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	b. Publications: 
29 publications
c. Purpose: 

Our goals for FY2008 and 2009 are to investigate the superconductivity and magnetic properties of new and high temperature superconductors and in particular to explore the novel meso and nanoscopic superconducting phenomena expected in tailored superconducting/magnetic hybrid materials that are subjected to confinement, proximity and orbital effects.  

Magnetic Response of High Temperature Superconductors

• Investigate the disorder induced phase transition of vortex matter in the high temperature superconductor YBa2Cu3O7-d (YBCO).

• Carry out theoretical and experimental studies of composite Josephson and pancake vortex lattice states in highly anisotropic superconductors. 

• Develop the theory of high-frequency response of Josephson vortex lattices in layered superconductors. 
• Generate THz-radiation from mesoscopic mesas of Ba2Sr2CaCu2Ox (BSCCO).

• Develop the theory of strong pinning in anisotropic superconductors.

• Develop a microscopic theory of vortex pinning. 
Meso and Nanoscopic Superconductors

• Carry out nanocalorimetry, µ-Hall probe and magneto-transport studies of vortex transitions in 3D controlled-shape meso-crystals. 

• Develop microscopic probing techniques to explore the interaction and interference effects in doped superconductors.

Coupled Superconducting/Magnetic Systems

• Carry out scanning tunneling microscopy studies of novel vortex transitions in hybrid superconducting/magnetic heterostructures. 

• Investigate domain-wall induced superconductivity in ferromagnetic/superconducting hybrids. 

• Investigate pinning tunability and anisotropy of magneto-transport properties through orbital coupling of ferromagnetic domains and vortices.
e. Approach: 
W. K. Kwok (30%), G. Karapetrov (75%), A. E. Koshelev (25%), M. Iavarone (50%), V. K. Vlasko-Vlasov (20%), V. M. Vinokur (20%), U. Welp (60%), Z. Xiao (20%), D. Rosenmann (20%).
f. Technical Progress: 
Vortex Physics in High Temperature Superconductors (HTSC)

• New probe and control of vortex viscosity: A joint experimental and theoretical study of the interaction of pancake and Josephson vortices resulted in a new perspective for controlling the viscous flow of Josephson vortices. Angle-dependent magneto-transport measurements on Josephson junction stacks in pure and intercalated BSCCO mesoscopic mesas showed decreased dissipation when the external field was mis-aligned with the CuO2 planes. This behavior is caused by the dynamic coupling of pancake and Josephson vortices which is more pronounced in the higher-anisotropy intercalated material. The tilted field increases the number of pancake vortices (by increasing the c-axis field) which interact and suppress the mobility of the Josephson vortices in layered superconductors. The moving Josephson vortex lattice forces oscillating zigzag deformation of the pancake-vortex stacks, contributing to damping. The salient feature of this damping contribution is its nonmonotonic dependence on the lattice velocity and the corresponding voltage. Theoretical studies demonstrated that the maximum pancake damping effect is realized when the Josephson frequency matches the relaxation frequency of the pancake-vortex stacks. We also found that irradiation with heavy ions has no noticeable direct influence on the motion of the Josephson vortices but dramatically reduces the pancake-vortex contribution to the damping of the Josephson vortex lattice at low temperatures.(collaboration with Yu. Latyshev (IREE, Moscow) and M. Konczykowski (Ecole Polytechnique)) [Phys. Rev. B 74, 104509 (2006)].
• Prediction of novel Josephson vortex lattice behavior: A theoretical study of vortex lattice structures and magneto-oscillation of the critical current, Jc, in stacks of intrinsic Josephson junctions modeled upon a mesoscopic BSCCO single crystal mesa led to the prediction of a new Jospheson vortex lattice behavior. Depending on the size of the mesa and the applied magnetic field, the magneto-oscillation period of Jc can be either one flux quantum (narrow-stack regime) or half flux quantum (wide-stack regime) per junction. For narrow stacks, the model predicts that the Josephson vortex lattice periodically transforms between a triangular and rectangular configuration [Physica C 437-438, 157 (2006)].

• Polarized far-field radiation from high temperature superconducting mesas: We have achieved, for the first time, the emission of polarized far-field radiation from a BSCCO mesoscopic mesa (in collaboration with FWP58916) at a frequency of ~0.45 THz.  A theoretical investigation confirmed the excitation of Josephson plasma waves in zero external magnetic field from an asymmetric BSCCO mesa.  Asymmetry can result, for example, from the mesa’s shape or from a non-uniform critical current distribution across the width of the mesa. Our results point to pathways for designing terahertz emission sources using high temperature superconductors. 

• New vortex line tension transition in the liquid state of HTSC: We discovered a new transformation line in the vortex liquid state of YBCO, marking the presence or absence of a vortex line tension [Nature Physics 2, 402 (2006) . Our results indicate an upper limit to increasing the irreversibility line in high temperature superconductors and may have significant implications for technological applications.  
• Theoretical prediction of a new delocalization transition in the vortex liquid: Complementing the experiments described in the previous paragraph, we developed a theory of competing localization of vortex lines on columnar defects and predicted a novel delocalization transition in the vortex liquid state.  The predicted transition separates domains of partially pinned vortex liquid, where free vortex liquid coexists with pinned vortices, from a completely depinned vortex liquid phase.  The delocalization line is determined by the strength of the individual defects and is thus nearly insensitive to the density of columnar defects.  This delocalization line may mark, in particular, the onset/disappearance of the line tension in layered superconductors.

• 3D to 2D vortex transition at high magnetic fields: We performed c-axis resistivity measurements on oxygen deficient YBCO crystals in magnetic fields up to 35 T aligned with the CuO2-planes using facilities at the National High Magnetic Field Laboratory.  In fields above 20 T, the superconducting transition is marked by a sharp kink in the temperature dependence of the resistivity which becomes more pronounced as the magnetic field is increased.  These results may indicate the transition from three dimensional to two dimensional vortex dynamics in high fields.  

Nanostructured and Mesoscopic Superconductors
• Novel giant vortex state in ‘shaped’ 3D mesoscopic type I superconducting crystals: We observed the formation of a novel giant vortex state behavior in the quantized entry and exit of magnetic flux in 3D micron-sized Pb-crystallites using µ-Hall probe magnetometry.  The range of stability for states of different vorticity was determined, and the results indicate that confinement effects in Pb meso-crystals induce a novel intrinsic mechanism for flux trapping in the crystal in the form of a multi-quantum giant vortex state. Since our micron-sized samples are smaller than the typical type-I domain pattern of coexisting normal and superconducting regions, magnetic flux accumulates in the form of a giant (multi-quantum) vortex in the sample center, surrounded by strongly localized shielding currents.  These currents form efficient barriers for flux entry and exit resulting in strong trapping and hysteresis.  Our results point to new strategies for inducing giant vortex states at mesoscopic pinning centers, which can be incorporated into bulk superconductors.

• Imaging vortex structural transitions at the nanoscale: Using a low temperature, high magnetic field, scanning tunneling microscope and a novel synthesis technique for fabricating nano-engineered crystal heterostructures, we imaged a vortex structural phase transition under confined environments with unprecedented resolution. This is the first direct scanning tunneling spectroscopic image of vortices in a confined structure and paves a new route for investigating vortex transitions with nanoscale spatial resolution. [Phys. Rev. Lett. 95, 167002 (2005); Appl. Phys. Lett. 87, 162515 (2005)]

• Giant oscillations of energy levels in mesoscopic superconductors: We showed that the interplay of geometrical and Andreev quantization in mesoscopic superconductors leads to giant mesoscopic oscillations of energy levels as functions of the Fermi momentum and/or sample size. Quantization rules were formulated for closed quasiparticle trajectories in the presence of normal scattering at the sample boundaries. Two generic examples of mesoscopic systems were studied: (i) one-dimensional Andreev states in a quantum box and (ii) a single vortex in a mesoscopic cylinder.  We predict that these oscillations can be observed by scanning tunneling spectroscopy with high energy resolution and by transport measurements in weak links [Phys. Rev. Lett. 95, 197002 (2005)]
• Enhanced vortex heat conductance in mesoscopic superconductors: We investigated theoretically electronic heat transport along the flux lines in a long ballistic mesoscopic superconductor cylinder.  Starting with the Bogoliubov–de Gennes equations, we constructed a Landauer-like heat transport theory for mesoscopic conductors.  We showed that the vortex heat conductance in a mesoscopic sample is strongly enhanced as compared to its value for a bulk superconductor; it grows as the cylinder radius decreases. This unusual behavior results from the increased number of transverse modes due to giant mesoscopic oscillations of energy levels, which originate from the interplay between the Andreev reflection at the vortex core boundary and the normal reflection at the sample edge. We show that the giant oscillations of core levels -- and thus the essential features of the heat transport characteristic of ideal mesoscopic samples -- are present in samples with surface imperfections.

Hybrid Superconducting-Ferromagnetic and Mesoscopic-Magnetic Structures

• Magnetic pinning of vortices in hybrid crystal-heterostructures: We demonstrated strong interaction of vortex lattices in NbSe2 single crystals with a periodic array of magnetic pinning centers. An electron beam lithography process was developed to pattern atomically flat NbSe2 single crystal surfaces with periodic arrays of submicron permalloy disks and ellipses (collaboration with V. Metlushko, University of Illinois at Chicago). Room temperature magnetic force microscopy images show in-plane magnetization in the ellipses and magnetic vortex states in the disks. Application of a perpendicular magnetic field below Tc leads to the attraction of vortices to the magnetic islands and subsequent matching effects when the density of the vortex lattice coincides with the density of the magnetic islands. Due to very low intrinsic pinning in the NbSe2 single crystal, we can observe these effects far below the critical temperature of NbSe2 and can precisely estimate the magnetic pinning strength in this model system. These pioneering studies of vortex interaction with mesoscopic magnetic structures having precise magnetic domain structure may facilitate the design of novel composite superconductors with magnetic pinning. 
• Manipulation of vortex flow in superconductor/ferromagnetic bilayers: We demonstrated that directional pinning may be induced and the anisotropy of the vortex motion manipulated on NbSe2/permalloy bilayers by aligning stripe domain structures in the ferromagnetic permalloy layer. The alignment of domains along any direction in the film plane was achieved by applying a sufficiently strong in-plane magnetic field.  Such ‘magnetic’ control of vortex dynamics using nanoscale magnetic domain-walls provides a new method of controlling vortex flow in superconductors and offers the potential for future magneto-transport switching devices.

• Tailoring the magnetization state of microscopic permalloy: Complex systems incorporating magnetic, superconducting, and semiconducting elements could exhibit novel physical effects and provide functionalities not seen before in elemental devices. In this work we demonstrated the ability to monitor and change the magnetization state of microscopic permalloy elements deposited on the active area of a 2DEG Hall probe (collaboration with V. Cambel, the Slovak Academy of Sciences). Using magnetic force microscopy, we showed the magnetization state of the permalloy thin film ellipse at different external magnetic fields. Recorded Hall voltage signals provide information on local magnetization of the ferromagnetic element simultaneously. Applying short, but intense, current pulses through the Hall probe changes the magnetization state of the permalloy ellipse. Such hybrid semiconductor-ferromagnet structures may lead to the realization of novel non-volatile memory storage elements [Appl. Phys. Letters 89, 182513 (2006)].

Synthesis of New Bulk & Nano Superconductors

• Bulk crystal synthesis of the new highest Tc carbon intercalation superconductor CaC6: We established synthesis procedures for the new carbon intercalation superconductor CaC6 (in collaboration with 58916) using Li/Ca eutectic flux and Ca vapor transport.  The flux-grown samples are almost 100 % phase pure and display superconducting transitions with onset near 11.6 K and very narrow transition width of less than 50 mK [Physica C 439, 43 (2006)].  The samples are characterized by strong vortex pinning and an irreversibility line that increases linearly with decreasing temperature down to 2 K.  On samples made with the isotope 44Ca, the value of Tc is reduced by ~0.5 K, corresponding to a large Ca-isotope effect of ~0.4.  These results demonstrate that superconductivity in CaC6 is due to an electron-phonon mechanism, and that Ca in-plane vibrations are essential in establishing the superconducting state [Phys. Rev. B 75, 014509 (2007); Physica C 439, 43-46 (2006)]. 
• Synthesis of superconducting crystalline nanowires and nanoribbons of NbSe2 and NbN: We developed new approaches to synthesize niobium diselenide (NbSe2) and niobium nitride (NbN) superconducting nanowires and nanoribbons. The process is based on our pioneering method of direct transformation of synthesized NbSe3 nanostructures into NbSe2 nanowires and nanooribbons [Nano Lett. 5, 397 (2005)]. The converted nanostructured NbSe2 samples are superconducting with transition temperatures of about 7.2K, similar to that of bulk NbSe2 crystals.  We determined the phase diagram of the NbSe2 nanowires and observed hotspot effects arising from Joule heating in transport measurements [Appl. Phys. Lett. 87, 142506 (2005)]. Similarly, NbN nanowires and nanoribbons were made by annealing NbSe3 nanostructure precursors in flowing ammonia gas at temperatures up to 1000 (C. The synthesized NbN nanostructures are superconducting with transition temperatures up to 11.5K and very stable in air. We determined the phase diagram of the NbN nanowires and discovered oscillations in the magnetic field dependences of the critical current and the resistance. 

Superconductivity in the Multi-band Superconductor, MgB2
• Theory of superconducting fluctuations in MgB2: We developed the theory of fluctuations for MgB2 (collaboration with A. Varlamov, Coherentia-INFM-CNR, Rome, Italy) by deriving the nonlocal two-band Ginzburg-Landau functional from microscopic theory. Our theory enables us to calculate the fluctuation specific heat and the conductivity. The calculated temperature dependences of these quantities were qualitatively different from standard expectations.
g. Future Accomplishments: 
Superconductor (SC)–ferromagnetic (FM) hybrids offer a plethora of new physical phenomena based on the short-range (proximity) and long-range (orbital) interactions between the SC and FM components. The interaction between superconductivity and ferromagnetism provides us with a unique means to tune the general properties of superconductivity and magnetism in a complementary way.  Superconducting properties such as the transition temperature, critical current, vortex structure and Josephson junction phases can be strongly affected by the proximity of a magnetic material.  Similarly, the ability to regulate ferromagnetic exchange interactions and manipulate magneto-transport with superconductivity opens wide the prospects for developing novel cryo-electronic sensors, super-fast switches, and other microelectronic devices based on such SC/FM hybrid structures. 
• Imaging the superconducting/magnetic interactions at the nanoscale: Using techniques developed for imaging vortex structures in mesoscopic superconductors, we will image the vortex states in composite superconductor-magnet systems using STM. We will study vortex interactions with stray magnetic fields produced by magnetic nanostructures consisting of arrays of submicron permalloy disks and ellipses on NbSe2 surfaces. In zero magnetic field, spontaneous vortices (in the case of magnetic disks) and vortex-antivortex pairs (in the case of magnetic ellipses) will be formed and their dynamic behavior in an external magnetic field will be studied. Depending on the strength and direction of the magnetic moment produced by the nanomagnet, a giant vortex state may form in the superconductor.. The structure of such state(s) will be explored using STM spectroscopy.  

• Tuning the confinement behavior of superconductors with magnetic domain walls: Superconductor-magnet hybrids comprised of thick (more than 500nm) permalloy films on the surface of thin superconductors provide a model system to study superconducting nanowires. Thick permalloy films form magnetic stripe domains with perpendicular anisotropy. The magnetic fringing fields of these domains suppresse superconductivity in the superconductor over a large region of the magnetic domain. Meanwhile, the superconductivity at the magnetic domain walls is practically unaffected. In this configuration, the striped domain walls encourage the formation of superconducting nanowires. Such magnetic-domain-induced superconducting systems will be defect free – analogous to delta-Si doping in 2DEG GaAs systems. This concept is the foundation for comprehensive studies of superconductivity in quasi-1D systems with the possibility of tuning the confinement continuously in the same sample. 

• Novel transport current switching in SC/FM bilayers: Building upon our recent success in manipulating vortex motion in a NbSe2/permalloy superconducting/ferromagnetic hybrid system, we plan to optimize the materials parameters to achieve the strongest possible superconductor-vortex/magnetic-domain coupling effect. We will study the possibility of modulating transport currents in a FM/SC bilayer by orienting the magnetic stripe domains with respect to the transport current direction, thereby offering a new type of superconducting switch using ferromagnetic/superconducting bridges. 

Technological applications of superconductors depend crucially on the value of the critical current, which is determined by vortex pinning. Enhancing pinning has been a major goal in developing new superconducting materials.  Artificial defects are effective pinning centers because the tendency of the normal core of a vortex is to be localized to a region where superconductivity is suppressed.  Recently, a new way to enhance the critical current near Tc was proposed through magnetic field pinning of vortices. By modulating the magnetic field throughout a superconductor using an array of nanoscale magnetic structures,, a pinning potential can be assembled which is temperature independent. Coating magnetic dot arrays and superconductor-ferromagnetic multi-layers with superconducting films has indeed led to improvements in critical currents close to Tc. However, the period of the magnetic field modulation is large (from micro or submicrometer), limiting the enhancement of the critical current to low magnetic fields (<100G). 

• Self-assembled nano-magnetic pinning of vortices: We will utilize ferromagnetic nanowire arrays embedded in nanochannels of porous aluminum oxide to modulate the magnetic field throughout the superconductor. The nanowire separation can be as small as tens of nanometers, enabling enhancement of the critical current up to much higher magnetic fields (2000~5000G). Rich and complex vortex pining behavior is expected due to the magnetic interaction between the ferromagnetic nanowires and superconductor vortices.

The details of the interaction between superconductivity and nanomagnetism are of fundamental interest and will undoubtedly play a role in future technologies, including classical and quantum computing.  Scanning tunneling microscopy (STM) facilitates visualization of the local electronic density of states in the vicinity of a single, isolated magnetic atom with atomic-scale spatial resolution. This will provide new insights into microscopic phenomena such as states (Kondo effect) and lay the foundation for developing a comprehensive picture from a microscopic point of view. 

• Exploration of spin impurities in superconductors with atomic resolution: We propose to investigate the interactions and interference effects between spin impurities in superconductors. In our first approach we will employ high-quality well-characterized Co-doped NbSe2 single crystals for low temperature STM studies. The existence of CDW in NbSe2 and competition between superconductivity, charge ordering and magnetic order could provide us with insights into mechanisms leading to the superconducting state in more complex materials such as HTSC. The second approach consists of depositing Co atoms onto a NbSe2 single crystal surface. In this way we will obtain a random distribution of magnetic atomic impurities on a superconducting surface. Furthermore, NbSe2 is characterized by a multi-sheeted Fermi surface that consists of a small pocket around the -point and two large quasi-2D sheets derived from Nb d-states.  Recent photoemission and thermal conductivity measurements indicate a multi-band superconducting state with anisotropic electron-phonon coupling.  Thus, the results obtained here will have relevance beyond NbSe2 and relate directly to the microscopic behavior of MgB2 as described above.

(ii) Superconducting Nanowires and ‘Shaped’ 3D Mesoscopic Structures

Free-standing superconducting nanowires will be highly desirable in future electronic nanodevices since they circumvent the damaging heat produced by energy dissipation in a normal nanoconductor with high resistance inversely proportional to its cross-sectional area. Furthermore, when Cooper pairs are squeezed into a small volume, their wave functions are strongly modified, and therefore, superconducting nanowires are expected to exhibit properties different from bulk materials.  For example, thermal and quantum phase slips are expected at high and low temperatures, respectively. Superconducting nanowires can also be ideal systems in which to study vortex lattices containing only one or a few rows of vortices.

• Investigation of Andreev reflection in nanoscale junctions: Our newly synthesized superconducting nanowires of niobium diselenide (NbSe2) and niobium nitride (NbN), which are robust under ambient conditions, enable us to investigate nano-superconductivity in clean crystals. We have already observed oscillations in the magnetic field dependences of the critical current and resistance in NbN nanowires. These preliminary results, such as the oscillations of Tc in magnetic fields, suggest that these nanowires will be novel systems exhibiting rich physical phenomena. We will pursue transport studies of individual nanowires of various diameters over a wide range of temperatures and magnetic fields. Furthermore, with these robust nanowires, we can make small junctions that will enable us to study Andreev reflection at the normal-superconductor (N-S) and ferromagnet-superconductor (F-S) nanoscale junctions. 
The properties of a superconducting sample are strongly influenced by its size as compared to fundamental superconducting length scales.  Recent experiments and theories have demonstrated a wide range of novel phenomena in 2-D mesostructures.  For example, symmetry-induced vortex-antivortex pairs have been predicted in square micrometer-sized aluminum (Al) samples. 
Our recent success in synthesizing and characterizing the superconducting properties of 3D mesoscopic type I superconductors of various shapes has demonstrated the novel magnetic flux behavior induced when the sample size is smaller than the superconducting intermediate-state domain periodicity. 

• Novel vortex states in controlled-shape 3D crystalline meso-superconductors: Well-defined one-, two- and three dimensional shapes can be self-assembled onto flat surfaces of graphite by controlling the electro-deposition conditions. In addition to wires, superconducting lead (Pb) samples can be formed in a plethora of 3-D shapes, such as pyramids, pentagons, needles and brushes.  These shapes cannot be made using conventional e-beam lithography and provide us with unique opportunities to delve into fascinating new phenomena associated with shape-effects at the mesoscale.  Fundamental phenomena, such as the local nucleation of superconductivity in relation to the competition between sharp corners and increased dimensionality, can be investigated with these samples.  In addition, the effects of multi-facets on the entry and exit of vortices and the formation of new vortex lattice structures confined by 3-D boundaries could be explored.  Finally, the vortex shape itself may be altered by such intricate fractal shapes as the 'snowflake' Pb mesoscale structure.  Thermodynamic measurements will be carried out with our novel nano-calorimeter and micro-Hall probe arrays. Preliminary results, highlighted in the technical progress section (f), already demonstrate a unique intrinsic flux trapping in these novel structures.

(iii) High Temperature Superconductors

Our comprehensive experimental and theoretical investigations of vortex behavior in high temperature superconductors based on high quality single crystal BSCCO and YBCO continue to uncover new phenomena and novel vortex phases which will impact future technological applications.  For example, our experimental work in characterizing the Josephson vortex and crossing lattice profiles in mesoscopic single crystal BSCCO mesas sculptured using focused ion beam has led to promising novel results such as the controlled emission of near-terahertz radiation, tailored Josephson vortex viscosity and prediction of novel composite vortex states (ie. tilted chain states of pancake and Josephson vortices).

• A HTSC terahertz source: We will continue to investigate the dynamic properties of Josephson-junction stacks realized in small mesas made out of layered high-temperature superconductors. Recent experiments demonstrated a rich spectrum of interesting effects in small-size stacks. The coherently moving Josephson vortex lattice in stacks of Josephson junctions may provide a tunable terahertz generator.  We will add metallic gratings to the top surfaces of such stacks in order to induce wave vector matching between the free-space THz-radiation and the plasma wave. The grating will enable emission from the large top surface (rather than the narrow side faces), thereby enhancing the obtainable THz-power. We will seek optimal configurations and estimate the emission power (in collaboration with L.Bulaevskii, LANL, and M./T. Tachiki, Tsukuba).  Furthermore, we will seek to generate THz-radiation from BSCCO mesas through asymmetric coupling in zero field.  We will investigate the factors determining the emission frequency and radiated power.

• Phenomenological theory for technological vortex pinning: We will elaborate on the theory of strong pinning in anisotropic superconductors by analyzing the elemental interactions between vortex lines and pinning sites of different shapes and composition (including also magnetic inclusions). We will explore the pinning phase diagrams, i.e., distinct pinning regimes differing by field and angular dependences of the critical current.  
We will investigate the role of thermal fluctuations and history effects and the role of anisotropy and layered structure.

• AC electromagnetic response of Josephson vortices: We will develop the theory of c-axis high-frequency response of the Josephson vortex lattice in layered superconductors.  Here, the interesting issues include the influence of Josephson vortices on the Josephson plasma resonance, the validity of the phenomenological vortex-oscillation description of the response, the excitation of the plasma mode at finite wave vectors mediated by the vortex lattice and the role of the in-plane dissipation. Our theory project is motivated by several recent experimental studies of the c-axis electrodynamic response to magnetic fields applied parallel to the layer direction in different high-temperature superconductors.  

• A microscopic theory of Josephson vortex dynamics for a quantitative description of the vortex liquid state: We plan to develop a microscopic theory, not available at present, of the dynamics of Josephson vortices in layered and Josephson-coupled mesoscopic superconducting structures.   It is common knowledge that transport characteristics of the normal state, such as the conductivity and/or the Hall constant, depend on the band structure.  In the superconducting vortex state, both these transport characteristics are determined by the spectrum of the bound states in the vortex cores. In layered systems the underlying band structure is not only different from that in isotropic materials but also dramatically affects the vortex core states.  Thus the combined band-structure and core-state effects will drastically change the vortex dynamics in layered superconductors.  We will use the modern formulation of the microscopic theory of non-stationary superconductivity using the framework of the Green’s function technique, which includes the quantum kinetic equation and takes into account inelastic and elastic interactions of electrons with phonons and impurities as well as the band structure of the host material.  We will focus on calculating the effective resistance and the Hall conductivity of the superconductor in the presence of Josephson vortices.  We will use the results to describe the vortex dynamics in the liquid state of layered superconductors quantitatively. 

• Vortex physics of thermal and quenched disorder in HTSC: In a comprehensive program combining experiment and theory, we will investigate the effects of thermal and quenched disorder on the nature of the vortex melting transition, the critical points on the melting line, and the static and dynamic correlations of the vortices in the disordered solid and enigmatic vortex liquid state.   In YBa2Cu3O7-d, the studies will include (i) the cross-over regime from 3D to 2D vortex melting transition at extremely high magnetic fields > 35Tesla (preliminary work reported in 2006) (ii) the quantitative determination of the disorder threshold limit for transforming a first order transition to higher order, (iii) the effect of the layered structure on vortex states in parallel fields, and (iv) new theoretical and experimental description of vortex pinning in the liquid state. 

h. Relationships to Other Projects: 
This effort enjoys strong collaborations with ANL materials science programs on Molecular Materials (58510), Emerging Materials (58916), Dynamics of Granular Materials (58806), Magnetic Thin Films (58918), MTI (59002), Directed Energy Interaction with Surfaces (58600), and the Electron Microscopy Center (58405); with other ANL Divisions including the Advanced Photon Source, the Center for Nanoscale Materials, Physics, Energy Technology, Chemistry, 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;
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