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ABSTRACT 
 

Model of homonuclear dimer adsorption in terms of two 

possible molecule orientations with respect to surface on 

square, triangular and honeycomb lattices was constructed 

and studied. The dimers can occupy one site or two sites on 

the lattice. The thermodynamics of the adsorbed overlayer 

was studied by transfer-matrix and Monte Carlo methods. 

The phase diagrams were also obtained. It was shown that 

in such systems the coverage as function of chemical 

potential may be nonmonotonic. This phenomenon seems 

to be the common one for molecules with several ways of 

adsorption. 
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1 INTRODUCTION 
 

The investigations of adsorbed molecules behavior on 

solid surfaces have been attracting a great deal of interest 

especially in the last decade. On the one hand it is 

explained by significant progress in technical equipment of 

experiments, on the other hand by necessary of transition 

on qualitative new level in creating of 

micro(nano)electronic devices – on the level of atoms, 

molecules and their ensembles. 

In theoretical describing adsorption system of complex 

molecules one can mark out tree kinds of problems. The 

first one is multisite adsorption, i.e. molecule can adsorb 

occupying several active centers of surface [1]. The second 

kind is possibility of different orientation of molecule in 

adlayer with respect to interface [2,3]. And the third one is 

influence of surface geometry. 

The simplest model taking into account simultaneously 

multisite occupancy and possibility of several ways of 

adsorption on surface is model of homonuclear dimer 

adsorption. The goal of the presented work is study of the 

simplest model on square, triangular and honeycomb 

lattices in terms of infinite strong nearest-neighbor lateral 

repulsion in adlayer. We suppose that many qualitative 

regularizes peculiar to the studied model of homonuclear 

dimer adsorption will take place in the realistic models 

describing formation of self-assembling monolayers of 

complex organic molecules. 

 

 

2 MODEL 
 

Let us describe in detail the lattice gas model of 

monolayer adsorption of homonuclear dimers in terms of 

possibility of various orientations of dimers with respect to 

the surface in the simplest case of square lattice. The dimer 

molecule is presented as the linear array consisting of two 

elements with fixed length of binding equal to the lattice 

constant. We do not consider the high-frequency stretching 

motion along the molecule axis and so the molecule length 

remains fixed during the simulation experiment. Such a 

molecule can adsorb perpendicularly or parallel to the 

surface occupying one and two sites, respectively. In the 

constructed model we allow for the difference between 

heats of adsorption on two sites (h2) and one site (h1) 

introducing the ∆=h2-h1 value. The substrate surface is 

represented as the two-dimensional array of the M = L×L 

active centers located in square, triangular and honeycomb 

lattice sites where L is the linear size of the lattice. In the 

model the infinite strong repulsive lateral interactions 

between nearest-neighbor particles are allowed for. To a 

first approximation the lateral interactions introduced above 

take into account own size and structure of the molecule. In 

fact it means that adsorption on nearest-neighbor active 

centers of already adsorbed molecule is prohibited (Fig.1).  

 

Figure 1: Types of lattices and dimers adsorbed on one and 

two sites (black circles), prohibited for adsorption sites due 

to infinity strong repulsive interactions (gray circles). 

The thermodynamic Hamiltonian of the constructed 

model can be written as follows: 
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where the occupation numbers ci and ni are equal to unity if 

the adsorption site is occupied by the segment of the 

molecule adsorbed on two and one sites, respectively and 

zero in the case of vacant site; ∆ is the difference between 

heats of adsorption on two sites (h2) and one site (h1); µ is 

the chemical potential. Thus, the model parameters are the 

T temperature, the µ chemical potential, the ∆ difference 
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between heats of adsorption on two sites and one site and 

the L linear size of the lattice. 

 

3 METHODS 
 

We have chosen two known approaches: the Monte 

Carlo method and the transfer-matrix method, which 

complement each other well. In particular, such values as 

entropy are calculated much simpler by transfer-matrix 

method than by Monte Carlo method. 

 

3.1 Monte Carlo Method 

With studying the model the grand canonical ensemble 

was used. The system size L has been chosen in the range 

from 24 to 60 with periodic boundary conditions. 

Temperature has been varied from 100 K to 1200 K. The 

value (Δ) of difference between heats of adsorption of 

dimer on two sites and one site was selected equal to 20 

kJ/mol. The system size L is chosen to be comparable to 

period of all the possible ordered structures in the model. 

Thermodynamic equilibrium is reached by the spin-flip 

(Glauber) dynamics and the diffusion relaxation (Kawasaki 

dynamics) [4]. To define probabilities of transition from 

one state of the system to other the standard algorithm of 

Metropolis was used [5]. To construct phase diagram the 

corresponding order parameters (φ) for every ordered phase 

were introduced. Susceptibility was calculated for each of 

order parameters by standard way: 
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The susceptibility peak location for the given value of 

the L lattice size allows to obtain sharp estimation of 

critical value of chemical potential µc at which there occurs 

transition from one phase to other. For our purposes 

accuracy of such estimation is quite satisfactory because we 

are interested only in qualitative structure of the phase 

diagram for model under consideration. Note, to calculate 

more exact value of the phase transition point location it is 

necessary to use the finite-size scaling technique [4]. 

Away from the phase diagram the following important 

thermodynamic characteristics of the system were 

calculated by the Monte Carlo method: 

1) the total coverage of the surface 
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2) the adsorption isotherm, i.e. the amount of the 

adsorbed molecules  
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3) the fraction of the molecules adsorbed on one site 

(“partial isotherm”) 
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4) the fraction of  the molecules adsorbed on two sites, 

i.e. the partial isotherm of the molecules adsorbed on two 

sites 
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Here M = L
2
 is total amount of sites on the lattice. 

 

3.2 Transfer-matrix method (TMM) 

The heart of this method is to replace the difficult 

problem of the grand partition function calculation for the 

two-dimensional lattice model by the simpler problem of 

calculation of the largest magnitude eigenvalue and the 

eigenvector corresponding to this eigenvalue for some 

matrix [6,7]. In the framework of this method the two-

dimensional lattice is replaced by the strip infinite in one 

direction and having the W finite width in the perpendicular 

direction. TMM gives the exact value of the grand partition 

function for this semi-infinite system. Obviously, with 

increasing the value of W the calculated quantities tend to 

the exact values for the infinite two-dimensional lattice. 

Note that the local quantities such as isotherms are 

dependent on the nearest environment and independent of 

whether or not there is long range order. Therefore, using 

even relatively small W values allows to yield practically 

exact results. The calculations have been carried out with 

the value W from 4 to 12. 

 

4 RESULTS AND DISCUSSION 
 

The dependencies of surface coverage (θ) and the 

amounts of the adsorbed particles (ρ) (the adsorption 

isotherms) on chemical potential obtained by the Monte 

Carlo method are shown in Fig. 2 for each type of lattice. 

Plateaus and steps are clear seen both on the isotherms and 

on the dependencies of surface coverage. The plateaus 

correspond to formation of the ordered phases on the 

surface. 

The first plateaus correspond to the surface coverage 

being approximately equal to 0.5 in the case of square 

lattice, 0.4 for triangular and 0.55 for honeycomb one, 

whereas the amount of adsorbed particles is approximately 

equal to 0.25, 0.2 and 0.27, respectively. Analysis of these 

data shows that ordered structure appearing on the surface 

are formed only by the molecules adsorbed on two sites and 

has the structure (Fig.3). The surface coverage and amount 

of the adsorbed particles corresponding to the second 

plateau in the case of square lattice in the limit of infinite 

value of chemical potential are equal to 0.5. The model 

analysis shows that the ordered phase existing in the range 

of high values of chemical potential has been formed by 

only the molecules adsorbed on one site and has the 

structure (Fig.3). Similar structures arise also on triangular 

and honeycomb lattices in the range of high values of 

chemical potential, but in the cases complex ordered phases 

exist between these ordered structures. The complex 
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ordered phase formed by both type of adsorbed dimers – 

vertically and horizontally oriented. (Fig.3).  

 

Figure 2: The dependencies of surface coverage (θ) and the 

amounts of the adsorbed particles (ρ) (the adsorption 

isotherms) on chemical potential µ. 

It is very interested that complex structure is not formed 

on square lattice. To proof that it is so we calculate entropy 

by TMM for this case. The dependencies of adlayer entropy 

on density obtained by TMM S(ρ) are presented in Fig. 4. 

At low temperatures the curves pass through three minima 

at ρ=0, ρ=0.25 and ρ=0.5. Every minimum points out 

existence of the ordered phase in the system: lattice gas 

(empty surface), structure formed by dimers adsorbed on 

two sites c(4×2) and one formed by dimers adsorbed on 

one site c(2×2). With increasing temperature the function 

minimum in the region of ρ=0.25 disappears. It means that 

there is not formed the phase c(4×2). From the S(ρ) 

function plots shown in Fig. 4 one can conclude that in the 

system there take place two phase transitions. The first 

phase transition is connected with appearance of the order 

in adlayer, i.e. there is formed the structure c(4×2). The 

second phase transition is connected with changing the 

molecule orientations in adlayer and results in formation of 

the structure c(2×2). We can see that here complex 

structure is not formed. 

 

Figure 3: Ordered structures (but not all in the case of 

honeycomb lattice). Black circles are site occupied by 

dimers adsorbed on two sites; gray circles are sites 

occupied by dimers adsorbed on one site. 

 

Figure 4: Entropy calculated by TMT as function of adlayer 

density for square lattice. 

On Fig.3 one can see very interesting phenomenon - on 

all three lattices function of surface coverage versus 

chemical potential has nonmonotonic behavior. It means 

that with increasing of chemical potential amount of empty 

sites on surfaces are increasing too. But function of 

adsorption isotherm is steadily increasing function and 

amount of adsorbed molecules is growing. Value of 

coverage “drop” depends on geometry of lattice: for 

triangular lattice Δθ=0.066(6), for triangular Δθ=0.055(5). 

In spite of values of surface coverage functions for 

structures c(2×2) and c(4×2) are equal on square lattice, 

this function is also nonmonotonic in the vicinity of µ = ∆. 

there is observed “minimum” between the plateaus 

corresponding to both phases. It is explained by formation 

of stable boundary between the differently oriented clusters 

of the c(4×2) and c(2×2) phases in the region of chemical 

potential (15÷25). 

To define the existence region for every ordered phase 

we have graphed the dependencies of the corresponding 
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order parameters on chemical potential and their 

susceptibility (Fig. 5). According to the susceptibility peak 

location we have identified the critical value of chemical 

potential µc for every the phase transition. Such an 

approach is known to be quite acceptable for the qualitative 

building the phase diagram. 

 

Figure 5: Susceptibilities χ2×2 and χ 4×2 and adsorption 

isotherm for square lattice at T = 600 K. 

The phase diagrams of the adlayer for square and 

triangular lattices are shown in Fig.6. It is seen that on the 

phase diagram there are tricritical points, where lattice gas 

and two ordered phases coexist. One can see that structure 

of phase diagram for the simplest model can be significant 

changed depending on surface geometry, all other 

parameters being the same. 

 

5 CONCLUSION 
 

In this paper the simplest model of multisite adsorption 

with possibility of various orientations of molecules in the 

adsorption monolayer on different types of lattices was 

considered. The model has been investigated in the grand 

canonical ensemble by the Monte Carlo method and the 

transfer matrix method. The plots of the adsorption 

isotherms and the coverage function and the phase diagram 

of adsorption monolayer have been constructed.  

Based on the obtained results we can conclude the 

following: 

In the systems there can form various ordered 

structures: structures consisting of only the molecules 

adsorbed parallel to the surface; structures consisting of 

only the molecules adsorbed perpendicularly to the surface; 

complex ordered phases formed by both type adsorbed 

molecules. 

It is interesting that on square lattice there is not formed 

the phase consisting of the molecules adsorbed both parallel 

and perpendicularly to the surface simultaneously. To all 

appearances this is a specific property of the square lattice. 

The phase diagrams have tricritical points. Structures of 

phase diagrams even for the simplest our model have 

complex form and can be significant changed depending on 

surface geometry, all other parameters being the same 

The studied model is the simplest realization of the 

general model introduced by the authors [8]. The general 

model is intended for description of self-assembling 

monolayers and one can hope that some features of dimer 

model with two ways of adsorption with respect to the 

surface (in particular, effect of nonmonotony of coverage as 

function of chemical potential) are inherent in complicated 

real systems. 

 

Figure 6: Phase diagrams for dimers on square and 

triangular lattices. 

 

REFERENCES 
[1] Davila M., Riccardo J. L., Ramirez-Pastor A. J. J. 

Chem. Phys. 130, 174715 (1-9), 2009 

[2] Su G. J., Zhang H. M., Wan L. J., Bai C. L., 

Wandlowski T. J. Phys. Chem. B. 108, 1931 – 

1937, 2004. 

[3] Engl W., Coubrin L., Panizza P. Phys. Rev. B. 70, 

165407, 2004. 

[4] Landau D.P., Binder K. A Guide to Monte Carlo 

Simulation in Statistical Physics, Cambridge 

University Press, Cambridge, 2000. 

[5] Metropolis N., Rosenbluth A.W., Rosenbluth M.N., 

Teller A.H. J. Chem. Phys. 21, 1087, 1953. 

[6] Myshlyavtsev A.V., Myshlyavtseva M.D. Appl. Surf. 

Sci. 253, 5591, 2007. 

[7] Myshlyavtsev A.V., Zhdanov V.P. Chem.Phys. Lett. 

162, 43–46, 1989. 

[8] Fefelov V.F., Gorbunov V.A., Myshlyavtsev A.V., 

Myshlyavtseva M.D. Chem. Eng. J. 154, 107, 2009. 

NSTI-Nanotech 2010, www.nsti.org, ISBN 978-1-4398-3402-2 Vol. 2, 2010652




