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The need for novel materials has driven modern solid state physics and technology toward structures with very small length scales. The recent development of nanometer-size heterostructures, such as nano-wires and nano-dots, has proven the potential for their enormous advantages over traditional materials, despite associated technological challenges. Thus, the nanoscale structures are the focus of novel material development, and computational approaches have taken a key role in the exploration of their unique properties and development. The successes in this field shown for electronic and optoelectronic applications provides the basis for our proposal to computationally study the nanoscale self-assembly of magnetic dots

during heteroepitaxy. The ultimate goal of the project was to develop an understanding of the important materials issues governing nanoscale self-assembly, and to develop models that enable the first principles design of novel super-high density magnetic storage materials, such as FeP t and CoPt. Current magnetic recording technology is bounded by the superparamagnetic limit which sets an upper limit for recording density on conventional media which will be reached in the near future. One approach to circumvent superparamagnetism was to create a medium where the number of grains needed to store one bit can significantly reduced and ultimately one bit of information can be stored on a single nano-sized island. Such small structures drastically increase storage density beyond that achievable by traditional means. Combined with an enhanced magnetic anisotropy by exploring specific alloys, and new writing concepts magnetic islands could be as small as 5nm, potentially they represent an increase in density by a factor of 100 over traditional thin film magnetic media. The major challenge in creating such materials is that a regular pattern of nano-sized magnetic dots is required. For cost-effective processing, some degree of self-assembly was essential. The understanding of

the fundamental phenomena occurring during heteroepitaxy using computational approaches facilitated the future development of processing methods that yield the desired structures. We elaborated an integrated approach to examine the self-assembly of nanoscale structures by joining forces of computational experts from the European Community and the United States, spanning the atomistic to the continuum scales. The work involved ab initio calculations of surface energies, surface stress, and surface diffusion coefficients, as well as statistical mechanics, mesoscopic and continuum calculations of the evolution of nanostructural morphology and composition during deposition and annealing, resulting in self-assembly.

By parameter passing, each effort fed into the other, as the information at the smaller scale will be employed in the larger scale calculations, enabling us to bridge a wide range of length and time scales. Using this approach, we addressed questions such as how the interplay between kinetic and thermodynamic effects leads to nanostructure formation and what the controlling factors of the spatial and size distributions are. Answers to these questions are not only of fundamental interest but also allow us to provide the integrated computational models needed to produce large scale self-organized arrays of magnetic dots. To fulfil these specific tasks we combined modern mathematical tools, like phase-field models, homogenization techniques and asympthotic expansion with state-of-the-art computational

methods, such as multigrid solvers, adaptive and composite finite elements, parallel kinetic Monte Carlo simulation and intensive experimental validation on model systems of Fe/Mo and Fe/W. Although the team worked together on every aspect of the project, there was natural overlapping subgroups that have leading roles on specific topics. At the smallest time and length scale, University of California, Davis, US (Mark Asta, Materials Science and Engineering) supported the ab initio efforts to provide fundamental properties of the specific material systems. Academy of Science of the Czech Republic, Prague, Czech Republic (Miroslav Kotrla, Physics) lead the Kinetic Monte Carlo calculations. Helsinki University of Technology, Finland (Tapio Ala-Nissil¨a, Computational Physics), was responsible for the kinetic rate equation approach. Technische Universit¨at Dresden, Germany (Axel Voigt, Mathematics) and University of California, Irvine, US (John Lowengrub, Mathematics) headed the development of mathematical methods to enable large scale simulations at all length scales and the examination of step flow problems.

University of Michigan, US (Katsuyo Thornton, Materials Science and Engineering)

and Northwestern University, Evanston, US (Peter Voorhees, Materials Science and

Engineering) lead the phase-field simulations of processing methods such as multistep depositions and dot growth on patterned substrates and the determination of the factors controlling dot atomic order and composition. In addition, our experimental partner, Centre National de la Recherche Scientifique, Grenoble, France (Olivier Fruchart, Laboratoire Louis NEEL) provided support for the growth experiments and the experimental characterization.

The project co-ordinators are Axel Voigt (axel.voigt@tu-dresden.de) on the EU side and Katsuyo Thornton (kthorn@umich.edu) on the US side. The project started at Jan 1st 2006 and had a duration of 4 years.

Plan for using and disseminating the knowledge

Exploitable knowledge and its use

Results of the project still do not have yet a potential for direct industrial or commercial application. 

Dissemination of knowledge

Dissemination of knowledge was due to participation of the PIs on conferences. Furthermore workshops have been organized with topics related to MagDot. Results related to the activities on phase field crystal models have been presented at the CECAM workshop on density functional theory by T. Ala-Nissil¨a, K. Thornton, A. Voigt and P. Voorhees.

Publishable results

All results the project has generated are published.
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