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ABSTRACT 
 
We perform a molecular dynamics simulation to 

emulate the retraction followed by re-approach of an AFM 
with respect to a surface. We found a hysteresis in the snap-
off distance and energy during such a tapping process of 
AFM tip. As the tip initially retracts from the surface, the 
meniscus gradually thins out and eventually snaps off. The 
meniscus keeps its symmetric shape during all stages of the 
retraction. On the other hand, as the tip re-approaches the 
surface, the water meniscus is initially asymmetric in shape 
but finally recovers its symmetry. The distance for the 
reformation of meniscus is about 4 nm shorter than the 
snap-off distance during tip retraction. Hysteresis also 
exists in the behavior of energy vs. tip-surface distance.   
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1 INTRODUCTION 
 
Water naturally condenses between an atomic force 

microscope (AFM) tip and a surface under ambient 
conditions. This nanoscale water meniscus gives rise to a 
significant capillary force which holds the AFM tip and 
surface together [1] (so called pull-off force). The meniscus 
also serves as a nano-channel for molecules to flow from 
the tip to a substrate in dip-pen nanolithography [2]. 
Considering numerous applications of the AFM tip in 
surface science and nanolithography, it is important to 
understand the meniscus and the capillary force at the 
molecular level.  

Previously, we have performed Monte Carlo 
simulations based on a lattice gas model [3,4]. We have 
explored the roles of surface roughness and hydrophilcity 
on the capillary force. Also, we recently completed an all-
atom molecular dynamics simulation of the water meniscus 
formed between an AFM tip and a surface. We examined 
how the meniscus structure varies as the distance between 
the tip and surface changes. Overall, the meniscus shrinks 
in its width as the tip retracts from the surface, eventually 
snapping off as the tip-surface distance further increases [5]. 
The underlying assumption of previous studies is that the 
meniscus is in thermal equilibrium as the tip-surface 
distance varies. In the case of a moving AFM as in a 
tapping-mode operation, it is not clear the meniscus has 
enough time to equilibrate as the tip-surface distance 
changes. Herein, we perform molecular dynamics 

simulations to emulate a retraction followed by re-approach 
of an AFM tip with respect to a surface. 

 
2 SIMULATION DETAILS 

 
We used the NAMD [6] simulation package for carrying 

out our molecular dynamics simulation. We employed a 
potential energy function compatible with the CHARMM 
force field [7]. The functional form used is 

 

total bond angle vdW coulombU U U U U= + + +        (1) 
 

The first two terms on the right-hand side of Equation (1) 
describe the stretching and bending bonded interactions in 
harmonic forms,  
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Here the sums run over all bonds and angles. The 
parameters bond

ik s and angle
ik s are force constants for the 

interactions. oir  and oiθ  are the equilibrium bond distances 
and angles, respectively. The last two terms in Equation (1) 
describe van der Waals and electrostatic non-bonded 
interactions: 
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The van der Waals interaction between atoms i  and j is  

Lennard-Jones (LJ) potential where min
ijr and ijε  are the 

distance of the energy minimum and characteristic energy 
parameter, respectively. iq , jq  and 0ε  are the partial 

atomic charges of atoms i and j  and vacuum permittivity, 
respectively.  
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Figure 1: Snapshot of a water meniscus equilibrated in 
molecular dynamics simulation 
 
 
Total of 2,317 water molecules are used and all parameters 
are taken from the CHARMM force field. We use TIP3P 
water model [8] which has a single Lennard-Jones center at 
oxygen atom together with partial charge on every atom.  

Both the tip and surface are made of gold-like atoms. 
The tip geometry is taken to be a hemispherical shell of 
atoms. To construct the tip, we initially set up a face-
centered cubic (FCC) crystal with lattice spacing equal to 
0.288 nm. Then we choose lattice points closest to the 
hemispherical surface with a radius of 13 nm. The resulting 
AFM tip is made up of 15,563 atoms. The surface structure 
is generated by picking up the top two layers of FCC with 
the same lattice spacing as of the tip. The surface is 
composed of 28,984 atoms. The simulation box initially has 
a size of 18.5 nm by 18.5 nm by 7.0 nm but its size changes 
as the tip-surface distance varies.  

Newton’s equation of motion is integrated numerically 
using the velocity Verlet algorithm with a time step of 1 fs. 
Electrostatic and van der Waals interactions are truncated 
smoothly by using a switching function with 1.2 nm cutoff 
distance. Temperature is set to 300K by applying Langevin 
thermostat with a damping coefficient of 5 ps-1. Long range 
electrostatic interactions are evaluated using particle-mesh 
Ewald summation with a grid spacing of 0.1 nm. A multiple 
time step algorithm [9] was employed to compute 
interactions involving covalent bonds every time step, 
short-range non-bonded interactions every two time steps, 
and long-range electrostatic forces every four time steps 
[10]. The surface atoms are fixed during simulation.  

Initially, water molecules are placed in a rectangular 
box located between AFM tip and surface. We then run MD 
simulation for 106 time steps (~1.0ns) to get a water 
meniscus in equilibrium (Figure 1). In simulating a tip 
retracting from the surface, we apply an external force of 
1.4pN on each atom of tip in the positive z  direction for 
times up to 11 ns. For a tip re-approaching the surface, we 
apply the external force on each tip atom in the negative z  
direction for 21 ns. 

 
 

3 RESULTS 
 
Figure 1 shows the snapshot of an equilibrated water 

meniscus in MD simulation. The meniscus on average is 
cylindrically symmetric but it fluctuates in its periphery 

from snapshot to snapshot due to the effect of temperature. 
The microscopic contact angle of the nano-meniscus is less 
than 90 degree for both tip and surface, demonstrating the 
hydrophilicity of gold atom. The contact angle is rather 
closer to 90 than to 0 degree suggesting that gold is 
marginally hydrophilic.   

Starting from the initial meniscus in thermal equilibrium 
as shown in figure 1, we apply an upward external force on 
each atom of the tip as described above. Due to this 
external force, the tip retracts from the surface with a speed 
of 0.83 m/s. Accordingly, the meniscus in figure 1 increases 
its height and its width at neck shrinks. We do not observe 
any water molecules evaporating from the meniscus. The 
total number of molecules is conserved, and therefore 
approximately the volume of meniscus remains constant. At 
a certain tip-surface distance in the course of tip retraction, 
the meniscus finally snaps off and turns into two separate 
droplets on the tip and surface. Figure 2(a) captures the 
moment just before the snap-off of meniscus (the distance 
between the tip and surface in this case is 8.28 nm). Notice 
the meniscus can be as narrow as single molecule wide in 
its neck. This narrow neck is very unstable and fluctuates a 
lot in time.   

 
 

 
(a) 

 
 

 
(b) 

 
 

Figure 2: Snap-off and rejoining of water meniscus. (a) 
Snapshot of meniscus just before its snap-off due to the tip 
retraction from the surface. (b) Rejoining of two droplets to 
form a meniscus during the tip approach to surface. 
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(a) 

 
(b) 

 
Figure 3: Energy vs. tip-surface distance. (a) Total energy 
of system is plotted as a function of tip-surface distance for 
the tip retracting from the surface. (b) Total energy vs. tip-
surface distance for a tip approaching the surface after the 
snap-off of meniscus.  
 

After the snap-off of meniscus, we further retracts the 
tip until its distance from the surface reaches 9.75 nm. The 
two separate droplets equilibrate independently on the tip 
and surface. When the tip-surface distance reaches its 
maximum, we reverse the direction of applied force on the 
tip. As a result, the tip re-approaches the surface. During 
this process, the droplet on the tip migrates significantly but 
the droplet on the surface did not move. When the tip-
surface distance decreases down to 4.18 nm, the two 
separate droplets on the tip and surface begin to merge into 
a single meniscus connecting the tip and surface. Figure 
3(b) illustrates the water meniscus just before the 
restoration of meniscus. As in figure 3(a), the meniscus 
neck is just one-molecule wide. Unlike the snap-off case 

(top, figure 3), the meniscus quite asymmetric and the 
distance of restoration of meniscus is much shorter (by 4.1 
nm) than that of snap-off. As the tip further approaches the 
surfaces, the nascent meniscus becomes broader in width 
and more symmetric in its shape. 

We have followed the variation in energy as the tip-
surface distance changes during the retraction and re-
approach above. Figure 3(a) shows the total energy of 
system vs. tip-surface distance during the tip retraction. The 
rapid fluctuation in energy of size of about 500 kcal/mol is 
due to the thermal fluctuation of constant temperature MD 
simulation. Aside from the fluctuation, one can clearly see 
the trend in the energy vs. distance. The energy increases as 
the distance between tip and surface increases. The 
stretching of meniscus therefore makes the meniscus 
energetically unstable (and therefore an attractive force 
between the tip and surface results). At the distance of 
snap-off of meniscus however (8.28 nm), the total energy 
abruptly decreases, and then the total energy becomes 
nearly constant as the tip further retracts from the surface. 
Now the two droplets on the tip and surface are 
independent, and the energy becomes constant (no force 
between the tip and surface). The sudden drop of energy at 
the snap-off is indicative of a round phase transition from a 
liquid-like state to a vapor-like state.  

Figure 3 (b) shows the energy-distance curve for the 
AFM tip approaching the surface. The total energy in this 
case does not show any drastic change with respect to the 
tip-surface distance. Only the slope of energy with respect 
to distance changes at the distance of approximately 
4.18nm. This distance is the rejoining distance of the 
meniscus. Note this distance much shorter than the snap-off 
distance of about 4.1 nm. As the tip moves down further, 
the total energy decreases as the meniscus becomes thicker 
in width and finally recovers the original shape as in figure 
1. 

 
4 CONCLUSIONS 

 
We have a performed molecular dynamics simulation of 

a nanoscale water meniscus formed between an AFM tip 
and a surface. By retracting and re-approaching the AFM 
tip with respect to the surface, we investigated the structural 
change of the meniscus. In such a tapping process of tip, we 
found a hysteresis in the snap-off and restoration distances 
of the meniscus. As the tip retracts, the meniscus gradually 
thins out and eventually snaps off to become two separate 
droplets on the tip and surface. The meniscus keeps its 
symmetric shape during all stages of the retraction. On the 
other hand, as the tip re-approaches the surface, the water 
droplet is initially asymmetric in shape but finally recovers 
its symmetry. The meniscus snaps off at a longer distance 
than the distance at which the meniscus reforms during the 
approach. The energy vs. distance curve shows a 
discontinuity indicative of the snap-off of meniscus. The 
corresponding energy curve for a rejoining meniscus does 
not show any discontinuous behavior of energy. 
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