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We have studied the spreading of liquid drops on a solid surface by molecular-dynamics simulations of
Lennard-Jones systems of liquid, vapor, and solid. As the attraction between liquid and solid increases

we observe a smooth transition from partial wetting to terraced wetting, with distinct molecular layers

spreading with diAerent velocities. In the terraced case the layers are ordered but not solid, with sub-

stantial molecular diAusion both within and between layers, and a growth rate that disagrees with exper-

iments with nonvolatile liquids as well as recent calculations.

PACS numbers: 61.20.3a, 68.10.Gw, 68.45.0d

The spreading of liquids on solid surfaces has lately re-
ceived considerable attention both theoretically and ex-
perimentally [1-5]. The fine structure in the thin film

often observed at the edge of the advancing liquid is usu-
ally discussed in terms of precursor films driven by van

der Waals forces. Such an approach is successful for
films much thicker than the size of their constituent mole-
cules, which can be treated hydrodynamically. However,
different behavior is seen in ultrathin films, whose thick-
ness is only several molecular diameters [6]. Instead of a
smoothly varying continuum, experiments find that the
spreading liquid consists of distinct monomolecular layers
which advance across the solid with different velocities,
over distances of millimeters. Such films are too thin to
be described by lubrication equations, and alternative
models based on Langevin dynamics [7] or two-di-
mensional liquid layers [8] have been introduced. The
experiments are interferometric in nature, and have much
finer resolution normal to the layers than within them,
and many open questions remain. We have been motivat-
ed thereby to conduct molecular-dynamics (MD) simula-
tions of spreading. While we are restricted to small

drops, whose initial radius is only about 10 atomic sizes,
our results complement the experiments by providing de-
tailed three-dimensional information about the spreading

dynamics.
%e consider a molecular system described by Len-

nard-Jones interaction potentials of the form

Q6 6

where the coefficients are related to the conventional [9]
Lennard-Jones energy and distance parameters e and o.

via a =a and P =4ea', respectively. The fluid subsys-
tem is used as reference, with all distances expressed in

terms of a —= o~f, mass in terms of mf, and times in terms
of r—:(mfaff/eff) ' . The parameter a=af„ the strength
of the attraction between quid and solid molecules, is
varied from 1.0 to 1.4 to produce different wetting re-
gimes, and off is kept at 1. For the solid-solid interac-

tions we choose e, , =50 and cr, , =2 ' d, where d =J2 is
the lattice constant, so that the equilibrium position of
the solid particles is also the minimum of the potential.
The mass of the solid particles is 5mf. The potentials of
fluid-fluid interactions and fluid-solid interactions are cut
off at 2.5off and 2.5af„respectively, and the potential of
solid-solid interactions is cut oA' at 1.8a, ,

In the simulations, 4000 fluid particles are confined in

a cube of side L =60a. The boundaries at z =0 and z =L
are replaced by a solid wall made of five layers of fcc
solid, totaling 9000 molecules, with the (100) surface ex-
posed to the fluid. The solid is thick enough to prevent a
direct interaction between the fluid particles on either

side, and the remaining directions have periodic boundary
conditions imposed. The equations of motion are in-

tegrated using the Beeman algorithm [9], with a time
step 0.005'. . The entire system is equilibrated at T =0.7
with a=0 and pf, =1. The drop has then a roughly
spherical shape of radius 10o., surrounded by a cloud of
vapor. The center of the drop is gradually moved to 16a.

above the solid surface by time t =35, whereupon the
fluid-solid interactions attract the drop, leading to contact
and subsequent spreading. The middle layer of the solid
is kept at constant temperature T=0.7 by rescaling of
the velocities of the particles in that layer, in analogy to a
laboratory experiment where the solid substrate is kept at
a constant temperature.

We studied a range of solid-liquid interaction strengths
from a =1.0 to 1.4, in steps of 0.1. For values a ~ 1.1 we

observed partial ~etting, in which the drop reached a
stable shape, while for a~ 1.2 the drop continues to
spread up to the boundaries of the simulation box. In
Figs. 1(a)-1(c) we illustrate the three types of behavior
seen by showing the final states for a =1.1, 1.2, and 1.4,
respectively. The points in the figures are the centers of
the fluid molecules, where the three-dimensional system
has been projected onto the two-dimensional surface of
the box. Note that the vapor density decreases as a in-

creases, due to the condensation of vapor molecules onto
the solid wall, and in Fig. 1(c) a condensed layer of regu-
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FIG. I. The final states of spreading observed for (a) a =1.1

at r =635r, (b) a=1.2 at r =885r, and (c) a=1.4 at r =635r
The points represent the centers of molecules in three dimen-
sions, projected onto the x -z plane. Only molecules with
0 (z & 20 are shown.
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1arly spaced molecules, commensurate with the solid
structure, lies on the surface. There appear to be fewer
molecules as a increases, but this illusion is caused by the
enhanced ordering in the IIuid. In Fig. 1(a) a true steady
state is reached, with a well-defined contact angle. In
contrast, in Fig. 1(b) the spreading is slow but does not
terminate. Even at t =885 the height of the drop is still
decreasing while the particle "reservoir" in the bulk of
the drop is nearly depleted —this case corresponds to
complete wetting. In Fig. 1(c), the spreading is complete,
and the drop evolves into two distinct molecular layers;
we consider this case in detail below.

One diA'erence between the present simulations and
laboratory experiments is that the solid-liquid interaction
cuts oA at a fixed distance, whereas a realistic long-range
van der Walls potential, arising from a superposition of
many layers of r interaction, behaves approximately as
r [IOl. In order to check that the partial wetting is not
due to this cutoA; we ran a simulation with an extended
fluid-solid interaction. This extra potential had the form
k/(z —zo) for z (the coordinate normal to the solid sur-
face) greater than the cutoA', with the constants k and ro
determined by the continuity of the potential there. We
compared the final states with and without this extended
potential for a = 1 r0 and did not see any qualitative
changes.

The time evolution of the spreading drop is most in-
teresting in the terraced case a=1.4 [1 il, and Fig. 2
shows the snapshots of the profile at various stages, with
the final state given in Fig. 1(c). At t =140, several
liquid layers have formed, rather more prominently than
in the a =1.1 case, say, but layering in liquids near solid
surfaces is not in itself unusual [10]. At t =240, howev-
er, it is evident that the first two layers spread faster than

j ~ s/1 r W-Tr -si-r-s ii-r- -rex- —-rr —m-rvvsV A~YA+Pf 6ri'sV»

FIG. 2. Time evolution of complete terraced wetting at
a=1.4. The format is as in Fig. 1.

the bulk of the drop, and that first layer spreads faster
than the second. Furthermore, a clear steplike structure
has formed. At t =340 the spreading of the first layer
continues, while the motion of the second layer has nearly
come to a stop. At later times t =440 and 540 the first
layer continues to move outward while depleting the cen-
tral bulk of the drop.

The structures of the first and second layers in terraced
spreading are quite strongly ordered. Figures 3(a) and
3(b) show typical x-y projections of the first and second
layers for a =1.4. The particles form a defective hexago-
nal lattice, with stronger ordering in the first layer than in
the second, and within each layer the inner part is more
ordered than the outer part. As the boundary of the layer
moves outward, vacancies are created both in the interior
and at the edge. When such plots are examined as a
function of time, one sees that the vacancies in the first
layer provide the likely sites for the particles to move in
from above. Measurements of the in-plane radial distri-
bution function for times after 250 show four clear peaks
in the first layer and three in the second, the peaks having
a half-width of about 0.3o..

For comparison with other work, it is useful to quantify
the rate of spreading of the drop. Figure 4 shows the evo-
lution of the average radii of the first and second layers as
a function of time. Evidently, a reasonable fit is R (r)
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FIG. 3. x-y positions of (a) the first layer and (b) the second
layer at t =340' for a =1.4.

whereas only when a is smaller does the condensate mix
with the drop. Another possible source of disagreement is
the comparatively small number of molecules in the simu-
lation. A laboratory drop has an enormous reservoir of
molecules in its center available for continued spreading,
~hereas we have nearly exhausted the supply. Note,
however, that the eventual leveling oA' of R for the
second layer resembles a simple finite-size eA'ect, and sug-
gests that a larger drop would continue to spread at the
same rate. Indeed, a single run on a larger system, with
9000 Auid molecules and a maximum radius of 30, gives
results consistent with those described above [I ll.

One key advantage of MD simulations is the ability to
study the molecular motion in detail, and to this end we
have examined the intralayer and interlayer movement of
particles separately. Since the spreading is relatively
slow, we considered a sliding time window of interval
50~, averaging over configurations between I =336 and
435. We have obtained the vertical probability distribu-
tion function P(hz) for displacements normal to the
solid, as well as the radial distribution P(hr) for motion
parallel to the surface, separately for the first and second
layers of the spreading drop and for various initial radial
intervals. To be precise, we define the first layer as
0.8 & z & I.5 and the second as I.5 & z & 2.5, and in each
layer we have three regions: I, 0&r & 10; II, 10(r

=C log ~ot +D, with C = 430 and 272 for the first and
second layers, respectively. Similar behavior is found for
the other values of a where complete wetting occurs, with
the same functional form and different values for the con-
stants. This relation disagrees with the R —t behavior
found in laboratory experiments with nonvolatile liquids
[4,6] ("dry spreading"). One might suspect that the
discrepancy is related to the fact that the condensation of
vapor ahead of the drop reduces the degree of attraction
of liquid to the surface. On the other hand, in this case
the condensed vapor forms a distinct layer of fairly regu-
lar lattice, clearly separated from the spreading liquid,
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FIG. 4. Dependence of drop radius on time for a=1.4, for
the first (squares) and second (circles) layers.

FIG. 5. Vertical distribution function P(hz) for (a) the first
layer and (b) the second layer. The squares, circles, and trian-
gles represent radial regions I, II, and III, respectively, as
specified in the text.
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FIG. 6. Radial distribution function P(ter), in the same for-
mat as Fig. 5.

ring of the first layer, the spreading liquid is not at all rig-
id or impenetrable.

To conclude, we have carried out systematic molecu-
lar-dynamics studies of drop spreading on a solid surface.
We observe that fairly modest variations in the strength
of the solid-liquid attraction potential lead to qualitative-
ly difII'erent wetting regimes, each with a laboratory coun-
terpart. We have focused on the novel terraced spreading
case, where our results for the rate of spreading diAer
from experiment [6] for reasons which are perhaps relat-
ed to the "dryness" of the solid, or to the size of the simu-
lated system. These results for R (t) are also in

disagreement with theoretical models of ultrathin layers.
One analysis [7] is based on a solid-on-solid-like model
with thermal noise and predicts R (t) t lo—gt, but there
is no detailed relation between the model and the system.
Another analysis [8], which yields R (t) —t as in labora-
tory experiment, assumes that molecules are added to
layers only at the steplike edges of adjoining layers. In
the systems studied here, however, substantial molecular
diAusion is observed throughout the layers and the theory
is inapplicable. A theoretical understanding of terraced
spreading remains to be found.

We have benefited from discussions with A. M. Caza-
bat, the financial support of the NASA Microgravity Pro-
gram and the NSF Fluid, Particulate and Hydraulic Sys-
tems Program, and the computational facilities of the
Pittsburgh Supercomputer Center.

& 20; and III, 20 & r & 30, where r =0 corresponds to
the center of mass of the layer. Note that the vapor
which condensed on the solid surface before the drop
spread is rather static and has not been included in this
analysis.

The distribution of vertical displacements for the first
layer is given in Fig. 5(a); we see that for both inner re-
gions I and II the principal peak at hz =0 indicates that
these molecules tend to stay in the first layer, while the
secondary peak at hz =1 indicates some probability to
jump up to the second layer. In contrast, molecules in
outer region III are quite likely to move closer to the
solid. ]n Fig. 5(b) for the second layer, the peak at
hz = —

1 indicates that the principal tendency is to move
downwards to the first layer. This tendency decreases as
one moves inwards from the outer edge of the layer, so
that the inner core is somewhat persistent. Figures 6(a)
and 6(b) give the corresponding radial distributions for
the first and second layers, respectively. The inner ring of
the first layer has a peak of unit width favoring small ra-
dial displacements, whereas the molecules in regions II
and III, as well as those in the second layer, have rather
broad distributions skewed towards positive Ar. The gen-
eral conclusion here is that, except for perhaps the inner
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