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This program theoretically investigates in-depth quantum dynamics, quantum phase transitions, and effects of disorder in strongly correlated systems.  The focus of the research is physics of nanoscale and mesoscopic structures with emphasis on charge and spin transport.  We will develop theoretical methods describing transport effects and related phenomena on mesoscopic scales, to gain understanding necessary for controllable design new nanomaterials with predefined properties.  We will study properties of novel hybrid systems, low- and high-temperature superconductors, as well as low-dimensional semiconductor structures, nanowires, and nanoarrays.  One of our main lines of research will be quantum transport and dissipation in low-dimensional systems, both pure and disordered. We will further concentrate on the properties of granular conductors capturing all the generic properties of strongly correlated disordered systems and most suitable for the experimental study since the degree of disorder and the effective strength of interactions can be tuned by the variation of the applied magnetic field.  We will investigate the role of quantum fluctuations, quantum kinetics, and quantum critical behaviors that play central role in transport and thermodynamic properties of low-dimensional systems.  We will study new mesoscopic behaviors in superconducting and magnetic hybrid materials subject to confinement and proximity effects.

Details Required:  
a. Facility Requirements: Not required. 
b. Publications: Supply only the number of publications produced during the past year
24 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 emerging new quantum kinetic phenomena, quantum transport, quantum phase transitions, and effects of disorder in low-dimensional, hybrid, and confined systems.
· Proximity effect and Andreev states mediated transport in superconductor/normal metal junctions and superconductor point contacts. 

We propose to use a scattering theory approach and semi-classical theory for the description of the Andreev reflection phenomenon and Andreev states mediated transport.  We plan to investigate quantum transport in superconducting point contacts, where transport is mediated by the Andreev states, in particular, we will study mesoscopic effects in small devices
· Quantum phase transitions in low dimensional and confined systems 

We will consider the quantum critical points realized in dirty superconductors of reduced dimensions under application of magnetic field.  Applying the strong magnetic field along the wires (or parallel to the film) one can drive the critical temperature down to zero and thus realize a quantum phase transition. 

· Transport through quantum wires and the role of dynamic phase transitions 

We will investigate effects of fluctuations on the normal state conductivity of a thin wire or a thin film in the vicinity of a quantum phase transition induced by an applied magnetic field. The physics of quantum phase transitions is crucial for our understanding of the low temperature transport of the superconducting quantum wires of ultra-small (few nanometers) diameter. 

· Quantum transport in hybrid structures

We will study the properties of novel hybrid systems containing small parts made of non-ferromagnetic and ferromagnetic normal metals, low- and high-temperature superconductors, as well as low-dimensional semiconductor structures, nanowires, and nanoarrays.   Hybrid structures including superconductor/normal metal/superconductor (S/N/S),superconductor/ferromagnet/ superconductor (S/F/S), Josephson junctions, and their various combinations are the material foundation for electronic and spin devices for the emerging nanotechnology.  
· Spin transport effects in hybrid and low dimensional systems 

We will investigate spin-dependent tunneling of electrons through magnetic nanostructures containing a mechanically movable quantum dot. We envision that the mechanically assisted current can be made strongly sensitive to an external magnetic field, leading to a giant magnetotransmittance effect for weak external fields of order 1–10 Oe.

· Soft condensed matter physics 

We plan to generalize the Ginzburg-Landau (GL) approach to the problem of coarsening in the granular systems.  

· Physics of qubits for quantum computing: effects of noise, dephasing and decoherence 

Successful prospective implementations of quantum algorithms require coherent operation, which can be destroyed by the interaction with environment.  The interaction with environment is specifically important for nanosystems for which environment must be considered as a part of the device.  That is why the theory of the interaction between the modern devices and environment leading to decoherence is central to nanophysics.  Several important results explaining recent experimental observations have already been obtained during the past three years.  Further development of theory of decoherence enabling optimizing performance of quantum devices is one of the main focuses of the future MTI program.  In particular, we plan to undertake detailed investigations of coherent performance of Josephson circuits and the related issues of mechanisms of quantum tunneling of Josephson vortex.
· Mesoscopic behavior of superconducting and hybrid nanodevices  

Transport behavior of superconducting nanodevices is controlled by Andreev states that form in the normal bridge between the superconductor leads.  Mesoscopic fluctuations may significantly influence transport characteristics of the superconducting contact, these effects will be a subject of our future studies.

d. Background: Not required.
e. Approach: 

V. M. Vinokur (75%), A. Lopatin (50%), I. Beloborodov (50%), A. E. Koshelev (25%), I. Aranson (25%)
f. Technical Progress: Supply a brief statement of highlights for FY2004-2005 progress.

Superconductivity in the multiband superconductor, MgB2
· Theory of fluctuations in two-band superconductor MgB2.

We have developed a theory of fluctuations for recently discovered two-band superconductor MgB2.  We generalize the standard Ginzburg-Landau (GL) by deriving the nonlocal two-band GL functional and the corresponding Time-Dependent GL equations from the microscopic theory of a two-band superconductor.  This enabled calculating the main fluctuation specific heat and conductivity.  
Vortex physics in high temperature superconductors

· A Theory of Competitive Localization
We have developed a theory for a new kind of localization in strongly correlated systems, where the interacting particles outnumber the number of localizing impurity sites.  This theory applies to the localization of three-dimensional vortex lines or two-dimensional bosons with a short-ranged repulsive interaction which are competing for a single columnar defect or potential well. For two vortices we use a necklace model approach to find a new kind of delocalization transition between two different states with a single bound particle. This exchange-delocalization transition is characterized by the onset of vortex exchange on the defect for sufficiently weak vortex-vortex repulsion or sufficiently weak binding energy corresponding to high temperature. We calculate the transition point and order of the exchange-delocalization transition.  These results are generalized to an arbitrary vortex number.  We have further investigated a two-dimensional (2D) Bose system with the long range interactions in the presence of disorder.  We predict the depinning crossover within the vortex liquid and depinning induced vortex lattice-Bose glass melting.

· Magnetic Flux Avalanches in Superconductors

The formation of a macroscopic current-carrying critical state in type II superconductors occurs via penetration of the magnetic flux front of pinned vortices from the surface of the sample.   This process is controlled by a highly nonlinear electric field-current density (E-J) characteristics E(J,T,B), which together with the Maxwell equations  determine macroscopic electrodynamics of superconductors.  Propagating magnetic flux causes Joule heating, giving rise to global flux jumps and thermal quench instabilities which are crucial for stable operation of current-carrying superconductors. The magneto-optical imaging revealed a new class of instabilities of the critical state, including magnetic macroturbulence, kinetic front roughening, magnetic avalanches and dynamic dendritic structures.  The latter have been observed both on high-Tc YBa2Cu3O7 and low-Tc (Nb), superconducting films, and most recently on the newly discovered MgB2. 

Mesoscopic superconductors

· Giant oscillations of energy levels in mesoscopic superconductors
We have investigated the effects of interplay of geometrical and Andreev quantization in mesoscopic superconductors and predicted 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 considered in detail: (i) one dimensional Andreev states in a quantum box, (ii) a single vortex in a mesoscopic cylinder.

· Loss of Andreev Backscattering in Superconducting Quantum Point Contacts
We have studied effects of magnetic field on the quasiparticle energy spectrum in a superconducting quantum point contact. The supercurrent induced by the magnetic field was found to lead to inter-mode transitions between the electron waves that can pass and cannot pass through the constriction. The latter experience normal reflections which couple the states with the opposite momenta inside the quantum channel and create a minigap in the low-energy spectrum depending on the magnetic field.
Quantum transport and hybrid structures
· Superharmonic Josephson relation at 0/pi junction transition


A non sinusoidal current phase behavior was observed in recent experiments in Superconducting/Ferromagnetic structures. The measured critical currents were two orders of magnitude off as compared to the past theoretical calculations. We have extended the theory of Usadel equations to take into account magnetic disorder. We then could extract from the temperature behavior of the first harmonics of the current-phase characteristics the amount of magnetic disorder. Using that value we could explain the observed sin 2 component 
· Charge transfer through the hopping insulator-superconductor interface

We have developed a theory for the unusual magnetoresistance of a contact between a hopping insulator (hopping semiconductor and granular material) and a superconducting lead based on the concept of the time reversal reflection.  We have shown that it is sensitive not only to the properties of the contact, but also to the mechanism of bulk conductance. This will allow discriminating between different mechanisms of hopping conductance even in the case when a sufficiently broad temperature window to study temperature dependences is not available
Quantum transport in granular conductors

A theory of hopping transport in the insulating state of a granular conductor was developed. The more then 30 years standing puzzle of the Efros-Shklovskii-like variable hopping was resolved.  It was shown that the variable range hopping transport occurs via a peculiar multiple co-tunneling mechanism the theory for which was constructed on the basis of our original technique of mapping of quantum mechanical interacting electrons onto a classical Coulomb gas.  The theoretical predictions were compared to the experimental results in the joint (together with the experimental group at the University of Chicago) work, and showed an excellent agreement with the experimental data.
Spin transport

· Orbital ac Spin-Hall Effect in the Hopping Regime
The Rashba and Dresselhaus spin-orbit interactions are both shown to yield the low temperature spin-Hall effect for strongly localized electrons coupled to phonons. A frequency-dependent electric field E(
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) generates a spin-polarization current, normal to E, due to interference of hopping paths. At zero temperature the corresponding spin-Hall conductivity is real and is proportional to 2. At nonzero temperatures the coupling to the phonons yields an imaginary term proportional to[image: image2.png]


. The interference also yields persistent spin currents at thermal equilibrium, at E=0. The contributions from the Dresselhaus and Rashba interactions to the interference oppose each other.

· Nanomechanics with spin-polarized electrons

Polarization of the spins of tunneling electrons, taking place in magnetic NEM-SET devices, makes possible a “spintronic” control the nanomechanical operations.  Different scenarios of developing of shuttle instability were predicted depending on the values of the external electric and magnetic fields. We have developed a theory of the magnetoconductance of magnetic NEM-SET devices. It was shown that the Giant Magnetoresistance effect (GMR) can be achieved in such systems at external magnetic fields as low as few Oersted.  A possibility of the DC spectroscopy of nanomechanical vibrations is suggested by shuttling of spin-polarized electrons.

Quantum kinetics and phase transitions
· Surface criticality and multifractality at localization transitions


We have developed the concept of surface multifractality for localization-delocalization transitions in disordered electronic systems.  We pointed out that the critical behavior of various observables related to wave functions near a boundary at the localization delocalization transition is different from that in the bulk. We illustrated this point with a calculation of boundary critical and multifractal behavior at the 2D spin quantum Hall transition and in a 2D metal at scales below the localization length.

Noise and decoherence effects in quantum devices

· Dynamics and relaxation in Josephson charge qubits
A theory of decoherence and energy relaxation in devices for quantum computation has been developed.  It was shown that dynamics and relaxation in Josephson charge qubits based on the so-called single Cooper pair boxes is dominated by dynamic defects, which can be expressed as quantum two-level systems.  These systems fluctuate in time due to interaction with the thermal bath creating random fields acting upon the qubit. An essential feature is that these fields obey the Lèvy statistics rather than the conventional Gaussian statistics. This fact manifests itself in a very peculiar qubit dynamics recently observed experimentally.

Since the Josephson qubits involve superconducting element, the charge exchange between the parts of the device and the dynamic defect occurs via a very specific time-reversed tunnelling similar to the famous Andreev reflection from a superconductor. We have developed a theory of energy relaxation in a qubit due to the time-reversed tunnelling. The theory allowed understanding the observed unusual temperature dependence of the energy relaxation rate in the Josephson qubits.
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) Photo assisted noise in mesoscopic structures

If a mesoscopic conductor is biased by an AC field the resulting DC current under normal condition will vanish. The zero frequency current noise instead can have a non trivial dependence on both the field intensity. For the case of quantum point contact this effect was predicted ten years ago by Levitov and Lesovik. Recently the Saclay group measured this effect and in particularly the predicted dependence on the transparency of the single mode conductor. The interest on this problem has been recently enhanced by the fact that electrons and holes generated by the AC field are actually created at the same time. There are proposal to exploit this property to create entangled states. Very recently the frequency dispersion of the photo assisted noise was considered for a quantum dot with a finite diffusion time. It was shown that for small field there is no dispersion at all. We will reconsider the same problem with a different technique, Usadel equations with counting field, and we expect to be able to obtain numerically the full counting statistics and the dispersion of the noise as a function of the AC frequency.  Our preliminary estimates showed that there exists a simple analytical form for the noise in terms of product of four Bessel functions. This confirmed our numerical predictions and allowed a much simpler understanding of the phenomenon.

 (ii) Shot noise spectroscopy of electronic spin-flip in quantum dots

A new direction of our research will be built on our past year study of the transport of polarized spins via quantum dots: we will study electronic spin relaxations in quantum dots (QD).  Our preliminary estimates show that spin-polarized electrons may serve as a powerful tool for this allowing for a new method of spectroscopic study of electronic spin-flip in QD. Below we present a short description of this new direction.  Confinement of electrons in a nanometer size QD reduces crucially relaxation of their spin degrees of freedom, allowing for an implementation of spin-transport based transfer of information. Experimental evidences that spin-flip time in QD can reach the millisecond range where obtained recently.  Measuring and understanding of such relaxation is a critical prerequisite to the spin-based quantum information processing. An advantage coming from the extremely weak spin relaxation might obviously be an obstacle for its experimental study, demanding an extremely high accuracy and sensitivity of the measurement.  We propose spin-polarized electrons as a spectroscopic probe for studying spin relaxation in QD.  Recently we have found that spin-dependent tunneling in combination with Coulomb Blockade phenomenon offers an unprecedented sensitivity to the low frequency shot noise and thus to the dynamics and relaxation of the electronic spin in QD, which results in giant super-Poissonic Fano factor allowing for the shot-noise spectroscopy of spin flip.  Developing a full theory for such a spectroscopy will be the aim of our future study. Firstly, we plan to develop the abovementioned research directions. In particular, the theory of decoherence in qubits due to non-stationary fluctuations of the “frozen” charges will be considered. These charges are strongly dependent on the manipulation protocol, which may be significantly optimized on the basics of the theory. Preliminary results (cond-mat/0601556) show that the frozen charges are indeed important. We will also extend the theory of non-Gaussian fluctuations in Josephson qubits to calculate not only the average output of qubits, but also the distribution of outputs. Measurements of the distribution functions will identify the decoherence mechanisms.
(iii) Quantum transport in disordered media

Hopping conductivity effects- The main direction we plan to concentrate on, is the theory of granular and hopping systems. First of all, we will undertake the generalization of the theory of charge transfer between hopping insulator and a superconductor to the case of non-Ohmic transport. We expect that studies of non-Ohmic effects will bring new understanding of the conductance of the hopping media. Another important related topic in this field is the theory of the Hall effect in granular media – the issue which is far from its complete understanding.

Universality of 1/f noise- We plan to concentrate on the theory of the low-frequency noise with the 1/f spectral density. Such noise is the actual limit of sensitivity of many devices. In our previous studies we came to the conclusion that in hopping systems the most important source of the 1/f noise is formation of specific “aggregates” with correlated distribution of occupation numbers. Multi-electron hops between the metastable electron configurations of such aggregates produce low-frequency random electrical fields acting upon the cluster of localized states conveying the current. We plan to develop the quantitative theory of this phenomenon allowing comparison with existing experimental results.
Magnetoconductivity of granular superconductors above the local transition temperature- We plan to study the magnetoconductivity tensor of a granular superconductor with high tunneling transparency between grains at temperatures above the local transition one.  We will build our approach on the original mapping of a granular system to the layered superconductor in the perpendicular magnetic field.  We expect that the weak localization corrections to the magnetoresistance together with the variety of the fluctuations corrections whill produce a rich picture of crossovers in the temperature behavior of magnetoconductivity, and we envision the method of “fluctuation spectroscopy” for the characterization of the granular material to appear as a result of our studies. Indeed, according to our preliminary estimates, the longitudinal magnetoreconductivity due to the competition of the corresponding contributions, can change its sign. This fact, together with the simultaneous fitting of transversal and longitudinal components of magnetoconductivity versus temperature permits to define the microscopic parameters of the granular material.
Transport in strongly interacting disordered Luttinger liquid-  We intend to develop a systematic approach to the problem of transport in strongly interacting disordered Luttinger liquids.  In particular, we will study the transport properties of pinned charge-density waves. We will calculate the conductivity as a function of temperature, frequency, applied electric field, and the strength of disorder.  At high temperature and/or frequency, we will employ the bosonization techniques to study the classical dynamics of the strongly interacting system in the presence of disorder.  We will analyze quantum corrections to the conductivity that expected to yield information on the crossover to the strong localization regime.  We further plan the study of the regime of lower temperatures, where the strong localization effects should take place.  We expect that a metal-insulator transition in the charge-density wave state will occur at certain critical temperature.  We plan to analyze the corresponding critical behavior.  Further, we intend to study the low-temperature transport in the presence of a thermal bath (e.g., phonons).  A particular attention will be paid to the non-linear transport properties (creep).

Point contact spectroscopy of hopping transport – We propose an experimental realization allowing for detailed investigation of an elementary hopping event.  It is based on the hopping transport through the constriction with a size less than the typical hopping length.  The choice of the pair of sites responsible for the hop through a constriction is more restrictive than in the bulk, therefore the resistance of the corresponding device is dominated by a pair of sites supporting a hop through the constriction.  Our preliminary estimates showed that (i) The statistics of the magnetoresistance allows obtaining information concerning the geometry of the elementary hop; (ii) The interference contribution to the resistance related to the effect of the underbarrier scattering exhibits Aharonov-Bohm oscillations allowing collection of information about the inter-site scattering potentials; (iii) The proposed device should enable detecting spin accumulation effects affecting the interference contribution to resistance, and (iv) It also gives a unique possibility for a direct study  of the spin-orbital effects in hopping .

(iv) Dynamics of Josephson vortices in layered superconducting structures

We expect that conductivity and the Hall constant, which, in the normal state, are known to depend on the band structure of electrons, will be crucially coupled to both the normal-state characteristics of the layered structure and to the spectrum of Andreev states associated with vortices [see, N.B. Kopnin,   Theory of Nonequilibrium Superconductivity  (Oxford University Press, 2001)]. The proposed research is aimed at developing the microscopic theory of Josephson vortex dynamics which is not available at present. We will also study the effects of noise on vortex dynamics governed by quantum dissipation associated with the Zener transitions between the core states. These transitions are the only source of friction in ballistic superconductors at low temperatures. We expect that noise stimulates the transitions thus extending the dissipative regime down to very low temperatures.
(v) Nonequilibrium properties of mesoscopic superconductors

In quantum SINIS structures we expect profound effects of nonstationary external fields such as gate or bias voltages on the level structure and transport.  Resonant tunneling between the Andreev levels controlled by a nonstationary gate voltage has been shown to lead to a drastic increase in the dc current through the contact.  We plan to find out the detailed current voltage dependence in the presence of inelastic relaxation.  We will study noise in superconducting nanostructures such as quantum SINIS contacts using the microscopic nonequilibrium theory.  We expect profound effects of quantum interference of Andreev and normal reflection processes in the contact on the noise characteristics.  We plan to study transport in mesoscopic Andreev wires, i.e., normal conductors surrounded by superconducting environment of sizes comparable with the superconducting coherence length. Vortices in type II superconductors and filamentary intermediate state of type I superconductors in addition to artificially fabricated SN heterostructures can be the examples of such Andreev wires.  In contrast to the usual conductors, the heat conductance of ballistic Andreev wire appears to be substantially lower than what can be obtained from the Wiedemann-Franz law using the normal electrical conductance of the wire due to much smaller group velocity of the Andreev modes. We expect that the effects of mesoscopic fluctuations of the energy levels in Andreev wires of a finite diameter will lead to a substantial increase in the effective heat conductance.

(vi) Transport in hybrid structures.  
(a) Bias-controlled indirect exchange in the ferromagnetic nanostructures under the Coulomb blockade effect.  We will formulate a theory of a reversible switching of the magnetic state of magnetic nanoparticle with a tunnel coupling to another ferromagnet. The switching is controlled by the gate voltage applied to the nanoparticle assumed to be in a regime of the Coulomb blockade.  As a result, the switching takes place without any dissipative current through the structure and in this sense is similar to the effect of external magnetic field.  
(b) Transport through S/F/S structures.  We plan to consider the Josephson effect in S/F/S structure in the case of nonhomogeneous exchange field in the ferromagnet that describes the ferromagnetic domain structure.  This calculation is essential for comparison to experiments, while most of the theoretical works have been devoted to the case of homogeneous ferromagnets. We will study the dependence of the Josephson current on the size of domains and investigate the behavior of the triplet superconducting component that can arise in such structure.  Also we plan to explore the density of states at the free surface of S/F bilayer in the same assumptions of nonhomogeneous magnetization of ferromagnetic layer.  We will investigate the influence of ferromagnetic domain structure on the Josephson effect in SFS system and the density of states at the ferromagnetic surface of SF system. The role of the triplet superconducting component and the related effects will be demonstrated.
h. Relationships to Other Projects: Include only if collaborations or coordinated efforts are important in accomplishing the proposed work.
Our program strongly interacts and collaborates with other MSD scientific programs and groups: Superconductivity and Magnetism (FWP 58906), Neutron Scattering (FWP 58701), Granular Materials (FWP 58806), (58403), CMR (FWP 58802), Emerging Materials Group, and Surface Magnetism (FWP 58830).   We have been  carrying out joint research projects integrating into Argonne projects visitors from other DOE Laboratories, Los Alamos National Laboratory and Brookhaven National Laboratory, and universities: University of Chicago; Harvard University; Syracuse University, Princeton University; Texas A&M University; University of Maryland, University of California-San Diego, University of California-Davis; Ruhr University, Bochum, Germany; Erlangen University, Germany; Karlsrueh University, Germany, Birmingham University, UK; Bar-Ilan University, Israel; Weizmann Research Institute, Israel; University of Tokyo, Japan; Tsukuba University, Japan; National Research Institute for Metals, Japan; ETH Zurich, Switzerland; Ecole Polytechnique, France; ISSP, Chernogolovka, Russia; Landau Institute, Russia; University of Cologne, Germany; Leiden University, The Netherlands; MIT; Stony Brook University; Oslo University, Norway; Helsinki University of Technology; A.F.Ioffe Physico-Technical Institute, Russia; Chalmers University, Sweden; Washington University, Seattle; Institute for Physics of Microstructures, Nizhny Novgorod, Russia; Institute for Nuclear Physics (St. Petersburg); Forschungszentrum Juelich, Germany, Bordeaux University, France.  These collaborations have already resulted in approximately 50 publications during past three years that received approximately 170 references. 

i. NEPA Requirements Required: Indicate whether the NEPA review and assessment has been completed in accordance with DOE NEPA Compliance Order 451.1B. Contact Mark Kamiya, EQO, extension 2-2704, regarding specific NEPA requirements.
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: Give an itemized list of deliverables under the proposal.

l. Performance Measures and Expectations: Describe the performance measures described as outcomes and the expectations for achieving those measures by which the success of the proposal will be measured.
m. ES&H Considerations: Describe the ES&H hazards arising from performance of the proposed work and mitigating actions to protect the workers, the public, and the environment.

n. Human or Animal Subjects Activities: Provide a narrative description of the human or animal subject activities if applicable.
o. Security Requirements: Identify applicable security requirements.
