contrast involves contributions from both the

surface being imaged and the liquid itself. For example, it has
been suggested that atomic scale contrast observed in water
originates from water molecules bound to the surface
functional groups.16 This means that image contrast is due
primarily to tip−water interactions, as opposed to the tip−
sample interactions, which complicates the interpretation of
images obtained in liquid environments.
Atomic resolution is directly related to the amplitude−

distance or frequency shift−distance relationship measured
during dynamic AFM, and these relationships are determined
by the force acting on the tip. However, the interaction force is
not directly observable in dynamic AFM experiments.3,17,18

Therefore, density functional theory (DFT) calculations and
molecular dynamics (MD) simulations that enable the direct
calculation of interaction forces have been used to study
atomic contrast in dynamic AFM. For example, DFT has been
used to calculate individual force contributions, including Pauli
repulsion, van der Waals, and electrostatic forces, to identify
the dominant interactions responsible for molecular structure
imaging.10,19−21 However, due to computational limitations of
the DFT method, only a few atoms can be considered,22 so the
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effects of larger-scale features, such as an elastic substrate or
the tip beyond the few atoms at the apex, may not be
captured.19 The dynamic motion of an AFM tip has also not
been modeled using DFT. Alternatively, MD simulations can
describe more atoms and can capture dynamic processes. As
such, MD simulations have been used to study atomic
resolution in vacuum.23−25 These studies used force−distance
data from simulations of a static tip to calculate the frequency
shift−distance relationship and then obtain surface images, but
did not directly simulate the dynamic oscillation of the tip.
Other studies have used MD to simulate dynamic AFM with
tip oscillation, but did not report surface images or were not
performed in a liquid environment.26−29

In this work, we performed MD simulations of dynamic
AFM in liquid to understand the origins of atomic contrast.
The model system consisted of an AFM tip apex and
hydrophilic self-assembled monolayers (SAMs) in water.
SAMs were chosen because they have well-defined structure
and topography,30 which facilitated the analysis of interaction
forces in the model. Hydrophilic SAMs were then selected
because the atomic resolution has been observed for
hydrophilic surfaces in water experimentally.12,14,31 The
simulations were used to calculate the force that the tip
experienced at different positions relative to the SAMs.
Specifically, we analyzed forces at atom sites, corresponding
to the lateral positions of the terminal oxygen atoms on the
SAMs, and hollow sites, between the terminal oxygen atoms.
The force on the tip at these two sites was analyzed in terms of
the tip−SAM and tip−water interaction forces. The latter was
correlated with the local distribution of water near the solid/
liquid interface. To obtain the amplitude−distance relation-
ship, which determined the imaging contrast, the tip was
oscillated over the atom and hollow sites and the amplitude
was calculated. The amplitude−distance relationship was then
analyzed in terms of the interaction force that the tip
experienced at each site. Finally, amplitude maps from
simulations of dynamic AFM at constant height illustrated
that image contrast was highly dependent on the vertical

position of the tip relative to the surface being imaged. The
results provided insight into the origin of the atomic contrast
obtained using dynamic AFM in liquid.

■ METHODS
As shown in Figure 1a, the MD model consisted of a cone-shaped,
diamond AFM tip apex and hydrophilic −S(CH2)11OH SAMs placed
on an atomically flat Au(111) surface. The height of the tip was 1.2
nm, and the radius of the tip base was 0.9 nm. This tip geometry was
motivated by the assumption that a few atoms protruding from the
end of the tip are responsible for atomic scale contrast of dynamic
AFM and that long-range interactions involving the rest of the tip are
less important.19 The dimensions of the gold substrate were 5.0 nm ×
5.2 nm in the x and y directions, respectively. The sulfur head groups
of the −S(CH2)11OH formed a (√3 × √3)R30° structure on the
gold surface. The density of the SAMs was 0.216 nm2 per chain,
consistent with previous experiments and simulations.32−34 The space
between the top of the SAMs and the top of the simulation box (Δz =
6 nm) was filled with water. After relaxation, the average density of
the water far from the SAM surface was 1.0 g/cm3. Simulations were
run with the tip positioned in the water above three different atom
sites and three different hollow sites, as illustrated in Figure 1b. These
repeat simulations were run to capture the statistical fluctuations
inherent to MD simulations. Periodic boundary conditions were
applied in all directions.

The tip was treated as the rigid body, and the bottom 0.1 nm of the
Au substrate was fixed. The lateral positions of the hydroxyl groups in
the SAM molecules were fixed to ensure that the tip was located over
the position of interest. This approach was consistent with a previous
observation that the dominant response of SAMs to indentation was
to deflect downwards as opposed to being pushed to the side.35 The
interactions within the gold substrate were modeled by the embedded
atom method (EAM).36 The water was described by extended simple
point charge potential SPC/E.37 The united atom model was used to
model the SAM molecules, where the hydrogen atoms were treated
implicitly with their masses added to the corresponding carbon atom.
Parameters for the interactions within the SAM molecules and
between SAM molecules can be found in ref 38. For the O and H
atoms in the hydroxyl group of SAM molecules, the partial charges
and potential parameters were taken from ref 39. The thiol−Au
interaction was modeled using a Morse potential.40,41 The Lennard-
Jones potential38 and the Lorentz−Berthelot mixing rules42 were used

Figure 1. Perspective view snapshots of (a) half of the model system showing the conical tip and SAMs on Au(111) surface in water, and (b)
terminal oxygen of the SAMs where the black squares and red circles represent the atom sites and hollow sites, respectively.
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for all other long-range interactions. The same models and parameters
for interatomic interactions in the system were used in our previous
study of amplitude modulation (AM)-AFM of SAMs in water, where
the only difference from the present study was the shape of the tip.27

A Nose−́Hoover thermostat was applied to all nonconstrained atoms.
First, the system was equilibrated. This process included running

the simulation in the NVT ensemble at 300 K for 50 ps to achieve
steady-state potential energy, in the NPT ensemble for 50 ps at 300 K
and 100 kPa to achieve steady-state volume and water density, and
finally in the NVT ensemble at 300 K for 50 ps to again achieve
steady-state potential energy. To calculate interaction forces, we
equilibrated the system for another 250 ps in the NVT ensemble and
calculated the average of the z-component of the total force, the force
from the SAMs, and the force from the water acting on the tip as
functions of the distance from the SAM surface. Distance d was
defined as the vertical distance between the lowest atom in the tip and
the average vertical position of oxygen atoms in the SAM molecules
when the tip was far from the SAM surface.
The dynamic motion of the tip needed to model amplitude

modulation (AM)-AFM was simulated using an approach we
developed previously.29 The tip was connected to a virtual atom
through a harmonic spring with a stiffness of 40 N/m in the z
direction and then the virtual atom was moved with a sinusoidal
motion perpendicular to the surface with a 0.1 nm amplitude and a
frequency of 111 GHz. Small amplitude was applied here since it had
been suggested that a small oscillation amplitude in dynamic AFM
can enhance short-range interaction force sensitivity and thus lead to a
higher spatial resolution.11 The GHz scale of the frequency was
necessitated by the small time scale of the simulation, but we have
previously shown that trends in amplitude−distance data obtained
from simulations with this frequency were consistent with those
measured at the kHz scale in dynamic AFM experiments.27 The
specific frequency used was chosen to maximize the amplitude5 within
the range available to the simulations. The ensemble of the tip and
virtual atom was placed at different vertical positions to obtain the
relationship between the tip’s oscillation amplitude and its vertical
distance from the SAM surface at the atom and hollow sites. All
simulations were run with a time step of 0.25 fs using large-scale
atomic/molecular massively parallel simulator (LAMMPS) soft-
ware.43

■ RESULTS AND DISCUSSION
We first analyzed the total force acting on the tip as a function
of distance from the SAM surface for the tip at the atom and
hollow sites. The results are shown in Figure 2. When the tip is
far from the surface, the total force acting on the tip is
negligible at both the atom and hollow sites. Also, when the tip
is indenting the SAMs (d =0 corresponds to the plane of
oxygen atoms that forms the surface of the SAMs), there is a
large repulsive (positive) force at both sites. At intermediate
distances, between 0 and 0.5 nm, the force oscillates between
positive (repulsive) and negative (attractive). Force oscillation
has been observed in previous measurements on mica and
calcite surfaces immersed in water using dynamic AFM, where
the force was calculated from the measured frequency
shift.31,44 Importantly, comparing the force at the atom and
hollow sites in our simulation results, the oscillations at
intermediate distances exhibit opposite trends.
To understand the force trends described above, we

analyzed the individual contributions of the water and the
SAMs to the total force experienced by the tip. The force
distribution at the atom site is shown in Figure 3a. At this site,
when the tip is above the SAMs (d > 0.1 nm), a repulsive tip−
water interaction is the major contribution to the total force.
Then, there is a small attractive force from the tip−SAM
interactions around d = 0.05 nm. Finally, a repulsive tip−SAM
force becomes dominant after the tip begins to indent the

surface (d < 0). At hollow sites, as shown in Figure 3b, some
trends are similar to those observed at the atom sites: there is a
repulsive tip−water force when the tip is above the SAMs, a
small attractive tip−SAM force as the tip is near the SAMs, and
a large repulsive tip−SAM force when the tip indents the
SAMs. However, there are differences between the trends as
well. After indentation, the repulsive force between the tip and
SAMs is smaller and the tip−water force is larger at the hollow
sites compared to that at the atom sites. Also, and most
significantly, the transitions from attractive to repulsive force
occur further from the SAM surface at the hollow sites than at
the atom sites.
The difference between the force at the atom and hollow

sites, which is key to understanding the imaging contrast, was
directly calculated by subtracting the force at the hollow sites
(Figure 3b) from the force at the atom sites (Figure 3a), as
shown in Figure 3c. The force difference is largest at two
vertical positions, labeled A and B in Figure 3. When the tip is

Figure 2. Total force on the tip at the atom sites and hollow sites (see
Figure 1b) as a function of distance to the SAM surface. Error bars
reflect the variation in force obtained at three different sites.

Figure 3. Force on the tip at the (a) atom and (b) hollow sites broken
down into the tip−water and tip−SAM contributions. (c) Difference
between the force at the atom and hollow sites. Distances at which the
force difference is most significant are labeled A and B.
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at the SAM surface, at point A, the observed force difference is
due predominantly to the repulsive tip−SAM and tip−water
forces observed at the hollow site. Then, at point B, there is a
force difference attributable to both the tip−SAM and tip−
water interactions, where approximately one-third of the force
difference is due to the attractive tip−SAM interactions at the
hollow site, while the remaining two-thirds of the difference
results from repulsive tip−water interactions at the atom site.
The difference in the tip−SAM forces may be attributed to

the fact that the molecules in the SAM move away from the tip
when it approaches the surface at the atom site, so the onset of
the repulsive force occurs at a lower vertical position. In
general, the largest differences between the atom and hollow
sites are attributable to the tip−water forces, and we
investigated the physical origins of these differences next.
The significant contribution of the tip−water forces shown

above is consistent with the observations from a previous
dynamic AFM study, which suggested that atomic scale
contrast observed in the water originates from water molecules
bound to the surface functional groups.16 To understand the
origin of the tip−water forces, we calculated the local density
profile of the water above the hollow and atom sites on the
surface as an average over 20 snapshots during a 200 ps
duration. The results are reported in Figure 4a. As expected,

the oscillation of the water density near the surface is observed
due to the layering of the water molecules adjacent to the
surface.44−46 The tip−water force originates from the
interactions between the water and the entire body of the tip
apex. For each vertical tip position, this is quantified as the
average water density calculated from the position of the
bottommost tip atom to the top of the tip, as shown in Figure
4b. At point A, the average water density across the tip is much
higher at the hollow site, corresponding to the larger tip−water
force at the hollow site in Figure 3b. At point B, the repulsive
tip−water force at the atom site in Figure 3a can be correlated
to the higher average water density across the tip in Figure 4b.

The force difference analysis above showed that both the
tip−SAM and tip−water interactions contribute to the forces
acting on the tip, which implies that both will affect image
contrast. However, when the tip is further from the surface
(e.g., at position B), the force difference is mainly due to the
tip−water interactions at the atom sites. This suggests that the
tip−water interaction is the dominant interaction responsible
for atomic imaging in this case. However, when the tip is closer
to the surface (e.g., at A), both the tip−water interaction and
tip−SAM interaction contribute to the force difference acting
on the tip between the atom sites and hollow sites. This
indicates that the closer the tip comes to the surface, the more
likely that the tip is imaging the surface rather than the water
structure formed near the surface.
Next, the force difference calculated from simulations of a

stationary tip is correlated to the amplitude measured from
simulations of dynamic AFM. Amplitude is measured as a
function of the distance from the SAM surface to the bottom
of the tip at the center of its oscillation. The results are
reported in Figure 5a. It can be seen that, at both sites, the

amplitude increases with the distance between the tip and
SAMs until it approaches a constant value, i.e., the free
amplitude. Also, the amplitude is observed to oscillate with
increasing distance from the surface. This amplitude oscillation
has been observed in previous simulations.18,27 Amplitude
oscillation is observed at both hollow and atom sites, but the
oscillations are out of phase with each other.
Previous work has shown that a smaller oscillation amplitude

can be correlated to a larger force on the tip.2 This is observed
here in a comparison between the amplitude and force
difference, which is re-plotted in Figure 5b. When the tip is far
from the surface, the amplitudes at the atom and hollow sites
are similar, corresponding to a negligible force difference. At
point A, the force difference is negative and the amplitude is
larger at the atom sites. Then at B, the force difference is
positive, resulting in a larger amplitude at the hollow sites.
Note that the positions of the maximum force differences are
shifted slightly (∼0.05 nm) relative to the positions of the
largest difference in amplitude. This offset is due to the fact
that the distance and force were calculated with a static model
tip, while amplitude was obtained from simulations of an
oscillating tip where just the equilibrium position was used to
calculate the distance.

Figure 4. (a) Distribution of local water density as a function of
distance from the SAM surface at the atom sites and hollow sites.
Each point represents an average over cylindrical regions above 90
hollow and atom sites on the surface, and the standard deviation is
approximately 0.27 g/cm3 for each calculated average. (b) Water
density across the tip obtained as an average of the local density over
the region from the bottommost tip atom to the top of the tip.

Figure 5. (a) Amplitude of tip oscillation from simulations of
dynamic AFM and (b) force difference between the atom and hollow
sites from static simulations as functions of the tip−SAM distance. In
(a), d1 and d2 identify the distances where the amplitude differences
between the atom and hollow sites are large and small, respectively.
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The above analysis suggests that greater contrast (and, in
turn, higher resolution) should be achieved with dynamic AFM
measurements performed at distances where the amplitude
difference between sites on the surfaces is largest. To test this,
we performed additional dynamic AFM simulations in
constant height mode. These simulations were performed at
d =0.09 nm, where the amplitude difference between the atom
sites and hollow sites is largest, and at d = 0.24 nm, where the
amplitude difference is negligible; these two vertical positions
are labeled d1 and d2 in Figure 5a. The tip was oscillated over
70 lateral positions on the surface, and the amplitude of tip
oscillation was recorded. The resultant amplitude maps are
shown in Figure 6. It can be seen that atomic resolution is

observed at d1, as evidenced by amplitude contrast that reflects
the SAM lattice. The contrast is small (∼0.015 nm) but is
statistically significant relative to the small driving amplitude of
0.1 nm. However, this contrast is not observed at d2, indicating
that atomic resolution could not be achieved at this height.
The simulation results clearly show that the ability to

capture atomic resolution in such measurements is dependent
on the vertical position of the tip. Although these results were
obtained at constant height, they are directly relevant to
dynamic AFM measurement performed at constant amplitude
(AM-AFM). To determine the effect of amplitude on the
resolution, Figure 5a can be analyzed in terms of the distance
as a function of amplitude. For example, for an amplitude of
0.095 nm or larger, the height would be the same at both the
atom and hollow sites, which indicates that atomic resolution
would not be observed. Then, if the amplitude was set between
0.08 and 0.095 nm, there would be multiple heights
corresponding to the target amplitude at either the atom or
hollow sites. This may result in unstable imaging, which has

been observed in previous AM-AFM measurements.47

However, for an amplitude between 0.075 and 0.08 nm,
there is only one tip height at the atom sites and at the hollow
sites, and the tip position at the hollow sites would be higher
than that at the atom sites. This indicates that atomic
resolution would be expected for an amplitude set in this
range. Further, the resolution that is achieved would be due to
both the tip−water and tip−SAM interactions.

■ CONCLUSIONS
Simulations were performed to investigate the mechanisms
underlying atomic resolution images obtained using dynamic
AFM in liquid. Simulations of a static AFM tip in the water
near a hydrophilic SAM surface showed that the force on the
tip is affected by both its vertical position and its lateral
position relative to the SAM lattice. The variation in force was
attributed to both the tip−SAM and tip−water interactions.
Importantly, it was shown that the relative contributions of
these two interactions to the total force depend on the distance
from the SAM surface. This implies that image contrast is likely
due to both the surface being imaged and the water, where the
effect of the water will be larger when the tip is further from
the surface. However, because the water density distribution is
affected by the positions of atoms on the surface, both the tip−
water and tip−surface interactions can reflect the local surface
structure.
Next, the simulation was extended to capture the oscillatory

tip motion of a dynamic AFM measurement. The model tip
amplitude increased with the distance from the surface
approaching the free amplitude and also fluctuated with the
distance to the surface, as observed in previous studies.18,27

Here, we showed that these fluctuations depend not only on
vertical position but also on the lateral position relative to the
SAM lattice. The effect is that the amplitude of the oscillation
of the tip at the atom and hollow sites is the same at some
vertical positions and different at others. The effect of this
observation on image contrast was demonstrated by simulating
constant height amplitude maps of the surface with the tip at
two different vertical positions. In one case, the amplitude was
different at the atom and hollow sites, so the amplitude map
reflected atomic resolution. However, in the other case, there
was no amplitude contrast and so atomic resolution could not
be achieved. This result suggests that the reproducibility of
surface measurements using dynamic AFM is very sensitive to
the vertical distance from the surface. This sensitivity is more
severe in liquid environments (compared to vacuum) because
of the contribution of the liquid to the amplitude fluctuations
at different positions on the surface.
Overall, this study provides three important physical

insights. First, the simulations show that image contrast is
due to both the surface being imaged and water, with the effect
of water being larger when the tip is further from the surface.
This finding is expected to be relevant to imaging in any liquid
environment. Second, the reproducibility of surface imaging
using dynamic AFM is demonstrated to be sensitive to the
vertical distance from the surface. Although this was observed
only for different tip heights in the simulations, the results have
a direct implication for other factors that affect vertical
position, such as amplitude. Further, any parameter that affects
the force on the tip, such as tip size and shape and the
hydrophobicity of the tip and SAMs, can be expected to affect
the ability to capture atomic resolution. Lastly, these
simulations provide a means of directly correlating imaging

Figure 6. Simulated amplitude map at (a) d1 = 0.09 nm where force
contrast between the atom and hollow sites is large and so the image
resolution is high, and (b) d2 = 0.24 nm where the force difference is
negligible and the image resolution is correspondingly poor. The
black circles represent the positions of the SAMs terminal oxygen
atoms.
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force to image resolution. Specifically, such simulations can
predict the difference between the force on the tip at different
lateral positions of interest on any model surface, which then
could be correlated to anticipated contrast in amplitude (at
constant height) or height (at constant amplitude or
frequency).
Beyond these specific outcomes, the simulations reported

here may stimulate future experimental studies into AFM con-
trast mechanisms. For example, three-dimensional AFM
imaging, where amplitude−distance curves are acquired at
each point in a scan area,4 can provide direct information of
the relationship between amplitude, height, and atomic scale
imaging contrast. By combining experiments and atom-
istic simulations of imaging, we will begin to understand how
atomic scale interactions between a tip apex, liquid, and sample
lead to subnanometer scale contrast. Such insights can not only
improve the reproducibility of imaging but also facilitate
interpretation of the structures observed in atomic resolution
images.
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E.; Peña, D.; Gourdon, A.; Meyer, G. Bond-order discrimination by
atomic force microscopy. Science 2012, 337, 1326−1329.
(11) Fukuma, T. Subnanometer-resolution frequency modulation
atomic force microscopy in liquid for biological applications. Jpn. J.
Appl. Phys. 2009, 48, No. 08JA01.
(12) Ebeling, D.; Solares, S. D. Amplitude modulation dynamic force
microscopy imaging in liquids with atomic resolution: comparison of
phase contrasts in single and dual mode operation. Nanotechnology
2013, 24, No. 135702.
(13) Miller, E. J.; Trewby, W.; Payam, A. F.; Piantanida, L.; Cafolla,
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