Guidelines from DOE:

FWP #: 58906
FWP Title: Superconductivity and Magnetism
B&R Code: KC-02-02-02
Principal Investigator (last name first): Kwok, W. K.
Work Proposal Description: 
This program makes in-depth experimental and theoretical investigations of novel superconducting and magnetic materials and issues important for the fundamental physics of innovative materials and applications.  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 magneto-transport, magnetization, calorimetry, and various unique scanning microprobes.  On the theoretical side, we emphasize the analytical derivation of measurable properties, the phenomenological description of complex behavior that 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 behavior of the novel graphite intercalated compound CaC6, disorder in the two-band superconductor MgB2, the novel physics in crossing lattices of co-existing Josephson and pancake vortices in anisotropic superconductors, the phase transitions induced by controlled defects in high temperature superconductors and the new vortex behaviors found in mesoscopic superconducting crystals. Our future research will focus on the new physics found in superconducting and magnetic hybrid materials that are subjected to confinement and proximity effects.
Details Required:  
a. Facility Requirements: Not required. 
b. Publications: 37 publications
c. Purpose: Supply a short (few lines) bulletized statement of goals for FY 2007-2008.

Our goals for FY2007 and 2008 are to investigate the properties of high temperature and new superconductors and to explore novel meso and nanoscopic phenomena in superconducting and magnetic materials, which are subjected to confinement and proximity effects.

Magnetic Response of Superconductors

• Phase transition studies of unique vortex matter states induced by disorder in the high temperature superconductor YBa2Cu3O7-d (YBCO).

• Phase diagram of new layered superconductors, CaC6.

• Dynamics of Josephson vortex lattice in stacks of Josephson junctions and generation of THz-radiation from mesoscopic mesas of Ba2Sr2CaCu2Ox (BSCCO).

• Theoretical and experimental studies of crossing vortex lattice states in highly anisotropic superconductors. 

• Superconducting fluctuations in two-band superconductors. 

Confinement and Proximity Phenomena in Meso and Nanoscopic Superconductors

• Nanocalorimetry, µ-Hall probe and magneto-transport studies of vortex transitions in nano/meso-structured superconductors. 

• Scanning tunneling microscopy studies of novel vortex transitions in hybrid superconducting/magnetic crystal-heterostructures. 

• Direct microscopic probing of interactions and interference effects in doped superconductors.

Coupled Magnetic Systems
• Domain-wall induced superconductivity in ferromagnetic/superconducting hybrids. 

d. Background: Not required.
e. Approach: 

W. K. Kwok (30%), G. Karapetrov (35%), A. E. Koshelev (35%), M. Iavarone (40%), V. K. Vlasko-Vlasov (10%), V. M. Vinokur (25%), U. Welp (35%), Z. Xiao (15%)
f. Technical Progress: Supply a brief statement of highlights for FY2004-2005 progress.

Superconductivity in the multi-band superconductor, MgB2
• In a comprehensive study of off-axis epitaxial MgB2 thin films we found that the spectroscopic peak associated with the  gap is reduced on the film surface while the feature representative of the  gap is present, with varying intensity. This study brings us closer to the viability of MgB2 thin films for use in planar junctions. In collaboration with the Penn State Univ group (Prof. X.X.Xi), epitaxial thin films of MgB2 were grown on (110) yttrium stabilized zirconia by hybrid physical-chemical vapor deposition. X-ray measurements showed an epitaxial MgB2 growth having the c-axis tilted by 32° with respect to the normal to the substrate, consistent with the atomic force microscopy images of the sample. Using scanning tunneling spectroscopy, we performed a full mapping of the quasi-particle density of states on the surface of the film and obtained tunneling spectra characteristic of the off-c-axis tunneling direction.  

• We studied the breakdown of the Ginzburg-Landau theory in two-band superconductors (collaboration with A. Golubov, Univ. of Twente, The Netherlands). The superconductivity in MgB2 resides in the quasi-two-dimensional bands (-band) and three-dimensional band (-band). We demonstrated that due to this unique band structure, the anisotropic Ginzburg-Landau theory does not have an applicable region because of the breakdown in the gradient expansion in the c direction. In the case of a dirty -band, we derived the simplest equations which describe the properties of such multi-band superconductors near the critical temperature Tc and explored the consequences of these equations.  We developed the theory of fluctuations for MgB2 (collaboration with A. Varlamov, Coherentia-INFM-CNR, Rome, Italy).  From the microscopic theory, we derived the nonlocal two-band GL functional which enabled us to calculate the main fluctuation observables such as the fluctuation specific heat and the conductivity. The temperature dependencies of these quantities were found to be qualitatively different from standard ones.
Vortex physics in high temperature superconductors

• We theoretically investigated the vortex lattice structures and the magnetic oscillation of the critical current in small-size stacks of intrinsic Josephson junctions as modeled in a BSCCO single crystal mesa. Depending on the size of the mesa and the applied magnetic field, the oscillation period can be either one flux quantum per junction (narrow-stack regime) or half flux quantum per junction (wide-stack regime). The crossover between these two regimes were studied in detail. In the small-stack regime, the Josephson vortex lattice periodically transforms between triangular and rectangular configurations.

• We performed angular-dependent magneto-transport measurements on Josephson junction stacks of pure BSCCO and intercalated BSCCO.  For both, enhanced dissipation is observed when the external field is closely aligned with the CuO2 planes.  However, whereas the angular range of enhanced voltage decreases with increasing applied field strength in the pure BSCCO mesa as is expected for the lock-in transition, in the intercalated sample, this range increases with field.  This behavior is caused by the dynamic coupling of pancake and Josephson vortices which is more pronounced in the higher-anisotropy intercalated material.

• Through controlled introduction of correlated defects induced by heavy ion irradiation, we discovered a new transformation line in the vortex liquid state of YBCO. This line is marked by the presence or absence of a vortex line tension.  A comparison with flux transformer experiments and angular dependent magneto-transport measurements on twinned crystals and melt-textured samples with in-plane dislocations showed a common upper threshold for this line tension transformation line.  Our results indicate a possible upper limit to increasing the irreversibility line in high temperature superconductors and may have significant implications for technological applications.
•  We have developed a theory for competing localization of vortex lines on columnar defects and predicted a novel delocalization transition in the vortex liquid state which separates the 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.

Nanostructured superconductors
• Using µ-Hall probe magnetometry, we investigated the quantized entry and exit of magnetic flux in 3D micron-sized Pb-crystallites.  The range of stability for states of different vorticity was determined, and the results indicate that confinement effects in Pb meso-crystal induce a novel transition from type-I behavior at high temperatures to type-II behavior at low temperatures.

• We investigated the occurrence of terraced vortex states that have been predicted to arise in samples with periodic pinning centers using magnetization and magneto-optical flux imaging.  Regions with different values of uniform vortex density, corresponding to integer and/or simple fractional filling factors, are expected to form under flux gradient driven dynamics.  Even though the critical current density of our Nb/AAO samples displays clear commensurability effects, we do not detect any indications of a terraced state in local flux density profiles obtained from the magneto-optical images.  Instead, the local flux distribution is well described with a conventional critical state model.  Our results show that the self-fields generated by the supercurrents in our thin-film samples are about 70 Oe, and much smaller than the matching field, typically 1500 to 2300 Oe.  Therefore, the terraced state does not form in these samples, and our results show that its observation would require the fabrication of bulk samples with periodic pinning centers.

• We demonstrated the possibility to control and manipulate the motion of pancake vortices in layered superconductors. Their strong coupling to Josephson vortices allows us to guide pancakes along the in-plane field direction. Artificial sites for nucleation of pancake vortices were fabricated by focused ion beam (FIB) patterning of the crystal edges. The vortex pancakes nucleated at these sites were transported to rectangular storage elements that were also FIB cut into the middle of a BSCCO crystal sample.

• We succeeded in imaging new vortex configurations in sculptured nanoscale channels in single crystal NbSe2 using low-temperature STM.  We developed a reliable new process which maintains the integrity of the single crystal throughout the invasive Focused Ion Beam (FIB) sculpturing process, which allowed us to preserve the atomically flat surface of NbSe2, a tenet for STM explorations.  The process involves electroplate-filling of the FIB sculptured pillars, and subsequent cleaving of the back side of the single crystal to expose an atomically flat surface. Au-filled islands become embedded in the nano-patterned NbSe2 crystal and appear at the intersection of the FIB grooves due to the double etching time in these regions. We performed scanning tunneling spectroscopy (STS) measurements on our prepared sample at 4.2K in various applied magnetic fields. The sequence of obtained STS images reveals a series of dimensional phase transitions in the vortex configurations due to lateral confinement of the vortices resulting from the nanopatterned channels.  The single vortex quanta arranged in a regular 1D vortex chain re-organize into sets of 2D vortex chains (regularly spaced 2, 3, 4, etc. chains) as the magnetic field is increased.  To our knowledge, this is the first direct STS image of vortices in a confined structure and paves a new route for investigating vortex transitions with nanoscale spatial resolution.

• We developed a novel method of synthesizing NbSe3 charge density wave and NbSe2 superconducting nanowires (in collaboration with 58916).  The NbSe3 nanostructures range in length from 0.1mm to a few millimeters with diameters from 20nm to 700nm.  NbSe2 nanowires and nanoribbons are synthesized through direct conversion of these NbSe3 nanostructures through reduction of selenium.  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 found characteristics of hotspot effects arising from Joule heating in transport measurements. 

• We established synthesis procedures for the new carbon intercalation superconductor CaC6 (in collaboration with 58916). Clear steps in the specific heat confirm the bulk nature of the superconducting state.  The phase diagram was determined from specific heat, magnetization and magneto-transport measurements. A surprisingly low value of ~3 for the superconducting anisotropy was found. This result indicates the presence of partially filled s-like electronic states that are derived from the Ca-atoms.

• We investigated the magnetic interactions in epitaxial bi-layers of ferromagnetic LCMO and superconducting YBCO using magneto-optical flux imaging.  The LCMO layer displays arrays of parallel quasi-periodic twins, which induces an oscillatory pattern of the magnetic fringe fields.  These couple to the vortex system in the YBCO film producing anisotropy in the flux penetration and critical current.

g. Future Accomplishments: This is the heart of the technical proposal. In a few paragraphs, give adequate information for the program manager to judge the worth of the proposal.

(i) Vortices in nano/mesoscopic NbSe2 structures

Our success in directly imaging vortices with an STM in a nano-patterned single crystal opens new opportunities to image vortex phase transitions in confined geometries. In a mesoscopic circular disk sample composed of a few Abrikosov vortices, theory predicts an entirely new kind of mesoscopic superconducting state, the giant vortex state.  The giant vortex state contains multiple flux quanta that are distributed homogeneously over the entire disk. The giant vortex state represents a qualitatively new magnetic behavior for superconductors, which will be important in micro- and nano-structured materials.  Using our methodology we will directly probe the elusive transition from an Abrikosov state to a multi-quanta giant vortex state in mesoscopic NbSe2 and Pb single crystals.


The normal excitations in the core of a giant vortex are in coherent quantum states (Andreev states) which form concentric conducting channels whose number depends on the magnetic field.  This creates a new class of nanometer-size conductors with tunable conductance: Andreev wires.  In particular, using the tip of a STM as nano-contacts, one can realize a low-dissipative quantum switch with the conductance being either zero or finite, depending on the magnitude of the magnetic field. We have developed a comprehensive approach to calculate the I-V characteristics in these samples.  The combined experimental and theoretical approach will bring us closer to the realization of a dissipationless quantum switch. 

We will investigate in detail, the mesoscopic effects in submicron-size hybrid superconductor-normal metal-superconductor structures.  Transport through these structures which are the basis of any point superconductor device is mediated by Andreev states within the normal bridge.  The position of these levels is highly sensitive to the size of the device and the microscopic features of the composing materials.  Thus the transport characteristics of the devices will experience strong mesoscopic fluctuations which are critical in the interpretation of the experimental data and on the design of mesoscopic superconductor-based devices.

(ii) Local density of states near magnetic impurities


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.  STM allows the 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 resonance states (Kondo effect) and lay the foundation for developing a comprehensive picture from a microscopic point of view. 


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 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.

(iii) Shape controlled superconducting 3-D meso-structures


The properties of a superconducting sample are strongly influenced by its size with respect 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. We propose to extend these studies into the new regime of 3-D superconducting mesostructures where the physics is largely unexplored. 

These studies will be enabled by our recent success in synthesizing superconducting meso-structures via electrochemical self-assembly.  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, a plethora of 3-D shapes such as pyramids, pentagons, needles and brushes can be obtained for superconducting lead (Pb) samples.  These shapes are hardly achievable through conventional e-beam lithography and provide us with unique opportunities to delve into fascinating new phenomena associated with shape-effects at the mesoscale.  Fundamental questions such as the local nucleation of superconductivity related to the competition between sharp corners and increased dimensionality could be addressed with these samples.  In addition, the effect 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 in a '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 transformation of superconducting behavior from type I to type II with decreasing temperature in these novel structures.

(iv) High Temperature Superconductors


Mesoscopic vortex behavior in confined structures will be pursued in high temperature superconductors where, unlike conventional superconductors, an extensive vortex liquid phase occupies much of the vortex phase diagram.  Such studies will be made possible by the newly acquired focused ion beam (FIB) system in the MSD Electron Microscopy Center.  Preliminary studies have been conducted on a micro-bridge sculpted from a single untwined YBa2Cu3O7-d crystal.  The high quality of the sculptured bridge was underlined by four probe transport measurement at high magnetic fields, which clearly indicated the characteristic 'kink' associated with a first order vortex lattice to liquid transition in this meso-structure.  Such small and clean micro-bridges will enable the vortex study of single twin boundary or columnar defect pinning in YBCO in the liquid state.

In a comprehensive program combining experiment and theory, we will investigate the effect 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 correlation of the vortices in the disordered solid and the 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, (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. 


We will investigate the influence of pancake vortex stacks on the dynamics of a rapidly moving Josephson vortex lattice using transport measurements (in collaboration with Y. Latyshev, Institute of Radio-Engineering and Electronics, Moscow). Mesa-like structures will be fabricated from single crystal BSCCO using the FIB technique. When a magnetic field is applied along the layers, the current drives the Josephson vortex lattice along the layers. Due to relatively weak intrinsic dissipation, the Josephson vortices can be accelerated to very high velocities. When the magnetic field is tilted at a small angle with respect to the layers, the c-axis field component generates a small concentration of pancake stacks. The moving Josephson vortex lattice forces oscillations of the pancake stacks leading to additional dissipation which retards the motion of the JV lattice. It is important to note that there is a typical oscillation frequency at which this effect is maximal. As a consequence, the pancake vortex contribution to the I-V dependence of the Josephson vortex lattice is expected to be nonmonotonic. The influence of pancake vortex stacks can be quantitatively described by the excess current that is necessary to maintain the same speed of the JV lattice in the presence of the extra losses due to pancake vortices. We found earlier that the pancake vortex contribution to the I-V dependence is indeed nonmonotonic.  However, the experimental curves also have a feature, which does not exist in a simple model: the saturation of the excess current at larger voltages. Interpretation of this feature requires a more elaborate theoretical analysis, which we plan to pursue.

We will investigate the dynamic properties of Josephson vortex lattice in stacks of junctions with small lateral sizes of the order of several Josephson lengths.  Such junctions are 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 provides a possible realization of a tunable terahertz generator.  We will incorporate metallic gratings on the top surface of the stack in order to induce wave vector matching between the free-space THz-radiation and the plasma wave.  Furthermore, the grating will enable emission from the large (as compared to the narrow side faces) top surface, thereby enhancing the obtainable THz-power. We will find optimal configurations and estimate the emission power (in collaboration with L.Bulaevskii, LANL, and M./T. Tachiki, Tsukuba).

h. Relationships to Other Projects: Include only if collaborations or coordinated efforts are important in accomplishing the proposed work.
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; 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 SuperPower, Schenectady, NY; American Superconductor Corp, Westborough, MA.

i. NEPA Requirements Required: NEPA review and assessment has been completed in accordance with DOE NEPA Compliance Order 451.1B

j. Explanation of Milestone (if applicable): Provide an explanation of the milestones presented on the second page of the task proposal (item 25). The purpose is to assist program manager in determining the value of the proposal and to track progress of funded work.
k. Deliverables: N/A

l. Performance Measures and Expectations: N/A
m. ES&H Considerations: Normal ES&H considerations associated with laboratory work as outlined in Argonne’s ES&H manuals will apply
n. Human or Animal Subjects Activities:  N/A
o. Security Requirements: N/A
