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Water condenses between an atomic force microscope �AFM� tip and a surface to form a nanoscale
bridge that produces a significant adhesion force on the tip. As humidity increases, the water bridge
always becomes wider but the adhesion force sometimes decreases. The authors show that the
humidity dependence of the adhesion force is intimately related to the structural properties of the
underlying water bridge. A wide bridge whose width does not vary much with tip-surface distance
can increase its volume as distance is increased. In this case, the adhesion force decreases as
humidity rises. Narrow bridges whose width decreases rapidly with increasing tip-surface distance
give the opposite result. This connection between humidity dependence of the adhesion force and
the structural susceptibility of the water bridge is illustrated by performing Monte Carlo simulations
for AFM tips with various hydrophilicities. © 2007 American Institute of Physics.
�DOI: 10.1063/1.2734548�

I. INTRODUCTION

Water condensation between two adjacent surfaces is
ubiquitous in the adhesion of solids and granular materials.1,2

If one of the adjacent surfaces is extremely sharp as in an
atomic force microscope �AFM� tip with a 10–100 nm ra-
dius, a nanoscale water bridge forms. This bridge serves as a
channel for molecules to flow from the tip to the substrate in
dip-pen nanolithography �DPN�.3 It also gives rise to a sig-
nificant adhesion force �on the order of nanonewtons� which
must be supplied to retract an AFM tip initially contacting a
surface.4–10 Various experiments have reported that the adhe-
sion force �commonly referred to as the pull-off force� is
sensitive to changes in humidity.6–10 Conventional Laplace-
Kelvin theory,11 however, predicts little humidity depen-
dence to the adhesion force. By taking into account the non-
spherical tip shape6,10 and the effects of liquid evaporation,12

one can significantly improve the continuum theory to repro-
duce the experimental results. Some of the most interesting
predictions of this approach10 occur for tip structures that are
defined with nanometer resolution, which is where an atom-
istic description of the tip and the bridge could be important.

As an alternative to the use of continuum theory, we
have been studying the use of lattice-gas models and Monte
Carlo calculations to describe bridge behavior.13–16 This ap-
proach provides molecular level insight into the description
of the bridge that is missing in the continuum description. In

addition, for small tips and small tip-surface separations
there are important differences compared to continuum
theory predictions in bridge structure and stability. In par-
ticular, the bridge is very unstable when it is only a few
molecules in diameter, and this leads to a minimum bridge
width for small tips,13 and a sudden “snap-off” of the bridge
when the AFM tip is retracted more than a critical distance
from the surface. Molecular density functional theory17

�DFT� provides an alternative molecular level approach that
has been widely used to study the phase behavior in confined
spaces. This mean-field theory neglects long-ranged density
correlations and is limited in its ability to describe fluctua-
tions of the water bridge,13,14 so the Monte Carlo approach is
more useful in the present context.

Despite its importance in AFM experiments and DPN,
our understanding of the adhesion force at the molecular
level is far from complete. More to the point, we do not
clearly understand what structural aspect of the bridge deter-
mines the humidity dependence of the adhesion force. As
humidity rises, the water bridge becomes wider and bigger. It
seems likely that a bigger bridge should yield a larger adhe-
sion force. However, experiments tell us that the adhesion
force sometimes gets smaller as humidity rises. In this work,
we show that it is the change in the bridge volume with
respect to tip retraction that determines the humidity depen-
dence of the force. There are two opposing contributions to
the volume change of the bridge as the tip retracts from the
surface. One is the increase in volume that occurs because of
increased height of the bridge. The other is the decrease in
volume because of the narrowing of the bridge width during
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the tip retraction. It is then the susceptibility of the bridge
width to the tip retraction that determines the relative impor-
tance of each contribution to the volume change. For a
bridge with a large susceptibility in width, the latter contri-
bution �narrowing of the bridge� dominates to give a de-
creased bridge volume in the course of the tip withdrawal. If
the water bridge is wide and has small susceptibility in width
�which is the case for a strongly hydrophilic tip at a high
humidity�, however, the bridge volume can expand by elon-
gating the tip-surface distance. When this occurs, the adhe-
sion force decreases with humidity rise. We illustrate this by
performing Monte Carlo simulations for AFM tips with vari-
ous wettabilities �hydrophilicities� on a hydrophilic surface.

This paper is organized as follows. Section II describes
the details of our molecular model and Monte Carlo simula-
tion. In Sec. III, we analyze the geometry of the water bridge
and derive an equation which relates the susceptibility in
width of the water bridge to the humidity dependent adhe-
sion force. Section IV illustrates how this force-bridge rela-
tionship manifests itself for tips with different hydrophilici-
ties. We elucidate why the adhesion force decreases with
increasing humidity for a strongly hydrophilic tip. We con-
clude in Sec. V.

II. SIMULATION DETAILS

The present Monte Carlo simulation is based on a
lattice-gas model of water.13–16,18 This coarse-grained model
has successfully explained the phase behavior of water con-
fined in a carbon nanotube.18,19 It also reproduced the typical
magnitude of the experimental pull-off force and its humidity
dependence.15 Our system geometry imitates a hemispherical
AFM tip above a planar surface �Fig. 1�. Water molecules
can occupy cubic lattice sites confined between the tip and
surface. Lengths are in units of the lattice spacing l, which is
taken to be the molecular diameter of water, 0.37 nm.18 The
radius of the tip R is 30 lattice spacings �11 nm�, and the
horizontal range of our system is −30�x ,y�30. The first
quadrant �x�0,y�0� of the system is simulated by using a
Monte Carlo method, and the remaining quadrants are taken
to be mirror images of the first with respect to the XZ and YZ
planes, and the Z axis. Invoking this reflecting boundary con-
dition yields nearly identical results compared with a full
simulation.14,16

A water molecule interacts with its nearest-neighbor
molecules with an attraction � and has its own chemical
potential �. When it is the nearest neighbor of one of the
sites of the tip and surface boundaries, it feels binding ener-
gies bT and bS, respectively. The system Hamiltonian is

H = − � �
i,j=nn

cicj − bT �
i=tip

bound

ci − bs �
i=surf

bound

ci − �N , �1�

where ci 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 boundary, and the third for the
sites right next to the surface boundary. N is the number of
molecules in the system. Using the Hamiltonian, Eq. �1�, we
performed grand canonical ��VT� Monte Carlo
simulations.13–16 For given values of �, V, and T, we have

performed 40 000 Monte Carlo moves �trials to change ci�
for every site. The relative humidity s is defined as s
=exp���−�c� /kBT�, where � is chemical potential and
�c�=−3�� is the chemical potential at the bulk gas-liquid
transition.20 This definition of relative humidity is the ideal
gas limit expression for the system pressure relative to the
bulk saturation pressure. The bulk critical temperature Tc for
the lattice gas is given by kBTc /�=1.128. Identifying our
liquid as water �Tc=647.3 K� sets �=4.771 kJ mol−1. The
temperature is fixed at T /Tc=0.46, corresponding to water at
room temperature. If we use the above physical values for �
and l, our force unit is � / l=0.021 nN. We have taken the
same binding energy of the surface as in the previous work,
bS /�=1.594, so that the surface is completely wet by water.20

The surface is therefore classified as strongly hydrophilic.
We considered four different tips with bT /�=0.75, 0.95,
1.30, and 1.59. The tips with bT /�=0.75 and 0.95 are called
weakly hydrophilic because the tips are partially wet by
water.20 Tips with higher values of bT /� are called strongly
hydrophilic. In calculating the bulk density �, we use mean-
field DFT.21 With this approach, the grand potential per unit
volume �DFT/V is given by

�DFT/V = kBT�� log � − �1 − ��log�1 − ��� − 3��2 − �� .

�2�

The equilibrium density is determined by the condition
���DFT/V� /��=0. We checked the validity of DFT by run-
ning several simulations for the bulk system, and quantitative
agreement with Monte Carlo simulations was found.

FIG. 1. �Top� A schematic diagram illustrating the structural change in the
water bridge during tip retraction. Shown on the left is a concave water
bridge formed between a spherical AFM tip and a flat surface. R is the tip
radius, h the tip-surface distance, and r the half width of the bridge waist.
Shown on the right is a new bridge that results from the tip retraction. Its
height h increases but its half width r decreases. �Bottom� Monte Carlo
snapshots of the structural change in the water bridge as a result of the tip
retraction. Both the AFM tip and the surface are hydrophilic. Filled circles
represent water molecules, and the gray area is the tip. The planar surface is
a square lattice located at Z=0. We show a two dimensional �Y =0� cross
section of the water bridge at a relative humidity of 79%. As the tip-surface
distance increases from 2 �left� to 4 �right� lattice spacings, the bridge width
shrinks but the height of the bridge increases.
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Ash et al.22 have shown that the adhesion force F be-
tween the tip and surface separated by a distance h is given
by

� �F

��
�

h,T
= � �Nex

�h
�

�,T
, �3�

where Nex is the excess number of molecules with respect to
bulk �Nex=N−Nbulk�. This remarkable relationship results
from a Maxwell relationship in the presence of surfaces. In
our simulation, we calculate F vs h by numerically integrat-
ing Eq. �3� with respect to � �for details, see Ref. 17�. Start-
ing from a sufficiently low � that gives zero values for
��Nex/�h�, we integrate Eq. �3� by using Simpson’s rule.
��Nex/�h� at intermediate � values is evaluated as �Nex/�h
= �Nex�h+1�−Nex�h�� / l, where Nex�x� is the excess number at
a tip-surface distance x. We then find the pull-off distance
hmin defined as the tip-surface distance at which F�h� is a
minimum �most attractive�. The maximal adhesion force
�pull-off force� is given by the magnitude of F at h=hmin,
−F�hmin�. In most cases, hmin is found to be either two or one
lattice spacing. At a fixed temperature T and chemical poten-
tial �, F is a function of h. A typical F is negative �attractive�
for small h’s and approaches zero as h increases. Our simu-
lation shows that F sometimes can be repulsive �F�h��0�
when the tip is in contact with the surface, h= l. This is the
case when contact of the tip with the surface squeezes many
molecules out of the confined space between the tip end and
the surface.23 An attractive F�h� means that the system is
more stable �lower value of the grand potential� at the tip-
surface distance h than at the distance h+ l. This makes sense
because as h decreases, the liquid gets more confined be-
tween the tip and the surface, and thus it feels stronger sur-
face fields. Decreasing h from 2l to l, however, squeezes
molecules out of the confined space between the tip and sur-
face �molecules just cannot exist at the tip-contact area de-
fined as the area where the tip-surface contacts the surface�.
When this “squeezing-out” of liquid is substantial �usually at
a high humidity�, the force becomes repulsive.

III. THE STRUCTURAL SUSCEPTIBILITY
OF THE WATER BRIDGE

We now analyze the humidity dependence of the adhe-
sion force. A natural quantity to focus on is the derivative of
the pull-off force with respect to humidity s. Using the defi-
nition of s above and Eq. �3�, we can write −�F�hmin� /�s=
−�kBT /s���Nex/�h�, where −�Nex/�h is evaluated at h=hmin.
A positive �negative� value of �Nex/�h at h=hmin means a
decreasing �increasing� pull-off force with respect to increas-
ing humidity. Since the bulk contribution to Nex is negligible
�N	Nbulk because the bulk is the vapor phase�, we can iden-
tify Nex as N. Then, ��pull-off force� /�s�−�kBT /s���N /�h�.
If the density of the water bridge is constant �which is true
for our lattice model�, N is proportional to the volume of the
water bridge Vb. Therefore, the humidity dependence of the
pull-off force is governed by −�Vb /�h, i.e., the susceptibility
of the bridge volume with respect to an increase in the tip-
surface distance,

� ��pull-off force�
�s

�
T

� − ��bkBT/s�� �Vb

�h
�

T
, �4�

where �b is the number density of the bridge, and the deriva-
tive with respect to h is evaluated at the pull-off distance
corresponding to the force minimum, h=hmin. According to
Eq. �4�, the pull-off force is an increasing �decreasing� func-
tion of humidity if the water bridge decreases �increases� in
volume with increasing tip-surface distance. In general, there
are two competing parts to the change in Vb as the tip re-
tracts. As h increases, the height of bridge increases �see Fig.
1�, and therefore its volume expands. At the same time, an
increase in h narrows the bridge width 2r �see Fig. 1� and
thus reduces its volume. This competition can be clearly seen
by considering a cylindrical bridge with a radius r and a
tip-surface distance h �the case where the bridge in Fig. 1 has
no curvature�. Inspection of the geometry gives dVb /dh for
the cylindrical bridge as �see the Appendix for its derivation�

�1/
Rr��dVb/dh� = r/R − �− 2dr/dh�

��h/R + 1 − 	1 − r2/R2� . �5�

In Eq. �5�, the first term on the right hand side, r /R, repre-
sents the increase in Vb as h increases. On the other hand, the
second term, containing −2dr /dh, is negative and corre-
sponds to a decrease in Vb during tip retraction from the
surface. Equation �5� indicates that dVb /dh is determined by
a sum of these two competing terms. As r /R increases due to
a humidity rise, both the first and second terms on the right
hand side in Eq. �5� increase in magnitude. It is then the
value of −2dr /dh that determines the sign of dVb /dh.

Note that the dimensionless quantity −2dr /dh is the sus-
ceptibility of the bridge width to an increase in the tip-
surface distance. A large −2dr /dh means that the corre-
sponding water bridge shrinks rapidly as the tip is retracted.
A bridge with a small −2dr /dh on the other hand is stable
with respect to the tip withdrawal. The susceptibility of a
thermodynamic variable is usually related to the fluctuation
of that variable. For example, the susceptibility of N to �
is directly proportional to the fluctuation in N, �N /���

�N− 
N��2�.24 However, it is difficult to relate the suscepti-
bility of the bridge width −2dr /dh to the fluctuation �or in-
stability� in the bridge width. This is due to the fact that the
Hamiltonian, Eq. �1�, is not a linear function of the bridge
width 2r.24

IV. RESULTS AND DISCUSSION

We have considered four tips with different affinities for
water, bT /�=0.75, 0.95, 1.30, and 1.59. By continuously
varying the humidity from 0 to 80% in our simulation, we
have calculated the susceptibility in width, −2dr /dh �Fig. 2�.
To do such a calculation, we checked the water bridge width
by varying the tip-surface distance for a given humidity. For
a given snapshot of the liquid obtained from the Monte Carlo
simulation, we determine the width of the water bridge by
first counting the number of columns that are continuously
occupied by molecules from the site just above the surface to
the site right below the tip boundary. Such a collection of
columns forms an approximate circle when viewed along the
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Z axis, and the number of columns is proportional to the
circle area. The water bridge width �for this liquid snapshot�
is then defined as the diameter of the circle. If the bridge has
a concave shape, this width for a given snapshot corresponds
to the bridge width at its neck. The bridge width 2r in Eq. �5�
is taken to be the average of 20 000 snapshot-dependent
bridge widths defined above. Then, −2dr /dh is defined as the
difference in the bridge width as h changes from hmin to
hmin+ l �hmin=pull-off distance� divided by l. We have al-
ready described the method to determine the pull-off distance
hmin in Sec. II. In Fig. 2, we plot −2dr /dh as a function of
r /R. Overall, the susceptibility −2dr /dh varies from 2 to 18,
and it becomes small as the bridge gets wider �r /R goes up�,
especially for strongly hydrophilic tips �bT /�=1.30 and
1.59�. Note that a narrow bridge �r /R
0.3� is sensitive to
tip withdrawal, and thus its susceptibility significantly de-
pends on tip hydrophilicity. In contrast, a wide bridge is rela-
tively stable in its width with respect to tip retraction, and its
susceptibility does not depend much on the tip hydrophilicity
�one can see a converging behavior of the susceptibility for
r /R�0.3�. Note that near r /R=0.3, the structural suscepti-
bility is quite sensitive to change in the binding energy of the
tip, bT. Then, Eq. �5� predicts that the humidity dependence
of the pull-off force at r /R=0.3 should vary significantly
from tip to tip. r /R=0.3 corresponds to a humidity of 29%
for bT /�=1.59 in our simulation. These observations can be
related to the fact that the humidity dependence of the pull-
off force at near 30% humidity is quite different depending
on the tip hydrophilicity �as found in Ref. 15�. We have also
checked how the susceptibility depends on relative humidity
and found a similar behavior as in Fig. 2: At low humidities
�
40% �, the susceptibility becomes sensitive to the tip hy-
drophilicity. Overall, as humidity increases �as the bridge
becomes wide�, the susceptibility becomes small.

In most cases, the susceptibility in the bridge width
−2dr /dh is large so that the second term in Eq. �5� leads to a
negative dVb /dh. As a result, the pull-off force is an increas-
ing function of humidity. For a wide bridge with small
−2dr /dh, however, the second term can be smaller in mag-
nitude than the first term. The pull-off force in that case
decreases with increasing humidity. To illustrate the above

points, we have plotted in Fig. 3 each term of the right hand
side of Eq. �5� �which is dimensionless� for three different
values of −2dr /dh �=2, 4, and 6�. h /R is chosen to be a
typical value for our simulation, h=2 and R=30 �in units of
lattice spacings�. One can see that for −2dr /dh=4 and 6, the
second term prevails regardless of r /R, making dVb /dh
negative. For the smallest susceptibility of the figure,
−2dr /dh=2, however, the first term becomes larger than the
second in magnitude for 0.16�r /R�0.69. This indicates
that the pull-off force switches its humidity dependence at
r /R=0.16, and becomes a decreasing function of humidity.
Interestingly, the humidity dependence of the pull-off force
switches its behavior again at r /R=0.7. This is, however,
beyond the humidity range �0%–80%� considered in our
simulation because we have not found such a wide water
bridge.

We conclude our analysis by presenting Monte Carlo
calculations of the pull-off force versus humidity for tips
with different binding energies bT’s for water, bT /�=0.75
�circles�, 0.95 �squares�, 1.30 �triangles�, and 1.59 �stars�.
Figure 4 shows that for the weakly hydrophilic tips, bT /�
=0.75 and 0.95, the pull-off force increases with increasing
humidity. As shown above, this can be attributed to the fact
that water bridges for these tips rapidly shrink in width if the
tip is retracted �large −2dr /dh�. This makes the pull-off force
increase with increasing humidity. In contrast to this, the
pull-off force for strongly hydrophilic tips �bT /�=1.30 and
1.59� increases up to a certain humidity ��32% for bT /�
=1.59 and �41% for bT /�=1.30� but decreases with further
increasing humidity. This is consistent with the above analy-
sis �Fig. 3�. For strongly hydrophilic tips, the water bridge at
a high humidity is wide �large r /R in Eq. �5�� and is not
strongly dependent on the tip-surface distance �small
−2dr /dh in Eq. �5��. This leads to the decreasing pull-off
force with increasing humidity. Note also in Fig. 4 that the
slope of the pull-off force with respect to humidity tends to
get smaller as humidity increases. This is due to the inverse
humidity term �1/s� in Eq. �4�.

FIG. 2. The susceptibility of the water bridge width to an increase in the
tip-surface distance. For four different tips �bT /�=0.75, 0.95, 1.30, and
1.59�, we calculated −2dr /dh at the pull-off distance hmin by varying
humidity from 0 to 80%. Calculated −2dr /dh �dimensionless quantity� is
plotted as a function of the half-width of the bridge relative to the tip radius,
r /R.

FIG. 3. The two competing terms in the volume change of a cylindrical
liquid bridge with respect to an increase in the tip-surface distance. The first
and second terms on the right hand side of Eq. �5� are plotted as a function
of r /R, where R and r are the radii of the tip and bridge, respectively. R and
h are 30 and 2 lattice spacings, respectively. The magnitude of the second
term is plotted for three different values of −2dr /dh �=2, 4, and 6�.
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We assumed a cylindrical shape for the water bridge
because it is amenable to a simple and physically clear analy-
sis. Also, simulated bridges are not much different from a
cylinder in shape �see Fig. 1�. It should be pointed out, how-
ever, that Eq. �5� does not quantitatively predict the humidity
dependence from the Monte Carlo simulation shown in Fig.
4. One might try to generalize Eq. �5� to the case of a liquid
bridge with a concave meniscus. In addition to this geomet-
ric aspect, a complete theory of the humidity dependence
should also evaluate the susceptibility of the water bridge
width, −2dr /dh in Eq. �5�. This susceptibility came from
Monte Carlo simulations in the present work. One can imag-
ine using a continuum thermodynamic theory instead. We are
concerned, however, about the validity of continuum theory
for such narrow and small water bridges. The simple cylinder
model qualitatively explains the origin of the humidity de-
pendence of the pull-off force, so it is adequate for a simple
analysis.

V. CONCLUDING REMARKS

The humidity dependence of the adhesion force mea-
sured by AFM is related to the structural properties of the
underlying water bridge, as determined by the variation of
the bridge volume with tip-surface distance. An increase in
the tip-surface distance makes the bridge thicker, increasing
its volume. The same increase in the tip-surface distance,
however, narrows the bridge width and this reduces the
bridge volume. These two opposite contributions compete to
determine whether the adhesion force increases or decreases
as humidity rises. The susceptibility of the bridge width to
tip retraction emerges as a deciding factor for the humidity
dependence. For strongly hydrophilic tips at high humidities,
the water bridge becomes wide and has a small susceptibility
so that the bridge volume expands as the tip is pulled away
from the surface. When such a case arises, the adhesion force
becomes a decreasing function of humidity. These results can
be used to understand the typical behavior of the pull-off
force for hydrophilic surfaces �e.g., mica, silicon oxide�.5–10

The present Monte Carlo treatment of the pull-off force
assumes that the velocity of tip retraction is slow compared
to the adsorption and desorption rates of water. That is, ad-
sorption equilibrium is maintained as the tip retracts from the
surface. If the tip retraction is fast compared to the time
constants for adsorption-desorption, one might need a more
general treatment that considers the kinetic aspects of the
experiment as well.
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APPENDIX: DERIVATION OF EQUATION „5…

Let us consider a sphere with radius R separated by dis-
tance h from a flat surface located at Z=0 �Fig. 5�. Suppose
a liquid cylinder connects the sphere to the surface. Then, the
portion of the sphere immersed in the liquid is a truncated
sphere. Let us denote the height and volume of the truncated
sphere by a and Vtrunc, respectively. Inspection of Fig. 5 tells
us that the liquid volume Vb is given by Vb=
r2�h+a�
−Vtrunc, where r is the radius of the cylinder. Note that a is
expressed as a=R�1−	1−r2 /R2� due to the relation r2

= �2R−a�a. Vtrunc is given by Vtrunc=
h
h+u
x2dz, where z is

the Z position of the sphere-liquid interface, and x is the
vertical distance of the liquid-sphere interface from the Z
axis. The above integral for Vtrunc can be evaluated to give
Vtrunc=
�Ra2−a3 /3�. Then, the desired liquid volume Vb is
given by

Vb/
 = r2h + r2R�1 − 	1 − r2/R2� − R3�1 − 	1 − r2/R2�2

+ �R3/3��1 − 	1 − r2/R2�3. �A1�

Taking the derivative of Eq. �A1� with respect to h, we get
dVb /dh as in Eq. �5�.

FIG. 4. Pull-off force vs humidity for tips with different binding energies bT

for water, bT /�=0.75 �circles�, 0.95 �squares�, 1.30 �triangles�, and 1.59
�stars�. For weakly hydrophilic tips, bT /�=0.75 and 0.95, the pull-off force
always increases with increasing humidity. The pull-off force for strongly
hydrophilic tips �bT /�=1.30 and 1.59� increases up to a certain humidity but
decreases with further increasing humidity.

FIG. 5. A diagram illustrating the geometry of the liquid cylinder that con-
nects a sphere to a flat surface located at Z=0. A two dimensional cross
section �XZ plane� of the geometry is shown. The sphere and the liquid
cylinder have radii of R and r, respectively, and the sphere-surface distance
is h. The portion of the sphere immersed in liquid is a truncated sphere with
a height of a.
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