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c.  Purpose

This program makes in-depth experimental and theoretical investigations of novel superconducting and magnetic materials and general issues important for the fundamental physics and applications of innovative materials.  We maintain leading programs in both experiment and theory, with each deriving strong benefit through close mutual cooperation.  We have extensive experimental characterization facilities including sophisticated probes of the equilibrium and dynamic behavior of materials based on state-of-the-art magneto-transport, magnetization, scanning probe, and magnetic imaging apparatus.  On the theoretical side, we emphasize the analytical derivation of measurable properties from simple assumptions, the phenomenological description of complex behavior such as occurs in disordered systems and at phase transitions, and the numerical simulation of systems that cannot be treated analytically because of strong non-linear effects or unusual boundary conditions.

Our current research focuses on the superconducting and vortex behavior of the new two-band superconductor MgB2, the imaging of magnetic domains and the investigation of phase transitions and magnetic anisotropy in the magnetic semiconductor GaxMn1-xAs, competing lattice structures, the phase transitions and critical currents in vortex systems and the experimental and theoretical development of functionalized quantum nanowire networks.
e.  Approach

W. K. Kwok 50%  G. Karapetrov 15%, A. E. Koshelev 25%, M. Iavarone 30%, Z. Xiao 80%, V. K. Vlasko-Vlasov 75%, V. M. Vinokur 10%, U. Welp 70%, D. Rosenmann 50%, H. Claus 40%, A. Rydh 100%

The program is organized into three major project areas: 

1) Magnetic response of superconductors; 2) Coupled magnetic systems; 3) Functionalized quantum superconducting and magnetic nano-wire networks.

1) Magnetic Response of Superconductors:

(i) Multi-band superconductivity: We focus on the novel behavior of the two-band superconductor MgB2. Owing to its unique electronic structure, MgB2 is the first known superconductor displaying two distinct superconducting gaps: two superconductors coupled into one.  With a critical temperature of 40 K, it allows for cooling with economic closed cycle refrigerators and furthermore, MgB2 is a good metal, which shows no deterioration of its superconducting properties at grain boundaries, thus avoiding many of the problems encountered in the development of CuO2-superconductor based devices. We focus on experiments to determine the intrinsic superconducting gap structure from scanning tunneling microscopy studies of bulk pellets, c-axis oriented films, and single crystals.  In addition, we investigate the vortex phase diagram of MgB2 from transport and thermodynamic measurements in the presence of point and correlated disorder induced via irradiation, chemical substitution and surface modification.  On the theoretical effort, we are focused on developing a theory of the mixed state in dirty two-band superconductors, which will provide interpretation of the temperature dependent anisotropy, the deviation from standard Ginzburg-Landau theory and tunneling experiments in undoped and doped MgB2.

(ii) Creation and manipulation of new vortex phases through induced defects:  This is a comprehensive program focusing experiment and theory on the effect of thermal and quenched disorder on the order of the vortex melting transition, the critical points on the melting line, the static and dynamic correlation of vortices in the disordered phases and the enigmatic vortex liquid state.  The program utilizes exceptionally high quality single crystals of YBCO which display a pronounced first-order melting transition. We introduce correlated and point disorder through controlled high-energy heavy ion irradiation, proton irradiation focused ion beam irradiation and oxygenation. 

(iii) The vortex state in layered superconductors:  We develop new theories to explain the novel phenomena arising from Josephson and magnetic couplings in the vortex phases in layered superconductors. In particular, we are developing a quantitative theory of the crossing vortex lattices, which are composed of Josephson vortices and stacks of pancake vortices. At small magnetic fields we study the decoration of Josephson vortices with pancake stacks using a sensitive low temperature magneto-optical imaging technique. 

(iv) High performance superconducting materials:  Grain boundaries in high temperature superconductors can drastically impede the flow of supercurrents and thus severely limit the application potential of high temperature superconductors. Consequently, understanding and improving the current capabilities of grain boundaries is one of the top priorities in the field.  We use a novel ring-based inductive technique to measure the critical current density with extremely high sensitivity by monitoring the persistent currents flowing in rings patterned across a grain boundary. Experiments focus on the effect of oxygen doping of grain boundaries on the critical current of thin films using a newly developed oxygenation technique.

2) Coupled Magnetic Systems:

A rich variety of novel behavior that is important for both basic science and new technology can result from the coupling of magnetic degrees of freedom.  Examples include the exchange coupling between different magnetic systems, proximity coupling between magnetic and superconducting systems, or the coupling of magnetic and normal electronic states as observed in the manganites.  Exchange coupling across an interface leads to new control of the direction of the local magnetization and of the electron spin direction in transport that can be exploited in novel memory elements and spin valves.  The coupling of magnetic and electronic states, in particular, is at the heart of magnetic semiconductors which hold great promise for use in spintronics applications.  We investigate these and other novel coupled magnetic systems with the powerful magneto-optical imaging techniques that we developed in earlier years, supplemented with magnetization and transport measurements.

3) Functionalized Quantum Nanowires and Nanowire networks:

Nanowires have long been considered to be an integral part of nanotechnology as interconnects between nanosized electronic devices.  However, recent advances in nanowire research have shown that these nanowires can be assembled into novel nanoscale devices and circuits, enabling a diverse range of applications in nanoelectronics and photonics.  We have initiated a new program on functionalized quantum nanowires in anticipation of the construction of a new Center for Nanoscale Materials at Argonne.  This program develops a new class of one dimensional electronic devices based on hybrid nanowires by introducing functionality through tailoring of the competing proximity interaction between superconductors, magnets and magnetic semiconductors. Our program uses a variety of 'bottom up' self-assembly approach based on anodic aluminum oxide (AAO) membranes complemented with electro-chemical and vapor deposition. Superconducting and magnetic materials are fabricated as segmented nanowires in the nanopores of AAO or 'coated' nanowires consisting of a ferromagnetic core and a superconducting layer.  We investigate quantum effects related to the size, material, defects and geometry of the hybrid nanowires through transport, electron microscopy and scanning tunneling microscopy studies.  Theoretical studies focus on quantum phase slip phenomenon, pumping effects, ballistic transport, enhanced giant magnetoresistance, magnetization reversal, proximity and Josephson effects in hybrid wires.  The program draws on the resources of the Materials Theory Institute to provide guidance on the rich variety of new physics in the nanometer scale
f.  Technical Progress

1) Magnetic Response of Superconductors:

(i) Multi-band superconductivity: Our program is carried out in close collaboration with Prof. Sung-ik Lee (Pohang University, Korea) who supplied us with some of the highest quality c-axis oriented films, single crystals of MgB2 and more recently, cobalt and aluminum doped MgB2 single crystals. In addition, we have initiated a collaboration with Prof. Xi (Pennsylvania State University) who supplies high quality thin films of MgB2 grown on silicon carbide substrates.

In the past, we unequivocally determined the double superconducting gap anisotropy in MgB2 via Scanning Tunneling Microscopy (STM) and performed the first measurement of the magnetic field dependence of the gap in c-axis oriented thin films. In addition, from magneto-transport measurements and focused ion beam modification of the crystal surfaces, we uncovered enhanced superconductivity on the surfaces of MgB2 single crystals. This year, we established the most comprehensive vortex phase diagram of MgB2 through magnetization, transport and nano-calorimetric specific heat measurements of a hexagonal-shaped 50µm (<160 nanogram) sized single crystal.  We determined the temperature dependence of the superconducting anisotropy and theoretically investigated the vortex state. We calculated the upper critical field within a quasiclassical Usadel model for a dirty two-band superconductor.  This analysis can account for the experimentally observed temperature-dependent Hc2 anisotropy. Due to the very large difference between the c-axis coherence lengths in the two bands, the Ginzburg-Landau (GL) theory is only applicable in a very narrow temperature range.  We investigated the limitations of the GL theory and derived the simplest theory, which replaces it. The theoretical work was conducted in collaboration with A. Golubov, Univ. of Twente, The Netherlands.  These studies illuminate new pathways for treating multi-band effects on novel superconductors.

The establishment of the thermodynamic upper critical field and its anisotropy of the new superconductor MgB2 is significant for the basic understanding of this unusual material as well as for prospective applications.  The demonstration of pronounced surface effects resolves controversies on the value of the upper critical fields and the theory of dirty two band superconductors may illuminate new approaches for treating multiband effects in novel superconductors. The thermodynamic characterization capabilities developed in this collaboration such as nano-calorimetry, will be significant beyond the study of MgB2 since they will allow the investigation of the anisotropic properties of crystals which can only be synthesized in nano-gram sizes. 

(ii) Creation and manipulation of new vortex phases through induced defects: Presently, we are focused on investigating the theoretical predictions for a 3D to 2D vortex phase transition at high fields and low temperatures in YBCO.  This transition may be realized in overdoped YBCO crystals where the upper critical field consistently extends beyond 24 Tesla.  In collaboration with Dr. Christophe Marcenat at the Laboratoire De Cryophysique in Grenoble and Dr. Andreas Erb (Walther-Meissner Institute), we developed a micro-thermocouple calorimeter and synthesized a unique overdoped YBCO crystal that exhibits the first order melting transition beyond 28 T.  We conducted specific heat measurements in the 45 Tesla Hybrid Magnet at the National High Magnetic Field Laboratory.  We determined a record high upper critical point in this crystal at Hcp=35T! Exploration of the vortex behavior at these elevated magnetic fields brings us closer to the theoretically predicted (Glazman & Koshelev) 3D to 2D vortex transition where new phenomena may be observed. In addition, investigation of the vortex behavior in the liquid state at these elevated magnetic fields also sheds light upon the recently discovered vortex line tension transition. Our ongoing angular dependent magneto-transport measurements of the anisotropic pinning behavior in lightly twinned crystals and ones with a dilute amount of columnar defects demonstrate the existence of a vortex line tension transition up to 23 Tesla, far beyond the upper critical point in these samples. 

We studied the dynamics of vortices in a Nb film with random pinning centers by establishing fractal parameters of the self-organized critical state of the vortex system from the analysis of high-resolution magneto-optical images.  The characteristic exponents of the resulting vortex distributions are indicative for a KPZ like behavior, modified by the long-range inter-vortex coupling seen in thin films.

(iii) The Vortex State in Layered Superconductors: The flux-flow transport of the Josephson vortex lattice (JVL) in layered high-temperature superconductors provides a convenient probe for both components of the quasiparticle conductivity, c and ab. We found that the JVL flux-flow resistivity in a wide range of magnetic fields is mainly determined by the in-plane dissipation. Theory allows us to independently extract the values of c and the ratio ab/c4 from experimental data. The extracted temperature dependence ab(T) is consistent with the measured microwave data. The shape of the current-voltage characteristics is also sensitive to the frequency dependence of ab and allows us to estimate the quasiparticle relaxation time (in collaboration with Yu. Latyshev, IRE, Moscow and L. Bulaevskii, LANL).

Crossing-lattices state in tilted magnetic field:  The magnetic flux in high-Tc superconductors with extreme anisotropies is presented by two different types of vortices: pancake vortices carry the component perpendicular to the cuprate planes and Josephson vortices are responsible for the in-plane component. The latter are "invisible" for existing experimental techniques and are usually studied by indirect techniques. However, pancakes are attracted to Josephson vortices and, by "decorating" the JVs, pancakes produce lines of the enhanced normal field at the sample surface indicating the position of Josephson vortices.  By imaging these lines in BSCCO single crystals using our magneto-optic technique, we found that the coupling between pancakes and JV is a very robust effect.  It even dominates over interactions with columnar defects produced by heavy ion irradiation.  We investigated various possibilities of manipulating the pancake vortices by tailoring their nucleation at artificially created defect sites and channeling them to a desired point along appropriately oriented JVs.

We are developing the theory of crossing-lattices states in layered superconductors. We investigated properties of an isolated Josephson vortex in the pancake lattice. JV induces deformations in the pancake vortex crystal, which, in turn, substantially modify the JV structure. The phase field of the JV is composed of two types of phase deformations: the regular phase and vortex phase. The contribution from the vortex phase smoothly takes over with increasing magnetic field. We find that the structure of the cores experiences a smooth yet qualitative evolution with decrease of the anisotropy. At large anisotropies, pancake vortices have only small deformations with respect to the position of the ideal crystal,  while at smaller anisotropies, the pancake stacks in the central row smoothly transfer between the neighboring lattice positions forming a soliton-like structure. We also find that even at high anisotropies, pancake vortices strongly pin JVs and hinder their mobility.

(iv) High performance superconducting materials: Using our recently developed highly sensitive ring-based inductive technique, we systematically studied the critical current density of artificial grain boundaries (GBs) in YBCO films as a function of oxygen doping. We found a significant increase in JC of all GBs after secondary oxygenation with the highest JC observed in the most over-doped state. For the 24° GBs an improvement of an order of magnitude was observed. For smaller GB angles the absolute improvement of JC increases, however, the relative increase as compared to the as made state is smaller than for 24° GBs. Using magneto-optical imaging in combination with the inductive technique we studied the temperature dependence of the ratio of grain boundary and bulk critical currents.  Surprisingly, this ratio increases with temperature and above 77 K the grain boundary current quickly converges to the bulk value. 

(v) Surface properties of vortex lattice: A long standing view that surface properties of vortex lattice cannot change its bulk behavior was re-examined.  It was found that the arbitrarily weak quenched disorder on the surface of a system of continuous symmetry destroys long range order in the bulk, and, instead, quasi-long range order emerges.  Correlation functions were calculated exactly for the two- and three-dimensional XY model with surface randomness via the functional renormalization group.  Even at strong quenched disorder the three-dimensional XY model possesses topological order.  The obtained results apply to a very wide spectrum of physical systems and phenomena: in particular, roughness of a domain wall in the presence of surface disorder was determined.

2) Coupled Magnetic Systems:

(i) Exchange coupled magnetic multilayers. Surface spin-flop transition in Fe/Cr (100) superlattices:  Epitaxial Fe/Cr superlattices in which the Fe-layers are coupled antiferromagnetically to each other via the intervening Cr-layers serve as a model system for studying phase transitions in antiferromagnets that are in natural systems not easily accessible.  Combining magnetization measurements, magneto-optical imaging and model calculations based on the Landau-Lifshitz equations, we obtain evidence for a surface spinflop transition during hard-axis remagnetization: in the initial stages of the magnetization reversal only the outermost (the top and bottom) Fe-layers switch. (in collaboration with J. Meersschaut (Leuven, Belgium), J. S. Jiang, and S. D. Bader)

Training effects in Co/CoO bilayers: Bilayers of Co and thin CoO are characterized by pronounced training effects.  High-resolution magneto-optical imaging in conjunction with polarized neutron reflectivity showed that during the first magnetization reversal the antiferrromangetic CoO layer breaks up into domains which in turn induces magnetic inhomogeneity into the Co-layer through the exchange coupling mechanism.  As a result, magnetization reversal in the Co-layer in subsequent cycles occurs through incoherent rotation causing broad switching and reduced coercivity.  The domain patters give information on the distribution of the exchange induced unidirectional easy axes. (in collaboration with S. te Velthuis and G. Felcher (58701))

(ii) Magnetic semiconductors. We studied the magnetic structure and magnetic anisotropy in the dilute magnetic semiconductor Ga1-xMnxAs.  The magnetic properties are governed by the coupling of the localized Mn-moments to the itinerant holes in the valence band.  The almost complete spin-polarization of the valence band makes this material very interesting for spintronics applications.  Using SQUID magnetometry and magneto-optical imaging we establish that the magnetization in Ga1-xMnxAs proceeds through the formation of large, well developed magnetic domains.  At low temperatures, biaxial magnetic anisotropy accompanied by 90-deg domains is observed, which in a second order transition, changes to an unexpected uniaxial state accompanied by 180-deg domains.  In a study on a series of samples with different thicknesses we showed that the uniaxial inplane anisotropy, which is not expected on the basis of the tetragonal lattice structure, is not a surface effect but originates from the preferential incorporation of Mn throughout the thickness of the film.
3) Functionalized Quantum Nanostructures:

(i) Synthesis and characterization: Quantum Nanowires and Nanowire networks: Our new seed-program on functionalized quantum nanowires was initiated in anticipation of the construction of the new Center for Nanoscale Materails at Argonne.  This program focuses on developing new classes of one and two dimensional electronic devices based on hybrid quantum nanowires by introducing functionality through tailoring of the competing proximity interaction between superconductors, magnets and magnetic semiconductors.  So far, we have succeeded in fabricating several types of elemental nanowires and tubes including lead, nickel, gold and bismuth using Anodic Aluminum Oxide (AAO) membranes as a template. Furthermore, we are developing new electrical contacting methods to these nanowires using a focused ion beam with platinum injection and post-annealing. By altering the growth voltage during electrochemical formation of AAO, new types of Y-junction arrays have been synthesized paving the way for massive fabrication of possible three terminal nanodevices.

Controlled-shape nano-architectures: We have developed a new electrochemical deposition technique for fabricating controlled-shape mesoscopic and nanocrystals of lead superconductors on graphite. Novel lead (Pb) mesostructures ranging from nanowires with cylindrical and square cross-sections to mesoparticles with triangular, hexagonal, octahedral, decahedral and icosahedral shapes and complicate structures such as multipods, porous nanowires, nanobrushes and snowflakes were synthesized through systematically exploring electrodeposition parameters.

Work was done in collaboration with H. Wang (Materials Chemistry) on electrodeposition and with R. Cook and J. Hiller (Electron Microscopy Center) on SEM imaging and FIB respectively.   

(ii) Theory of transport in quantum wires and quantum dots: 
We investigated transport via point superconducting contacts and developed a new approach allowing for the systematic description of effects of impurities on current transfer in mesoscopic SNS contacts.  We have found that multiple Andreev reflections (MAR) mediating the transport in superconducting point contacts are strongly affected by a small amount of impurities in the area of the contact.  The associated momentum exchange competes with the ballistic MAR and results in a new linear regime in the I-V dependence with a conductance much larger than that in the Ohmic regime.  We have shown that very important concept of spectral flow appears actually in a wide variety of quantum systems.  Our results break new ground for the investigation of realistic SNS nano-meter size contact and other realizations of quantum transport. 
(iii)  Josephson transport: The Josephson transport through a thin semiconductor barrier containing impurity centers with the on-site Hubbard interaction of an arbitrary sign and strength was investigated. It was found that in the case of the repulsive interaction the Josephson current changes sign with the temperature increase if the energy of the impurity level (measured from the Fermi energy of superconductors) is negative. Strong temporal fluctuations of the current if only a few centers present within the junction were predicted. In the case of the attractive impurity potential and at low temperatures, the model is reduced to the effective two-level Hamiltonian allowing thus a simple description of the non-stationary Josephson effect in terms of pair tunneling processes.  The obtained results open a new class of the probe of the impurity states in small semiconductor samples, the Josephson spectroscopy. 

g.  Future Accomplishments

1) Magnetic Response of Superconductors: 

(i) Multi-band Superconductivity: We propose to investigate the interband phase modes and nonequilibrium soliton structures in multi-gap superconductors.  We expect the appearance of a new dynamic state in current-carrying superconductors with a multicomponent order parameter. If the current density J exceeds a critical value Jt, an interband breakdown caused by charge imbalance of nonequilibrium quasiparticles may occur. Then at J>Jt, the electric field penetrating from current leads will give rise to various static and dynamic soliton phase textures, and voltage oscillations similar to the nonstationary Josephson effect. We will examine different experimental settings where these effects that probe the multi-component nature of the superconducting order parameter could be observed.

We will perform an extensive study that correlates the thermodynamic properties of MgB2 with tunneling data. In collaboration with Univ. of Naples, Penn State Univ, and Pohang Univ. (Korea) a set of samples with different degree of disorder will be fabricated and characterized. The measurements of Hc2 at the NHMFL in Tallahassee will be compared with the scanning tunneling data on the same samples, and the results will be interpreted using the theoretical model by A. Koshelev.  According to the model the Hc2 of the material can be tuned (increased) by the amount of disorder in the -band.

 (ii) Creation and Manipulation of New Vortex Phases through Induced Defects   We will continue to focus on the important issue concerning the nature of the upper critical point and vortex liquid state, particularly at extremely high magnetic fields. In addition, a series of focused ion beam patterned micro-bridges of untwinned YBCO crystals will be prepared.  Novel phenomena such as the vortex ratchet effect, matching effect in the solid and liquid state and the vortex glassy behavior beyond the upper critical point will be investigated.  

We will investigate two-dimensional Bose systems with long range interactions in the presence of disorder. Formation of the bound states at strong impurity sites gives rise to an additional depletion of the superfluid density ns. We expect that there exist an intermediate superfluid state where the condensate and localized bosons are present simultaneously. We will investigate the effects of interactions on localization and check whether interactions can cause a phase transition from the partially localized to fully delocalized state.  By mapping our findings onto the three dimensional system of vortices in type II superconductors in the presence of columnar defects, we will investigate the vortex phase diagram in the vortex-liquid domain. We expect to find the depinning transition within the vortex liquid and depinning induced vortex lattice/Bose glass melting.

(iii) Vortex State in Layered Superconductors: Crossing-lattices state in tilted magnetic field: In very anisotropic layered superconductors, tilted magnetic fields create a unique lattice state, namely, crossing-lattices of Josephson vortices and pancake stacks.  Due to the existence of several field scales for both in-plane and c-axis magnetic fields, the phase diagram of the crossing-lattices state is very rich.  We will develop the theory of crossing-lattices to explain existing experiments and to stimulate new experiments. We plan to study the following topics: (1) Phase transition between tilted vortex chains and chains of crossing pancake stacks and Josephson vortices, (2) Phase-separated states, and (3) Melting of the pancake lattice in the different states. In experiments, we will manufacture artificial structures for generating and manipulating coupled pancake/Josephson vortices and study their operational currents and fields.

(iv) High performance superconducting materials: We will investigate how the oxygen doping affects the critical current of coated conductors made in the ET Division at ANL. Here, the YBCO films are covered with an Ag film for protection. Preliminary studies reveal that the oxygenation study of coated conductors lead to higher Jc, with the greatest improvement observed in samples with the highest oxygen concentration. Thus in order to obtain coated conductors with the highest Jc, a procedure has to be developed to increase the oxygen concentration by as much as possible.

The results of our oxygenation study will be important for the application of YBCO thin films. They will allow the fine tuning of the properties of the films to a level desired for a specific application. They will also be instrumental in understanding the role of oxygen on vortex pinning.

2) Coupled Magnetic Systems:

(i) Exchange coupled magnetic multilayers. Coupled hard/soft exchange springs. We will investigate the size and shape effects on the magnetic coupling between the layers by magneto-optical, transport and magnetic studies of laterally patterned spring magnets.

(ii) Magnetic semiconductors. We will investigate the nature of the different contributions to the magnetic anisotropy on samples with various substitutions and after annealing cycles.  The incorporation of indium induces out-of-plane anisotropy whereas low-temperature annealing increases the Curie temperature from around 60 K to about 120 K.  Furthermore, due to the intimate coupling of the manganese-moments and the charge carriers, the magnetic anisotropy will induce anisotropy in the electric transport properties.  We will investigate anisotropic magneto-transport properties on oriented micro-bridges.

(iii) Magnetic structures and transport in hybrid superconducting / ferromagnetic systems.  We will study the coupling between superconducting YBCO and ferromagnetic LCMO layers with magnetic and transport measurements, and with magneto-optical imaging.  The main purpose is to elucidate the role of structural effects on the proximity of mutually excluding order parameters and to study changes of the I-V curves introduced by the proximity.

3) Functionalized Quantum Nanostructures:

Quantum Nanowires and Nanowire networks: Nanostructures including nanowires, nanotubes, nanoscale dots and antidots are promising subjects for research in studying novel phenomena in confined geometries and have potential applications in nanoscale devices. In superconducting nanowires, there are compelling quantum decoherence issues that should arise at low temperatures. In crossed nickel nanowires, junction and ballistic switch effects will be investigated. Transport measurements at milliKelvin temperatures are already underway in collaboration with Prof. Tom Rosenbaum(University of Chicago) on bismuth nanowires and nanotubes where novel thermal conductance effects are anticipated. We plan to develop consistent nanocontacting techniques utilizing e-beam lithography in conjunction with electrochemical deposition onto patterned substrates.  On the theoretical side, we plan to work on the theory of the pumping effect in one dimensional systems resulting from strong electron-electron interactions.

Controlled-shape nano-architectures: The controlled-shape meso and nano crystals obtained through electrodeposition open new directions in studies of novel phenomena arising from confined geometries and in studies of enhanced nanocatalytic activities related to shape effects. Novel micro/nano catalysts developed under this investigation could complement the active research in support of the emerging hydrogen economy. We plan to conduct magneto-transport and specific heat measurements on these fascinating architectures.

h.  Relationships to Other Projects

This effort enjoys strong collaborations with ANL materials science programs on Laterally Confined Nanomagnets (58830), Organic Conductors (58510), Emerging Materials (58916), Defects and Disordered Materials (58403), and the Electron Microscopy Center (58405); with other ANL Divisions including the Advanced Photon Source, Physics, Energy Technology, Chemical Technology and Mathematical and Computational Science; with other DOE Laboratories including Los Alamos National Laboratory, Ames Laboratory, Lawrence Berkeley National Laboratory, Sandia National Laboratory; with university programs at University of Chicago; Harvard University; Iowa State University; National High Magnetic Field Laboratory (Tallahassee, FL); Western Michigan University; University of Illinois at Chicago; Texas A&M University; University of Colorado, University of Bayreuth, Germany; Technion, Israel; Bar-Ilan University, Israel; Weizmann Institute, Israel; University of Tokyo, Japan; Tsukuba University, Japan; National Research Institute for Metals, Japan; Tohoku University, Japan; CENG Grenoble, France; University of Naples, Italy; Institute of Materials Science-CSIC, Barcelona, Spain; Ecole Polytechnique, France; University of Bordeaux, France; ISSP, Chernogolovka, Russia; Landau Institute, Russia; University of Cologne, Germany; Leiden University, The Netherlands; University of Twente, The Netherlands; Materials Science Centre, Groningen, The Netherlands; Forschungszentrum Karlsruhe, Germany; University of Southampton, Southampton,UK; Pohang University, Korea and with industrial programs at Superconductive Components, Inc, Columbus, OH; Boeing Aircraft, Seattle, WA.




