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Abstract

A lattice gas model is implemented in simulating nanoscale water bridges condensed between a silicon nitride tip and a mica surface. We
demonstrate how to calculate the pull-off force on the tip by using a Monte Carlo method. For four different tips, we checked how the width of a
water bridge varies with respect to humidity. We also investigate the correlation between the bridge width and pull-off force.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

In a typical atomic force microscopy (AFM) [1-3], a water
bridge condenses between the AFM tip and a sample surface.
This capillary condensation gives rise to a large adhesion force
between the tip and sample. In the case of a silicon nitride tip
interacting with a mica surface, several experimental groups
have reported the pull-off force (the force needed to pull away
a tip initially touching a sample surface) [1-3]. Unfortunately,
there is no consensus on how the force depends on humidity.
Sedin and Rowlen [1] and Thundat et al. [2] observed a flat
response of pull-off force below 20% humidity and a monotonic
increase that persists up to 80% humidity. In contrast, Salmeron
and co-workers [3] reported a small, constant force at humdi-
ties less than 20%, a dramatic increase near 20% humidity and
then a maximal force at 25-30% followed by a gradual decrease.
We pointed out that the above discrepancy might be due to the
difference in tip shape used in experiments. Our Monte Carlo
simulation showed a slight difference in tip shape can make a
drastic change in the pull-off force [4].

The pull-off force arises from the water bridge. However, lit-
tle is known about how this nanoscale liquid bridge is related to
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the pull-off force. Thermodynamic theories, such as the Kelvin
equation [5,6] have been routinely adopted to explain the bridge
shape and the resulting pull-off force. However, applicability of
thermodynamics for a nanometer-sized water bridge is question-
able because it often shows a large fluctuation in its periphery
[7,8]. Here, we use Monte Carlo simulations to study system-
atically the water bridge by changing the tip—sample distance
and humidity. Using a thermodynamic integration method, we
calculate pull-off forces for four different tips. Previously, we
have shown that the width of the bridge is a fundamental vari-
able which indicates the occurrence of a capillary condensation
[8] and the stability of the water bridge [7]. Here, we investi-
gate the relation between the bridge width and the pull-off force.
There has been much work on the Monte Carlo simulation of the
formation and snap-off of liquid junction between solid surfaces
[6,9-11]. Unfortunately, the geometries considered in such work
are mostly slits or cylinders, which are not relevant to an AFM
tip on a surface.

2. Theory and calculation
2.1. System geometry and energy parameters of simulation

The present Monte Carlo simulation is based on a lattice gas
model [12,13]. Our system is a spherical AFM tip close to a
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Fig. 1. Four tips considered in our Monte Carlo simulation. Tip A is a smooth spherical tip and the other tips have root-mean-square roughness of about 0.2 nm.
Only the first quadrants of tips are shown. In this and the next figures, lengths are in the unit of lattice spacing, / (=0.37 nm).

flat sample surface. We have considered the same set of tips
as in our previous work [4]: a smooth spherical tip (A), and
three rough tips drawn in Fig. 1. Tips are shown upside down
for visual clarity. The root-mean-square roughness for tips B,
C, and D are 0.22 nm, 0.21 nm, and 0.19 nm, respectively. Due
to small roughness, tips are not much different from each other.
Water molecules can occupy cubic lattice sites confined between
the tip and sample. Lengths are in the unit of lattice spacing,
[. In physical dimensions, the lattice spacing is taken to be the
molecular diameter of water, 0.37 nm [14]. The horizontal range
of our system is —30 <x, y <30. Only first quadrant (x>0,
y > 0) of the system is shown in the figure, and the remaining
quadrants are taken to be mirror images of the first quadrant with
respect to the XZ- and YZ-planes, and the Z-axis. Invoking this
reflecting boundary condition yields nearly identical results to
simulations that include the complete system. The flat sample
surface is a square lattice located at Z=0.

A water molecule interacts with its nearest neighbor
molecules with attraction energy ¢ and has its own chemical
potential ;. When it is located at one of the nearest neighbor
sites of the tip and sample surfaces, it feels binding energies, bt
and bg, respectively. The system Hamiltonian is then

H=—EZCiCj—bT Z Ci—bs Z

i,j=nn i=tip surf. i=sample surf.

Ci — MNi
6]

where c; is the occupancy (1 or 0) of the ith site, and the first
summation runs over nearest neighbor pairs, the second is for the

sites next to the tip surface, and the third for the sites right next to
the sample surface. N is the number of molecules in the system.
Energetic parameters, bt/ and bg/e, are chosen to mimic a sil-
icon nitride tip interacting with a mica surface. The tip binding
energy, br, is taken from the heat of adsorption for a water on a
silicon nitride tip (=50 kJ/mol [15]). The binding energy of water
on mica, bg, is taken from the ab initio calculation by Odelius et
al. (46 kJ/mol [16]). By dividing the above values by a hydrogen
bonding strength (18.63 kJ/mol) [17], we get br/e =2.68 and
bs/e =2.47. Humidity is defined as exp[(i — nc)/kgT], where
W is chemical potential and puc (=—3e) is the chemical poten-
tial at the bulk gas—liquid transition. This definition is the ideal
gas limit expression for the system pressure relative to the bulk
saturation pressure. The bulk critical temperature in our lattice
model is exactly known as kg7Tc/e =1.128 [13]. Therefore, the
water—water attraction is automatically set to be ¢ =4.771 kJ/mol
because Tc =647.30 K. Temperature in our simulation is fixed
at room temperature (300 K), 7/Tc =0.46. If we use the above
physical values for ¢ and /, our force unit is &//=0.021 nN.
Using the above interaction and thermodynamic parameters and
the Hamiltonian Eq. (1), we performed grand canonical (wVT)
Monte Carlo simulations by following the procedure detailed
elsewhere [18,19].

2.2. Computation of the width of water bridge and pull-off
force

The width of a water bridge is defined as the width at its waist
[Fig. 2(a)]. We first generated many (typically 50,000) equilib-
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Fig. 2. (a) A schematic diagram illustrating the water bridge condensed between
an AFM tip and a sample surface. The width of a concave bridge is defined as its
waist width. (b) A simulated snapshot of water molecules condensed between
an AFM tip and a flat sample. Water molecules are drawn as spheres. Tip and
sample surface sites are represented as cubes. Relative humidity is set to 40%
and the tip—sample distance, &, is three lattice spacings. Only the first quadrant
(x>0, y>0) of our system is shown.

rium configurations by using a Monte Carlo method. Fig. 2(b) is
a typical equilibrium configuration obtained this way. For each
configuration, we counted the number of columns which are
continuously occupied with water molecules. This guarantees
the width is measured at the waist of a concave bridge. The col-
lection of such columns looks like a circle when viewed along
the Z-axis (perpendicular to the sample surface). We define the
circle diameter as the bridge width for that configuration. We
averaged the above diameter over 50,000 different equilibrium
configurations.

The adhesion force, F, at a given tip—sample distance, A, is
calculated by using the following relation [20],

(5e),,=(ar)
w/)pr \oh ),

where Ny is the excess number of molecules with respect to that
of bulk (Nex =N — Npuik)- The capillary force F(h) is obtained

by integrating Eq. (2) with respect to chemical potential . The
integral form of Eq. (2) is given by

K/ ONex ,
F(u,h,T)—F(—oo,h,T)z/ < m ) du'. 3
—00 M/

Starting from a sufficiently low p that gives zero values for
(0Nex/0h), we discretized the integral in Eq. (3) by using
Simpson’s rule and evaluating (dNgx/0h) at intermediate u val-
ues. The derivative with respect to 4 in Eq. (2) is evaluated
as INex/0h =[Nex(h+ 1) — Nex(h)]/l, where Nex(x) is the excess
number at a tip—sample distance x. We calculate the bulk density
(o =Npuik/V, V=volume) by using the mean-field density func-
tional theory (DFT) [21]. Within the DFT, the grand potential
per unit volume is given by

$2pFT
\%

where p is the density. The equilibrium density is determined by
the condition, 8(£2ppt/V)/80 =0. We confirmed the accuracy of
the DFT by running several simulations for the bulk system. At
a given humidity, we calculated F(#) for each tip.

= kgT[plogp — (1 — pllog(l — p)] — 3ep® — up, (4)

3. Results and discussion
3.1. Humidity dependence on the water bridge width

In Fig. 2(b), we plot a snapshot of water molecules con-
densed between a rough tip and a flat sample surface at a
relative humidity of 40%. The snapshot is one of many equilib-
rium configurations generated by using the Monte Carlo method
described earlier. Note the tip is completely covered with water
molecules whereas the mica-like sample surface is partially and
cylindrically covered around the tip. The tip—sample distance,
h, is 1.11 nm in this case. Unlike its macroscopic counterpart,
this nanometer water bridge shows a substantial fluctuation in
its width (typically about 5% of its average width).

For each humidity considered in the simulation, we calculated
the capillary force F of each tip as a function of tip—sample
distance h. Typically, F(h) is attractive when the tip is close to
the sample (2 < 1.2 nm). As hincreases, F eventually approaches
zero. From F(h) curve, we identified the pull-off force as the
magnitude of the maximal attractive force. And the distance
which gives that pull-off force is taken to be the pull-off distance.
In all the cases considered in our simulation, the pull-off distance
was either A=1 (0.37nm) or 2=2[ (0.74 nm). Fig. 3 illustrates
how the width of a water bridge responds to varying humidity.
Note the width in the figure corresponds to the one at the pull-off
distance. One can see that, overall, the bridge width increases
with raising humidity. But for tips B and D, there is a sudden drop
in the width near humidities 40 and 5%, respectively. This abrupt
drop is due to the fact that the pull-off distance has increased
from h=1(0.37nm) to 2=2[ (0.74 nm). As the bridge width is
smaller for a larger / (because the molecules are less confined),
the bridge width at the pull-off distance shows a discontinuity
as in Fig. 3. However, for a fixed A, the sorption curve (N versus
humidity) is continuous. Once the pull-off distance has increased
to h=21 (0.74 nm), the bridge width increases with a humidity
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Fig. 3. The liquid bridge width vs. relative humidity. For four different tips, we
examined the bridge width at the tip—surface distance that gives rise to the max-
imal attractive force. Overall, the bridge width increases with raising humidity.
A sudden drop in the width for tips B and D is due to the fact that the pull-off
distance has increased from h=1to h=21.

rise. Notice, at low humidities (<30%), the bridge width is wildly
different for each tip. It is surprising that such a slight difference
in the tip shape results in a drastic change in the bridge width.
As humidity approaches 70%, the bridge width becomes similar
to each other (but it is not identical).

3.2. Correlation between water bridge and pull-off force

We now investigate the correlation between the pull-off force
and the bridge width. In Fig. 4, the pull-off force is plotted
as a function of bridge width at the pull-off distance of h=1
(0.37 nm). One can see that the pull-off force rises with raising
the bridge width. Then we might think that a wider bridge means
a larger adhesion energy of it, giving a stronger attractive force.
This is misleading however because, for tip B, the force actu-
ally decreases with increasing the bridge width above 9.5 nm.
It is also interesting that the bridge width is remarkably differ-
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Fig. 4. Pull-off force vs. the water bridge width at a pull-off distance of /. On the
whole, the pull-off force is proportional to the bridge width. For tip B however,
the pull-off force starts to decrease with increasing the width above 9.5 nm.
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Fig. 5. Pull-off force vs. the bridge width for four tips considered in this work.
The pull-off distance is 2/ in this case. Compared to the pull-off distance =1,
the pull-off force is significantly non-linear with respect to the bridge width
variation.

ent from each other even though all the four tips are similar in
shape. This illustrates the water bridge shape is very sensitive to
the atomic details of the tip.

The pull-off force versus the bridge width for the pull-off
distance of 7 =2[(0.74 nm) is plotted in Fig. 5. A non-monotonic
dependence of the force on the bridge width is more prominent in
this case. The force begins to decrease with respect to the bridge
width, starting at a width about 7 nm for tips A and C. The pull-
off force of tip B starts to decline at a much larger value of the
width (~12 nm). Tip D shows a nearly monotonically increasing
force with respect to the width. Comparison of Figs. 5 and 4
illustrates that the dependence of the pull-off force on the bridge
width changes dramatically by changing the pull-off distance.
Therefore, the tip—sample distance is another important variable
in determining the pull-off force.

4. Conclusions

We have simulated nanoscopic water bridges that form in
atomic force microscopy. This nanoscopic bridge reacts sensi-
tively to the atomic details of the tip geometry. Our calculation
(0-7nN) faithfully reproduces the order of magnitude of the
experimental force. For small water bridges (width less than
7nm), the pull-off force increases with enhancing the water
bridge width for all the tips considered in this work. Further
increasing the bridge width can lead to a decrease in the pull-off
force depending on the tip shape. It is hard to find the defini-
tive relationship between the pull-off force and the water bridge
width. In order to understand the pull-off force, we might need
to take into account the pull-off distance and the shape of the tip
as well.
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