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Monte Carlo simulations of liquid spreading on a solid surface: Effect of end-group functionality

X. Ma,1,* C. L. Bauer,1 M. S. Jhon,2 J. Gui,3 and B. Marchon4
1Department of Materials Science and Engineering, Carnegie Mellon University, Pittsburgh, Pennsylvania 15213

2Department of Chemical Engineering, Carnegie Mellon University, Pittsburgh, Pennsylvania 15213
3Seagate Recording Media, 47010 Kato Road, Fremont, California 94538

4IBM, Almaden Research Center, 650 Harry Road, San Jose, California 95120
~Received 22 January 1999; revised manuscript received 26 May 1999!

The spreading of liquid droplets composed of molecules with or without reactive end groups over a solid
surface has been studied using Monte Carlo simulations. For molecules without reactive end groups, a mo-
lecular layering in the spreading profiles is predicted, depending on the ratio of the magnitude of intermolecular
interactions to thermal energy. As intermolecular interactions become smaller than thermal energy, the layered
structure vanishes. For molecules with reactive end groups, interactions between end groups and between end
groups and the surface complicate the situation. By assuming an end-to-end interaction between molecules and
the pinning of end groups to the surface, a complex layered structure is obtained. Our simulation predicts
spreading profiles that accurately describe the broad spectrum of data obtained from scanning microellipsom-
etry for perfluoropolyalkylethers with and without reactive end groups.@S1063-651X~99!09911-0#

PACS number~s!: 68.10.Gw, 05.50.1q, 68.10.Jy, 68.15.1e
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I. INTRODUCTION

Recently, the spontaneous spreading of ultrathin liq
films on solid surfaces at the microscopic level has gai
considerable attention. A fundamental understanding of
interactions between liquid molecules and solid surfa
governing spreading is important in many technological
plications, such as paints, adhesion, lubrication, etc.@1–3#.
The spreading of small drops of polydimethylsiloxa
~PDMS! on solid surfaces has been studied intensiv
@4–9#. It was reported that a molecular layering with a lay
thickness of approximately 0.7 nm developed for PDMS t
minated with trimethyl groups on silica. However, PDM
terminated with hydroxyl groups did not exhibit molecul
layering; instead, an anchored layer with a thickness clos
the radius of gyration was observed. Similar results w
reported for the spreading behavior of PFPE’s with reac
end groups, such as Zdol~terminated with hydroxyl groups!,
AM2001 ~terminated with piperonyl groups!, and Ztetraol
~terminated with propylene glycol ether groups! @10–12#.
Our study demonstrates that films spread with a smooth
front for nonfunctional PFPEZ, and no molecular layering is
observed. However, for functional Zdol, a complex layeri
structure with unequal thicknesses on the order of the ra
of gyration is observed, with the first layer being ‘‘diffu
sive,’’ and subsequent layers exhibiting sharp steps of ab
twice the thickness of the first layer, as shown in Fig. 1@13#.

Since the molecular layering in the spreading of PDM
liquid on silica surfaces was reported@4–9#, many computer
simulations have been conducted to examine molecular
ering using Monte Carlo~MC! and molecular dynamics
~MD! methods@14–24#. In MD simulations, by introducing a
Lennard-Jones potential, agreement with experimental ob
vations was obtained. For a simple liquid@14,15#, the move-

*Present address: Seagate Recording Media, 47010 Kato R
Fremont, CA 94538.
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ment of the liquid front demonstrates a (log10t)
1/2 time de-

pendence, in contrast to experimental observations, wh
the square root of timet1/2 dependence is observed. Bekin
et al. @22# also studied the spreading of simple liquids
solid surface. They reported that the (log0t)

1/2 dependence is
due to the porosity of the lattice assumed in the previo
work.

ad,
FIG. 1. Spreading profiles of~a! Zdol with an initial thickness of

9.8 nm, at times of 20 min, 7 h, 24 h, and 48 h; and~b! Z with an
initial thickness of 10 nm, at times of 20 min, 1 h, 3 h, and 9 h
5795 © 1999 The American Physical Society
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When the nearest-neighbor distance is reduced,t1/2 depen-
dence is obtained. The (log10t)

1/2 dependence is also attrib
uted to the insufficient molecules in the drop reservoir be
considered in the simulations, which will result in a mixtu
of two t1/2 regimes@20#. The spreading of polymeric liquid
was studied by several authors@17,20,21,24#. Nieminen and
Ala-Nissila @17# reported that there is an initial linear grow
in time (x;t), crossing over at some characteristic time
the t1/2 diffusion law, which agrees with the experiment
observations reported by O’Connoret al. @10#.

The mechanism of fluid spreading has also been stu
using MC simulations, with the adoption of the Ising mod
@18,19,23#, and molecular layering was obtained. Crosso
from a linear time growth of precursor spreading to at1/2

growth was report in Ref.@23#. It is believed that, at early
times, spreading is dominated by fluid particles flowi
down along the droplet boundary, demonstrating a const
speed spreading of the precursor layer. At later tim
spreading is dominated by particles migrating from the e
of the second layer and randomly walking on the first la
until holes are encountered or the rough edge of the pre
sor layer is reached. It was found that this transient crosso
time is dependent on the initial contact angle. A longer tr
sient time is expected for larger contact angles.

Previous investigators focused mainly on molecules w
out reactive end groups. Molecular layering in spreading
pears to be universal regardless of molecular structure, la
geometry, and system size. Our experimental observati
however, show no layering in the spreading of nonfunctio
Z, while it is clearly observed for PFPE’s with reactive e
groups@13#. In this work, the spreading of liquid over a sol
surface is qualitatively studied using the MC method to
terpret the observations of spreading of PFPE’s with a
without reactive end groups.

II. THE MODEL

Similar to the model used by previous investigato
@18,19,23#, a solid-on-solid approximation was employed
represent a liquid droplet on a solid surface. In this wor
three-dimensional cubic lattice above a structureless s
strate was assumed. Molecules are represented by struc
less particles and occupy lattice sites to form a drop
Monte Carlo simulations with Kawasaki dynamics were th
performed with particle conservation. After the droplet h
been deposited, it will spread according to the principle
energy minimization. The Hamiltonian of the system to
investigated can be written as

H5Hm,m1Hm,s1He,e1He,s , ~1!

whereHm,m , Hm,s , He,e , and He,s denote the interaction
between molecules, between molecules and the substrate
tween end groups, and between end groups and the subs
respectively. A lattice gas model, which draws an analogy
the Ising model, assigns a filled lattice site with a spinS
51, and an empty site with a spinS50. Molecules interact
with nearest neighbors by the coupling constantJ. Here,J
.0 means that attractive intermolecular interactions occ
resulting in film cohesion. The interaction between m
ecules can be expressed by
g
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Hm,m52
J

2 (
i , j ,k

Si , j ,kSi 61,j 61,k61 , ~2!

where i , j , and k are the indices along three orthogon
directions of the three-dimensional lattice. Attractive van d
Waals interactions assigned between molecules and the
strate are given by

Hm,s5(
i , j ,k

V~k!Si , j ,k ~3!

with

V~k!52
A

k3 , ~4!

where the interaction parameterA is of the order of the Ha-
maker constantAH @23#.

An explicit expression for the interactions between e
groups, and between end groups and the substrate, is
easily obtained. Experimental results show that molecu
with reactive end groups behave differently in spread
from those without reactive end groups@13#. A complex lay-
ering develops during the spreading of molecules with re
tive end groups; layer thickness is on order of the radius
gyration, and the thicknesses of layers are not equal, as
second layer has nearly twice the thickness of the first la
~Fig. 1!. This agrees with the result reported by Tynda
Karis, and Jhon@25#, where the dependence of the pol
component of the surface energy on the thickness of Z
film on an amorphous carbon surface exhibits seve
minima. The distance from the first minimum to the seco
is approximately twice the thickness of the first minimum
indicating that end groups prefer to stay together in orde
reduce the system energy. A possible molecular confor
tion of the films has been proposed@26#, where Zdol mol-
ecules in the first monolayer have a coil conformation w
the end group anchored to the carbon surface and the b
bone pointing away from the surface. The second laye
composed of two molecular layers with a high concentrat
of end groups in the middle.

Based on this analysis, a model was proposed by re
senting the orientation of the end group by the direction of
assigned spin. The projection ofS in the direction ofz(Sz),
which is perpendicular to the substrate, represents the or
tation of the end group.Sz51 denotes an upward-pointin
end group, andSz521 represents a downward-pointing en
group. End-to-end interactions between spins along the
rection normal to the surface are assumed, since interact
between end groups only occur when they meet. Thus,
interaction between reactive end groups can be expresse

He,e52
K

4 (
i , j ,k

~Si , j ,k
z 11!~Si , j ,k11

z 21!Si , j ,kSi , j ,k11 ,

~5!

whereK is the coupling constant between end groups. He
K.0, indicating that it is favorable for end groups to stick
each other. The substrate serves to pin the spins to the
face, so that the spins of molecules on the surface will po
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down with Sz521. This represents the anchoring of e
groups to the surface. The termHe,s is given by

He,s5(
i , j ,k

W~k!Si , j ,k
z , ~6!

whereW(k) is the interaction energy between the end grou
of one molecule and the substrate and is expressed as

W~k!52Wdk,1 , ~7!

wheredk,l is the Kronecker delta, andW.0 in this work.
From Eqs.~1!–~7!, we obtain

H

kT
5

J

kT F2
1

2 (
i , j ,k

Si , j ,kSi 61,j 61,k612
A

J (
i , j ,k

Si , j ,k

k3

2
K

4J (
i , j ,k

~Si , j ,k
z 11!~Si , j ,k11

z 21!Si , j ,kSi , j ,k11

2
W

J (
i , j ,k

Si , j ,k
z dk,1G . ~8!

It should be pointed out that the interaction paramete
J, A, K, and W are introduced here to approximate t
cohesive ~molecule/molecule! and adhesive ~molecule/
surface! interactions. Since the detailed structure of the m
ecule is not considered in this model, those parame
should therefore be viewed as resulting from an integra
over its internal degrees of freedom.

During the MC simulation, the probabilityP of the inter-
rogated molecule moving to the nearest empty site is gi
by

P5
1

11exp~dH/kT!
, ~9!

wheredH5H f2Hi , andHi andH f are the Hamiltonians o
the system before and after a movement is made, res
tively. The time step for each cycle is arbitrary.

A three-dimensional lattice with dimensions ofL3M
3N is generated, whereM is chosen to be in the direction o
the periodic boundary condition. An initial droplet is the
formed on the substrate, as shown schematically in Fig
During each cycle, every lattice site is randomly interr
gated. If the site is empty, the interrogation goes to the n
randomly selected site. If the site is occupied, a direction
randomly selected. If the projected nearest site is filled,
interrogation goes to next randomly selected site. If not,
probabilityP is calculated using Eq.~9!, and a random num
ber R between 0 and 1 is generated. IfR.P, no movement
is made. IfR<P, one movement is made.

FIG. 2. Schematic of the simulated lattice.
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Two types of liquid molecules were investigated: mo
ecules with nonreactive end groups and molecules with
active end groups. When the simulation is complete, the p
ticles without nearest neighbors as well as particle clust
which have no connection with the droplet, are regarded
evaporated ‘‘gas molecules’’ and removed from the latti
Spreading profiles are obtained by summing the numbe
particles in the plane ofM3N along the direction ofL,
thereby simulating thickness profile measurements by e
sometry.

The size of the lattice was chosen as 101310320 with
1050 molecules, or 201310320 with 5050 molecules. To
achieve good statistics, the final spreading profiles are
tained by averaging over ten runs.

III. RESULTS

A. Spreading of nonfunctional liquid

For nonfunctional liquids, the interactions associated w
end groups in Eq.~8! are set to zero (K5W50). Since
upward movement of molecules is permitted in this simu
tion, the choice ofJ has a significant effect on spreadin
behavior. In particular, the value ofJ/kT should be large
enough to maintain a low vapor pressure, and ifJ/kT is too
small ~! 1!, evaporation will be severe, as discussed in R
@23#. Figure 3 shows the spreading profiles at timet
510 000, 50 000, and 100 000 MC steps withJ/kT52 for
~a! A/J5100, ~b! A/J57.5, and~c! A/J52.5. Error bars~1
s! are displayed in Fig. 3~a!, and have been found to be o
the same order of magnitude for the rest of the simulat
profiles. For clarity, only averages will therefore be d
played throughout the rest of the paper. In this range of
teraction parameters, it was found that the percentage
evaporated molecules was always less than 0.5%. Figu
shows that molecular layering develops with time. At sm
times, only the first layer is visible; however, as tim
progresses, second and third layers become visible.

During the spreading process, several mechanisms
occur: ~1! molecules on the edge will first break sever
bonds with other molecules in the film and move outwar
Due to the van der Waals force exerted by the substr
those molecules will tend to move downward towards
attractive substrate to form a precursor layer.~2! After the
precursor layer has been formed, molecules from the fi
will move down toward and then diffuse on top of the pr
cursor layer until they find a vacancy to fill or fall over th
edge of the precursor layer.~3! Molecules can also evapo
rate, and remain in the atmosphere. Some molecules c
fall over the layers and substrate. This process is energ
cally unfavorable for sufficiently largeJ andA. The overall
picture is that spreading proceeds with the migration of m
ecules from the top to the lower layer, eventually reach
the substrate. From Fig. 3~c!, it can be seen that, for a low
value ofA, only the first layer is visible. This is due to th
small driving force for migration of molecules above the fir
layer. Upon increasingA, spreading of molecules in the up
per layers increases and more layers are formed. Our s
lation results agree qualitatively with earlier experimen
results@4–7#, as well as other computer simulation studi
@16–24#.
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The effect of the strength of intermolecular interactio
on spreading profiles was also investigated. Figure 4 sh
spreading profiles for~a! J/kT52, ~b! J/kT51, and ~c!
J/kT50.5 with A/kT5100. ForJ/kT52, a layering similar
to that in Fig. 3 develops from the initial film. As the inte
action becomes weaker, the steps smooth out and evap
tion becomes severe. The percentage of evaporated
ecules increases from 0.3% atJ/kT52 to over 10% at
J/kT50.5. Layering in the spreading profiles was explain
by an incompressible, stratified liquid model@27#. The
spreading results from the affinity of molecules for the s
face, and the first layer grows by molecules migrating do
from the upper layers. A compact monolayer on the subst
will maintain the compactness of the upper layers. Therefo
layering can be observed if the liquid is nonvolatile in tw

FIG. 3. Thickness profiles at timet510 000, 50 000, and
100 000 MC steps. The dotted line represents the initial film profi
Both x andy axes are in molecular dimension units. The interacti
parameters areJ/kT52 with ~a! A/J5100, ~b! A/J57.5, and~c!
A/J52.5.
s
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dimensions. When intermolecular interactions are com
rable to the thermal energy, bonds in the film are easily b
ken. Molecules migrate faster on the surface as well as
top of the precursor layer, and the layers become less c
pact. Furthermore, molecules can also evaporate ea
Thus, the edge of the layer becomes less steep and laye
becomes less pronounced. Bardonet al. @28# reported that
layering in the profiles of Tetrakis~2-ethylhexoxy!silane and
squalane at low temperature~;3 °C! was smoothed out a
temperature increased. In other words, at the same temp
ture, layering will be more pronounced for stronger interm
lecular interactions.

B. Spreading of functional liquid

Until now the experimental or theoretical study of th
spreading of functional liquids was rarely reported. This
vestigation explores the spreading behavior of a liquid dr
let consisting of molecules with reactive end groups. Th
the interaction parameters related to end groups,K andH, are
nonzero. When a droplet with functional molecules is gen
ated, the spin directions are randomly distributed, as sho
schematically in Fig. 5~a!. The spin system will then be re

.

FIG. 4. Thickness profiles of films with five layers. The dotte
line represents the initial film profile. Bothx and y axes are in
molecular dimension units. The interaction parameters are~a!
J/kT52, ~b! J/kT51, and~c! J/kT50.5 with A/kT5100.
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laxed to minimize the energy. Upon reaching equilibriu
the final state@shown in Fig. 5~b!# should be achieved; her
all of the spins in the first layer are pinned to the surface,
the spins of molecules in the upper layers are antiparalle
those of molecules in adjacent layers.

Figure 6 shows the simulation results of the spreading
liquid films with reactive end groups, where three sets
interaction parameters are selected:J/kT51, A/J5100, and
W/J510 with ~a! K/J52, ~b! K/J55, and~c! K/J58. The
evaporation rate varies from 0.3% to 3% for the selected
of parameters. From Fig. 6~b!, a layering distinct from that
observed in the profiles of nonfunctional liquid can

FIG. 5. Schematic diagram of the spin orientation of molecu
on the surface at~a! the initial state and~b! the final state.

FIG. 6. Thickness profiles of liquid with reactive end group
The dotted line represents the initial film profile. Bothx andy axes
are in molecular dimension units. The interaction parameters
J/kT51, A/J5100, andW/J510 with ~a! K/J52, ~b! K/J55,
and ~c! K/J58.
,

d
to

f
f

ts

readily identified: the first layer is diffusive and success
layers have relatively sharp edges. Layers have differ
thicknesses with subsequent layers being approxima
twice as thick as the first layer. The picture of the spread
process in this case is that, as shown in Fig. 5~b!, due to
strong interactions between the end groups, it is difficult
molecules to escape from the binding of other molecu
Once a molecule is able to break free, it will quickly migra
to the substrate. While molecules at the surface of the dro
escape easier than those inside, the profiles will resemble
migration occurring pair by pair on top of the precurs
layer. When the strength of interactions between end gro
decreases, molecules can more easily break the bonds
tween end groups. Therefore, layering becomes smoo
out, as shown in Fig. 6~a!. However, for stronger interac
tions, the probability of molecules to escape from the drop
decreases. The only opportunity for molecules to migrate
when there is a vacancy underneath them created afte
molecules on the substrate migrate away from the edge
film. Thus, a profile with a steep edge on top of the diffusi
precursor layer results, as shown in Fig. 6~c!. It can be con-
cluded that the strength of the interactions between
groups significantly affects layering in the spreading profi
of liquids with reactive end groups.

IV. DISCUSSION AND SUMMARY

Molecular layering in the spreading of liquids on sol
surfaces is the most striking finding in recent studies. N
merous experimental and theoretical efforts have been m
to understand the mechanism of layering. Our experime
show that layering is demonstrated by functional Zdol, b
not by nonfunctionalZ, as shown in Fig. 1. Our MC simu
lations demonstrate that, for nonfunctional liquids, intera
tions between the molecules, which determine the cohe
of liquids, plays a key role in layering. When the strength
the interactions is greater than the thermal energy of the
tem, the liquid in two dimensions is compact and molecu
layering will develop in the spreading profiles. Howeve
when the strength of the interactions is comparable to
thermal energy, the two-dimensional liquid becomes a tw
dimensional gas. The diffusivity as well as volatility of th
molecules will smooth out the edges of the layers. This
similar to the case of the spreading of nonfunctionalZ inves-
tigated in our experiments. Looking strictly at the cohes
vs thermal interaction ratioJ/kT, this result would imply
that in the case of the PFPE backbone, the ratio should
lower than approximately 2~Fig. 4!, in order to match ex-
perimental profiles~Fig. 1!. This is probably not the case
owing to the fairly strong cohesive energy of approximate
13.8 kJ/mol computed by Waltman, Tyndall, and Pacans
@29#, which would yieldJ/kT'5.7. This somewhat contra
dictory finding might highlight the fact that this model a
sumes a rigid molecule, which is obviously not the case fo
PFPE backbone where ether linkages provide great flex
ity. It is also worth pointing out that these profiles we
obtained withA/kT5100, which is probably on the uppe
range of values for this type of system. In fact, to within
geometrical factor, A'AH~Hamaker constant!'1019 J
'60 kJ/mole,@30# which should bring this ratio closer to 25

For molecules with reactive end groups, additional int

s
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actions among end groups and between end groups an
substrate are present. After considering end-to-end spin
teractions for the interaction between reactive end gro
and a surface anchoring of the end groups, a complex lay
structure similar to that observed in the spreading profiles
functional Zdol can be obtained by choosing appropriate
teraction parameters. The range of interaction parame
that fits experimental profiles in a satisfactory fashion is
W/J'10 andK/J'5, which is fairly close to computed val
ues of 6.6 and 3.6 reported by Waltman, Tyndall, and P
ansky @29#. This result brings some validity to this mode
and confirms that the hydroxyl end groups in Zdol provi
interactions that are overwhelmingly superior to backbo
interactions. This is also consistent with the tribological p
formance reported by Mate@31#. To our knowledge, this is
the first time that the spreading of liquid with reactive e
groups has been investigated using computer simulati
Although the model is very simple since we did not inco
porate detailed molecular structures and higher degree
freedom for the end groups, our simulations qualitatively a
semiquantitatively capture the essence of the experime
observation of spreading in PFPE’s. The homogeneous
face approximation seems valid, since it reveals layering
the spreading profiles of functional polymeric liquids. How
ever, in order to describe a realistic amorphous carbon
face, a population of pinning sites, as well as a distribution
pinning strengths, should be considered@32#. Incorporating
surface heterogeneity would be helpful in explaining mo
complex experimental findings, such as the effect of hyd
genation and nitrogenation in carbon on the spreading
PFPE’s@33#.

In summary, the spreading of the liquids with multip
molecular layers was studied using the MC method by e
ploying an Ising-like model. Results show that, for mo
ecules without reactive end groups, a layered structure in
spreading profiles can be obtained for strong intermolec
et
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interactions. When the strength of the interactions decrea
the layered structure becomes less distinguishable, resu
in smooth thickness profiles. For functional liquids, the re
tive end groups were represented by spins assigned to
molecule. By introducing an end-to-end interaction betwe
molecules and the pinning of end groups to the surface
layered structure similar to that observed in Zdol spread
profiles was obtained. A semiquantitative agreement with
perimental data was obtained, using interaction energies p
lished elsewhere. In the case of nonfunctionalized PF
molecules, the model would predict layering at room te
perature, when none is observed, using backbone-back
cohesive energy available from the literature. This discr
ancy probably arose from the great flexibility of the PFP
chain and its high number of ether linkages. However,
agreement with experimental data was satisfactory for fu
tional PFPE, whose main interactions arise from the
droxyl end groups. The purpose of this paper is not to p
vide a fully quantitative understanding of the spreadi
characteristics of functional liquids. The interaction para
eters selected in this work, although in the proper range
values, would only be qualitatively related with those in P
PE’s. A systematic study of functional polymeric liquid
spreading over solid surfaces with a more elaborate inte
tion model is currently being investigated.

ACKNOWLEDGMENTS

This research was supported, in part, by the National S
ence Foundation under Grant No. ECD-8907068. The
thors would like to thank Dr. Gary Rauch, Dr. Kevin Gra
nen, Dr. David Kuo, Dr. Michael Stirniman, and Dr. Samu
Falcone at Seagate Recording Media, and Professor And
Gellman at Carnegie Mellon University for useful discu
sions, and Wei Yang for valuable input to this work. We a
also indebted to R. Waltmanet al. for providing us with a
preprint of their paper quoted in Ref.@29#.
.

i,

at,

.

r,

s.

E

@1# P. G. de Gennes, Rev. Mod. Phys.57, 828 ~1985!.
@2# A. M. Cazabat, Contemp. Phys.28, 347 ~1987!.
@3# P. Ball, Nature~London! 338, 624 ~1989!.
@4# F. Heslot, N. Fraysee, and A. M. Cazabat, Nature~London!

338, 640 ~1989!.
@5# F. Heslot, A. M. Cazabat, and P. Levinson, Phys. Rev. L

62, 1286~1989!.
@6# F. Heslot, A. M. Cazabat, P. Levinson, and N. Fraysse, Ph

Rev. Lett.65, 599 ~1990!.
@7# A. M. Cazabat, N. Fraysee, F. Heslot, and P. Carles, J. P

Chem.94, 7581~1990!.
@8# A. M. Cazabat, N. Fraysee, and F. Heslot, Colloids Surf.52, 1

~1991!.
@9# M. P. Valignat, N. Fraysee, A. M. Cazabat, and F. Hes

Langmuir9, 601 ~1993!.
@10# T. M. O’Connor, M. S. Jhon, C. L. Bauer, B. G. Min, D. Y

Yoon, and T. E. Karis, Tribol. Lett.1, 219 ~1995!.
@11# T. M. O’Connor, Y. R. Back, M. S. Jhon, B. G. Min, D. Y

Yoon, and T. E. Karis, J. Appl. Phys.79, 5788~1996!.
@12# B. G. Min, J. W. Choi, H. R. Brown, D. Y. Yoon, T. M.

O’Connor, and M. S. Jhon, Tribol. Lett.1, 225 ~1995!.
t.

s.

s.

,

@13# X. Ma, J. Gui, L. Smoliar, K. Grannen, B. Marchon, C. L
Bauer, and M. S. Jhon, Phys. Rev. E59, 722 ~1999!.

@14# J. Yang, J. Koplik, and J. R. Banavar, Phys. Rev. Lett.67,
3539 ~1991!.

@15# J. Yang, J. Koplik, and J. R. Banavar, Phys. Rev. A46, 7738
~1992!.

@16# J. A. Nieminen, D. B. Abraham, M. Karttunen, and K. Kask
Phys. Rev. Lett.69, 124 ~1992!.

@17# J. A. Nieminen and T. Ala-Nissila, Phys. Rev. E49, 4228
~1994!.

@18# J. De Coninck, N. Fraysse, M. P. Valignat, and A. M. Cazab
Langmuir9, 1906~1993!.

@19# J. De Coninck, S. Hoorelbecke, M. P. Valignat, and A. M
Cazabat, Phys. Rev. E48, 4549~1993!.

@20# J. De Coninck, U. D’Ortona, J. Koplik, and J. R. Banava
Phys. Rev. Lett.74, 928 ~1995!.

@21# L. Wagner, Phys. Rev. E51, 499 ~1995!.
@22# S. Bekink, S. Karaborni, G. Verbist, and K. Esselink, Phy

Rev. Lett.76, 3766~1996!.
@23# A. Lukkarinen, K. Kaski, and D. B. Abraham, Phys. Rev.

51, 2199~1995!.



r,

i-
-3

.

.

g-

.

.

PRE 60 5801MONTE CARLO SIMULATIONS OF LIQUID SPREADING . . .
@24# U. D’Ortona, J. De Coninck, J. Koplik, and J. R. Banava
Phys. Rev. E53, 562 ~1996!.

@25# G. W. Tyndall, T. E. Karis, and M. S. Jhon, Society of Tr
bologists and Lubrication Engineers Report No. 98-TC-5E

@26# X. Ma, J. Gui, L. Smoliar, K. Grannen, B. Marchon, M. S
Jhon, and C. L. Bauer, J. Chem. Phys.110, 3129~1999!.

@27# P. G. de Gennes, and A. M. Cazabat, C.R. Acad. Sci., Ser
Mech. Phys., Chim. Sci. Terre Univers310, 1601~1990!.

@28# S. Bardon, M. Cachile, A. M. Cazabat, X. Fanton, M. Vali
nat, and S. Villette, Faraday Discuss.104, 1 ~1996!.
.

II:

@29# R. J. Waltman, G. W. Tyndall, and J. Pacansky, Langmuir~to
be published!.

@30# C. M. Mate and V. J. Novotny, J. Chem. Phys.94, 8420
~1991!.

@31# C. M. Mate, Phys. Rev. Lett.68, 3323~1992!.
@32# R. H. Wang, R. L. White, S. W. Meeks, B. G. Min, A

Kellock, A. Homola, and D. Yoon, IEEE Trans. Magn.32,
3777 ~1996!.

@33# X. Ma, J. Gui, K. Grannen, L. Smoliar, B. Marchon, M. S
Jhon, and C. L. Bauer, Tribol. Lett.6, 9 ~1999!.


