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Work Proposal Description:   Condensed matter theory research programs in the Materials Science Division are currently carried out in the areas of superconductivity, spectroscopy, magnetism, and nanoscience, with emphasis on synergistic interaction with various experimental programs within MSD and ANL.  This work has been recently recognized by the awarding of the 2003 Nobel Prize in Physics to Dr. Abrikosov.

Details Required:  
b. Publications: Number of publications from this FWP for FY 2005: 12

c. Purpose: Condensed matter theory research contacts the materials research program at ANL through a mix of individual theoretical studies, and collaborative studies with the experimental groups. These frequently involve detailed modeling of complex materials and phenomena for which new theoretical methods and concepts are developed as needed.

e. Approach: A. Abrikosov (100%), A. Koshelev (50%), K. Matveev (100%), M. R. Norman (100%), V. Vinokur (50%), A. Klironomos (Postdoc) (100%), P. Sharma (Postdoc) (100%), I. Paul (Postdoc) (100%)

· f. Technical Progress: A proof was found that Migdal’s theorem for phonon mediated models of high temperature superconductivity still applies despite the large Tc due to bad screening of the Coulomb interaction in these metals.

· An explanation was proposed for the linear T resistivity of cuprate superconductors above Tc from a particular model for the pseudogap. 

· The strong change of the Hall number near the quantum critical point of YbRh2Si2 was shown to be a consequence of its complex Fermi surface.

· We have discovered a new spin resonance at incommensurate wavevectors in  the superconducting state of YBCO based on linear response (RPA) theory.

· The dispersion kink for nodal electrons in cuprates can be explained by singular nodal-antinodal scattering due to spin fluctuations.

· We have discovered a large momentum anisotropy of photoemission spectra in cuprates that is associated with the anisotropic pseudogap.

· We found that the spin exchange in quantum wires is exponentially small at low carrier densities, leading to a suppression of the conductivity.

· Contrary to expectation, we demonstrated that backscattering of majority spin electrons by impurities is suppressed when the spin polarization exceeds 20%.  This may lead to a new design for efficient spin filters.

· We have studied the decay rate of metastable current states in double barrier resonant tunneling structures.  Our results are potentially important for computing applications and for spin transfer devices.

g. Future Accomplishments: In connection with new experimental results of Tom Rosenbaum’s group at the University of Chicago, we plan to calculate the longitudinal magneto-resistance of non-stoichiometric silver chalcogenides, using the same quantum linear magnetoresistance model that explained previous Hall and transverse magnetoresistance data in these materials.

We would like to explore in detail a mechanism of very high temperature superconductivity proposed in 1977, namely for a semimetal with a large mass ratio between hole and electron carriers.  In this model, the heavy holes play the same role as ions do in BCS theory.  We wish to establish a reliable criterion for the carrier mass ratio, and, in the case of a reasonably large value, analyze the superconducting properties of such a material.  We will also consider a related model based on a sandwich of two metals with carriers of opposite charge with a large mass ratio.

Much attention has been focused on Fourier transforms of STM data, and how the resulting wavevectors from such transforms are related to ARPES data.  One problem with interpreting the STM data is that there are a variety of effects that can give rise to these transforms.  It turns out that a quantity related to the STM transforms can be directly constructed from ARPES data.  This is the autocorrelation function that compares data at a wavevector k to that at k+q, where q is the transferred momentum.  This is a measure of the joint density of states.  Our plan is to collect enough data to accurately evaluate this autocorrelation function and see how it compares to the STM transforms as a function of energy.  A successful comparison will allow us to determine which k vectors are responsible for the response at a given q vector.  We also plan to use an inelastic version of this autocorrelation to estimate the dynamic magnetic susceptibility as measured by inelastic neutron scattering data.

We wish to determine in detail the doping, temperature, and momentum dependence of the pseudogap and test for the possibility that this phase represents a new state of matter known as a nodal metal.  We also wish to develop a phenomenological self-energy for such a state that describes both the electronic states along the gapless Fermi arcs, and those associated with the pseudogapped regions of the Brillouin zone.  We then wish to take such a model and address various transport data, such as the unusual temperature dependences of the longitudinal resistivity and the Hall number.

Currently, there is a debate about whether the magnetic response observed by inelastic neutron scattering in cuprates is due to one-dimensional physics (stripes and ladders) or two-dimensional physics (Fermi surface scattering in the presence of a d-wave gap).  For the latter approach, there has been some success based on linear response (RPA) calculations.  So far, these calculations have been primarily used to address the low energy fluctuations.  Recent neutron data, though, have found high energy incommensurate excitations with a pattern in two dimensional momentum space rotated by 45 degrees relative to the incommensurate pattern observed at low energies. We can explain the data in optimal doped materials by a new collective mode at high energies with the observed rotation effect.  Unfortunately, it only exists below the continuum, and is therefore unable to explain the neutron results in underdoped compounds, where incommensurate excitations have been observed up to 200 meV.  We wish to extend previous RPA calculations to the pseudogap regime to see if that will resolve this important issue.

The bilayer version of colossal magnetosresistance (CMR) manganites exhibits an unusual incommensurability in the charge sector as seen by neutron scattering.  It has been proposed from ARPES measurements that this incommensurability is due to nesting between Fermi surfaces of x2-y2 character.  We wish to test this conjecture by calculating the polarization bubble using band structure input and look for various nesting vectors.  We then plan to track these vectors as a function of doping to compare to recent doping dependent neutron scattering studies.

We plan to study the properties of a double-row Wigner crystal in quantum

wires.  The latter is realized when the confining potential is very shallow, and the electrons move sideways to minimize their repulsion.  We

believe that the spin coupling is not always dominated by the anti-ferromagnetic exchange of nearest neighbors, and the exchange of the

next-nearest neighbors may be equally or even more important.  In this

case the wire is expected to show dimer spin ordering.  In addition, three-particle ring exchange processes may dominate in a certain range of densities, resulting in ferromagnetic ordering of electrons spins in the ground state of the system.  We plan to calculate the magnitude of the exchange constants in order to determine quantitatively the conditions for the formation of a ferromagnetic ground state. 

We plan to start a related project to determine the excitation spectrum

of a spinless two-row Wigner crystal.  Even though the second row is

analogous to the second subband of a quantum wire in the limit of weak

interactions, its appearance does not result in a new acoustic excitation branch.  Furthermore, even in the case of weak interactions, the second excitation in a two-subband wire is gapped, although the magnitude of the gap is exponentially small at weak interactions.  The presence of the gap should have a dramatic effect on electronic transport when the Coulomb interactions between electrons are not too weak.

Finally, we will work on the problem of the tunneling density of states and the spectral function in one-dimensional systems in the regime when strong interactions result in very weak coupling of the electron spins.  If the spin exchange is smaller than the temperature, the density of states is known to diverge at low energies as the inverse square root of the energy.  On the other hand, at temperatures below the exchange coupling, the density of states is predicted to diverge as the -3/8 power of the energy.  We will explore this quantity in the case when the temperature and the exchange coupling are of the same order of magnitude.  This research is crucial for interpretation of recent experiments on tunneling between two parallel quantum wires.
 h. Relationships to Other Projects: This program involves collaborations with ANL Materials Science programs on Superconductivity and Magnetism (58906), Magnetic Thin Films (58918), Photon Science at Synchrotrons (58926), Neutron and X-Ray Scattering (58701), and Emerging Materials (58916); and with university programs at Northwestern University, University of Illinois at Chicago, Northern Illinois University, Ohio State University, University of Wisconsin, Duke University, University of Washington, Iowa State University, and the California Institute of Technology.  In addition, collaborations exist with several foreign institutions, the University of Bordeaux (France), the SPhT, Saclay (France), the University of Geneva (Switzerland), the ESPCI (France), and RIKEN (Japan).

The research accomplishments and plans of A. Koshelev and V. Vinokur can be found in the Superconductivity and Magnetism FWP (58906), which in addition connects with programs on Dynamics of Granular Materials (58806). 

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   N/A
k. Deliverables:  N/A

l. Performance Measures and Expectations:   N/A

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

n. Human or Animal Subjects Activities:  N/A

o. Security Requirements:  N/A
