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The static (equilibrium) properties of atomically thin films confined between two surfaces are 
studied as a function of surface separation by Grand Canonical Monte Carlo and Molecular 
Dynamics simulations. A model was used, in which the fluid and wall species consist of two 
different Lennard-Jones rare gas atoms. This was designed to mimic the static SFA experiments 
in which it is known that epitaxy is not necessary for inducing an oscillatory solvation force in 
simple non polar liquids. We have been able to simulate, using this simple system, many aspects 
of the equilibrium properties observed in the experiments. The solvation force is an exponentially 
damped, periodic curve. All peaks of maximum amplitude in the solvation force correspond to 
solid-like structures. These structures melt in increasing the surface separation. A further increase 
in separation leads to the addition of a whole layer and the recrystallisation of the film. In 
addition this model displays an interesting phenomenon of confinement induced solid-solid 
phase transition. Two different stable packing (bcc and triclinic) can be observed in the bilayer 
film and a transition from one to the other occurs when the surface separation is changed. This 
phase change has been studied as a function of pressure and temperature. As compared to the 
simulations using a ‘commensurate’ model, in which the fluid and wall species are made of like 
atoms, the results obtained here are in much better agreement with experimental findings. 

Keywords: Thin films; grand canonical Monte Carlo; molecular dynamics; surface force 
experiments 

INTRODUCTION 

Considerable advances have been made recently in the new field of nano- 
tribology, i.e. the investigation of interfacial processes on the atomic scale 

*Author to whom correspondence should be addressed. 
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200 P. BORDARIER ef a/ .  

[l]. Among these, the Surface Force Apparatus (SFA) experiments of Is- 
raelachvili and co-workers [2] performed on thin films of molecular dimen- 
sions confined between two parallel surfaces has attracted much interest. 
SFA experiments are fascinating because they allow a direct study on a 
molecular scale of the- yet poorly understood-friction and lubrication phe- 
nomena. 

Both static and dynamic properties of thin fluid films have been studied 
by SFA. The equilibrium force between the parallel surfaces as a function of 
separation (the so called solvation force) was shown in many cases to be a 
damped periodic oscillatory curve [3]. This was attributed to a smectic-like 
arrangement of the molecules in the ultra thin film (the tendency to form 
layers parallel to the surface, even though the molecules may have a quasi- 
spherical shape). The observed oscillation in the solvation force would thus 
reflect the addition or removal of whole layers of fluid. Such thin films also 
exhibit the so called ‘stick-slip’ motion when one of the walls is sheared 
past the other [ 3 ] .  This dynamic property is often attributed to a periodic 
shear-melting transition and recrystallisation of the confined film during 
the motion 1141. 

Different kind of computer simulations have been performed [4-93 with 
the aim of reproducing the main experimental features and help in under- 
standing the basic physics that underlines the unusual properties of thin 
films of moiecular dimensions. Both Molecular Dynamics (MD) and Monte 
Carlo (MC) studies have shown the important effect of the wall structure on 
the properties of the confined thin films. In most of these previous studies, 
the simulation model consisted of a monoatomic fluid (usually Lennard- 
Jones (LJ) Argon) confined between rigid walls of like atoms. This type of 
model is of course oversimplified in many respects. For instance, oscillatory 
solvation force and dynamic stick-slip motion were observed experimen- 
tally with several non polar molecular fluids [3]. In the case of quasi- 
spherical molecules, the same solid surfaces (mica sheets) were used but the 
size of the molecules in the film were appreciably different (octamethylcyc- 
lotetrasiloxane (OMCTS) and cyclohexane for instance [3]). Thus a full 
explanation of the peculiar static and dynamic properties of confined ultra 
thin films should at least take into account the fact that, for these properties 
to be observed, the crystal structure of the solid surfaces does not have to be 
strictly compatible with the structure of the molecular film. 

In this paper, we investigate by Grand Canonical Monte Carlo (GCMC) 
and Molecular Dynamics (MD) simulations, the equilibrium properties of a 
model system in which there is no strict commensurability between the 
structure of the wall and that of the fluid species. The dynamic properties of 
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ULTRA THIN FILMS 20 1 

this system will be described elsewhere [lo]. To model such a system we 
simply use two different LJ atoms for the wall and the fluid atoms. We show 
in this paper that such a model exhibits static equilibrium properties which 
are closer to the SFA results for real systems than the oversimplified model 
in which the walls and the fluid are made of like atoms (which we will refer 
to, hereafter, as the ‘commensurate model’). 

In the remainder of this paper we describe the ‘incommensurate’ model 
used in the GCMC simulations, present and discuss the results designed to 
mimic the static SFA experiments. 

THE MODEL AND THE SIMULATION METHOD 

The simulation model is depicted in Figure 1. It consisted of N fluid atoms 
confined between two walls, each composed of N ,  atoms rigidly fixed in the 
configuration of the (100) plane of the face-centred-cubic (fcc) lattice. The 
walls were parallel to the xy  plane and were a distance h apart. The walls 
were in complete alignment in these simulations. In most of the simulations, 
each planar surface consisted of 6*6 unit cells ( N ,  = 72 atoms). Several 
simulations were also made with 12*12 unit cells (N,=288 atoms). No 
significant differences were found in the results obtained between these two 
sets of simulations. Periodic boundary conditions were imposed in the x 
and y directions. 

FIGURE 1 Schematic view of the model slit pore used in the simulations. The fluid atoms 
(shaded spheres) are confined between two parallel surfaces composed of atoms (open spheres) 
fixed in the configuration of the (100) plane of the fcc lattice. 
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202 P. BORDARIER er al. 

The potential energy U of the system was a pairwise sum of Lennard- 
Jones potentials u(rij) : 

where u,,(rij) and uJw(rij) are the pair potential for the fluid-fluid atoms 
interaction and fluid- wall atoms interaction respectively (there were no 
direct interaction between the walls in this model): 

Where k stands for the fluid(f) or wall (w) species. 
In our ‘incommensurate’ model, the fluid-fluid and fluid-wall interatomic 

interactions were modelled using different o and E values. The values are 
given in Table I. The wall atoms correspond to LJ-Argon and the fluid ones 
to LJ-Xenon. These were chosen in order to mimic the static SFA experi- 
ments of OMCTS molecules confined between mica sheets in which it is 
believed that the size of the quasi-spherical molecule is larger than the size of 
the adsorption site. Some simulations have also been performed using a 
‘commensurate’ model, in which the walls and the fluid were composed of 
like LJ-Argon atoms. The parameter values for this model are also given in 
Table I. A cut-off radius rc=3,5 B was used in all simulations. This latter 
model is equivalent to the one used by Diestler et al., in a previous work [ 6 ] .  

The standard GCMC method is particularly suitable for studying the 
equilibrium properties of the confined fluid film. The Grand Canonical 
reservoir corresponds to the bulk phase in which the slit-pore is immersed 
in the SFA experiments. At equilibrium, the chemical potentials of the 

TABLE1 Parameters of the Lennard- 
Jones potential used in the simulations. 
The walls of the pore are made of rigidly 
fixed Argon. The fluid is composed of Ar- 
gon atoms in the ‘commensurate’ model, 
and of Xenon atoms in the ‘incommensur- 
ate’ model 

interacting pairs ( e / k , ) / K  o jnm 
~ 

Argon-Argon 118.9 0.341 
Argon-Xenon 159.9 0.383 
Xenon-Xenon 2150 0.425 
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ULTRA THIN FILMS 203 

confined and the bulk phases are equal. GCMC simulations enable to 
calculate the average number of molecules ( N )  in the slit-pore, for given 
values of the chemical potential, temperature and distance between planes. 
Three different Monte Carlo trials are attempted in a GCMC simulation: 
translational displacements of a randomly chosen atom within the system 
(canonical trials in the original Metropolis algorithm), creations of a new 
atom (at random position) and attempts to delete an existing atom. The 
acceptance criteria for all these Monte Carlo trials are such that atomic 
configurations are generated within the Grand Ensemble formalism with 
probabilities proportional to their Boltzmann weighting factor. 

The solvation force is equal to - T,, (the component of the stress tensor). 
It was computed from GCMC simulations through: 

where A is the area of each planar wall. 
Structure factors S (  k,, ky)  have also been computed through : 

As shown below in the results section, several interesting equilibrium struc- 
tures of the model film were observed for distinct values of h, the separation 
between the solid walls. In order to examine the dynamic properties of these 
equilibrium states of the film, we have fixed the number of film atoms N to 
the most probable value obtained by GCMC after equilibrium was reached, 
and performed standard microcanonical M D  simulations for each of these 
states. A velocity Verlet algorithm, a time step of 5 fs, and periodic bound- 
ary conditions in the x and y directions were used in these simulations. 
Diffusion coefficients were computed from the slope of the mean square 
atomic displacement in the xy  plane against time. 

RESULTS AND DISCUSSION 

The computed solvation force as a function of the reduced separation be- 
tween the walls h* (h* = h/a), at given reduced temperature and chemical 
potential, is shown in Figure 2 for both the ‘incommensurate’ and the 
‘commensurate’ models described in the previous section. The curve obtained 
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20.0 
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0.0 
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h* 
0 

FIGURE 2 The computed reduced solvation force- ?-* = - ( TZu3/6) as  a function of the 
reduced separation between the r igd walls h* (h’=h/a). at a reduced temperature 
T*=(kTjs)= 1.00 and a reduced chemical potential p*=(p/.s)= -11.00. The top curve corre- 
sponds to the incommensurate model, the bottom one to the commensurate model. Note that. 
for sake of clarity, the bottom curve is shifted to lower solvation forces by a constant value of 5 
TzI* units. 

In this figure, h * =  h/aXe-Sr and - T--* _. = - ( T z c r x c ~ x ~ 3 / c x c ~ x c )  for the top curve, where 
h* =h/aA, ~ A r  and -T--* = - (  T--aA,-A,3/~nr-4,) for the bottom curve. The solid line is a guide to 
the eye. 

_ _  .- 

for the commensurate Ar/Ar model is in quantitative agreement with the one 
obtained by D. Diestler et a/.,  [6] using the same model with similar tempera- 
ture and chemical potential conditions. An oscillatory solvation force is ob- 
tained in both cases. Simulations for the incommensurate model have been 
performed in increasing and decreasing values of h*. No difference was found 
between the two sets of simulation. As already mentioned by Diestler et al., 
[6]  the oscillation in the solvation force for the commensurate model reflects 
the addition or removal of whole layers of fluid. In the case of the incommen- 
surate model, an additional phenomenon is observed in the range of surface 
separation 2 .0dh*  6 2 . 5 .  In this h* range the addition of a second layer to the 
fluid film, in increasing the surface separation, is a two-step process. The 
peak at h*=2.1 corresponds to the formation of a solid bilayer body-cen- 
tred-cubic film. This is followed, at h*=2.4, by a peak of larger amplitude 
which corresponds to a solid-solid phase transition in the bilayer film (body- 
centred-cubic to triclinic). We have sketched in Figure 3 the average equilib- 
rium number of atoms in the film as a function of h*. The addition of a 
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300.0 

200.0 

A 

5 
100.0 

. --- 

1 .o 2.0 3.0 4.0 5.0 6.0 7.0 
h* 

FIGURE 3 Average equilibrium number of adsorbed atoms in the film as a function of the 
surface separation h*, for the incommensurate model. In this simulation, each wall consisted of 
6*6 unit cells of Argon. A full layer roughly corresponds to - 50 Xenon atoms. The simulation 
was performed at T* = 1.00 and p* = - 11.00. 

second layer ( 4 0  atoms in this simulation) is clearly a two-step process. 
More details on this transition will be given below. To our knowledge, no 
additional peak such as the one found here at h* = 2.1 was ever found in the 
experiments. However, if such a peak existed in a real system it might have 
been hidden in an SFA experiment since it is located in the unstable branch of 
the solvation force curve (i.e. the region of the curve for which T,, decreases 
with decreasing h). For more details on this technical point, the reader is 
forwarded to the discussion by Horn and Israelachvili (reference 11, page 1403). 

We now focus on the main peaks in the solvation force curve displayed by the 
incommensurate model. The peaks of maximum amplitude are located at 
h*= 1.4k0.05 ; 2.12f0.01 ; 3.25k0.05 ; 4.10&0.10; 5.0+0.1. The variation in h* 
value, from one peak to the next one, is equal to 0.90f0.06. Thus the oscillation 
in the solvation force is periodic for ths model system and the periodicity 
correlates well with the size of the fluid atom. This is in agreement with experi- 
ments [3,11]. 

The five main maxima observed in the oscillatory solvation force curve, 
for the incommensurate model, correspond to solid- like films (triclinic 
structures, see below) while the minima correspond to liquid-like structures, 
as evidenced by MD simulations. This means that each solid-like film 
displays a melting transition in increasing h*. A further increase in the 
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206 P. BORDARIER et a/.  

surface separation leads to the addition of a whole layer and the simulta- 
neous recrystallisation of the film. Melting of the monolayer film takes place 
progressively from h* - 1.6 to h* - 2.0, and no evidence of a transition can be 
seen in the solvation force curve, As the film thickness increases, the melting 
transition is evidenced by a shoulder in the peaks of the solvation force curve 
(melting of the bilayer film at h*-2.7, of the trilayer film at h*-3.6,  see 
Fig. 2). Melting of the 4 and 5-layers films is evidenced by small secondary 
peaks at h* =4.5 and h* = 5.3. For h* values larger than 6.0, no phase transi- 
tion occurs anymore and the film is liquid-like. This is in overall agreement 
with a recent experimental work of Klein and Kumacheva [12]. These 
authors have shown that a film of OMCTS molecules exhibited a liquid-like 
shear viscosity for large surface separations down to a value corresponding to 
seven molecular layers. When the separation was further decreased the film 
underwent an abrupt liquid to solid transition. 

The decay of the solvation force has been examined. The peak to peak 
amplitude as a function of the surface separation is shown in Figure 4, it 
decays as eC””“*. This is in agreement both with experiments [11] and with 
a theoretical prediction based on the density functional theory formalism 
[13,14]. The observed reduced value of the characteristic decay length of 
the envelope a* is equal to 1.56+0.06 in the simulations. This value is 

2.0 3.0 4.0 5.0 
h* 

FIGURE 4 
the surface separation h* (semi-log scale). 

Decay of the peak to peak amplitude of the solvation force curve as a function of 
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ULTRA THIN FILMS 207 

somewhat larger than the oscillatory period Ah* (0.9). Experimentally both 
a* and Ah* are close to unity Ell, 151. 

Despite the similarity in the shape of the solvation force curves for the 
incommensurate and the commensurate model (Fig. 2), the properties of 
these two model systems differ in many aspects. The commensurate model 
exhibits 5 peaks in the solvation curve, located at  h* = 1.3, 2.6, 3.2, 4.5 and 
5.3. The variation in h* values from one peak to next one, suggests the 
existence of a double periodicity in this system: Ah* - 1.3 between the first 
and second, and third and fourth peaks, and Ah* - 0.7 between second and 
third, and fourth and fifth peaks. This is presumably due to the fact that the 
films with an odd number of layers are solid-like and those with even 
number of layers are liquid-like, as evidenced by MD simulations (this point 
has been mentioned by Diestler et al., [ 6 ] ) .  The walls being in registry, no 
stable epitaxial solid phase having an even layer number may exist. The 
second and the fourth peaks are then shifted to larger values of h*, because 
the density of the liquid film is lower than that of the solid. The agreement 
between simulations and experiments is thus poorer for the oversimplified 
commensurate model than for the incommensurate one. 

We shall now focus on the secondary (additional) peak observed in the 
solvation force curve of the incommensurate model at h*=2.1.  Figure 5 
shows the reduced isothermal compressibility K * ,  against the surface separ- 
ation h*, where: 

ti& 

(T 

ti* =? 

ti was calculated from the density fluctuation oN 

( T , = J r n  

( 5 )  

defined as: 

( 6 )  

In the Grand Canonical Ensemble, (T, is related to the isothermal com- 
pressibility K through: 

M. Schoen has recently shown [16]  that a definition of K in terms of 
density fluctuations is precluded, in general, because of the inhomogeneity 
of the fluid film between the structured surfaces in transverse dimensions. 
However, as stated by this author, such a definition is shown to be possible 
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FIGURE 5 Reduced isothermal compressibility K* (see equations 5 to 7 in the text) against 
the surface separation h* for the incommensurate model (solid line). The solvation force 
( -  T--*) is also shown (broken line). The simulation was performed at T * =  1.00 and 
11 * =-- I 1 . 0 0 .  

introducing ti as a density fluctuation- related quantity in a coarse-grained 
sense. 

Two sharp peaks are observed in Figure 5 for /I* values of 2.1 and 2.4. 
They correspond to discontinuities in the second derivative of the Grand 
Potential. In other words, two phase transitions are observed in this h* 
range. These presumably correspond to second- order phase transitions. 
The first peak (h*=2.1) corresponds to a liquid-solid transition and the 
second one (h*=2.4) to a solid-solid transition, as evidenced by the MD 
computation of the diffusion coefficients (Fig. 6). The mean value of the 
diffusion coefficient D i n  the separation range 1.8<h*<2.1 is 0.12 K2.ps-'. 
This corresponds to highly confined fluid. D reaches the value of 
0.17A2.psK2 for a 10 layers confined fluid, while the computed bulk value 
for D is 0.23 A2.ps-'. The crystallisation of the film (h*=2 . l )  is accom- 
panied by a drop in the diffusion coefficient. In the separation range 
2.1 <h* < 2.6, the bilayer film displays solid-like D values. 

In  the range .26 d h* d 3.0, the progressive increase in isothermal com- 
pressibility (Fig. 5) and diffusion coefficient (Fig. 6), can be attributed to the 
melting of the bilayer film mentioned above in the discussion of the solva- 
tion force curve. As shown in Figure 5, each addition of a whole layer and 
simultaneous recrystallisation of the film, which takes place in increasing 
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0.15 
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I 

% 
2 0.10 

n 
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0.05 

0.00, 
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T 
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1 

FIGURE 6 Atomic diffusion coefficients in the xy  direction of the model system. computed 
from microcanonical MD simulations (solid line). The solvation force ( - T r )  is also shown 
(broken line). The simulations were performed at T* = 1.00 and each N vaTue was fixed as 
described in the text (model section). 

h* is accompanied by a well defined narrow peak in K*. On the other hand 
melting of the films appear to be much more continuous processes. No 
hysteresis was found when performing the simulations in increasing or de- 
creasing the surface separation. 

The structures of the two solid phases observed in the bilayer film have 
been investigated. The structure factor S ( k x ,  k,)  is shown in Figure 7, together 
with atomic trajectories. Sharp peaks in S (t?), typical of crystalline phases, 
are obtained in both cases. In Figure 7a is shown the structure observed in 
the range 2.1 dh* < 2.4. Each layer displays a 'squared' structure and the 
film then corresponds to the first two (100) planes of a body centred cubic 
(bcc) structure. The unit cell parameters are obtained in a straighforward 
manner from the calculated S ( k ) .  We have found a = 0.584 k 0.005 nm. In 
Figure 7b is shown the structure observed in the range 2.4 < h* < 2.6. This 
phase results from the packing of two hexagonal layers. Computed atomic 
pair distribution functions and S ( k )  showed that the film corresponds to the 
first two (100) planes of a triclinic crystal. The unit cell parameters are given 
in Table 11. In this latter phase crystallisation takes place in the (1,- 1) or 
(1,l) direction of the (100) plane of the wall. The resulting structure is more 
defective than the bcc one. This leads to some spread in the diffusion 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
9
:
1
6
 
1
4
 
J
a
n
u
a
r
y
 
2
0
1
1



210 P. BORDARIER et al 

0 

Q 

@ 

- 
Q 

0 

A 

2 

- 1  

- 0  ky 

-1 

-2 - -2 
-2 -1 0 1 2 

b 

X 

B 

X 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
9
:
1
6
 
1
4
 
J
a
n
u
a
r
y
 
2
0
1
1



ULTRA THIN FILMS 21 1 

TABLE 11: Unit cell parameters 
of the triclinic phase observed in 
the bilayer film, in the range 
2.4< h* 62.6 ,  with T* = 1.00 and 
/I* = - 11  .oo. 
a/nm 0.56f0.01 
b/nm 0.48 kO.01 
c/nm 0.46 fO.01 
u/deg 52.7 & 0.1 
Bid% 52.9 f 0.1 
y/deg 54.3 0.1 

15.0 

12.5 

10.0 

7.5 

5.0 

2.5 

0.0 

.i 
1.5 2.0 2.5 3.0 3.5 

h' 

FIGURE 8 The computed reduced solvation force - T * as a function of the reduced separ- 
ation between the rigid walls h* (h* =h/u) ,  at a reduced c%emical potential p* =(/I/&)= - 11.00 
and at various reduced temperatures T * = ( k ~ c ) = 1 . 0 0  (broken line, same as Figure 2). 
T* = 1.16 (full circles); T* = 1.28 (full squares) and T* = 1.40 (full diamonds). The solid lines are 
guides to the eye. 

FIGURE7 Top diagrams: structure factors S(k , ,k , )  for both solid phases observed in the 
bilayer film. Middle diagrams: projections of the structure factors in the (0, kx,  k y )  plane (two 
projections are shown for S=O.1 and S=0.5). Bottom diagrams: atomic MD trajectories. 

A The bilayer film in the range 2.1<h*<2.4. Atomic trajectories: open circles correspond to 
wall atoms; full dots: atoms in the first layer; open dots: atoms in the second layer. This bilayer 
film corresponds to the first two (100) planes of a body centred cubic (bcc) structure. 

B The bilayer film in the range 2.46h* 62.6.  Open circles ( M D  trajectories): wall atoms; full 
dots: atoms in the first layer; open dots: atoms in the second layer. This bilayer film corre- 
sponds to the first two (100) planes of a triclinic crystal. The unit cell parameters are given in 
Table 11. All simulations were performed here at T*=1.00 and each N value was fixed as 
described in the text (model section). 
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FIGURE9 The computed solvation force - T7-* as a function of the reduced separation 
between the rigid walls h* (h*=ha) .  at a reduced temperature T* =(kT/c)=1.00 and at  
various reduced chemical potentials p * = ( / i , s )  = - 11.00 (broken line, same as Figure 2), 
l i t  = - 12.50 (full circles); / I *  = - 13.20 (full squares). The corresponding pressures of the bulk 
fluid are equal to P=440, 100 and 50 bar respectively. The solid lines are guides to the eye. 

coefficient in this phase, as seen above in Figure 6. Diffusion mostly takes 
place inside the layers. Interlayer diffusion is a rare event in the timescale of 
the simulation. This leads to anisotropic atomic correlations, as evidenced 
in the S ( k )  data. All the other solid structures displayed by the film are 
triclinic (3,4 and 5-layer film at h* =3.2, 4.1 and 5.0 respectively). 

Finally, the behavior of the fluid film in the range 1.5<h*<3.5 has been 
studied as a function of temperature and pressure (or chemical potential). The 
solvation force curves at various temperature (and constant pressure) and 
various pressure (at constant temperature) are shown in Figures 8 and 9. As 
the bcc-triclinic transition tends to vanish when increasing temperature or 
decreasing pressure, it seems that, for this model system, the bcc solid struc- 
ture is a stable phase in some range of pressure and temperature only. 

SUMMARY AND CONCLUSION 

We have studied the behavior of confined ultra thin films of a rather simple 
system in which the fluid and wall particles are modelled as two different LJ 
rare gas atoms. This ‘incommensurate’ model was designed to mimic the 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
9
:
1
6
 
1
4
 
J
a
n
u
a
r
y
 
2
0
1
1



ULTRA THIN FILMS 213 

static SFA experiments in which it is known that epitaxy is not necessary 
for inducing an oscillatory solvation force in simple non polar liquids. We 
have indeed been able to simulate, using this simple system, many aspects of 
the equilibrium properties observed in the experiments. The solvation force 
was found to be an exponentially damped, periodic curve. All peaks of 
maximum amplitude in the solvation force correspond to solid-like struc- 
tures. These structures progressively melt in increasing the surface separ- 
ation. A further increase of h* leads to the addition of a whole layer and the 
recrystallisation of the film. This latter process corresponds to a second 
order-like phase transition. At surface separations larger than six layers no 
phase transition is observed anymore and the film is liquid-like. This is also 
in qualitative agreement with experiments. These results suggest that the 
periodicity in the solvation force results from the fact that the addition of a 
whole layer of particles always leads to the formation of similar structures 
(solid-like in this case). This would enable to explain why the ‘commensur- 
ate’ model cannot exhibit a periodic solvation force curve. In this latter case 
no stable epitaxial solid phase having an even layer number may exist. 
Indeed, the simulations showed that films with an odd number of layers are 
solid-like and those with even number of layers are liquid-like in the com- 
mensurate model. 

In addition the incommensurate model displayed an interesting phe- 
nomenon of confinement induced solid- solid phase transition. Two differ- 
ent stable packing (bcc and triclinic) have been observed in the bilayer 
film as a result of the competition between the fluid-wall and fluid-fluid 
interatomic interactions. Both structures have been observed, at some 
temperature and chemical potential conditions, and a transition from one 
to the other occurred when the surface separation was changed. At high 
temperature and low pressure, the phase transition vanished and the only 
stable packing for the bilayer film seemed to be the triclinic one. In the 
temperature and chemical potential range studied here, all the other solid 
structures (3,4 and 5-layer film) displayed by the film were also triclinic. 
The complete phase diagram for such an incommensurate model system is 
presumably rather complex. Real molecular fluid confined between mica 
sheets also form incommensurate systems which are expected to display 
several stable and/or metastable packing. However, such phase transition 
phenomena seem not to have been observed in the static SFA experi- 
ments. One reason for this might be that these transitions could take place 
in the unstable branch of the surface force curve, and the resulting addi- 
tional oscillations would be hidden in the SFA experiments. It may also be 
that some slight change in the registry of the walls takes place during 
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compression in the SFA experiments. Whether or not this phenomena 
would drastically modify the phase diagram of the fluid system is an open 
question. 

Our present understanding of the physics of confined ulltra thin films is 
obviously far from complete. However, the fact that the use of a simple 
incommensurate model system in the simulations enables to better repro- 
duce some of the peculiar properties observed in SFA experiments seems 
encouraging. In a forthcoming paper [lo] we shall describe the dynamic 
shearing properties of the incommensurate model described in this paper 
and show that it allows to simulate some important properties of the real 
systems. Again we show that the commensurate model fails to reproduce 
the basic physics of these systems. M. Schoen and co-workers [7,17] came 
to a similar conclusion recently, using a different incommensurate model. 

What is still open for future simulation studies is the question of how to 
model realistically an heterogeneous interface. Several characteristic proper- 
ties of the real systems have been neglected in our model: the molecular 
orientational degree of freedom of the fluid species, the coulombic and 
induced terms in the interaction potential between the fluid and wall spe- 
cies, the atomic-scale flexibility of the walls, possible fluctuations in registry 
of the surfaces, etc ... It has been shown recently that rather accurate poten- 
tial functions are needed in order to reproduce all the confinement effects 
on the thermodynamics, structure and phase transitions of adsorbed fluids 
in zeolite micropores [18,19]. Future works will tell how important this is 
for understanding the basic physics of ultra thin confined films. 
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