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The influence of the topological defects in the two dimensional melting

The melting of crystal phases in two-dimensional systems has been the subject of a large amount of theoretical, numerical and experimental works. Several mecanisms to describe the melting in two-dimensional, including, in particular, the KTHNY theory and the melting induced by formation of grains boundaries, have been proposed. There are strong evidences that the melting in two dimensions depends crucially on the form and range of the interaction potentials between particles.We report extensive Monte Carlo studies of the melting of the classical two-dimensional crystal for systems of point particles interacting via the 1/r n potential for n = 1, 2 and 3 ; the long ranged interaction is taken into account with the Ewald method. In this contribution, we focus on the statistical analysis of the topological defects and of the unbinding transitions of the dislocations and disclinations pairs permit to obtain a better description of the two dimensional melting.

SYSTEM AND DEFINITIONS

• The system is made of N point particles carrying a charge Q confined in a two-dimensional plan. • The interaction potential between two point particles is the inverse power law interaction

V (r) = Q 2 σ r n
with r the distance between the particles. • In particular, n = 1 is the Coulomb interaction [1,2], n = 3 for dipolar interactions [2][3][4][5] and the limit n → ∞ corresponds to the hard disk model [6,7,8]. • For a given surface density ρ, the properties of the system depend only on the coupling constant

Γ = Q 2 k B T πρσ 2 n/2
• The study is done with Monte-Carlo simulations (N,V,T) and with the multiple histogram method (MHM).

Excess energy per particle as a function of the coupling parameter [1,2] Harmonic Approximation (HA)

Near the ground state the energy is

< E > N Q 2 ρ n/2 = C M (n) + C 0 (n) Γ + O(1/Γ 2 )
where C M (n) is the Madelung constant for a triangular lattice and the power-law exponent n. C 0 (n) is found from the MHM at large coupling constant (red line). One has

C 0 (1) = 1.845(5) ; C 0 (2) = 3.28(1) ; C 0 (3) = 5.78(1).

Free energy

From the HA and < E >= -∂logZ ∂β , one may find

log(Z HA )/N = A 0 + A 1 (n) [C M (n) + C 0 (n)log(Γ)]
then an estimation of the free energy is given as β∆f = (logZ -logZ HA ) /N with logZ computed with the MHM.

Pressure and heat capacity

With the Virial theorem for inverse power law interaction, the pressure is obtained from the internal energy as

pV N k B T = 1 + n 2k B T < E > N The heat capacity C V is obtained as C V = 1 k B T 2 < E 2 > -< E > 2

NUMERICAL METHODS

• MC simulations in (N,V,T) ensemble ; with trial moves for the shape of the simulation box (with periodic boundary conditions). • Ewald methods [1][2][3].

• 2D Voronoi construction.

• Multiple Histogram Method (MHM) [9] • Finite size scaling analysis [10,11].

• Identification of clusters of defects (see below).

IDENTIFICATION OF CLUSTERS

The clusters of defects are built from the Voronoi construction as follows [2] : 1. A seed particle with a number of neigbors different from 6 is chosen (Level 0 : L0).

2. The neighbors of the seed particle (L0) with a number of neighbors different from 6 are added to the cluster (Level 1 : L1).

3. For the new particles added to the cluster, we iterate step two (L1→ L2) ; and so on, until no new particle is added to the cluster. We note s the number of particles in a given cluster (s = 12 in the example). For a given configuration, we store n s , the number of cluster of defects of size s.

The quantity [2] p s = < s n s > N is the average probability that a particle is in a cluster of defects of size s. The average probability p s is obtained with MC simulations and with the Multiple Histogram Method. • The reduced temperature is defined as

Cluster of defects as a function of the coupling parameter [2]

γ = 1 Γ - 1
Γ c with Γ c the coupling constant for the Hexatic-Fluid transition.

• The two steps mecanism proposed in the KTHNY theory : the dislocation unbinding transition (Solid/Hexatic) followed, as the temperature increases, by the disclination unbinding transition (Hexatic/Fluid), is verified by the statistical analysis of the defects. • However, the Fluid-Hexatic transition is not continuous, as in a Kosterlitz-Thouless transition, but weakly first order. • The statistical analysis of clusters shows a sudden proliferation of cluster of large size (s ≥ 10) that destroys the quasi-long range orientational order and makes the Hexatic-Fluid transition first order. The proliferation of cluster of large size occurs about the same coupling constant as disclination unbinds. • In the fluid phase, the probability p s is quite well represented as

p s = A 1 exp - s N 1 + (-1) s A 2 exp - s N 2 
Topology of the most probable clusters Occurence of the most probable clusters as function of the constant for n = 1 (Coulomb interaction). The topology of clusters is identified by counting the bonds between particles according their nature.

  a cluster with 12 particles Construction : L0 : the seed particle / L1 : first iteration /.../ Ln : n th iteration 1