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Summary

As part of the project “An integrated multiscale approach to molecular electronic devices,” jointly funded by ASCR mathematics and BES materials, we have developed several new computer programs and approaches to describe the transport of electrons in molecules and nano-scale systems.  One of these programs, interfaced to NWChem, is now being optimized for efficient parallel-vector execution on the ORNL/NLCF Cray-X1.  A goal of the project is to provide a comprehensive theoretical and computational framework for the prediction of electron transport in single molecules in their real environment (i.e., in a single-molecule experiment or at a system level in a working device), with an ultimate goal of understanding and designing future computational technologies.  The full project team represents a unique collaboration between nine university and seven national laboratory researchers, equally divided between mathematicians and physical scientists.
In addition to considering our longer-term project of a multi-resolution formulation of electron transport, we have taken several directions to implement and verify the Green's function approach to electron transport.  One approach combines two existing codes.  The first is a Green's function, spin-polarized electronic structure code for systems under a finite bias voltage based on the layer-Korringa-Kohn-Rostoker (layer KKR) approach.  However, this code works only for systems with perfect two-dimensional periodicity in the directions perpendicular to the current.  The second code is a plane-wave-based molecular electronics code of Pantelides-Lang that relies on jellium electrodes.  An ongoing effort is to combine these codes and to develop a Green's function based plane wave code that can model molecular tunneling junctions with realistic electrodes.  
We have also implemented the full Keldysh Green's function approach within the plane wave code.  Preliminary calculations show that the new code improves the numerical stability by several orders of magnitude compared to the old code.  In particular, it ensures charge neutrality of the total system almost to machine accuracy, which overcomes one of the numerical difficulties in the old code.

A second direction is the implementation of the Green's function formalism using a localized basis.  During the past year, we have developed a much better understanding of how to construct the transmission and reflection operators from the Bloch eigenstates of the electrodes and the Green's function of the electrode-molecule-electrode assembly.  
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We have also been able to model realistic tunnel junctions using a Hamiltonian constructed from the output of the DFT approach for molecules (Gaussian basis option) of NWChem.  
A third, and most general, approach has been the implementation of the full non-equilibrium Green’s function approach, which is now completed.  This implementation can be interfaced with any localized-basis code.  Successful operations are reported for Gaussian basis quantum chemistry codes (NWchem), Maximally Localized Wannier Functions (MLWFs) generated from periodic plane-wave codes (PWSCF), localized-orbital multigrid code from J. Bernholc’s group, and other semi-empirical tight-binding methods.  
The code uses an elegant technique to combine separate calculations on finite models of the leads and conductor to form an effective Hamiltonian for the full system while enforcing the infinite, open boundary conditions.  The idea is essentially to embed the conductor, or fragments of a lead, in larger fragments of the leads, and then to partition the finite calculations into principal layers.  In a localized basis, it is then possible to identify how these layers interact.
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Partitioning of the Fock and overlap matrices into 
principal layers.
The code can use a non-orthogonal basis, and provides a robust implementation of the Green’s function based S-matrix evaluation for incoming and outgoing lead states, transport under applied magnetic field (perpendicular to the direction of propagation) and a generalized implementation of the Buttiker multiterminal (number of leads > 2) formalism. 
Special emphasis was given to numerical efficiency, with focused effort on portability and scalability with an improved implementation of parallel structures.  To date, over 2000 basis functions have been used in the description of the lead-conductor-lead system.  While this represents a significantly larger system size than any published works, our goal is to achieve at least 10^4 function by the end of CY 2004. Target applications include the systematic study of chemical doping effects in carbon nanostructures (with B. Sumpter), systems on which code scalability is currently being tested.  Besides scaling up efforts and more testing, our main goal for next year is the release of a user-friendly (open source) code including all the above-mentioned features and full documentation. 

Turning to non-equilibrium Green’s function, we report recent results on the Gold-Benzene Dithiol-Gold systems in a continued collaborative effort with M. Buongiorno Nardelli. Of particular interest is the development of an automatic procedure for band and Fermi level alignment from consecutive runs on leads and conductor, ultimately allowing for multi-scale and multi-resolution of the different blocks of the Hamiltonian for the (infinite) open system of interest. We note a significantly weak effect of the self-consistency on the IV curve, confirming recent claims in the literature.
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Figure 8. Geometry of a typical quantum con-
ductance calculation. Electrons traveling from
the lefi lead can be reflected or transmitted in
the contact region. Similarly, the electrons can
be reflected at the conducior



