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Summary

We have developed a fully 3-D nonlocal coherent potential approximation (NLCPA) method for treating the effects of substitutional disorder on the electronic structure and total energy that goes beyond traditional mean-field theories by including additional short-range correlation.  The method systematically provides a hierarchy of improvements on the traditional mean-field theory based coherent potential approximation that is used to self-consistently treat the effects of substitutional disorder on the electronic structure. The NLCPA has a rather broad applicability to various scientific domains including materials science, chemistry, solid-state physics, etc...  In particular, this approach when combined with electronic structure methods can be used to treat systems where charge correlation, spin fluctuations and lattice displacement effects are important.
There are many important physical problems which incorporate several scales. The interactions and the fineness of these scales make solving these problems very difficult and expensive. Often, the long wavelength solution of this problem is not accurate enough for addressing many physical problems and therefore, requires additional fine scale information in order to render a numerical solution that contains the necessary physical interactions. Methods for extracting or constructing equations for the coarse behavior of the solution which take into account the effect of the fine scales are needed. This amounts to writing an effective equation for the coarse-scale component, which contains additional fine scale structure whose solution can be efficiently obtained.

For over 30 years, the coherent potential approximation (CPA) has been used to treat disordered systems.  The CPA is a mean-field method for calculating the configurationally average Green’s function of a homogeneously disordered system that does not take into any short-range correlations due to the disorder in the environment of each site (chemical constituent, etc.)  comprising the system.  Although, there has been considerable effort spent on trying to systematically improve upon the CPA this has turned out to be a very difficult problem.   The NLCPA has emerged as a possible solution, which has its roots in the dynamical cluster approximation that was originally developed for treating dynamical spin and charge fluctuations within simple Hubbard models. To put it succinctly, our implementation of the NLCPA introduces a configurationally averaged Green’s function that enables the definition of an effective medium that includes short wave correlations over all length scales, which preserves the symmetry (space-group) of the system.  On the other hand, previous theories such as the molecular CPA did not preserve the symmetry, specifically for this case translational symmetry, of the original system

We have integrated the NLCPA with the Green’s function based Korringa, Kohn and Rostoker (KKR) electronic structure method that makes use of multiple scattering theory.  The NLCPA is a cluster generalization of the CPA where within the KKR method the NLCPA effective medium is determined by requiring that the excess scattering produced by embedding an impurity cluster in the NLCPA effective medium to be zero upon averaging over all possible impurity clusters.

The NLCPA Green’s function contains a translationally invariant effective disorder term that takes into account, in a average way, short-range correlations due to the disorder configurations.

Due to the finite size Nc of the cluster in real space, the differences in distance between the cluster sites correspond to a set of Nc cluster momenta Kn in reciprocal space. These Kn are at the centers of a set of Nc reciprocal-space patches that coarse grain the first Brillouin zone of the lattice.  The NLCPA maps the effective medium problem to a self-consistently embedded impurity cluster problem.  The key assumption is that since we are after the short range correlations in the effective medium, the effective disorder problem, which is a function of k within a Kn patch is assumed to be constant.  This approximation is exact as Nc approaches infinity.  In addition, as Nc goes to 1 the NLCPA reduces to the CPA.

We have tested our new KKR-NLCPA method on two alloy systems, the density of states (DOS) of face-centered-cubic Al.5Ag.5  is displayed in Figure 1.  In Figure 1, notice that the NLCPA produces extra peaks relative to the CPA solution.  These extra peaks arise due to the tiling of the lattice to generate the clusters.  By tiling the lattice along all three translation vectors, the translational (as well as point group symmetry) symmetry is maintained.  This increases the translation vectors while requiring additional folding in the Brillouin zone. The additional folding creates more forbidden regions in the Brillouin zone and hence more peaks.  This change in the DOS also indicates additional charge correlation. The lack of any charge correlation in the CPA results in an error in the Coloumb energy, which is the largest source of error in the total energy. In figure-2 the DOS for body-centered-cubic Ni.5Al.5 is displayed.  Unlike Al.5Ag.5, the Ni.5Al.5 contains considerable short-range order and hence a larger effect on the charge correlation.  Currently, we are implementing both the total energy and potential regeneration algorithms for the NLCPA making it the first fully self-consistent method capable of treating disorder systems containing short range correlations.
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