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Work Proposal Description: 
This program combines materials synthesis and crystal growth with detailed study of collective electronic and magnetic behavior of materials.  Our efforts concentrate on complex oxides, exemplified by the colossal magnetoresisitve manganites, and low-dimensional materials.  These systems exhibit strongly materials dependent spin, charge, and orbital physics and are at the forefront of condensed matter inquiry.  Synergy between synthesis and measurement derives from the insights and feedback facilitated by partnering these activities in the program. 

Our synthesis program provides numerous samples for collaborators at national x-ray and neutron user facilities.  This commitment to materials synthesis lays the groundwork for projects within the President’s American Competitiveness Initiative as well as the future BES Materials Synthesis Network. 

The Emerging Materials program continually redefines itself by seeking out new materials and embracing new measurement techniques.  High-pressure synthesis, exploration of nitride and nitride-boride chemistry, and the study of both surface and bulk electronic states through scanning probe and APS x-ray studies herald new future directions for the program.
b. Publications: 16 publications in refereed journals, 2 of which were conference proceedings. 
c. Purpose

· New materials underpin the study of new physics.  In one response to this, high-pressure synthesis will become an increasing emphasis in the program.  We will focus on oxide synthesis to make high oxidation state layered compounds and doped 1-D chain compounds.  Other future target systems will be ternary nitrides that can be made in no other way than by high-pressure synthesis.  Collaborations with both the GSECARS and HPCAT scientists to integrate in-situ monitoring of high-pressure synthesis reactions, greatly facilitating rapid, efficient phase space searches.  

· Quantum criticality has been identified as a frontier of condensed matter science.  Despite this elevated importance, a paucity of materials has seriously limited progress.  We will inaugurate a synthesis program designed to produce single crystals of appropriate materials (including oxides and intermetallic phases) that will facilitate study of fundamental transport and scattering phenomena.  This effort will be strongly coupled to the Neutron and X-ray Scattering group (58701), which has a seed project in quantum critical materials.  

· Exploring the formation and evolution of short-range order in the charge, spin, and orbital sectors is essential to understanding microscopic interactions in correlated electron systems.  We will prepare and structurally characterize a number of materials designed to explore such correlations. Specific systems include oxides and chalcogenides appropriately doped to manipulate phase stability in charge, spin, and orbital sectors.  Single crystals tailored for neutron and/or x-ray scattering measurements will be a central objective of the synthesis effort.
· Quantify the occurrence and nature of metal-insulator transitions in layered manganites as well as other strongly correlated oxides.  The specific advantages of the manganites are that we can vary the bandwidth and overlap of the electronic wavefunctions by field induced magnetization.  Experimental techniques including tunneling, transport and x-ray inelastic scattering will be used to address the generality of our findings.
· Determine the effects of dimensionality on the metallic density-of-states from tunneling data.  In particular, to search for weak localization effects that are expected in strongly correlated oxides and depend critically on dimensionality.  Layered manganites offer isolated metallic monolayers, isolated bilayers and coupled bilayers.  The degree of isolation can be varied by applied magnetic fields.   

· Geometric frustration leads to exotic magnetic states in materials with triangles and tetrahedral of magnetic ions.  We will explore geometric frustration in a new class of tetrahedral mixed-valent cobalt materials, whose crystal structure is a stacking variant of the canonically frustrated pyrochlore lattice.
e. Approach
K.E. Gray (85%), J.F. Mitchell (100%), H. Zheng (100%), J. Hill (100%), P. Barnes (50%), Y.S. Hor (100%), R. Macaluso (50%).
f. Technical Progress

High-Pressure Synthesis. We have inaugurated a new program in high pressure synthesis with the idea that extending our available phase space beyond the T-x plane will generate new phases, extend known solid solutions, produce desired structure types, and stabilize metals in unusually high oxidation states in transition metals.  We have successfully synthesized a series of ‘quadruple’ perovskites of the form CaCu3M2M’2O12 (M = Fe, M’ = Ru, Nb, Ta) at 3 GPa and with suitable oxidizers.  These materials will be used to explore magnetic exchange interactions between transition metal ions in the perovskite structure.  We have successfully synthesized ferromagnetic Sr2CoO4 and are investigating the next member in the homologous Ruddlesden-Poppper series, Sr3Co2O7.  In collaboration with B. Dabrowski (Northern Illinois Univ.) we have also succeeded in extended the solubility range of Cr in the SrMn1-xCrxO3 system.  The La1-xSrxCoO3 system is an important example of the doping-controlled crossover from an inhomogeneous, glassy insulator to long-range metallic ferromagnet, and provides a test-bed for exploring short range Jahn-Teller distortions.  We have completed crystal growth of this system through x=0.2 with sizes suitable for inelastic neutron scattering and have smaller crystals (mm) of x=0.3 suitable for x-ray scattering, transport measurements, magnetization, etc.  The x=0.3 crystals have surfaces which cleave substantially better than those made at lower doping, and we anticipate they will be suitable for surface probes (ARPES, XMCD, etc.).  The magnetotransport properties of the series of crystals has been measured in collaboration with Chris Leighton (Univ. Minnesota) who has demonstrated that the crossover from cluster ferromagnetism to long-range ferromagnetism coincides with the insulator-metal transition at x=0.17.  Leighton's work has also shown that the self-assembled state of FM metallic clusters embedded in a semiconducting matrix exhibits intergranular GMR analogous to that of artificially generated composites, such as Co-SiO2 or Co-Cu.  

As part of a general exploration of magnetism and spin-states in cobalt oxides, we are exploring the layered cobaltite Sr3Co2O7-x system, for which mixed valence between Co3+/4+ is tuned by oxygen stoichiometry, and for which the defect structure may profoundly influence properties.  To date, we have stabilized compounds with high O defect concentrations (x~-1.4, and low concentrations (x~-0.5).  Properties change from antiferromagnetic to ferromagnetic with decreasing O vacancies (increasing Co4+ content) in concert with a disordering of O vacancies.
We have synthesized powder samples of the geometrically frustrated YbBaCo4O7 In collaboration with IPNS, NSLS, and ISIS scientists, we have showsn by neutron and synchrotron diffraction that a structural phase transition relieves the geometric frustration, leading to an antiferromagnetic ground state.  The presence of considerable diffuse scattering above the transition may be a signature of frustrated magnetism that becomes ordered due to this transition.  Our synthesis studies indicate that an oxygen-rich phase YbBaCo4O7+x does not undergo this phase transition and may be magnetically frustrated at low temperatures.  Attempts to isolate this phase are underway, as are crystal growth experiments.
We have produced single phase powder samples in the series Cu(Ir1-xCrx)S4 thiospinels.  The importance of this system is to explore the competition between charge-order and ferromagnetism in a non-oxide system. We have begun structural studies using high-resolution powder diffraction at the APS to map out the phase transformation on doping associated with the destruction of Ir3+/Ir4+ charge-order upon Cr3+ substitution.  We found evidence for the charge-ordered phase persisting to x~0.08, far deeper into the phase diagram than previous low-resolution studies had presumed.
Charge order (CO) is one of many competing ground states in transition metal oxides, and we are exploring a variety of materials in which CO may be present.  Charge ordering in RBaCo2O5.0 had been observed for R = Ho, Y from powder samples.  Our study of the Nd member showed no long-range charge-ordered state, though an anomaly in the electronic conductivity prompted us to speculate some short-range charge-order might be present.  Single crystal diffraction at the APS has now revealed evidence of long-range charge order in this material, but the supercell peak intensity is 107 smaller than the fundamental Bragg reflections, explaining why CO was not seen in this material previously.  The discovery of CO in this material explains the transport anomaly. 

Single-crystal inelastic neutron scattering on LaCoO3 reveals evidence of dynamic orbital order, providing corroborating evidence for the existence of S=1 Co3+ ions, which are Jahn-Teller active.  Observation of both anti- and ferromagnetic scattering in the inelastic channel is postulated to arise due to local, short-lived orbital ordering of the kind found in the static structure of LaMnO3. 

We have discovered an unambiguous 1st-order metal to orbital orders insulator in the layered manganites, La2-2xSr1+2xMn2O7, with x~0.6.  This finding plus our results on other layered manganites and our interpretations of data on non-layered perovskite manganites lead us to ask whether all coupled magnetic metal insulator transitions are 1st-order.  

Contrary to conventional wisdom, our purified layered manganite crystals, with x=~0.5, exhibit (1) CE-type orbital and charge order as the low-temperature ground state and (2) reasonable evidence for a lack of coexistence with an A-type antiferromagnet (AAFM) at any temperature.  Deviations from x=0.5 result in the commonly-seen re-entrance, in which CE-order is replaced at low temperatures by an AAFM without any coexistence, or a complete lack of CE-order at any temperature for larger deviations.  

In layered manganites, we observe a large magneto resistance above TC without a metal-insulator transition.  Instead we argue that it is due to the effect of magnetic order on thermally activated hopping in the insulating state associated with the reduced energy cost of the Hund’s rule term in the hopping energy.  This result suggests a novel type of Anderson localization in which the disorder potential results from the random spin orientations of neighboring Mn ions in this paramagnetic state.  
We previously found that for bilayer manganites the outermost Mn-O bilayer, alone, differs from the bulk: this intrinsic nanoskin is an insulator with no long-range ferromagnetic order while the next bilayer displays nearly the full bulk spin polarization up to TC.  To establish this result could not be due to chemical degradation, more recent experiments on crystals cleaved in ultra-high vacuum perfectly reproduced the data for air-cleaved crystals.  This project utilizes the APS and is collaborative with John Freeland, APS.  

Using sealed-tube synthesis we have produced nanowires (diameter ranging from 20-200 nm) of NbSe2 and NbSe3. Such nanostructures will allow the study of superconductivity and charge-density wave physics under lateral confinement.  We determined the temperature stability range of the phases and the nanowire structures to show that they can only be found in a very narrow temperature range between 600 – 700 oC.  NbSe2 nanowires were shown to superconduct at 7 K. In collaboration with the Magnetism and Superconductivity group (FWP 58918) NbSe3 nanowires were found to show charge-density wave anomalies in transport, and evidence of lateral confinement on the depinning energy of the charge-density wave was found. 
Dissemination of Crystal Samples: A significant objective of our synthesis activity is to enable a broad spectrum of condensed matter research both within our own project and external to it.  This part of our activity is especially important to DOE facilities both in the present and in the future (e.g., Spallation Neutron Source).  Toward this end, samples grown in our group are distributed widely both within MSD to the Neutron and X-ray Scattering group (58701), Magnetic Films group (58918) and the Superconductivity and Magnetism Group (58906).  During FY06, we have also supplied high quality specimens to a broad range of external collaborators, including: Chris Leigton (Univ. Minnesota), Peter Schiffer (Penn State), Jeff Lynn (NIST), Dan Dessau (Univ. Colorado), Chuck Fadley (UC Davis),Paolo Radaelli (ISIS/Rutherford Lab), Dimitri Argyriou (Hahn-Meitner Inst.), Z-X Shen (Stanford), Bud Bridges (UC Santa Cruz), Alessandra Lanzara (UC Berkeley), John Hill (BNL), Simon Billinge (Michigan State Univ.), Jim Rhyne (LANL), Peter Hatton (Univ. Durham), and Michael Rübhausen (Univ. Hamburg), among others.
g. Future Accomplishments
The scientific plans for this activity address current issues in condensed matter science, including metal insulator transitions, phase competition and short-range order, and quantum critical phenomena. Both structural probes (including diffuse scattering) and electronic signatures of phase competition are integrated as parts of our future work, which draws on a wide range of materials in both the bulk and on surfaces.  

A unifying concept is that phase competition needs to be explored from incipient short-range order in the charge, spin, and lattice sectors.  Strategically chosen transition metal oxides (TMO) will continue to be featured in this research because of their utility for studying a spectrum of condensed matter phenomena.  Indeed, much of the proposed work here focuses on cobalt oxides.  With a degree of freedom in the spin state sector not found in manganites, they are an ideal next step in understanding charge, spin, and orbital physics.  We will also expand our materials portfolio, however, to encompass a class of thiospinels that exhibit charge order like their oxide relatives. Close interactions with scatterers in MSD—who are developing a world-class effort in diffuse x-ray and neutron scattering—will provide a crucial means to accomplish this objective. We will initiate a new synthetic effort at high pressure to prepare materials inaccessible at ambient conditions.  In parallel with these activities, we will explore the connection between surface and bulk electronic states using x-ray scattering and scanning probe spectroscopies.  
Our specific activities will address the following topical issues:  

Extensive single crystal diffuse neutron and synchrotron scattering will be used to probe specific signatures of Jahn-Teller orbital disorder, and its influence on magnetic and transport properties of La1-xSrxCoO3 crystals.  Existing crystals in the range 0 ≤ x ≤ 0.3 can be used for diffuse x-ray scattering in the search for Jahn-Teller polarons deriving from the intermediate spin state of Co3+.  We will grow suitably large crystals for x > 0.2 for neutron scattering.  These compositions are critical for establishing the behavior away from the crossover from glassy to long-range ferromagnetism at x~0.17.  Neutron scattering will be used to probe the spin excitations, spin correlations, and lattice excitations, both as a function of temperature and doping.  Growth of layered cobaltites will begin in parallel to study effects of dimensionality.
Ternary nitrides of early transition metals (e.g., V, W, Ta) are few in number, but are typically layered and exhibit metallic behavior akin to oxides.  Those formed with late transition metals (Fe, Co, Ni, Cu) are essentially unknown due to the high vapor pressure of diatomic nitrogen over these compounds.  We will use high-pressure synthesis techniques to explore the possibility of making such layered compounds and to seek out new science in this uncharted phase space.
The impact of the spin-state transitions on electronic behavior, e.g., the metal-insulator transition, will be studied in the Pr1-xCaxCoO3 system that is an ideal candidate.  Specifically, the metal-insulator transition (MIT) at x~0.1 appears to a direct consequence of the spin-state transition.  If true, this is a distinct contrast to La1-xSrxCoO3, where the MIT appears well after the LS state has vanished.  Indeed, the transition in LSCO is percolative, rather than a true MIT.  Synthesis of these materials may be complicated by a deficiency on the oxygen sublattice, particularly at larger x values.  We intend to overcome this problem using high pressure oxidizing environments either in a gas cell or in a cubic anvil press if necessary.  

We will study phase competition in layered double perovskites, where a crossover from an antiferromagnet to ferromagnet with doping has been associated with quenched disorder at a bicritical point in manganites.  In NdBaCo2O5+, such a crossover occurs near  =0.7.  For study of the magnetic phase competition, we will use control of pO2 during cooling under quasi-equilibrium conditions to maintain a constant  in our single crystals.  We will pursue magnetic studies of samples in the transition region, complemented by neutron diffraction studies.  It is possible, of course, that O clustering on a short-range scale is intrinsic to the materials.  We would expect such regions of excess O to create nucleation sites for the FM phase.  Study of such chemical SRO and its magnetic signature will be pursued in collaboration with the MSD neutron/x-ray group using single-crystal diffuse scattering.  

The layered compound, Sr2CoO4 (n=1 member of the Srn+1ConO = Ruddlesden-Popper series), has recently been reported as an epitaxially stabilized thin film.  It is a 270 K ferromagnetic metal despite the lack of mixed valence.  We plan to prepare this material in bulk form using high oxygen pressure synthesis.  The bilayer compound Sr3Co2O6 (all Co3+) can be made at ambient pressure.  We will oxidize this material at high pressure to form Sr3Co2O7, the n=2 member of the family.  We will collaborate with the HPCAT and/or GSECARS beamlines to optimize synthesis conditions using in-situ high-pressure diffraction.  

Charge and spin Interactions in tetrahedrally coordinated transition metal oxides are far less studied than in octahedrally coordinated systems.  We will prepare powders and single crystals of the newly discovered tetrahedral compounds RBaCo4O7 (R=Y, Tm, Yb, Lu) to test for charge order of the Co2+ and Co3+ species.  The structure also contains Kagome network of metal ions, suggesting that it may be a new example of a magnetically frustrated system.  Neutron studies will be carried out in collaboration with Paolo Radaelli (ISIS). Single crystal specimens will be prepared with an eye toward diffuse magnetic scattering.

We will investigate the doping dependence of charge and orbital ordering in bilayer manganites using diffuse neutron and synchrotron x-ray scattering.  We will also use neutron scattering to investigate the possible existence of a ferromagnetic component, as suggested from resistivity measurements, within the A-type antiferromagnetic bilayer manganites.  

While charge-order is commonly found in transition-metal oxides, its generalization beyond oxides is very much in question.  The appearance of such long-range order in mixed valence chalcogenides has only recently been identified in the thiospinel CuIr2S4. The magnetic ground state of this compound is also exceptional, as pairs of Ir4+ ions alternatively form S=0 spin dimers.  We plan to explore how this long-range ordered state responds to substitution of Cr for Ir.  Synthesis of powders and crystals will allow detailed crystallographic and diffuse scattering studies that will reveal if and how both charge and spin dimmers can exist on short-range length scales.  

The study of orbital physics is an emerging theme in condensed matter science.  We will explore the orbital degree of freedom in thiospinels to probe the transition from an orbital solid to an orbital liquid by the use of diffuse x-ray scattering.  We will synthesize powders and grow single-crystals such as MnSc2S4, FeSc2S4, etc. for this collaboration with the Neutron and X-ray scattering group (58701).

We propose to investigate systems in which valence fluctuations may play a role in quantum criticality in collaboration with the Neutron and X-ray Scattering group.  One approach will be to apply chemical pressure to CeCu2Si2, and also CeAl3, by yttrium-substitution, to induce valence fluctuations.  Will be to study CeCoGe3-xSix Single crystals will be synthesized to probe the momentum dependence of the spin correlations, and inelastic neutron scattering will reveal whether non-Fermi liquid scaling is associated with /T scaling of the dynamic magnetic susceptibility.  

Utilizing NbSe3 nanowire precursors prepared in our laboratories as templates, we will synthesize superconducting -NbN nanowires.  These nanowires can be used to explore superconductivity under lateral confinement.  Attempts to grow nanowires of other chalcogenides (e.g., TaSx, TaSex) will proceed in parallel as will attempts to generalize the process to oxides.

Transition metals that offer a variable spin state offer a new dimension to the interplay of spin, charge and lattice degrees of freedom in complex oxides.  Oxides of Co3+ in octahedral coordination exhibit a competition among multiple spin states in Co3+ will allow us to tune the appearance and activity of the Jahn-Teller active intermediate spin (IS, S=1) Co3+.  This feature is not available for the always high-spin Mn3+.  We will explore a number of issues surrounding the stability of the IS state and its coupling to magnetism and orbital order, particularly short-range order.  As in the case of manganites, we believe that reduced dimensionality provides the best opportunity to understand the impact of phase competition and order in cobaltites.  Accordingly, we intend to explore cobaltites ranging from perovskite (3D) to layered (quasi-2D) to chain (quasi-1D) compounds.  High-pressure synthesis will be a significant part of the synthesis of the low-D compounds as the chain compound Na1-xCaxCo2O6 and the Srn+1ConO3n+1 (n=1, 2) series of layered materials.  

In collaboration with the Neutron and X-ray Scattering group, we propose to investigate systems in which valence fluctuations may play a role in quantum criticality.  One approach will be to apply chemical pressure to CeCu2Si2, and also CeAl3, by yttrium-substitution, to induce valence fluctuations.  Another will be to study CeCoGe3-xSix single crystals that will be synthesized to probe the momentum dependence of the spin correlations.  Finally, inelastic neutron scattering will reveal whether non-Fermi liquid scaling is associated with /T scaling of the dynamic magnetic susceptibility.  

The functionality and flexibility of complex transition-metal oxides make them attractive for a number of applications, including high-temperature superconductivity (HTS) and colossal magnetoresistance (CMR).  As well, they are a test-bed for fundamental science issues.  Charge transport is a thriving arena of inquiry, yet some of the most fundamental aspects of charge delocalization, i.e., the metal-insulator transition (MIT), are incompletely understood.  In the manganites, Millis, et al, Phys Rev. Lett., 74, 5144 (1995) have also pointed out the need to go beyond double-exchange model of metallic conductivity by introducing a localization mechanism above TC.  Several origins for the localization have been suggested: e.g., polaron formation, charge ordering and orbital ordering.  Manganites are particularly well suited to address the metal-insulator transition because the applied field, temperature and doping concentration can all be used to tune the relevant parameters in an unprecedented way.  

We seek to understand if the novel Anderson localization concept proposed from our own research can be a unifying concept for the localized electronic state above TC.  A corollary premise is that colossal magnetoresistance does not require a MIT, as our preliminary results imply.  For an adequate answer to these questions we will establish the systematics, e.g., as a function of doping.  Finally, our preliminary research raises a further question we wish to explore.  Does the MIT extend into the finite field portion of the phase diagram or is the zero-field MIT at TC a multi-critical point? The signature of a MIT in finite fields above TC would be a crossover from thermally activated conductivity to the double-exchange model of metallic conductivity.  We will look for a feature of the MIT close to TC, but the smearing of TC by inevitable compositional inhomogeneities may hide the effect.  Thus we must look farther above TC in a larger field that is needed to align the spins, so experiments at the National High Magnetic Field Laboratory may be required.  

We also wish to explore the effects of dimensionality on the metallic density-of-states measured by tunneling.  A particular marker is the effect of weak localization that is expected in strongly correlated oxides and depends critically on dimensionality. In addition, layered manganites offer isolated metallic monolayers, isolated bilayers and coupled bilayers while the degree of isolation can often be varied by applied magnetic fields.  We want to further explore the effects of dimensionality on metals and the MIT by studying, e.g., doped spin ladders or derivatives of Ca3Co2O6.  One-dimensional systems are prone to a Peierls transition into an insulating charge-density wave (CDW).  By studying the thermally activated conductivity, as well as any MIT, we may find it possible to observe and control these CDWs.  In particular, our ability to use magnetic fields to tune the relevant hopping parameter through the magnetization gives us a strong advantage.  The first step is to successfully dope these compounds with carriers, which we believe will be possible with high-pressure synthesis.  

We address the localization mechanism using our powerful two-prong approach to determine electronic properties: tunneling (with sub-meV resolution) and selective-element, soft x-ray scattering, adsorption and inelastic scattering (~0.1 eV resolution) at the manganese and oxygen edges.  The oxygen x-ray edge data measure the hybridized states with manganese eg that are most relevant to conduction and measurements are done in collaboration with J.W. Freeland (APS).  

We will study whether the insulating, non-ferromagnetic surface bilayer that we found previously would be affected by the deposition of epitaxial layers, e.g., SrTiO3, La1-xSrxMnO3, etc. or non-epitaxial films like gold.  A particular advantage of layered manganites is that cleaved surfaces always terminate on the same, moderately inert, atomic plane.  An additional advantage of our unique approach is the vital ability of selective-element x-ray techniques that see-through the overlayer and probe buried layers.  An outstanding issue is whether certain layers can (1) eliminate the reconstruction, and its charge localization, or (2) lead to modified behavior, or (3) leave the reconstructed outer bilayer unchanged.  If the last possibility prevails, one has an ideal self-assembled tunnel barrier with obvious implications for applications.  

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.

i. NEPA Requirements Required:   NEPA review and assessment has been completed in accordance with DOE NEPA Compliance Order 451.1B
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
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