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Abstract By using the molecular dynamics, formation of
molecularly thin liquid bridge between solid surfaces
having molecular-scale roughness was simulated. Upon
comparing the projected profiles of liquid bridges be-
tween solid surfaces with different roughness, it was
found that the layered molecular arrangement inside the
liquid bridge was disturbed by the molecular-scale
roughness on the surfaces and the projected profiles were
able to be approximated by arcs.

1 Introduction

Due to the Laplace pressure in a liquid bridge formed
between two molecularly smooth surfaces, strong
adhesion force (known as liquid bridge force) is gener-
ated and acts to oppose the relative motion between the
two surfaces. Since this kind of phenomenon is widely
observed in micro machine, nano and bio operation,
head/disk interface and so forth, elucidation of the
controlling mechanism has become a significant concern.
In the macro-scale where physical properties can be
described by continuum theory, Laplace pressure is gi-
ven as a function of surface tension of liquid and cur-
vature obtained by approximating the surface of liquid
bridge with an arc. While in a molecularly narrow gap,
the properties of a liquid system are different from the
bulk because the interactions between molecules become
predominant. It is thus expected that the surface shape
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of a liquid bridge can no longer be approximated by an
arc and the magnitude of Laplace pressure will change
accordingly. On the other hand, it is reported that a
liquid bridge was formed even for film of several na-
nometers in thickness and the properties were well de-
scribed by the conventional continuum theory on
Laplace pressure (Homola 1991). However, since it is
difficult to directly observe the actual shape of a liquid
bridge in nanoscale, it is necessary to use an alternative
method to investigate its properties.

So far, analytical results on non-arc-shaped liquid
bridge formed in a nanoscale gap were obtained by
assuming the liquid as a continuum and taking its sur-
face energy into consideration (Gao et al. 1998). Addi-
tionally, molecular dynamics method, which is widely
applied in many fields recently, has been tried and sim-
ulation of liquid bridge formation between a smooth
surface and a molecularly rough surface represented by a
one-dimensional sinusoidal wave was reported (Chen
et al. 2001). However, the validity of the simulation was
not confirmed in the report. In this research, considering
a more realistic system, simulation of liquid bridge for-
mation in a three-dimensional gap is implemented by
expressing the two solid surfaces with two-dimensional
sinusoidal waves, and the projected profile of the liquid
bridge observed from the gap direction was calculated.
The results show that in the case of perfectly smooth
surfaces the projected profile significantly deviates from
an arc and periodical roughness appears on the surface
of the liquid bridge due to the layered arrangement of
the molecules, while in the case of molecularly rough
surfaces, the layered molecular structure is disturbed
and the projected profile approaches arc shape.

2 Simulation methodology

As a model molecule, monatomic molecule having in-
termolecular interaction is used. The interaction between
two molecules is generally expressed by Lennard-Jones
potential as,



4 Umn 12 O-mn 6 1
d)ij* Emn <rij) (rij> ) ( )
where r; indicates the distance between the two mole-
cules, € represents the magnitude of the intermolecular
interaction, o denotes the diameter of the molecule, and
subscripts m, n stand for the phases of the two interac-
tive molecules, for example, in the cases of liquid—liquid,
solid-solid, and liquid—solid, the subscripts are mn=1l,
ss, Is, respectively.

By applying the law of Lorentz-Berthelot, parameters
€ s and oy, , which represent respectively the magnitude
of liquid—solid interaction and the average diameter of
liquid and solid molecules are obtained,

&ls = \/EllEss, (2)
oy + o
o) = “T (3)

According to Eq. 2, in order to vary the magnitude of
liquid—solid interaction, it is necessary to change the
value of either g or €. In this work, the value of €  is
changed to oey by multiplying a factor o, where o is
referred to as solid—solid interaction ratio. In the case of
a large o, the liquid—solid interaction is strong and the
solid surface is likely to be wetted by the liquid mole-
cules.

Figure | shows the calculation area. Periodical
boundary condition is applied along the lateral direc-
tion, and solid surfaces are placed on the top and the
bottom. The solid surface is constructed by putting solid
molecules on a two-dimensional lattice with a lattice
constant of a= oy and superposing 8 layers of the form
along the z-axis (total number of the solid molecules,
Notia=17,424). In the gap confined by the two solid
surfaces, liquid molecules of Njiquiq = 1,083 are placed so
that observation of liquid bridge formation is possible.

To save computational time, two kinds of hypotheses
are employed. One is that the solid molecules are fixed at
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the points on the two-dimensional lattice, which means
the solid molecules are assumed to stay still. The other is
that there is no kinetic energy transfer between the solid
and liquid molecules. These hypotheses lead effectively
to the fact that the solid surface is kept at 0 K. However
it should be noted that this ultra-low temperature does
not affect the liquid molecules abutting the solid mole-
cules since there is no kinetic energy transfer between the
solid and liquid molecules. Even though these hypoth-
eses are different from the actual condition, the present
study is considered to be effective for analyzing the ef-
fects of molecular-scale roughness as the first order
approximation since the liquid molecules are not directly
affected by the ultra-low temperature of the solid mol-
ecules. The temperature of the liquid molecules is
maintained at 84 K by using the Nose method (Tuck-
erman et al. 1992). The cutoff distance for the interac-
tion is set to be R.=60y.

To make the calculation results more realistic, the
constants of molecules are set to be the same as those of
argon. This is simply because that argon molecule is
spherical just as in the simulation model and its char-
acteristics are accurately identified. Even though the
lattice arrangement employed in this study is different
from the actual argon’s crystal structure, that is, a face-
centered cubic lattice, this treatment has an advantage of
easy lattice formation for any two-dimensional rough-
ness configuration, and we consider that the effects of
roughness can be approximately encountered by con-
tinuously expressing the amplitude of the molecular-
scale roughness amplitude.

In the simulations, all quantiti ¢ non-dimension-
alized by setting oy, © = y/maj /48, and 48 gas the
unit length, the unit time, and the unit energy, respec-
tively. Based on the values listed in Table 1, the unit
time t is calculated to be 0.31 ps. Using a time step of
At=0.015 7 (4.65 fs), the equations of motion are solved
numerically with the velocity Velret algorithm for
240 ksteps.

3 Simulation of liquid bridging

In a real system, since the solid surfaces are rough, it is
expected that liquid bridge will be firstly formed on the
top of an asperity. To realize this kind of condition, two-
dimensional sinusoidal wave of one period as shown in
Fig. 2 is used as the model of roughness. The spacing &
between the solid surfaces is set at 4oy. Simulations are
performed by varying the amplitude of roughness d to be
0 (smooth surfaces), 2oy, 46y, 7.56y, and by varying the

Table 1 Characteristic values of argon

el 1.7x1072! J Liquid-liquid interaction
oy 3.4x107 % m Liquid diameter

g 5.8x1072* J Solid-solid interaction
Oss 3.0x107 % m Solid diameter

m 6.6x1072° kg Mass of argon molecule
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Fig. 2 a—d Liquid bridge
formation between solid

surfaces after 240 ksteps.
(o« = V2 and h=4cy)

(a) d=0

(c) d=4cn

interaction ratio o to be 1, v/2, respectively. Hereafter
the case of a=1 is simply referred to as weak interaction
condition, and the case of oo = V2 as strong interaction
condition.

The calculation for amplitudes of d=0 to 4 oy is
divided into two stages as follows. Initially, the liquid
molecules are arranged densely in the central region of
the gap as a simple cubic lattice with a lattice constant of
a=1.2 oy. At the first stage, calculation is carried out
from O step to 16 ksteps with the liquid—solid interaction
ratio o kept at 0.5. Because of the small interaction ratio,
the liquid molecules do not wet the solid surfaces at this
stage. At the second stage, o is changed to be 1 or v2
and the liquid bridge formation is simulated until the
equilibrium state is reached at 240 ksteps.

On the other hand, for d=7.50y, calculation using
the 2-stage method results in a deviation of the central
axis of the liquid bridge from that of the roughness. The
reason is considered as that in the case of small o, the
surface tension of the liquid drop becomes dominant,
making the liquid surface a spherical shape by excluding
the solid surfaces. Thus in this case, by setting the lattice
constant the same as other cases (¢ = 1.20y)) but fixing
the interaction ratio at a=1 or /2 from O step, the
simulation is performed till 240 ksteps.

As one example, side views of the liquid bridges after
reaching an equilibrium state (at 240 ksteps) are shown
in Fig. 2 for the case of strong interaction (o = v/2). It is
seen that the radius of curvature of the liquid bridge

(d) d=7.50u

tends to increase with increasing amplitude of rough-
ness. Hereafter the side view of the liquid bridge is re-
ferred to as projected profile, and the top view as cross
section.

Up to present, the surface of a liquid bridge formed
between solid surfaces has been basically approximated
by an arc. However, it is improper to directly compare
the profiles obtained in the simulations with those ob-
tained from a real system. This is because that the pro-
files from a real system are averaged by the number of
molecules and time whereas the profiles shown in Fig. 2
are snapshots at 240 ksteps, i.e., at the instant of
At=4.65fs. To make the comparison possible, it is
necessary to convert the discrete projected profile to a
continuous curve by using some kinds of averaging
methods.

Here the continuous projected profiles are obtained
through effective averaging process by using the fol-
lowing three methods.

1. The molecular number density is calculated by
assuming that the position of a molecule at every step
can be expressed by Gaussian distribution with its
center at that position.

2. The molecular number density obtained after reach-
ing the equilibrium state is averaged by time.

3. The liquid surface is determined from the points
where the number density is nearly half of the density
of the continuous liquid.



In next section, the methods will be described in de-
tail respectively.

4 Calculation of number density
4.1 Spatial and time averaging

The number density of molecules is calculated by scan-
ning an infinite small volume consecutively in the calcu-
lation area while counting the number of molecules
inside the infinite small volume. Considering that liquid
bridge is symmetrical with respect to its central axis, a
small ring shown in Fig. 3 is selected as the infinite small
volume. To improve the spatial resolution of the calcu-
lation, the width Ar and the height Az of the ring are set
as 0.1oy. The scanning of the infinite small volume inside
the calculation area is accomplished by expanding the
radius r of the ring and shifting the ring along the z-axis.
The number density at the point with coordinates of (r, z)
is calculated by dividing the number of molecules whose
mass centers lie inside the ring by the volume of the ring.

Because of the high speed motion, the positions of
molecules change rapidly such that the local number
density varies significantly at each step. The variation is
more remarkable at high spatial resolution, making it
difficult to understand the characteristics of a liquid
bridge. The reason for the variation on density is that the
width of the ring is smaller than the diameter of the
molecule, and the molecule with a certain volume is
simply regarded as a point. To circumvent this problem,
taking the molecular volume into consideration, a meth-
od in which the ratio of the common volume between the
molecule and the ring to that of the molecule is totalized
for all the molecules in the ring can be used. This however
makes the algorithm complicated, thereby consuming a
great deal of computational time. In this research a spatial
averaging method is introduced in which the positions of
molecules are expressed with a probability distribution.
The spatial distribution of the molecules is expressed as a
three-dimensional Gaussian function,

(a) (b) ’ Z
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G Az =0.lou Liquid bridge

Reference volume

Fig. 3 a, b Procedure for counting number density of molecules. a
Is an infinitely small volume and b is scanning image of infinitely
small volume
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where ¢, (u=2x, y, z) is the difference between r and rg
(e=r — rg) which are the positions of the counting point
in the ring and the mass center of the molecule, respec-
tively, and the value of 3o (c”: variance) is set to be
equal to the radius of the liquid molecules oy/2.

The number density profile obtained with the above
spatial averaging is then further averaged with time. The
averaging is conducted within the time interval from
160 ksteps to 240 ksteps in which the equilibrium state is
considered to be reached.

4.2 Verification of the number density calculation

To verify the validity of the calculation method proposed
in the previous section, the computational results are
compared with the characteristics of argon. A liquid drop
formed in vacuum as shown in Fig. 4 is selected as the
calculation subject. The drop is composed of liquid
molecules of Njquig = 1,083 and its temperature is kept
constant at 84 K. The snapshot of the liquid drop and the
number density profile along the z-axis in the equilibrium
state (240 ksteps) are shown in Fig. 4a and b, respec-
tively. Figure 4b is plotted by varying the radius of the
ring to be r=0.05cy, 1.050y, 2.05cy as illustrated in
Fig. 4c. The two broken lines along the z-axis indicate the
non-dimensional actual number densities of liquid argon
(90 K) and solid argon (40 K) (NAOJ 2002), respectively.
In the case of r=0.05cy (on the central axis of the ring),
the number density profile fluctuates remarkably, while in
the cases of r=1.05cy, 2.050y (apart from the central
axis), the fluctuation becomes less pronounced. The small
values at the two ends of the number density curve indi-
cate a phase transition from liquid state to vapor state,
and the dependency of the density on the radius r of the
ring is attributed to the spherical shape of the liquid drop.
Additionally, it is considered that the molecules tend to
distribute regularly in the central part because of the axial
symmetry, thereby resulting in remarkable fluctuation in
the density profile for r=0.05cy. The number densities
averaged in the range of z=—4 to z=4 in Fig. 4b are
almost the same for the three different values of r. It is
evident from Fig. 4b that the averaged number density
which was calculated at the temperature of 84 K lies be-
tween the two broken lines corresponding respectively to
the number densities of liquid argon at 90 K and solid
argon at 40 K. This demonstrates that the method for
calculating density profile is valid.

4.3 Distribution of molecular number density inside
liquid bridge

The distribution of molecular number density inside a
liquid bridge formed between solid surfaces for the case
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Fig. 4 a—¢ Number density
profile of liquid drop. a Is a
snapshot, b is number density
profile of liquid drop and ¢ is a
scanning image in liquid drop

of strong interaction ratio (¢ =/2) is exemplified in
Fig. 5, where the amplitudes of the roughness are (a)
d=0 (smooth surfaces), (b) 26y, and (c¢) 7.5cy, respec-
tively. In the figure, the solid surfaces are located at
z= £2.0, the origin of the r axis lies on the central axis
of the liquid bridge, and the half-tone lines indicate the
lines which show their back side in applying the hidden-
line elimination. The surface of the liquid bridge is in the
region where the density decreases drastically. Since li-
quid—vapor phase transition occurs in this region, it is
referred to as transition region hereafter. As for the thick
solid lines in Fig. 5, the detailed discussion is given later.

For the case of smooth surfaces shown in Fig. 5a, a
layered structure is exhibited distinctly, indicating that
the molecules arrange regularly in layers. This structure
extends to the transition region and as a result, period-
ical ripples appear on the surface of the liquid bridge.
While for the case of rough surfaces shown in Fig. 5b,
with increasing roughness the layered structure in the
number density distribution of liquid molecules is dis-
rupted, resulting in a superposition of ripples in two
dimensions. In Fig. 5c, the layered structure as observed
in Fig. 5a is almost invisible and two-dimensional rip-
ples are exhibited instead. Additionally, the density
distribution is averaged and as a result, the amplitude of
the ripples become small and the transition region is
smoothed.

To observe the continuous transition of the number
density distribution, simulation was performed by using
a model in which a liquid drop was confined between a
smooth upper surface and a lower rough surface. Fig-
ure 6 shows the results for amplitude of roughness
d=17.5cy and interaction ratio o = v/2, where (a) is the
snapshot at 240 ksteps and (b) is the distribution of the
number density. A layered structure is observed dis-
tinctly near the smooth surface (the upper surface), while
as approaching the rough surface (the lower surface), the
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Fig. 5 a—¢ Two-dimensional distribution of number density of
molecules (o = v2 and h=40y)



Fig. 6 a, b Liquid bridge
formation between smooth and
rough surfaces (o = /2, d=7.5
and h=40oy) a snapshot and b
number density distribution

(a)

layered structure is smoothed gradually by averaging,
and correspondingly the ripples in the transition region
become less distinct and almost disappear in the part
below the central line of the gap.

5 Projected profiles of liquid bridge
5.1 Determination of projected profile of liquid bridge

The method in which Gibbsian zero-adsorption dividing
surface is chosen as the reference surface is generally
used for determining the projected profile of a liquid
bridge from the number density distribution (Mareschal
et al. 1997). In this method, the density profile repre-
senting the change of number density with phase tran-
sition from liquid to vapor is approximated by a
hyperbolic tangent (tanh) function, and its inflection
point is defined as the point on the projected profile.
However, the tanh function cannot be calculated accu-
rately when the method is applied to nonuniform density
distributions such as those presented in Figs. 5 and 6. As
an example, the density profiles in the proximity
(z=—1.1) to the smooth surface (Fig. 5a) and the rough
surface (Fig. 5b) are plotted in Fig. 7a and b, respec-
tively, and are approximated by tanh function. The
density profile of the liquid bridge formed between
smooth surfaces as shown in Fig. 7a can almost be
approximated by a tanh function, although fluctuation
is somewhat observed near the central axis. While for the
case of rough surfaces as shown in Fig. 7b, because of
the two-dimensional disturbance of the layered structure
inside the liquid bridge, the density profile deviates from
the tanh function significantly. We thus newly introduce
a method that can simply describe the surface shape in
the transition region by a curve showing the cross sec-
tion of the bridge.

In Gibbsian method, the surface position is defined
resultantly as the point where the density is equal to the
half of the liquid density (i.e., 50% threshold value of
liquid density). Extending the concept of threshold of
liquid density, the region where the density is lower than
a threshold is regarded as gas region, and the region
where the density is larger than the threshold is con-
sidered as liquid region. Therefore, we simply apply the
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Fig. 7 a, b Number density profile and hyperbolic tangent
regression curve a between smooth surfaces and b between rough
surfaces (d=20oy)

concept of threshold to the case of rough surface instead
of applying Gibbsian method. The problem is to find the
best threshold for expressing the liquid surface exhibit-
ing the characteristics as shown in Figs. 5 and 6. In this
research the liquid density is set as 0.8 because the
number density of a liquid drop formed in vacuum was
calculated to be about 0.8 in Sect. 4. Notably, the den-
sity in the liquid region is larger than 0.8 in Fig. 7a. This
is because the density profile is extracted along the ridge
of the density distribution.

By varying the threshold to be 50%, 45%, and 40%
of the liquid density, the projected profiles are plotted
along the z-axis in Fig. 8, where (a) is the case of
smooth-smooth surfaces shown in Fig. 5a, and b is the
case of smooth-rough surfaces shown in Fig. 6. It should
be noted that this is equivalent to identify the boundary
between liquid and gas through weighted average of li-
quid and gas densities. In Fig. 8b, since there is the
deepest valley in the density profile near the position of
z=1.5, even the maximum density does not reach the
density thresholds of 50% and 45% and as a result, the
surface is scissioned and expressed in an unrealistic
shape. In the case of the threshold being decreased to
40%, the projected profile is able to be determined even
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Fig. 8 a, b Projected profiles of liquid bridge with different
threshold values a between smooth surfaces and b between smooth
and rough surfaces (d=7.5cy)

in the region of low density. For all the cases the pro-
jected profiles are almost the same except in the region of
low density. Thus the projected profile of a liquid bridge
is determined by using the 40% threshold. In Figs. 5 and
6, the thick solid curves in the transition region represent
the projected profiles. It is evident that the features in
the transition region are well described by the one curve.

5.2 Projected profile of liquid bridge

With the use of 40% threshold, the projected profiles for
the cases of smooth and rough surfaces were determined
and are shown in Fig. 9a and b, respectively. In the
figure, the symbol (circle) represents the case of strong
interaction (o = v/2), and the symbol (square) denotes
the case of the weak interaction (o= 1).

In the projected profiles of the liquid bridge formed
between smooth surfaces, periodical ripples corre-
sponding to the inner layered molecular structure are
exhibited, and the ripples are more remarkable as the
liquid-solid interaction becomes strong. Although it is
no longer reasonable to make an arc approximation, the
projected profiles are approximated with arcs by using
the least squares method and the results are plotted with
solid lines in Fig. 9a. It is seen that the projected profiles
deviate significantly from the arcs.

On the other hand, for the case of rough surfaces
shown in Fig. 9b, the periodical ripples on the projected
profiles are almost smoothed out and the calculated
values (indicated by (circle) and (square)) lie approxi-
mately on the arcs fitted with the method of least
squares. In addition, the curvature of the projected
profile is negative for the case of strong interaction
whereas positive for the case of weak interaction,
showing the same tendency as actual phenomenon.

Disappearance of the layered structure of the
molecular arrangement inside the bridge in the case of
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Fig. 9 a, b Projected profiles of liquid bridge (o = v/2 and h=4oy)
a between smooth surfaces and b between rough surfaces

molecularly rough surfaces can be attributed to two
principal effects. One is that the irregular distribution of
solid molecules can propagate from the solid surface to
the liquid surface. The other is that the distance between
the liquid molecules inside the bridge and the solid
molecules becomes longer with increasing roughness
amplitude except for the molecules located around the
central axis of the bridge, which results in emergence of
bulk-like properties. Since these two effects are related to
each other, however, it is not reasonable to consider
these effects separately.

Since there is molecular-scale roughness on a real
surface, the layered structure of molecular arrangement
will be disturbed eventually even if the size of the liquid
bridge is in nanoscale. This suggests that due to the
surface roughness arc approximation becomes applica-
ble and as the result, the liquid bridge force measured on
high-polished surfaces agrees comparatively with that
predicted by the conventional theory.

6 Summary

The molecular dynamics was used to simulate the for-
mation of a liquid bridge with a model in which a
molecularly thin film is confined between two solid
surfaces. Molecular number density inside the liquid
bridge was calculated by using spatial and time averag-
ing method and projected profile of the liquid bridge was



determined from the density distribution. By comparing
the projected profiles of liquid bridges formed between
solid surfaces with different roughness, it is clarified that
due to the molecular-scale roughness on the surfaces, the
layered molecular arrangement inside the liquid bridge is
disturbed and the projected profile can be approximated
by an arc.
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