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Abstract: 

A programme of workshops, schools, and exchange visits is targeted at the understanding, modeling and design of functional materials. Materials functionality is often based on phenomena that are poorly understood at a predictive level either because of inherently strong interactions (e.g. magnetism, ferroelectricity, superconductivity) or complex structure (e.g. composites, oxides, biomaterials), and increasingly both. Our proposal brings together different communities: materials scientists, experimentalists, and theorists. Together with an established (and US National Science Foundation - funded) programme, our network will acquire an international dimension across North America and Asia.

Previous or concurrent applications to the ESF: none.

Status of the relevant research field; scientific context; objectives and envisaged achievements of the proposed programme
Overview: state of science in the field. The extraordinary tapestry of materials woven from the elements of the periodic table continues to astonish with novel physical properties and functionality. Yet, for some large classes of materials with remarkable properties, our ability to understand these still remains at the post facto level of descriptive science. Physical properties associated with magnetoresistive or thermoelectric oxides, high-temperature superconductors, carbon nanostructures, heavy fermion metals, spin injection, and many others, appeared largely unheralded, and the models used to describe them are mostly phenomenological. Furthermore, complex materials, or materials under conditions far from equilibrium, as often encountered in biological sciences, also raise outstanding challenges. This contrasts with the great success we have with the simplest inorganic semiconductors such as Si or GaAs, where the level of understanding is such that fully principled theories and models can be used to design devices with complex functionality. 

There are three distinct paths that now offer the possibility to move forward in fundamental understanding and eventual design: novel theoretical methodologies, improved materials control, and advanced experimental techniques. All of these agendas are being actively pursued, and widely. Since these different strands rarely cohabit geographically, our proposed network will exploit and enhance the high level of local investment with a european dimension, furthermore linking to already existing global programmes.

Methodologies for theory: strongly correlated systems, excited states and out-of-equilibrium situations. Over the last decade, new ab initio computational methodologies have been evolving, including developments in and beyond Density Functional Theory (DFT), Dynamical Mean Field Theory (DMFT), Quantum Monte Carlo (QMC) methods and, importantly, hybrid combinations of such methods. These new theoretical and computational tools are currently reaching the stage where they can are successfully applied to realistic materials, as exemplified below. 

Science of materials and solid-state chemistry. Over the same period, our control of materials has advanced enormously. Oxide materials – partly propelled by work on magnetism, superconductivity, ferroelectricity, and thermoelectricity – are enormously advanced. The control of nanomaterials, including carbon-based nanostructures, inorganic semiconductor heterostructures, organic/inorganic composites, and biomaterials has reached an advanced art. New functionalities are emerging from these developments, but also new levels of complexity and new challenges for theoretical modelling and understanding.

Experimental probes. The richness of materials behaviour is revealed by an array of experimental tools, few available in a single lab. For example, spectroscopic probes on the nanoscale (such as STM) have revealed surprisingly rich behaviour. The remarkable advances of photoemission spectroscopy (ARPES) have revealed many unconventional properties in cuprate superconductors. Extreme conditions of field, temperature, and pressure can be used to tune between phases of matter. Time-dependent spectroscopies (e.g pump-probe) with fast laser sources can probe the dynamics of chemical pathways or phase transformations. 

Eventually, combining these different scientific paths in a trans-disciplinary framework should allow understanding, and perhaps even designing, classes of materials with new or improved functionalities or applications. There are numerous opportunities to be considered, include spintronic devices (e.g oxide-based), resistive memories, new thermoelectrics, phosphors for solid-state lighting, environmentally friendly pigments, improved solar cells, quantum coherent devices, biosensors, etc…  

For this to happen however, scientists mastering these very diverse techniques at the highest possible level of excellence must be in close contact, across disciplinary boundaries, and younger scientists must be offered in-depth training in these techniques. The proposed programme precisely pursues these objectives, using  three types of activities detailed below (conferences and workshops, training sessions for young scientists, and collaborative research visits aimed at defining collective strategies for functional materials exploration and exploitation). 

Objectives and envisaged achievements. Our programme will foster vigorous research collaborations and training events, focused on the following specific scientific challenges. 

-New theoretical methods for strong correlations. Correlated electron materials present unique electronic properties such as magnetism, superconductivity, thermoelectricity, peculiar optical properties, metal-insulator transitions and spin-sensitivity of transport properties. However, these materials pose an outstanding challenge to theoretical methods because these effects are caused by strong electron-electron interactions and subtle quantum correlations, and cannot be understood without a proper description of excited states. As such, methods such a density-functional based first principle simulations which are very successful for so many materials, face serious limitations when dealing with strongly-correlated materials. In the past decade, in a truly interdisciplinary effort, many-body techniques have been increasingly combined with first-principles simulation methods to tackle realistic correlated materials. Examples are Quantum Monte Carlo, many body perturbation theory methods (GW) and, importantly, Dynamical Mean-Field Theory (DMFT). However, much remains to be done along at least four lines: a greater integration of these techniques within electronic structure methods, improving the computational efficiency, computing more complex response functions, and tackling ever more complex materials problems with these methods. Furthermore, there is legitimate hope that these developments in many-body theories will have bearing on some of the more fundamental issues raised by some correlated materials, such as cuprates or the heavy-fermion compounds (particularly the new family of ``115’’ superconductors such as PuCoGa5 or CeCoIn5).
-Excited states. The quantitative treatment of excited states is a major challenge in computational materials science, both in view of its importance for spectroscopy experiments in all materials, and of its particular relevance to biological processes. Many such processes are indeed characterized by a perturbation of the electronic structure (photoexcitation, photoionization, electron transfer, redox reactions), including vision, respiration, photosynthesis, nitrogen fixation. Understanding such processes has many strategic applications (e.g.: in solar energy technologies, medicinal diagnosis, laser spectroscopy). Recently, new theoretical methods have emerged (e.g time-dependent DFT) which have considerably improved our ability to handle excited states theoretically. Much remains to be developed in this very active field on several levels (fundamental theory, computational efficiency, applications to specific materials).
- Advanced spectroscopies and ``computational spectroscopy’’. The last decade has witnessed tremendous advances of many spectroscopic techniques, including: spatially resolved microscopies (e.g STM), increased bulk-sensitivity and resolution of  photoemission spectroscopy (ARPES), ultrafast pump-probe spectroscopies, increased brightness and improved resolution in X-Ray and neutron scattering probes, and nuclear magnetic resonance.  Computational methods and theoretical modelling (in relation with the above-mentioned excited states issue) must be brought at the stage where quantitative comparison (or prediction) with these experiments becomes possible.  

- Modelling materials with complex structures. There is an ever-increasing interest in materials which possess a complex structure. Progress in materials elaboration and design (in view of a specific function) at the nano-scale is one reason. Another domain in which one is faced with materials complexity is that of biomolecules, which contain very large numbers of atoms without the crucial simplification of a periodic structure as found in solids. An example of progress is the ab initio determination of NMR chemical shifts, applied to structure determination of proteins, or modelling of iron biomineralization in ferritin cages. Furthermore, biological materials function in an environment which also requires specific modelling, often simplified by empirical force fields. Finite temperature is an additional complication, requiring again to go beyond ground-state issues. A larger scale issue is to understand self-assembly into supramolecular structures, and the dynamics of sensory systems. All these complex structural and environmental aspects require considerable efforts and improvements in our modelling abilities. Close collaboration with materials scientists, chemists or biologists is essential to assess which simplifying assumptions are legitimate.  

- Materials with new or improved functionalities Much can be gained from interdisciplinary collaborations when it comes to improving known functionalities of materials or searching for new ones. Recently for example, better treatments of strong correlation effects have allowed for a quantitative description of the electronic structure and optical properties of rare-earth based pigments, opening a path to a possible tuning of the desired color by engineering the position of the f-states (e.g by substitutions). Charge segregation in oxides, an effect first emphasized in fundamental studies of cuprates and manganites, seems directly relevant to the mechanism behind resistive memory effects, with possible applications to information storage in the long-run. Multiferroic materials are already being explored widely, and new composites also offer special functionality; for example inorganic quantum dots in an organic host for efficient solar cells or as scintillators for X-ray detectors. The programme will identify and emphasize those cases in which a joint effort bringing together understanding and design can be most productive. 
-  Materials and experiment The focus of the modelling and theoretical activities will be on material systems and experimental probes within the partners of the programme, covering areas that will include:

· Oxides with novel electronic properties: cobaltates (thermoelectrics), cuprates (superconductors), ferromagnetic and multiferroic oxides  (spintronics)

· Rare-earth and actinide compounds: rare-earth-based pigments, and phosphors for solid-state lighting, heavy fermion compounds with novel fundamental properties.

· Structure and modelling of biomaterials and biologically active molecules, receptor “design”, supra-molecular assembly, sensing.

· Organic electronic materials including crystalline, glassy, and polymeric materials.

· Low-dimensional structures and carbon-based nanostructures.

· Transport and optics in nanostructures, quantum dots, optical microcavities, inorganic/organic composites, and magnetic semiconductors

Facilities and expertise which would be accessible to the Programme
The proposed members of the steering committee all possess a high degree of expertise in one or more of the specific field that we want to bring together. They range from theorists to experimentalists and solid-state chemists, with interest in a wide variety of different materials (from strongly-correlated materials to biomolecules). All the committee members have agreed to participate actively and promote the program through the facilities available at their host institutions. 

Expected benefit from European collaboration in this area
At the moment, Europe is a centre of excellence in the development of new first-principles simulation techniques for materials science. Europe also excels in materials elaboration and experimentation. However, it is fair to say that the scientists from these diverse fields do not interact enough and cooperate towards a better fundamental understanding of new materials properties, and in the long run, towards functional materials design. Our hope is to change this situation, by fostering interdisciplinary exchanges which will cross the boundaries between models and simulation, physics and solid-state chemistry, fundamental science and applications. Also, the specific challenges of more complex materials and of situations far from equilibrium, relevant in particular to biological sciences, need new fundamental advances which can only be achieved by sharing knowledge and expertise between fields, on an international scale. 

European context 

Several EC programmes have a focus on particular materials systems within the purview of the proposal and could combine with the broad agenda of the present proposal for joint meetings and to bring specific expertise. This includes:

EC STRP CoMePhS Controlling Mesoscopic Phase Separation

COST P16 Emergent Behaviour in Correlated Matter
While our proposed programme focuses more on electronic and quantum aspects, cooperation and coordination with the ESF-funded program SimBioMa will be encouraged, regarding application to biomolecules in particular. 
International Partnership: with NSF-supported ICAM (Institute for Complex Adaptive Matter) –see last page-.

Proposed activities, key targets and milestones
A. Conferences and workshops in interdisciplinary areas of materials science.

These activities will bring together key researchers in the field, and will focus on new, cutting-edge developments in: theory and simulation, materials with new properties, and the functional exploitation of materials. Through our partnership with ICAM, the Cargese Institute (France) will host several of these events (a summer school on superconductivity is already planned for 2007); ICAM will provide parallel support for other meetings in Europe, North America and Asia. By exploiting such partnerships we expect to set the agenda for 2-3 workshops annually, and finance the attendance primarily of junior researchers.

B. Training sessions on advanced techniques, for younger researchers 
These activities are aimed at providing graduate students and postdocs with specialised training on advanced techniques (such as simulation and theory, or experimental and instrumental techniques, materials). The training will be both through lectures on fundamental aspects and through practical sessions. We will deliver these courses through the established architectures of some of our project partners: e.g. ICTP Trieste, Cargese, Erice, and open up attendance at national schools (e.g. the Cambridge Winter School in superconductivity) to EU partners.
C. Support for exchange visits: graduate students, postdoctoral fellows, senior scientists.

The aim is to foster advances in research through collaborative visits of varying lengths. Proposals will be sought and reviewed by the steering committee electronically, allowing a rapid review. The ICAM connection will allow us to extend the exchanges through ICAM’s programme of International Exchange Fellowships http://www.i2cam.org/awards.php
Duration (48 or 60 months): 60 months

Budget estimate (in €) by type of activities and per year of the programme. 

A- 30 k€ per year

B- 33.5 k€ per year
C- 30 k€ per year
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4. ‘International’ dimension
This programme will join forces with the International Institute for Complex Adaptive Matter (I2CAM), which is a subscription-based consortium of 39 Universities and Research Laboratories in Australia, Europe, Japan, Korea and North America. ICAM runs a programme of exchanges of postdoctoral and senior fellows, and sponsors workshops throughout the world. The European co-directors are Peter Littlewood (Cambridge), and Henri Alloul (Paris); the Director of the Programme is Dan Cox (UC Davis). Further information about the programme is available at http://www.i2cam.org/ including the programmes of recent meetings, workshops, and fellowships.
An NSF-DMR grant under the International Materials Institute program (http://www.nsf.gov/mps/dmr/awards/imi.jsp) of $700K per year supports
· 5 exploratory workshops per year outside the USA – several usually in Europe – and one advanced workshop each year at Cargese (France)
· short travel visits to workshops/meetings, or short research related visits on ICAM related research topics.

· graduate students/postdoctoral researchers to support travel/perdiem to an overseas institution to carry out collaborative research.  
The proposed ESF network will mirror some of these activities within Europe, and allow us to access the conference and networking arrangements already developed by ICAM. The benefits of ICAM will then be extended from the current European branches and affiliates throughout the ESF network – each will gain the contacts with the other networking partners in the USA and Japan.
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Program manager Carmen Huber, National Science Foundation, chuber@nsf.gov  +1 703 292-4939 
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