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	b.  Publications
Number of publications from this FWP for FY 2006: 27
c. Purpose
Our goals for FY2008 and 2009 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.

Effects of disorder in strongly correlated systems

· Nature of Coulomb glass and the universality of 1/f noise

We will study the statistics of local energy minima in the configuration space and the energy relaxation due to activated hopping in a system of strongly correlated interacting electrons in a random environment.  We expect that the distribution of the local minima is exponential, and we elaborate on the approach to derivation of the energy distribution based on the extreme value statistics considerations.  We will perform large scale computations to investigate the relaxation of the system energy.  If, as expected, the system will show logarithmic in time energy relaxation behavior, this will evidence the hierarchical structure of the system.  This in its turn will explain the fundamental long-standing problem of striking universality of the 1/f noise in strongly correlated systems.

· Glassy behavior of the vortex matter

Vortex glass is the system with the complex multi-scale structure of the intrinsic energy barriers.  This implies the intrinsic multiscale nonstaionary dynamics of vortex glass: all the scales participate in the vortex motion simultaneously.  As a result, vortex glass exhibits aging effect. We will study aging, memory and associated non-stationary and transient phenomena that manifest themselves in switching, depinning, and ac critical response of type II superconductors.

· Instability-limited critical performance of superconductors

We plan to develop quantitative description and characterization of critical performance of type II superconductors. The crucial issues include the determination of the critical current and its relation to the given material characteristics.  We will focus on the problems of plastic vs. elastic depinning, the nature of the critical current and the role of avalanches and instabilities in formation of critical current, and the possibilities of self-healing/self-hardening effects, i.e. engineering of structures where critical current is controlled by the operating current itself.

Quantum dynamics

· Proximity effect and Andreev states mediated transport and noise 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 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: Kondo shuttling

We will investigate spin-dependent tunneling of electrons through magnetic nanostructures containing a mechanically movable quantum dot.  We plan to investigate (i) Ratchet effects in asymmetric shuttles; (ii) Non-adiabatic spin shuttles. Kondo shuttles near the shuttling instability point; and (iii) Nano-mechanical spin manipulation.

Quantum phase transitions

· 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.

e. Approach: 

V. M. Vinokur (75%), A. Glatz  (80%), A. E. Koshelev (10%), I. Aranson (10%)
f. Technical Progress: 

Superconductivity in multi-band and layered superconductors

· Phase Textures Induced by dc-Current Pair Breaking in Weakly Coupled Multilayer Structures and Two-Gap Superconductors

We have predicted the current-induced formation of equilibrium phase textures for a multicomponent superconducting order parameter. Using the two-component Ginzburg-Landau and Usadel equations, we have shown that for weakly coupled co-moving superconducting condensates, the dc current causes the breakdown of the phase-locked state followed by the formation of intrinsic phase textures well below the depairing current. These phase textures can manifest themselves in multilayer structures, atomic Bose condensate mixtures in optical lattices, and two-gap superconductors, particularly MgB2, where they can result in oscillating and resistive switching effects.  The predicted structures were observed in the bi-layer superconductor structures by Stanford experimental group (in collaboration with University of Wisconsin).

Mesoscopic superconductors

· Resonance energy and charge pumping through quantum SINIS contacts

We have proposed a mechanism of quantum pumping mediated by the spectral flow in a voltage-biased superconductor/insulator/normal-metal/insulator/superconductor quantum junction and realized via the sequential closing of the minigaps in the energy spectrum in resonance with the Josephson frequency. We have shown that the pumped dc current exhibits giant peaks well exceeding the magnitude of the Josephson critical current at resonance values of the bias voltage (in collaboration with Helsinki Technical University).

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 2p component (in collaboration with CRTBT-CRNS Grenoble).

· 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 (in collaboration with Oslo Univesity)

Quantum phase transitions in granular conductors

Insulating state of granular superconductors in a strong-coupling regime: We have investigated a possibility for the formation of the magnetic-field-induced insulating state in a two-dimensional granular superconductor with relatively strong inter-granular coupling.  We have shown that such a state appears in a model with spatial variations of the single-grain critical magnetic field.  The proposed model describes realistic granular samples with the dispersion in the grain sizes.  The described scenario of developing the insulating state of the strongly coupled array of superconducting granules offers a e mechanism leading to an experimentally observed giant peak in the magnetoresistance of granular superconductors (in collaboration with Landau institute, Chernogolovka).

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([image: image2.png]


) 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 [image: image3]2. At nonzero temperatures the coupling to the phonons yields an imaginary term proportional to[image: image4.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 (in collaboration with Oslo University, Beer-Sheva University, and Ioffe Institute at St. Petersburg, Russia).

Noise and decoherence effects in quantum devices

· Decoherence of a qubit by non-Gaussian noise at an arbitrary working point

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 (in collaboration with Oslo University and Columbia University, NY).
· Non-Gaussian Low-Frequency Noise as a Source of Qubit Decoherence.

We have investigated decoherence in a qubit with the distance between the two levels controlles by random flips of bistable fluctuators.  For the case of a single fluctuator we have derived an exact expression for the phase-memory decay in the echo experiment with a resonant ac excitation.  The echo signal as a function of time shows a sequence of plateaus. The position and the height of the plateaus can be used to extract the fluctuator switching rate and its coupling strength.  We have described the shape and time dependence of the echo signal and shown that it can deviate significantly from those obtained in the Gaussian model (in collaboration with Oslo University and Columbia University, NY).
Vortex physics in high temperature superconductors

· Competitive localization of vortex lines

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 (in collaboration with Max Planck University, Potsdam).
· 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 (in collaboration with University of Wisconsin and Free University, Amsterdam).

g. Future Accomplishments: 

(i) Low-voltage noise quantum quantum devices

(in collaboration with Oslo University and Helsinki Technical University)
In many of the modern quantum devices the read out is based on utilizing Landau-Zener transition effect.  If these transitions are induced by noise, this dramatically reduces the stability of these devices as well as their sensitivity (the accuracy of the read out function).  Thus the problem of the noise-induced Landau-Zener transitions is becoming one of the central and most intense studied in the physics of quantum devices.  While the effects of the high frequency noise have already been addressed recently, the important problem of the low-frequency noise remains open.  We will analyze the role of flicker noise produced by the structural defects of the environment.   The expected results are crucial for optimizing performance of quantum devices in question.  On the technical side we will be using the modified approach of stochastic differential equations; the extensive computational component will be necessary to solve the problem in cases of practical interest.

We will focus, in particular, on the performance and the effects of the current noise in long SINIS junctions at low temperatures.  We expect that the character of the noise will be very sensitive to the population of the sub-gap Andreev states which under the applied current appear to be far from the equilibrium even at low bias voltages.  Nonequilibrium distribution establishes due to the interplay between the voltage-driven inter-level Landau-Zener transitions and the intra-level inelastic relaxation.  We will show that, for sufficiently weak inelastic relaxation rate, the Fano factor is enhanced drastically, being proportional to the number of times which particle can fly along the Andreev trajectory before it escapes from the level. Combining data on the average dc current and noise one can fully characterize the non-equilibrium kinetics in SINIS junctions.

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

(in collaboration with Chalmers University, Goteborg)
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

(in collaboration with Columbia University, Oslo University, Helsinki Technical University, University of Birmingham, Tor Vergata University, Roma; Karlsruhe University, and Universityof Beer-Sheva)

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) Kondo shuttling

(in collaboration with The Abdus Salam International Centre for Theoretical Physics, Tel-Aviv University, and Chalmers University, Goteborg)

 
The resonance spin effects in nano-electro-mechanical (NEM) devices (shuttles) have been considered in recent publication (Kiselev, M.N., Kikoin, K., Shekhter, R.I., and Vinokur, V.M. (2006): Kondo Shuttling in Nanolelectromechanical Single-Electron Transistor, Physical Review B 74, 233403).  It has been shown, that the resonance (Kondo) tunneling is enhanced by the nano-mechanical motion of the shuttle charged by odd number of electrons at high (compared to the resonance width) temperature.  This enhancement occurs due to the interplay between the Breit-Wigner and Abrikosov-Suhl resonances.  For the shuttle charged by even number of electrons, the effect is even more pronounced.   It has been shown, that the nano-mechanical motion may induce the Kondo effect in the Single Electron Transistor (SET) due to the interplay between singlet and triplet spin states of the shuttle.  This effect opens a possibility for the nano-mechanical spin manipulation in the shuttling devices.


Building on the obtained fundamental results we plan to build the long term researchprogram on spin nano-mechanics and Kondo shuttling which will focus along the following lines:

· Ratchet effects in asymmetric shuttles— The study of rectification in NEM-SETs is important for the effective spin filtering (spin diodes or Kondo diodes), spin pumping, and the design of new spintronic devices.  The rectification can be achieved either by asymmetry of the shuttle trajectory or by partially spin-polarized contacts. We plan to develop a theory of spin shuttling in ratchet devices and investigate the spin/charge pumping and current rectification.
· Non-adiabatic spin shuttles: Kondo shuttles near the shuttling instability point—
We plan to extend our theory developed for the adiabatic regime to the non-adiabatic conditions when the frequency of the shuttling is assumed to be larger compared to the resonance width (Kondo temperature).  The important question to address is whether a bi-stability point associated with shuttling non-linearity exists in the spin transport and how to describe decoherence (dephasing) effects in the vicinity of the shuttling instability.
· Nano-mechanical spin manipulation— We will extend our theory of singlet-triplet shuttling to the configurations involving other multiplets (e.g. doublet-quartet etc) and develop a theory of magnetic response functions for out of equilibrium Kondo shuttles.  The key feature of nano-devices (quantum dots, molecular transistors, metallic nano-islands etc) is the quantized (discrete) structure of their energy levels. In this sense, the nano-devices in question can be viewed as artificial atoms controllable and tunable electronic structure.  Namely, attaching nano-device to the contacts, subject to external electric/magnetic fields, irradiation allows fine tuning of their characteristics and achieve the degree of control that could never been dreamed for when dealing with the real atoms.  For example, the proposed nano-mechanical spin manipulation enables transforming the artificial atom from non-magnetic to magnetic state by small-amplitude mechanical oscillations between (nonmagnetic!) contacts which also participate in spontaneous magnetization process: just imagine making a Cu atom magnetic by mere shaking it between the golden leads!
(v) Dynamics of Josephson vortices in layered superconducting structures

(in collaboration with Oslo University and Helsinki Technical University)

Dynamics of vortices has always been a challenging problem in the physics of superconductivity since it determines the response of a superconducting device to the applied dc and ac electric fields.  A considerable theoretical progress here has been recently made for bulk isotropic superconductors where both the conductivity and the Hall coefficient were calculated for various temperatures and for a wide interval of electronic mean free path [see N. B. Kopnin and V. M. Vinokur: “Dynamic vortex mass in clean Fermi superfluids and superconductors.” Phys. Rev. Lett. 81, 3952, (1998) and N. B. Kopnin and V. M. Vinokur, “Superconducting vortices in a.c. fields: Does the Kohn theorem work?” Phys. Rev. Lett. 87,17003 (2001)].  However, vortex dynamics in very clean (ballistic) superconductors and in layered materials as well as in other Josephson-coupled structures still remains unexplained despite the pressing quest for a quantitative theory driven by the explosive growth of area of applications of superconducting Josephson nanostructures.

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.

We will further study the vortex dynamics in ballistic superconductors governed by quantum dissipation associated with comparatively rare Zener transitions between the core states induced by motion of a vortex near impurity atoms. These transitions are the only source of friction in ballistic superconductors at low temperatures. We expect that noise in impurity positions with respect to the vortex stimulates the transitions considerably thus extending the dissipative regime down to much lower temperatures. Using the quantum kinetic equation and the full quantum-mechanical description of the vortex-core levels in the presence of separate impurity atoms we will calculate the rate of the noise-mediated interlevel transitions which determine the energy dissipation, the vortex viscosity, and thus the effective resistivity of a type-II ballistic superconductor.

(vi) Transport in hybrid structures.  

(in collaboration with A F Ioffe Institute, St. Petersburg)

(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
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:   NEPA review and assessment has been completed in accordance with DOE NEPA Compliance Order 451.1B

m. ES&H Considerations:  Normal ES&H considerations associated with laboratory work as outlined in Argonne’s ES&H manuals will apply



