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	b.  Publications
10 articles in refereed journals in 2004, 5 articles in refereed journals in 2005

c.  Purpose

Our goals for FY2006 and 2007 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 will start from the analysis of the transport properties of a nanowire attached to a semi-infinite superconductor (S) in a magnetic field applied parallel to the superconductor surface.  Next, we propose to analyse the transport characteristics of the Josephson junction S-constriction-S in a magnetic field parallel to the S surface.  In the second stage of the Project, we will analyse the specific transport properties of a quantum channel attached to a superconductor with trapped vortex lines perpendicular to the S surface.  We will use the developed technique to investigate quantum transport in superconducting point contacts, where transport is mediated by the Andreev states.

· Transport and phase transitions in granular materials

This is a comprehensive program aimed at a full microscopic description of thermodynamic and transport properties of granular conductors.  We will develop a technique allowing for the unified description of the granular conductors in whole range of parameters in both insulator and metallic regimes.  The proposed technique will be based on the so-called sigma-model that well describes the metallic domain.  We will also develop the approach for description of the insulating state and the variable range hopping behavior.  Finally we investigate and develop a theory of the metal-insulator and insulator-superconductor transitions.  The central theme of the program is a comprehensive study of the effects of interplay between the Coulomb interactions (Coulomb blockade), disorder, and inter-granular coupling.  One particular case of such a transition calls for an immediate detailed research: Experiments on granular superconductor films revealed peculiar behavior in the course of transition from superconductor to normal state upon variation of the applied magnetic field.  While at zero and moderate magnetic fields the film is a superconductor and as 
expected becomes a normal metal at high fields, it turns insulator at intermediate values of the magnetic field.  We plan detailed investigation of the nature of this insulating state and the mechanism of the transition. We propose a scenario based on the suppression of the superconductivity in the fraction of the grains, while the rest of them remain superconducting.  In the situation when there is no percolation over the superconducting or normal grains only, the transport is suppressed due to the Coulomb blockade.

· Quantum phase transitions in low dimensional and confined systems 

Quantum criticality plays a crucial role in the variety of quantum physical phenomena such as quantum magnetism, nanoscale superconductivity, and even possibly in the high temperature superconductivity.  The challenge for theory is twofold: First, it is desirable to identify experimentally accessible systems experiencing quantum phase transitions.  Second, these systems should allow for a systematic and comprehensive theoretical description.  Motivated by these ideas 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.  The goal of this program is to investigate mechanisms of magnetic field driven quantum phase transition and the role of quantum fluctuations in formation transport properties of low-dimensional and confined systems.

· 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. Such wires are the key elements of the future quantum coherent devices such as quantum computers.  The finite temperature conductivity of a superconducting quantum wire is controlled by thermally excited phase slips and is well described by the corresponding Langer-Ambegaokar-McCumber-Halperin theory [BL6,7]. The low temperature transport properties of superconducting quantum wires are not well understood, in particular, and the possible low temperature phases are not identified yet.  Our study of low temperature transport will start with the developing rigorous identification schemes of possible insulating and superconducting phases and the phase transitions.  Then we will 
construct a theory of low temperature transport in superconducting quantum 
wires controlled by the zero field tunneling processes – phase slips generated by quantum fluctuations.  

· 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.  They reveal a rich variety of new phases and novel transport properties directly governed by quantum mechanical laws on nanoscales.  Building on our achievements and success in investigating these structures we will investigate quantum transport through superconducting point contacts (realizing S/N/S structure), quantum tunneling in Josephson junctions, transport through S/F/S and F/N/F structures (the latter can serve as a dissipationless  spin valve) and their combinations.

· Spin transport effects in hybrid and low dimensional systems 

The main route to future electronics is employment of electron spin, as well as other spin degrees of freedom. This new field – spintronics – developing explosively, yet many fundamental issues remain unclear.  In particular, there is no systematic method to describe spin transport through the strongly nonequilibrium systems.  This is the fundamental problem since the statistics of spin degrees of freedom differs both from Fermi and Bose statistics.  The complicated commutation relations between the spin operators do not allow simple description quantum kinetics of spins.  The problem of spin electron transport has been already addressed at MTI, and we plan further development of this research direction. 

In particular, 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.  In our previous description we assumed that the diffusion of gas was infinitely fast, therefore the equation for the gas diffusion has been replaced by the global mass 
conservation constraint.   Now we plan to omit (relax) this constraint and to account for a finite gas diffusion.  The resulting description will 
include two similar GL equations, one for the precipitate density and another for the density of the gas.  We expect that this will allow us to resolve the existing discrepancy between experiment and theory in describing the cluster size distribution function.

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

Computations based on quantum bits, qubits, promise an enormous gain in solving difficult problems such as the optimization of the route of a traveling salesman or the factorization of large numbers.  Whereas classical bits are based on two-state systems represented by the numbers 0 and 1, qubits make use of the quantum concept of superposition of states of two-level systems, thus representing a continuous manifold of states varying between 0 and 1.  Though the concepts of superposition and entanglement underlying quantum computation have been experimentally demonstrated with a few qubits defined in microscopic quantum systems such as trapped ions or nuclear spins within a suitable molecule, practical implementations of a quantum computer require a sufficiently large number of coherent qubit operations, roughly more than at least 10,000.  Here the realization of qubits in solid states circuits is believed to be a most promising approach to scalable quantum computation.  

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. 

e.  Approach
V. Vinokur (50%), I. Beloborodov (100%), A. Lopatin (80%) – Note: the figures reflects not funding but the time spent.

f.  Technical Progress
·  A Theory of Competitive Localization

Project leaders: V. Vinokur and A. Lopatin; project visiting expert: J. Kierfeld, Max-Planck Institute, Potsdam, Germany

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.  Formation of the bound states at strong impurity sites gives rise to a depletion of the superfluid density.  We predict the intermediate superfluid state where the condensate and localized bosons are present simultaneously. We find that interactions suppress localization and that with the increase of the boson density the system experiences a sharp delocalization crossover into a state where all bosons are delocalized.  Mapping our results onto a 3D system of vortices in type II superconductors in the presence of columnar defects we predict an intermediate vortex liquid state where vortex liquid neighbors pinned vortices. We predict the depinning crossover within the vortex liquid and depinning induced vortex lattice-Bose glass melting.

· Magnetic Flux Avalanches in Superconductors

Project leader: V. Vinokur; project visiting expert: A. Gurevich, University of Wisconsin
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. These instabilities are rather characteristic of superconductors, besides they also display remarkable similarities with other dendritic instabilities in crystal growth, nonequilibrium chemical and biological systems, and crack propagation. We performed numerical studies of non isothermal dendritic flux penetration in type-II superconductors.  We propose a generic mechanism of dynamic branching of a propagating hotspot of a flux flow/normal state triggered by a local heat pulse.  The branching occurs when the flux hotspot reflects from inhomogeneities or the boundary on which magnetization currents either vanish, or change direction.  Then the hotspot undergoes a cascade of successive splittings, giving rise to a dissipative dendritic-type flux structure.  This dynamic state eventually cools down, turning into a frozen multi-filamentary pattern of magnetization currents.  More recently we performed numerical and analytical studies of coupled nonlinear Maxwell and thermal diffusion equations which describe nonisothermal dendritic flux penetration in superconducting films.  We showed that spontaneous branching of propagating flux filaments occurs due to nonlocal magnetic flux diffusion and positive feedback between flux motion and Joule heat generation.  The branching is triggered by a thermomagnetic edge instability which causes stratification of the critical state.  The resulting distribution of magnetic microavalanches depends on a spatial distribution of defects. Our results are in a good agreement with experiments performed on Nb films.

· Theory of Coarsening far from the Equilibrium

Project leader: I. Aranson; Project visiting expert: B. Meyerson, Hebrew University, Jerusalem, Israel 

The dynamics of large assemblies of macroscopic particles are poorly understood, especially when inter-particle interactions are strongly dissipative. Additional complications arise when the grain size is less than 0.1 mm, and non-trivial contact interactions come into play. As small particles acquire an electric charge, the dynamics are governed by the interplay between long-range electrostatic and short-range contact forces. On the other hand, an efficient electrostatic excitation of granular media becomes possible here, and offers new opportunities for investigation and control. 

We developed a continuum model for the phase separation and coarsening in electrostatically driven granular media. The theory is formulated in terms 
of a Ginzburg-Landau equation subject to conservation of the total number of grains. In the regime of well-developed clusters, the continuum model is used to derive “sharp-interface” equations that govern the dynamics of the interphase boundary. The model captures the essential physics of this system.  More recently we performed the experimental study of cluster size distributions in electrostatically driven granular submonolayers. The cluster size distribution in this far-from-equilibrium process exhibits dynamic scaling behavior characteristic of the (nearly equilibrium) Ostwald ripening, controlled by the attachment and detachment of the “gas” particles. The scaled size distribution, however, is different from the classical Wagner distribution obtained in the limit of a vanishingly small area fraction of the clusters. A much better agreement is found with the theory of Conti et al., which accounts for the cluster merger.

· Vortex State excitations in Soft Magnetic Submicron-Size Elements

Project leader: V. Novosad, Surface Magnetism Group (FWP 58830); project visiting expert: K. Guslienko, Seagate

Submicron magnetic particles of regular shapes (rectangular, cylindrical, etc.) attracted much attention during the last few years.  Spatial confinement and finite-size effects fundamentally alter magnetic properties of the elements.  These effects are critical to new technological applications, such as patterned magnetic media, memory cells, spintronics devices, etc. calling for an adequate theoretical description of magnetic properties of individual patterned particles.  The magnetization distribution within a magnetic particle and it’s dynamic properties are controlled by the interplay between the finite size of the particle and shape-induced modifications of their magnetic behaviors. The competition between different energies results, in general, in non-uniform magnetic states. 

The curling-type or vortex magnetization state is a ground state of ferromagnetic disk-shaped sub-micron samples.  This essentially non-linear state can be interpreted as a part of a two-dimensional magnetic topological soliton adapted to the particle shape to minimize the total magnetic energy.  We investigated spin excitation spectra of soft-magnetic cylindrical elements in the vicinity of the equilibrium vortex state. Spin excitations in the vortex state are substantially different from those in the uniformly magnetized state. An example is the appearance of a low-frequency mode associated with movement of the vortex as a whole. We have demonstrated that the vortex core in thin submicron dots undergoes a spiral motion with sub-GHz frequency.  The low-lying part of excitation spectrum in sub-micron magnetic particles is mainly determined by the long-range dipolar forces arising from oscillations of surface and volume 
magnetic charges. Therefore the eigenfrequencies are determined by the demagnetizing fields of the magnetic element.

These fields can be strongly non-uniform in non-ellipsoidal samples or if the static magnetization distribution essentially differs from uniform state. The spectrum of vortex spin excitations is quantized due to particle's restricted geometry. Our approach is based on the consideration of small dynamic oscillations over the centered vortex ground state. These dipole dominated spin excitation modes have eigenfrequencies well above the vortex core translation frequency for the given dot sizes. Analytical calculations of the vortex eigenfrequencies are supported by numerical micromagnetic simulations. The high-frequency radial vortex excitation modes were recently detected experimentally. 

· Quantum transport

Project leader: V. Vinokur; project visiting experts: Nikolay Kopnin, Helsinki University (Finland), Fabio Pistolesi, Laboratoire de Physique et Modelisation des Milieux Condenses CNRS-UJF Grenoble (France), Yuri Galperin, Oslo University (Norway), Yuval Gefen, Weizmann Research Institute, Rehovot (Israel).

We have developed a theory of transport in Andreev wires and superconducting point contacts.   He studied effects of disorder on the low energy single particle transport in a normal wire surrounded by a superconductor.  He showed that the heat conductance includes the Andreev diffusion decreasing with increase in the mean free path l and the diffusive drift produced by a small particle-hole asymmetry, which increases with increasing l thus showing a minimum as a function of l which leads to a peculiar re-entrant localization as a function of the mean free path.  

We proposed a theory of the full counting statistics of a charge shuttle.  The stochastic process of electron tunneling is described by a master equation were time dependent tunneling rates are induced by the motion of the central island.   The behavior of the system is controlled by two dimensionless physical parameters, the oscillation amplitude divided by the tunneling length a, and the probability that one electron jumps in the grain during the one period of time T.  At small a, the system behaves like a static junction.  At large a, the system enters the shuttling regime.  In general this reduces the noise/current ratio (Fano factor), since at each cycle the number of electron transmitted fluctuates very little. 

The experimental measurements of the ratio between the amplitudes of the peak in the noise spectrum near zero frequency and the recently reported peak at the spin Larmor frequency as a method to identify the mechanism of the spin-dependent tunneling is proposed.  He constructed a theory of the low-frequency noise spectrum in the tunneling current through a single molecule with a spin based on the tunneling mechanism proposed by L. Bulaevskii and demonstrated that this ratio is almost independent on tunneling amplitudes and depends only on magnetic field and spin polarization in the leads.

We had investigated the phenomenon of the Coulomb blockade and found that transport and spectral properties of quantum dots depend crucially on the relative signs of the couplings of (consecutive) dot's levels to the external leads.  He had further found that the filling of dot's levels with electrons, as the gate voltage is varied, may exhibit non-monotonicity, owing to the competition between dot-lead tunneling and Coulomb correlations.   It is a manifestation of the fact that electron(s) occupying a restricted region in space (e.g. a quantum dot) blockades the passage of other electrons, owing to electrostatic interaction.  

· Quantum transport in granular conductors

Project leaders: Igor Beloborodov and Andrei Lopatin 

A theory of transport in a granular metallic system with the large tunneling conductance between the grains is constructed.  At low temperatures, where thermal fluctuations are less than the single mean energy level spacing, , in a granule, the coherent electron motion at large distances dominates transport.  In the high temperature region conductivity is controlled by the scales of the order of the size of the granule.  The critical value of tunnel conductance gTC at which the metal-insulator transition occurs was found.  The obtained results compare favorably with the logarithmic dependence of resistivity in the high-Tc cuprate superconductors indicating that these materials may have a granular structure on the nanometer scale.

· Spin transport

Project leader: V. Vinokur; project visiting experts Robert Shekhter and Leonid Gorelik, Chalmers University (Sweden), Dima Feldman, Brown University 

We have demonstrated the possibility of manipulating the magnetic coupling between two nanomagnets with the help of the ac electric field.  In the suggested scheme, the magnetic coupling was mediated by a magnetic particle contacting both of the nanomagnets through the tunnel barriers.  The electric field provides a successive suppression of the barriers and leads to pumping of magnetization through the mediating particle. Time 
dependent dynamics of the particle magnetization allows switching between ferro- and antiferromagnetic couplings.
g.  Future Accomplishments

1. Proximity effect and Andreev states mediated transport in superconductor/normal metal junctions and superconductor point contacts
We will carry out thorough theoretical investigations of transport properties of quantum channels (nanowires) attached to a superconductor placed in an external magnetic field. In particular, we will focus on the study of the diffraction effects for the electron waves emitting from the channel end into a superconducting electrode. The supercurrent induced by the magnetic field causes the phase difference between the partial Andreev reflected hole waves. The resulting interference of the back-reflected holes near the channel end is responsible for the coupling of the electron waves with opposite momenta inside the quantum channel. This interference phenomenon strongly depends on the concrete distribution of the superflow in a superconductor near the channel end and, therefore, is sensitive to the electrode geometry and magnetic field strength and orientation. Thus, the magnetic field provides a possibility to control the interplay between the normal and Andreev backscattering in the nanowire. We will study the effect of such interplay on the low energy quasiparticle spectrum in a quantum channel connecting two superconducting electrodes. The normal backscattering induced by the magnetic field in such Josephson junction should be responsible for the opening of a minigap in the quasiparticle spectrum providing, thus, a possibility to control the low temperature transport properties. We also plan to focus on the theoretical analysis of the tunnelling from the single mode quantum channel into vortex core states. This study is of particular importance for the understanding of the experimental data on the scanning tunnelling spectroscopy of the mixed state in type-II superconductors.  The project will be carried out in collaboration with A. Melnikov (Institute for Physics of Microstructures, Nizhny Novgorod, Russia) and N. Kopnin (Helsinki Technological University)

2. Transport in hybrid structures  
(i) Theory of a 2-junction  We will construct a theory for a new kind of the superconductor/ferromagnet/superconductor (S/F/S) structure, the so-called novel 2-junction.  It was predicted long ago that two superconductor electrodes separated by a short ferromagnetic layer (spacer) can exhibit could show a -phase difference at equilibrium, instead of the usual zero phase, and thus form a so-called -junction.  This would lead to a current-phase relation that is qualitatively 
different from the tunnelling Josephson junction: I=Icsin().  Varying the temperature, the length of the ferromagnetic layer, and exchange field, one can alter the absolute value and the sign of Ic.  When Ic becomes negative, the -junction forms.  A striking finding is that at certain choice of parameters of the device, Ic changes continuously from the positive to negative value by tuning the temperature and assumes the Ic =0 value at some temperature near the transition point. The direct measurement of the absolute value of the critical current shows however that it does not vanishes exactly, but remains finite.  Shapiro steps measurements suggest that this finite value of Ic can be explained by the appearance of the second harmonic term Ic2sin(2 in critical current, which remains finite at the temperature where the first harmonics vanishes.  The theory of this phenomenon is absent.  We predict that the second harmonics appears due to strong spin-flip scattering that is present in the ferromagnetic layer, and we will use Usadel equations technique to include spin-flip scattering and derive expressions for the first and second harmonics.  The typical length for the ferromagnetic layer is of the order of the coherence length, this will require solving the full nonlinear Usadel equations.  Our results will provide explanation for experiental observations and open new route for design of the new class of S/F/S junctions with the tunable phase shift.  The project will be carried out with Fabio Pistolesi (Laboratoire de Physique et Modelisation des Milieux Condenses CNRS-UJF Grenoble (France)).
(ii) 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.  This project will be done in collaboration with V. Kozub (A F Ioffe Institute for Physics and Technology, St. Petersburg, Russia)

(iii) 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.  This project will be carried out Y. Fominov (Landau Institute, Chernogolovka, Russia), K. Efetov and A. Volkov (Ruhr University, Bochum).

3. Transport and phase transitions in granular materials

We will investigate phase transitions in the superconducting granular film upon variation of the applied magnetic field.  Experiments revealed that on its way from superconductor to normal metal, the film experience the transition into an insulating state.  We will demonstrate that this effect is caused by the Coulomb interaction which leads to the globally insulating state in the mixture of superconducting and normal grains even at large intergranular conductance. This case of the Coulomb blockade is due to superconductivity, while the system is a good metal when all the grains are normal.  Making use of the results for the Coulomb gap, we will calculate the resistance of the sample. These theoretical findings will explain the experimental results on the insulating state in superconducting granular films at moderate magnetic fields. The tendency to the normal state of the whole sample at large magnetic field is described by the suppression of superconducting order parameter, which releases the Coulomb blockade.  The tendency to the superconducting state of the sample at low field is described by taking into account weak Josephson coupling of superconducting grains.

We will further study Coulomb effects in granular metals in the regime of low and intermediate coupling between the grains. We will introduce an effective description in terms of phase variables and further map the problem to the classical gas of Coulomb charges that takes into account elastic co-tunneling processes.  The processes of quantum tunneling of real electrons are represented in this technique as trajectories (world lines) of charged classical particles in d+1 dimensions.  We will show that such processes are central to the description of the metal-insulator transition in granular arrays.  We expect that for an array with external electrostatic disorder, the elastic co-tunneling processes will lead to hopping conductivity in granular metals.  We believe that this technique will allow us to also take into account the inelastic contribution to conductivity.  All this will enable us to construct the first quantitative theory for the variable range hopping conductivity in granular conductors and to further advance a theory of the metal-insulator and superconductor-insulator transitions.  This project will be done in collaboration with K. Efetov (Ruhr University, Bochum), F. Hekking (CRTBT-CNRS, Grenoble), and A. Mirlin (Karlsruhe University).
4. Quantum phase transitions and quantum kinetics in low dimensional systems

The finite temperature conductivity of a superconducting quantum wire is controlled by thermally excited phase slips and is well described by the corresponding Langer-Ambegaokar-McCumber-Halperin theory.  The low temperature transport properties of superconducting quantum wires are not well understood and the possible low temperature phases are not identified yet.  Our study of low temperature transport will start with the developing rigorous identification schemes of possible insulating and superconducting phases and the phase transitions.  Then we will construct a theory of low temperature transport in superconducting quantum wires controlled by the zero field tunneling processes, phase slips, generated by quantum fluctuations.  

We will develop a comprehensive theory for transport in low-dimensional granular conductors.  This will include the following subprojects:

(i) Conductivity of a single grain.  The current theory developed by Efetov, Vinokur, Beloborodov and Lopatin describes the conductivity in the regime where it is dominated by inter-grain tunneling making the assumption that the number of effective channels is large.  We plan to generalize this theory for an arbitrary number of channels and describe the crossover regions. We envision that the generalized theory will be able to explain lnT behavior of the electrical resistivity observed in a 
wide range of T's in granulated films and underdoped Cu-oxides.
(ii) Multi-grain regime. We are going to extend the theory developed by Glazman et al. on the regular array of granules by including disorder into the consideration.

(iii) Disorder and dynamical gap formation in 1D. We will argue that such models as disordered sine-Gordon are equivalent to models of disordered semiconductors in the weak disorder limit when the number of solitons is small.

This project will be carried out in collaboration with S. Scheidl (Koeln University), Ya. Blanter (TU Delft), and A.Tsvelik (Brookhaven National Laboratory).
5. Physics of qubits for quantum computing and effects of noise, dephasing and decoherence: Coherent performance of low-dimensional systems

The phase coherence effects are ubiquitous in all the nanoscale and mesoscopic systems and are especially important in superconducting devices.  Since the ground state of a superconductor is a coherent state of Cooper pairs with a given phase, the effective functioning of superconducting devices requires maintaining coherence during the operation period.  The main mechanisms breaking down phase coherence is the interaction with an environment. If the environment contains dynamical degrees of freedom, then it produces non-stationary fields, which induce spatial variation of the phases of the wave functions.  In particular, since the phase of the electron wave function is sensitive to electromagnetic fields, a good electromagnetic environment is crucial for a proper performance of quantum devices.  A special mechanism of decoherence, the spin dynamics is of the prime importance: since the only quantum states that interfere are the states with the same spin, the coherence is effectively destroyed by spin dynamics (and, vice versa, quantum interference is important for spintronics).  

The phase coherence is specifically important for realization of algorithms for quantum computation.  An example of experimental realization of a qubit is a system with the so-called Cooper Pair Box.  The SCPB is a small superconducting island connected to a closed superconducting loop by Josephson junctions.  A superconducting gate electrode placed near the SCPB induces charges on the latter and in this way allows tuning its Coulomb energy.  By a proper choice of the gate voltage one can equilize the energies of the states with n and n +1 Cooper pairs, and a single Cooper pair can be transferred from the lead to the island at no energy cost.  The variation in the Cooper pairs’ number is facilitated by the Josephson coupling between the leads and the box.  Since this energy depends on the phase drop on the Josephson junction it can be tuned by the magnetic flux embedded in the closed superconducting loop. The crucial problem in implementation of quantum algorithms is now to insure the longest possible period during which the coherent evolution of a qubit (or other logic element) will persist.  Decoherence that limits possibilities for realization of quantum computers.  Several fundamental problems arise: what are the intrinsic sources of decoherence, what is the role of the environment in its evolution, and, most importantly, how one can restrict its destructive influence?  We address these issues in the following sub-projects:

5.1 Interaction between quantum logical elements and their environment 

There were several attempts to develop quantitative description of the environment-induced decoherence, and references therein for a review.  In particular, it was experimentally demonstrated [GA8] that decoherence depends strongly on the particular operation parameters.  An important step towards the theory of decoherence has been done in the earlier work where a model for a qubit interacting with the charge fluctuations was developed.  This model enabled us to explain some of the experimental results.  On the conceptual side, it was understood that the non-Gaussian character of the noise induced by environment is very important.  Yet many important issues are far from being understood.  Accordingly, we identify the following goals:

· Developing stochastic quantum Langevin equation approach to construct a theory of decoherence due to charge variations in the environment; 

· Analysis and optimization of the operation conditions for Josephson qubits; 

· Studies of the role of correlations in the environment-produced noise, acting upon different elements of the block performing quantum computation; 

· Generalization of our results for the systems of different type, e. g. Josephson junction- based quantum gates

5.2 Coherent spin-dependent tunneling 

An example of quantum dot is a magnetic cluster placed at a surface below the tip of an STM.  It was recently observed [GA10] that (i) Tunneling current in such system depends on the magnetic field; (ii) There is a narrow spectral line at the spin Larmor frequency in the current noise.  These results evidence coherent spin-dependent tunneling, however, the full understanding of the tunneling mechanism is absent.  To identify the tunneling mechanism we have recently proposed to study the low-frequency tail in the current noise.  We have found that the ratio between the peak intensities at zero and Larmor frequency is a universal function of the applied magnetic field and the spin polarization. 

· We will generalize the developed theory to extend the description on various experimental situations.  Since the spin interacts mostly with the tunneling electrons, the system is essentially the out-of-equilibrium one.  We will generalize Abrikosov-Maleev technique onto the non-equilibrium spin dynamics and apply the developed technique to several other problems of spintronics.
This project will be carried out in collaboration with Yu. Galperin (Oslo University, Norway), B. Altshuler (Princeton University), and M. Fistul (Ruhr University, Bochum)

6. Fluctuations in two-band superconductors 

We will develop the theory of fluctuations for the two-band superconductor MgB2.  Since the standard Ginzburg-Landau (GL) approach fails in the description of its properties, we will generalize it by basing it on the microscopic theory. We will derive the nonlocal two-band GL functional which will allow us to calculate the main fluctuation observables such as fluctuation specific heat and conductivity. This project will be carried out in collaboration with A. Varlamov ( University of Rome)
h. Relationships to Other Projects
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), CMR (FWP 58916), Surface Magnetism (FWP 58918), Condensed Matter Theory (FWP 59001), and Synchrotron Radiation Studies (FWP 58926).  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; 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. 




