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LETTER TO THE EDITOR 

Molecular dynamics study of surface premelting in 
adsorbed argon films on graphite 

Y J Nikasi- and C Ebner 
Department of Physics, Ohio State University, Columbus, OH 43210, USA 

Received 16 January 1989 

Abstract. We have studied surface premelting in thin solid argon films adsorbed on agraphite 
substrate using molecular dynamics simulations. The interaction between the atoms assumes 
the truncated Lennard-Jones form. We have found that the top layers of the film begin to 
melt at 0.27 T, below the triple-point temperature T,, and that the thickness of the quasi- 
liquid layer grows as the temperature approaches T,. 

The term surface melting refers to the wetting of a solid-vapour interface by a layer of 
liquid at temperatures appoaching the bulk triple-point temperature from below. This 
phenomenon has long been known [ 11, but recently, new interest has been evoked by 
the first direct observation of melted layers on a Pb(100) crystal surface [2]. Also, 
experiments on adsorbed films 02 /Gr  [3], CH,/MgO [4] and Ar/Gr, Ne/Gr [5] have 
provided convincing evidence of this effect. Computer simulations have also shown the 
existence of a liquid-like layer at a solid-vapour interface [6]. Furthermore, various 
theories based on a Landau free-energy expansion [7] and a mean-field approximation 
[8] have predicted that as the temperature approaches the triple-point temperature T,, 
the thickness of the liquid layer grow as ( T ,  - T)-1/3 for van der Waals solids and as 
Ilog(T, - T)l for materials whose molecules interact via short-range forces. However, 
detailed simulation of adsorbed films that can be compared directly with the exper- 
imental results is still lacking. It is the purpose of this Letter to report our molecular 
dynamics (MD) simulation results for the melting of solid argon films adsorbed on 
graphite. 

The MD simulation techniques are well documented in the book by Allen and 
Tildesley [9]. In our study, we have followed the algorithm for an isobaric-isothermal 
(constant-NPT) ensemble described by Brown and Clarke [lo]. 

The system consists of five layers, with 64 atoms in each layer, originally lying on an 
FCC (ABC stacking) lattice, and the periodic boundary condition was imposed in both x 
andy directions. The atoms interact via a Lennard-Jones potential U ( Y )  = 4&[(a/r)l2 4 
( ~ / r ) ~ ] ,  with the cut-off radius 30, where a = 3.405 A and & / k  = 119.8 K,  which are the 
widely used values for argon. Throughout the Letter, the temperature and the energy 
will be in units of E .  The time step At is taken to be s. The graphite substrate is 
located at the z = 0 plane. The interaction between argon atoms and graphite assumes 
the form proposed by Cole and Klein [ll] where the potential depends only on the 
t N t e  Y Jiang. 
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Figure 1.  Thexy trajectories of atoms in the first layer 
at (a )  T = 0,500, (6) T = 0.530, (c) T = 0.551 and ( d )  
T =  0.613. 

Figure 2. The xy trajectories of atoms in the second 
layer at (a)  T = 0.551, (6) T = 0.613, (c) T = 0.652 
and (d )  T = 0.674. 

distance from the graphite surface to the adatoms. A hard wall is placed at z = 100 to 
fix the size in the z direction, and the area is allowed to relax in such a way that the lateral 
pressure of the system is held constant. Since the lateral components of the pressure 
tensor are larger than the z component and the former are set at the solid-vapour 
coexistence values [12], the simulations are performed in the region slightly below the 
real solid-vapour coexistence line. We chose to monitor the lateral components rather 
than the normal component of the pressure tensor because the pressure at solid-vapour 
coexistence is close to zero, and the fluctuation of the latter is of the same order of 
magnitude as the pressure itself. However, for the melting process, including all quanti- 
ties reported here, the effect of varying the pressure by a few atomspheres is negligible 
(a few runs at different pressure values have confirmed this). 

A typical run consists of 12000 time steps (120 ps) for the system to equilibrate and 
another 120 ps for calculating the statistical averages. In order to characterise liquid and 
solid states, we have plotted the trajectories of atoms in different layers separately and 
calculated the 2~ radial distribution functions g ( r ) ,  the static structure factor S ( Q )  and 
the 2~ diffusion coefficients within each layer. 

To begin with, we present the trajectory plots since direct information about the 
mobility of the atoms and about the disordering of the lattice can be extracted from 
them. Figures 1 and 2 show the xy projections of trajectories of atoms in layers 1 and 2 
for different temperatures (layer 1 is the farthest from the substrate). The time interval 
between two successive positions is 120 At. The plots show that the mobility of the atoms 
in the topmost layer starts increasing gradually from T = 0.50, but the lattice structure 
is partially retained until T = 0.613, when the second layer begins to melt. It seems that 
the melting of one layer is a continuous phase change, and that the film melts layer by 
layer. In the duration of a single run, the effect of interlayer exchange of atoms between 
the first and second layers does not become obvious until the second layer begins to 
melt. 

During the melting process, the retention of the inlayer lattice structure before 
disordering begins in the underlying layer can also be seen from the plots of the 2D radial 
distribution functions (figures 3 and 4). The surface disordering causes a coalescence of 
the split peaks and a decrease in the peak height; the layer by layer disordering sequence 
can be seen clearly. In addition, these figures along with the trajectory plots suggest that 
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Figure 3.  The 2D radial distribution functions of the 
first layer at (a)  T = 0.500, ( b )  T = 0.530, (c) T = 
0.551 and (d )  T = 0.613. 

Figure 4. The 2D radial distribution functions of the 
second layer at ( a )  T = 0.551, ( b )  T = 0.613, (c) T = 
0.652 and (d )  T = 0.674. 
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Figure 5. The height of Bragg peak (10) as a function 
of temperature for the layers one ( . ) ,  two (+), and 
three (0). data. 

Figure 6. The film thickness as a function of tem- 
perature. The full line is the least-squares fit to the 

the so-called liquid layer at the solid-vapour interface is not in a true liquid state; rather, 
it can be viewed as ‘quasi-liquid’ because the underlying lattice plays an important role 
in determining the structure of this layer and the mobility of the atoms in it. 

The structure factor S( Q) is another characterisation of the degree of disordering 
of the lattice, and it can be measured directly by the neutron scattering technique. 
Unfortunately, one cannot observe the melting process by monitoring the variation in 
scattering intensity of the (10) Bragg peak’s height S,(Qo), because when the momentum 
transfer Q is parallel to the (111) face of an FCC lattice, this peak gives identical heights 
for a five-layer and a four-layer solid film. For this reason, we show in figure 5 the 
variation of S,(Qo) with temperature for the first three layers individually. From the 
figure, the temperature ranges in which each layer ‘melts’ can be easily identified, but 
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we are not able to estimate the number of atoms that are in the quasi-liquid state because 
the magnitude of the lattice vibrations is beyond the range in which the harmonic 
approximation is still applicable. 

One possible way to obtain a quantitative estimate of the liquid film thickness is by 
evaluating the atomic mobility through the diffusion coefficients. The ZD diffusion 
coefficients are defined as 

where (xI(t), y , ( t ) ,  z , ( t ) )  is the position of an atom in the ith layer at the time t. We find 
that D,(T)  increase steadily with the temperature starting from T = 0.51, 0.565,0.629 
for layers 1, 2, and 3 respectively. These temperatures can be identified as the tem- 
peratures at which each layer begins to melt, Since the mean-square displacements in 
the long-time limit are constants for atoms vibrating near the lattice sites, the finite 
diffusion coefficients can be attributed to the atoms which are in the liquid state. Thus 
we have D,( T )  = f i (  T ) D : ,  wherefi( T )  is the number fraction of atoms in the liquid-like 
state in the ith layer, and D :  is the diffusion coefficient for these atoms; its value is equal 
to D,( T )  at the temperature where the entire layer is melted. The thickness d (number 
of layers) of the quasi-liquid film can be written as 

L 

d ( T )  = f 1.. 
i =  1 

The plot of d( T ) ,  figure 6, with respect to ln[l/(T, - T)] shows a reasonably good fit to 
the logarithmic function. From the fit, we obtain 

d ( T )  = do 1n[0.28T,/(Tt - T ) ]  (3) 

where do = 1.14. This relation agrees with Broughton and Gilmer’s estimation from 
surface free energy considerations [6]. In making the fit, we have used the experimental 
value Tt = 0.698. The triple-point temperature for truncated Lennard-Jones systems is 
still a subject of controversy. Recent molecular dynamics simulations in systems with 
periodic boundary conditions imposed in all dimensions overestimate Tt by at least 10% 
[13, 141, as compared with earlier MD [15] and MC [16] simulations which give values 
slightly lower than or very close to that of the real system. Consequently, it seemed 
appropriate to us to use the experimental value; in any event, figure 6 is not significantly 
affected by a small (a few per cent) change in T,; certainly the basic conclusion is not 
altered. 

This logarithmic growth of the liquid layer with temperature is not surprising because 
of the truncated interactions between the atoms and the limited thickness of the film. 
For an adsorbed film of reasonable thickness and in which the particles interact via true 
long-range Lennard-Jones interactions, power-law growth is expected to be seen [8]. 
Calorimetric measurements on Ar and Ne films [5]  have confirmed the power-law 
growth; however, logarithmic growth in liquid film thickness has been observed in 
neutron diffraction experiments on O2 films adsorbed on graphite [3]. It is believed that 
in the latter case it is the short-range interaction that dominates because the films studied 
in the experiments are very thin, and there will be a crossover from logarithmic to 
power-law growth as the total film thickness increases. However, in order to study the 
premelting at the surface of real van der Waals solids by computer simulations, systems 
with considerably larger sizes will be required. 
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In summary, we have studied the surface premelting effect in a thin Ar film adsorbed 
on a graphite substrate. We have provided some evidence that the liquid layer at the 
solid-vapour interface stills retains some characteristics of the solid; in this case, there 
is not a simple distinction between the solid and liquid regimes. We have also shown 
that the film melts layer by layer, and from our results the thickness of the melted layer 
seems to grow logarithmically as the temperature approaches TI in systems with finite 
interaction range. 
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