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	f. Technical Progress

Orbital and Charge Physics: Orbital states profoundly affect the phase diagram of many transition metal oxides such as the manganites and cobaltites.  Their effect on magnetic order and charge transport is often the first manifestation of orbital physics seen experimentally.  Our studies aspire to expose the richness of phase diagrams and details of the connection of orbital physics to charge and magnetic phenomena.  While concentrating on transition metal oxides, we have also extended our studies to encompass sulfide spinels that exhibit unusual charge-ordered states. 

· Bilayer manganite La2-2xSr1+2xMn2O7 (LSMO) crystals remain a rich target of opportunity for exploring orbital and charge physics. In the past year we have remarkably transformed our understanding of the phase diagram of these materials, especially for doping between x~0.5 and 0.6.  The checkerboard orbital/charge ordered (CO) state was previously predicted to exist over this entire doping range, but only at intermediate temperatures (~100-200 K).  The low temperature (<100 K) layered A-type antiferromagnetic (AAFM) state is consistently found by others to coexist with the CO state from 100 K to 200 K.  Our studies have unequivocally demonstrated that the CO state is the low-temperature ground state but only over a narrow doping range centered at x=0.5.  We find no coexistence of CO and AAFM order.  Following on this, we have produced crystals with a well-characterized composition gradient near x=0.6.  Transport studies combined with synchrotron x-ray diffraction measurements on these crystals demonstrate that a  ‘bistripe’ orbital/charge ordering is the ground state in a narrow composition range close to x=0.6.  We find that the AAFM state that forms over the rest of the doping range from x~0.48 to x~0.62 gradually transforms from insulator to metal.  We attribute these successes to our ability to identify relatively pure crystals (small spread of x values) by stringent testing of small (~1 mg) crystals.  The physical states were identified by a combination of four bulk probes, conductivity, magnetization, and neutron and high-energy x-ray diffraction.  The lack of sufficient purity could explain why others consistently see coexistence of CO and AAFM order at x=0.5.
· Angle-Resolved Photoemission (ARPES) is a powerful tool for studying the electronic structure of materials that cleave readily to expose high-quality surfaces.  We have partnered with several ARPES groups (Shen, Dessau, Campuzano) by providing specimens of Bi-based high-Tc superconductors and bilayer manganites for such fundamental studies.  Outcomes of this work include:  (1) In underdoped Bi2Sr2CaCu2O8+d the arcs of an anisotropic Fermi surface collapse to zero, scaling linearly with T/T*(x), with T*(x) the temperature at which the so-called pseudo-gap state develops at a particular hole doping level, x.  The result suggests that the pseudogap state is a nodal liquid, a metallic state whose gapless excitations exist only at points in k-space, just as in a d-wave superconducting state.  (2) In the case of manganites, the possibility of a nodal metal has also been inferred from ARPES for La1.2Sr1.8Mn2O7 crystals.  In this case the appearance of a distinct quasiparticle along (p, p) direction of the Brillouin zone but not (p,0) is likened to the high-Tc superconductors.  The work demonstrates that this ‘nodal-antinodal dichotomy’ may be a general property of transition metal oxides and not unique to the superconductors. 
· Another aspect of charge physics is electron (Coulomb) interactions.  The ability to readily cleave the bilayer manganites has enabled detailed Fermi surface studies using angle-resolved photoemission (ARPES).  For low-temperature-metallic compositions (x=0.36-0.42), these show renormalized Fermi velocities of ~1-3x107 cm/s and electron scattering times, , of ~6-7 fs.  Such small values define a poor metal, and according to the theory of Altshuler and Aronov one might expect to see a non-negligible effect of Coulomb interactions on the density of states (DOS), , near the Fermi level, F.  In this theory, Coulomb repulsion pushes some of the spectral density near F up to higher excitation energies, E (measured relative to F), with (E)~√E near F.  The effects of electron correlations on (E) are directly observable in the tunneling conductance, Y(V)~(E=eV).  One famous example is the BCS superconductive DOS and energy gap, but Coulomb interactions also qualify.  Some early tunneling studies found (E)~√E, but did not determine  nor address conservation of states over all E that is rigorously found in the DOS of conventional superconductors and is a cornerstone of the interaction theory.  Our tunneling data show (E)~√E at low energy but importantly also demonstrate state conservation by 80 meV, in agreement with the estimate of ~Ó/, that is ~100 meV for 7 fs.  Our unique proof of state conservation requires the energy-independent DOS in the absence of Coulomb interactions that is found by fitting the tunneling data beyond 80 meV to a standard model.  Taking these results with our previous quantum interference data on bilayered manganites and the quasi-2D theory of Abrikosov, gives ~15 fs.  Given experimental error and the simple band structure assumed in the theory, this value is not too far from the ARPES result.  State conservation gives an independent estimate of  that is unaffected by theoretical simplifications, quantum interference data and experimental errors, but it also gives ~15 fs.  

· The La1-xSrxCoO3 perovskite system is an important example of the doping-controlled crossover from an inhomogeneous, glassy insulator to long-range metallic ferromagnet.  The system also provides a test-bed for exploring short-range Jahn-Teller distortions in the presence of the long-speculated-upon intermediate state S=1 configuration of Co3+.  In collaboration with the neutron and x-ray scattering group in MSD and NIST neutron scatterers, we have identified a 6 meV excitation that appears at both FM and AFM points in reciprocal space.  A model of a fluctuating, orbitally ordered structure akin to the A-type layered antiferromagnet in LaMnO3 has been proposed to explain this observation.  In addition, an incommensurate modulation in the magnetic sector has been identified whose intensity and wave-vector varies with composition.  The intensity drops markedly at the insulator-metal (I-M) transition (x=0.18), suggesting a connection to the electronic structure.  We grew a series of LSCO crystals under high pO2 conditions in x=0.01 steps across the I-M transition.  These crystals have been studied by collaborators at the Univ. of Minnesota (Chris Leighton), NIST, and the NHMFL to comprehensively understand the inhomogeneous state and its relationship to the physics of manganites.  Our current understanding is that double-exchange physics is also applicable in the cobaltites, but that the lack of a nearby CO state prohibits the ‘colossal’ magnetoresistance observed in the manganites.  

· Layered cobaltite Sr3Co2O6+x has been studied because of a theoretically predicted half-metallic ferromagnetic state in the analogous single-layer compound Sr2CoO4.  Using high-pressure (3 GPa) synthesis we have successfully made samples extending to x=0.64; all samples with x > 0 exceedingly air sensitive.  With powder neutron diffraction and bond-valence sum analysis we have modeled the O defect structure and find a rearrangement of O vacancies, moving from the O-defective CoO2-y planes to the shared apical position as x increases.  We have measured a crossover from antiferromagnet to ferromagnet as the O content is increased, with an ordered ferromagnetic moment approaching 1 B/Co, in agreement with a potential half-metallic ground state as x ( 1.0.  We argue that the filling of the O defects in the CoO2 sheets permits long-range magnetism and potentially double-exchange ferromagnetism.  

· We have produced single-phase powder samples in the series of Cu(Ir1-xCrx)S4 spinels.  The importance of this system is to explore the competition between charge-order/spin-dimerism and ferromagnetism in a non-oxide system and thus to generalize our understanding of CO.  In collaboration with Simon Billinge (Mich. State Univ.), we are using pair-distribution analysis to explore how order of the Ir3+/Ir4+ and dimerization of the S=1/2 Ir4+ units persists.  Preliminary results using rapid x-ray pulses show that long-range CO persists far beyond the x=0.08 that we and others found using synchrotron powder diffraction—at least to x=0.15; the long-range order ‘melts’ reversibly under high x-ray flux.  The spin dimer, identified by a short Ir-Ir contact in the pdf analysis, is found up to the solution limit of our existing samples (x=0.15).  

Mechanisms of Superconductivity: Superconductivity remains among the most compelling issues in condensed matter physics.  Our commitment to the field of superconductivity remains strong and encompasses both the high-Tc materials and other exotic superconductors whose mechanisms we seek to elucidate.  
· The search for the mechanism of high-Tc superconductivity relies heavily on spectroscopy, e.g., tunneling and photoemission.  The high surface sensitivity of both of these is not ideal, and bulk spectroscopy would be very desirable.  For tunneling, this is achieved in the naturally occurring stack of tunnel junctions along the c-axis of the Bi2Sr2CaCu2O8 crystal structure.  The major obstacle is heating caused by a voltage of twice the energy gap across each bilayer junction.  We overcome this by intercalating Bi2Sr2CaCu2O8 with HgBr2 that increases the c-axis resistance, and thus reduces the heating, by more than a hundred-fold.  In such bulk junctions, we do not see the spatial inhomogeneity of the energy gap that has been reported in scanning tunneling microscopy (STM) studies.  Thus such inhomogeneity is not a vital component of the mechanism of high-Tc superconductivity, as others suggest.   

· We have demonstrated that our point-contact tunneling replicates the intrinsic junction spectra of intercalated Bi2Sr2CaCu2O8 without the above-mentioned spatial inhomogeneity.  Our data on overdoped Bi2Sr2CaCu2O8 crystals reveal strong coupling to a narrow Bosonic mode, e.g., the resonant spin excitation seen in neutron scattering.  This result disputes the interpretation of recent optical data on overdoped Bi2Sr2CaCu2O8 that concluded that such a Bosonic mode cannot explain high- Tc superconductivity.  

· Exotic new superconductors continue to be discovered.  It is important to establish the mechanism of their superconductivity especially in cases of reduced dimensionality that may emulate high-Tc cuprates.  Calcium-intercalated graphite has a surprisingly large Tc of 11.6 K and initial STM and specific heat data concluded that it is a traditional weakly-phonon-coupled (BCS) superconductor.  We have measured the effect of isotopic mass of the heavy intercalate atom, e.g., Ca but also Yb, on Tc in both CaC6 and YbC6.  The large exponent (O.4) found for each requires strong coupling because of the low frequency of these Ca- or Yb-based phonons.  In fact the same exponent fits all heavy intercalate masses (i.e., isotopes of both Ca and Yb), yielding the surprising result that the electron-phonon coupling constant is the same for these chemically different Ca and Yb substitutions.  Our point-contact tunneling in CaC6 reveals a considerably higher energy gap than seen by STM probes, and thus our values also imply strong coupling.  

Geometric Frustration: Geometric frustration on Kagomé lattice systems such as jarosites, SrCrGaO, etc. provides an inroad to exotic quantum states such as spin-liquids.  Exploring the properties of new such frustrated systems, we have synthesized powders of RBaCo4O7+x (T=Y,Yb,Tm.Lu) and grown a single crystal of the Y member.  The Co metals define a structure comprised of Kagomé nets linked in the third dimension to form chains; it is a topological variant of the pyrochlore lattice.  In close collaboration with the ISIS neutron group and the NSLS (Peter Stephens, Stonybrook), we have found that O content is critical to the magnetic ground state.  In particular, when x=0.0, a long-range ordered state is found in all cases.  This ordered state arises because of a structural phase transition that breaks the degeneracy (and hence geometric frustration) of the Kagomé lattice.  We have solved the magnetic structure and find that is a compromise between the well-known 120o antiferromagnet found in other related Kagomé structures and a collinear antiferromagnet perpendicular to the planes.  However, we have also found that addition of small excess O appears to block the structural phase transition, and only diffuse magnetic scattering is found down to 4.2 K in the cases we have measured (Y, Yb).  We believe that the O coordinates to a drastically underbonded Ba2+ ion, preventing the symmetry lowering.  This oxygen defect system appears then to be a new example of a geometrically frustrated Kagomé antiferromagnet.  

Exploratory Synthesis Using Li Fluxes: Inspired by the recent interest in noncentro-symmetric superconductors Li2Pd3B and Li2Pt3B, we have begun exploring the potential of Li as a flux for ternary borides or nitrides of late transition metals.  We have found that Li will successfully dissolve Rh and B to produce crystals of Li2Rh3B2, a new structure type akin to the LaCo3B2 family of low-Tc superconductors.  Li2Rh3B2 has a channel structure in which highly distorted Rh Kagomé nets stack along the c-axis, with the resulting trigonal prisms filled with B and the hexagonal channels with two Li+ rather than a single La3+.  It is a diamagnetic metal with no superconductivity above 1.3 K.  The description as a d10 ‘rhodide’ rather than a boride is appropriate.  Synthesis from Li flux of the nonsuperconducting CaRh3B2 analog (undistorted) suggests that valence electron count is more important than an undistorted structure for supporting superconductivity.

Novel Synthesis of Layered Chalcogenides: We have studied charge-density wave (CDW) and superconductivity in layered dichalcogenides TaS3, TaS2 and NbSe2 via a general route of vapor synthesis and reduction or via high-pressure techniques.  Specifically we have fabricated and characterized single crystal nanoribbons (width = 20-200 nm) of TaS3, demonstrating a first clear example of the CDW transition in such a self-assembled nanowire.  High pressure (> 3 GPa) synthesis of TaS2 yields a 3.5 K superconductor, far in excess of the nominal 0.8 K reported for bulk TaS2.  We speculate that strain in the structure is preserved even after pressure release and note that under similar pressures TaS2 has been reported to superconduct at 3.5-4 K.  NbSe2 samples also prepared at 3 GPa show TC ~ 4 K; preliminary STM spectroscopy above TC shows a marked suppression of the CDW gap relative to samples prepared at ambient pressure samples.  An inverse relationship between TCDW and Tc is well established in the literature.  

Dissemination of Crystal Samples: A significant objective of our synthesis activity is to enable a broad spectrum of condensed matter research both within Argonne and beyond.  This part of our activity is especially important to DOE facilities both in the present (e.g., APS, ALS) and in the near future (e.g., Spallation Neutron Source).  Toward this end, samples grown in our group are distributed widely to ANL groups (Neutron and X-ray Scattering (58701), Superconductivity and Magnetism (58906), APS Sector 4).  During the 2006 calendar year we have also supplied high quality specimens to a broad range of external collaborators, including: Z-X Shen (Stanford/ALS), John Hill (BNL), Chris Leighton (Univ. Minnesota), Jeff Lynn (NIST), Dan Dessau (Univ. Colorado/ALS), Paolo Radaelli (ISIS/Rutherford Laboratory), Dimitri Argyriou (Hahn-Meitner Institute), Bud Bridges (U.C. Santa Cruz), Alessandra Lanzara (UC Berkeley/ALS), Simon Billinge (Univ. Michigan), Alex de Lozanne (U.T. Austin), Jim Schilling (Washington Univ.), among others.

Use-Inspired Research. Much of our research is on materials that may have commercial uses.  Our deep understanding of the physical principles governing the material can be of vital importance to enabling the eventual use.  
· Development of THz sources has been under intense investigation, especially in Japan and Germany using c-axis, current-biased mesas sculpted on Bi2Sr2CaCu2O8 single crystals.  Using a non-standard biasing scheme we have demonstrated reasonable power at ~0.5 THz from such mesas.  

· Multiferroic composites made by spin-coating lead zirconate titanate on a layered manganite single crystal exhibit ~95% of the theoretical magnetoelectric coefficient.  The highly anisotropic magnetostriction of the manganite substrate accounts for this strong effect.

· Lightweight ‘permanent’ magnets are possible using trapped magnetic flux in high-Tc superconductors.  We discovered how to maximize the trapped field in a melt-textured YBa2Cu3O7 cylinder at 77 K by optimizing the current pulse profile.  

· Deleterious cracks often develop in melt-textured YBa2Cu3O7 that may be used in energy storage devices, but we discovered how to heal these by an appropriate heat treatment.  Afterwards, the critical current density of the previously cracked region is restored to its original value.  

· We found that the critical current of YBa2Cu3O7 bicrystal grain boundaries increases with oxygen over-doping at 77 K, even though the transition temperature drops.  The similarity of this behavior to pure epitaxial films implies that changes in the strength of superconductivity, with over-doping, is the critical cause and not the grain-boundary barrier transmission or doping of the grain boundary, as was proposed for Ca substitutions.  We also show that the critical current of artificial grain boundaries of YBa2Cu3O7 melt-textured bicrystals is increased under hydrostatic pressure.
g. Future Accomplishments
The scientific agenda for this activity addresses current issues in condensed matter science with an emphasis on the role of understanding how competing order parameters in the orbital, charge, and/or spin sectors evolve with doping, field, pressure, etc.  Much of our activity centers on transition metal oxides; however, we are expanding to include various chalcogenides that exhibit charge and orbital physics.  In the oxide arena, our synthetic goals will expand to emphasize high-pressure phases, new geometrically frustrated compounds, and a range of orbital- and charge-active cobaltites.  Our ongoing soft-x-ray studies with John Freeland, APS, will concentrate on oxygen k-edge absorption and its connection to orbital physics.  We will continue to interact strongly with the x-ray and neutron scattering program, particularly in the area of short-range order and frustration.  As always, we will seek external interactions as motivated by the science drivers and the unique capabilities of our collaborators. 

Orbital and Charge Physics: 

Our program focuses intently on orbital and charge physics in transition metal oxides such as bilayer manganites and related compounds.  As our understanding of the phenomenology of bilayer manganites has matured, we are turning to experiments such as tunneling and O K-edge spectroscopies that will give a deeper scientific underpinning to these phenomena.  In parallel, we are opening new directions by synthesizing materials in cobaltites and sulfide spinels whose phenomenology is yet to be fully characterized.  Specific projects include:   

· Exploring the impact of potential La/Sr ordering and O nonstoichiometry in the bilayer manganites La2-2xSr1+2xMn2O7-.  Preliminary data show that oxygen treatment of samples near but below the x=0.5 CO composition can be converted to CO, indicating that the total dopant concentration x- may be the controlling parameter.  Our plan is to march across the phase diagram near x=0.5 in a single sample with appropriately tailored oxygen contents.  We will also undertake systematic heat treatments of LSMO crystals to see if La/Sr ordering impacts the physics. 
· Studying the evolution of the A-type antiferromagnetic state in the bilayer manganites from an in-plane metal for x~0.6 to an insulator for x=0.46.  The phase diagram near x=0.46, where the AAFM state changes over to a FM ground state, is presently uncharted territory.  However preliminary evidence indicates that understanding metastable phases and kinetics may be key.  The ability to reversibly alter the composition by oxygenation and the importance of cation order will be important considerations in these studies. 

· Continuing activities with our ARPES collaborators will focus on (1) validating the ‘nodal-antinodal’ dichotomy, (2) understanding the nature of the insulator-metal transition at TC and the character of the nodal quasiparticle, (3) exploring the more heavily doped regime near x=0.6 where an abrupt insulator metal transition occurs in the presence of bistripe charge order, and (4) linking the electronic properties across the regime 0.45 < x < 0.60 where the presumptive doping dependent insulator-metal transition occurs in the regime of AAFM state. 

· Deepening our understanding of electron interactions in layered manganites.  The theory of electron interactions of Altshuler and Aronov predict important differences between two- and three-dimensional (3D) systems.  Our studies of the bilayer manganite at x=0.36 is a textbook example of the theory in 3D.  The AAFM metals near x=0.6 should be ideal 2D systems, so the differences will be measured and analyzed.  Further predictions indicate the quantum interference effects should be relatively larger in 2D than what we found for the 3D FM composition of x=0.4.  The beauty of the bilayer system is in its ability to study poor metals in the same single-crystal structure while altering dimensionality with doping. 
· Evaluating the importance of oxygen hole states.  Conduction in the Mn-O-Mn chains in manganites is necessarily through the oxygen 2p states.  Hybridization of the Mn d-orbitals with these 2p states is clearly relevant and likely to be very dependent on the specific Mn d-orbitals involved and their ordering.  A primary example is the checkerboard orbital/charge ordered state near x=0.5 for the bilayer manganites.  We will use oxygen k-edge absorption to probe these states in collaboration with J. Freeland (APS).  For example, we wish to determine if spin orientation on nearest neighbor Mn ions affects the hybridization with the intervening oxygen.  
· Exploring a true baseline phase in the ferromagnetic region of the La1-xSrxCoO3 to understand the intrinsic, magnetically homogeneous state.  We have produced x=0.3 samples, but the crystals were brittle and not suitable for neutron studies.  We will revisit this crystal growth and attempt to push farther into the phase diagram.
· Growing crystals of layered Ruddlesden-Popper cobaltites to explore the role of dimensionality on phase behavior.  Existing studies by the Brookhaven group indicate that CO in these materials does not coarsen to long range as in manganites.  We are interested in understanding the reason for this difference and to investigate the generality of the magnetic cluster models developed in the perovskites as dimensionality is reduced.
· Extending the solid solution range in the Cu(Ir1-xCrx)2S4 spinel to determine the extent to which the long-range CO state and spin-dimer state persist.  In collaboration with the Billinge group at Michigan State, we will determine whether these two ordering phenomena can be decoupled as the Ir3+ becomes diluted by Cr3+ or as the CO is ‘melted’ by x-ray dosage. 

New Materials Exploration in Li Fluxes: Building on the successful growth of Li2Rh3B2 from Li reactive flux, we will explore the potential for other new phases and possible superconductors.  Potential group IV substitutions (Si, Ge) are of interest.  We will also attempt growth of the Li3Pd2B and Li3Pt2B superconductors.  We expect this effort to benefit from close collaboration with the Kanatzidis group, which has recently joined MSD.

High-Pressure Synthesis and Physics of ‘Post-Perovskites’: We will go beyond the classical perovskite structure by exploring physics of the high-pressure post-perovskite structure found in minerals at the Earth’s Lower Mantle.  This more layered structure has been shown by Ohgushi et al. in the case of (Ca,Na)IrO3 to exhibit many features of other transition metal oxides and may provide a link between 3-D perovskites and lower-dimensional Ruddlesden-Popper phases.  Importantly, we have the capability to synthesize materials at high pressures (3-6 GPa), which is necessary to allow preparation of these samples.  

Mechanisms of Superconductivity: Studies of non-equilibrium in conventional superconductors have relied heavily on planar, thin-film tunnel junctions that are more difficult to achieve in high Tc samples.  Using a naturally occurring stack of tunnel junctions along the c-axis of the Bi2Sr2CaCu2O8 crystal structure, we will try to measure the in-plane coherence of the superconductivity in the presence of a high current along the c-axis which produces a highly non-equilibrium, and likely incoherent, state.  

Our recent isotope effect studies in both CaC6 and YbC6 imply very little difference in the electron-phonon coupling in spite of the very different intercalated species.  Our recent point-contact tunneling in CaC6 reveals a considerably higher energy gap that implies strong coupling.  We will conduct tunneling studies in YbC6 to ascertain if it is also strong coupled.  This combined work may place constraints to test the validity of band-structure calculations for these materials.  

Geometric Frustration: We will fully explore the role of oxygen defects on the magnetic ordering in the series of Kagomé lattice materials RBaCo4O7+x using combined neutron and x-ray diffraction on powder samples.  The goals will be to determine the crystallographic structures, test the hypothesis that excess O prevents the phase transition and explore magnetic diffuse scattering.  The latter will be more completely measured using recently grown crystals of the Y analog, which will also be used for muon spin relaxation studies at the ISIS facility.  We will grow crystals of other members of the family, attempt heterovalent substitutions, and seek other related compounds that may also be geometrically frustrated. 

Use-Inspired Research: Our ongoing development of THz sources using c-axis, current-biased mesas sculpted on Bi2Sr2CaCu2O8 single crystals will explore the ability to raise the frequency from the present 0.5 THz to the range of 2.5 THz.   This will enable astronomical applications to investigate oxygen absorption lines in interstellar gases.  The present device has sufficient power for the necessary mixer-based detection schemes.  Considerable feedback from the non-equilibrium studies mentioned above will be a definite asset to this program.  

h. Relationships to Other Projects

Our group enjoys an ongoing very strong connection to the Neutron and X-ray scattering group (58701) and a growing interaction with the experimental research team at Sector 4 of the Advanced Photon Source.  Major parts of our program are highly dependent on these collaborative interactions.  
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