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	b.  Publications

Members of the group published nineteen articles in peer-reviewed journals, including seven Physical Review B articles, four Physical Review Letters, and two Journal of Applied Physics articles.

c.  Purpose

The Neutron and X-ray Scattering group pursues several important objectives in its work:

· The primary goal is to ensure that the Materials Science Division can conduct strong multidisciplinary research programs that are only possible if scattering capabilities are combined with other experimental work.  Members of the group play lead roles in several of these programs.

· We initiate new research programs that anticipate the science that will be fully enabled by the Spallation Neutron Source (SNS) at ORNL and to build these programs to world-class strength by the time the SNS becomes operational. This activity will expand the use of neutron scattering in the US into areas that are presently under-served or not served at all.

· We help to prepare the US science community to fully utilize the SNS by pursuing active collaborations with university research groups and training young scientists in neutron scattering techniques.  Our group sponsors and helps direct the two-week long National School of Neutron and X-ray Scattering each summer at Argonne. 

· Members of the group are involved in the development of SNS instrumentation.  This includes the development of ideas for new instrument concepts, frequent service on SNS advisory panels (such as the Experimental Facilities Advisory Committee), active membership in SNS Instrument Development Teams, and collaboration with SNS instrument scientists.   

· We are also active in developing new x-ray scattering instrumentation and techniques for use at the Advanced Photon Source. 

· Scientists in the group utilize instruments at the Intense Pulsed Neutron Source (IPNS) for their own science and in collaboration with other users.

e.  Approach

J. D. Jorgensen (100%), G. P. Felcher (100%), R. Osborn (90%), S. Rosenkranz (90%), S. G. E. te Velthuis (100%); 

Exotic Superconductors

Our diffraction work on exotic superconductors focuses on the relationship among chemical composition, crystal structure, and superconducting properties.  Layered materials are of particular interest because of the interesting behavior found in a surprising range of layered compounds, such as layered cuprates, MgB2, and the recently discovered NaxCoO2•4xH2O (x≈1/3).   Most of the work on newly discovered superconducting materials is done in collaboration with D. G. Hinks (58916).  A new program to search for new superconducting compounds synthesized at high pressure has been initiated.

Complex Oxides with Important Transport, Magnetic, or Dielectric Properties

The work on complex oxide materials extends far beyond superconducting oxides to include a broad range of systems that are of interest because of their transport, magnetic, or dielectric properties – magnetoresistive materials, ferroelectrics, half-metallic magnets, multiferroics, ceramic membrane materials that achieve selective gas (e.g., oxygen or hydrogen) transport simultaneously with controlled electronic transport, etc.  Understanding the behavior in such systems includes substantial materials synthesis efforts, mainly in collaboration with D. G. Hinks and J. F. Mitchell (Emerging Materials Group, 58916) and B. Dabrowski and O. Chmaissem (Northern Illinois University) and characterization of physical properties in collaboration with other MSD scientists. 

Orbital Correlations, Frustration, and Self Organization

One of the most important issues to emerge from recent research in transition metal oxides is the need to understand the role of d-electron orbital occupation and interactions in phenomena as diverse as superconductivity, colossal magnetoresistance, ferroelectricity, spin ladder formation, and magnetic order.  However, there are few probes that directly couple to orbital correlations, and it is often necessary to use a variety of techniques in order to probe the orbital configuration. Our group is particularly well equipped to tackle this problem because we have expertise in both elastic diffuse scattering (using neutrons and x-rays) and inelastic scattering. Elastic diffuse scattering is a powerful probe of the nanoscale self-organization (stripes, dimerization, phase separation) that accompanies frustrated interactions that couple to the lattice strain. Inelastic scattering provides a direct measure of the energy scales of interactions in the system, through measurements of spin waves, spin gap formation, and phonon dispersions. This is related to other work on cobaltites and other transition metal oxides (see 58802), which display a range of orbitally-induced phenomena, and depends on the materials synthesis effort of J. F. Mitchell and the Emerging Materials group (58916).

Magnetic Behavior in Constrained Geometries

The basis for understanding magnetism in thin films and multilayers lies in understanding how macroscopic phenomena such as magnetization and magnetoresistance are related to physical properties such as magnetic anisotropy and coupling. As new materials are developed, for example for spintronic applications, and new macroscopic phenomena are observed, there will be a need to map out the detailed magnetic structure to allow modeling and optimization. We use polarized neutron reflectometry and scattering at grazing incidence, principally exploiting the reflectometer POSY1 at the IPNS, in order to probe the magnetic structure within each layer of the film, at interfaces, and within individual domains. We continue our strong collaboration with the Magnetic Thin Films group (58918) as well as with collaborators outside ANL. The unique capabilities of POSY1, including the three-directional XYZ magnet and, a recently installed wide angle polarization analyzer, provide exceptional flexibility in the types of possible measurements.

Biological and Polymeric Membranes

We are establishing a new program in biological and polymeric membranes with a new staff hire. Biological membranes can be considered as complex two dimensional fluids of proteins floating in a (largely) liquid lipid matrix. Their inherent complexity has impeded a clear determination of their structure and properties. It is believed that some protein and lipid components are associated in the native membrane in raft-like structures but the structure and dynamics of these rafts, and the role of proteins in determining their size and distribution are not well understood. These questions are difficult to answer without a) a better understanding of model biomimetic systems and b) methods that can probe the lateral and vertical distribution of biological materials at relevant length scales. The ability of small angle neutron scattering to detect the presence of small-scale (200nm) heterogeneity in liposomes has been demonstrated, but the development of spin-echo-resolved methods within our group could improve the spatial resolution by nearly an order of magnitude. This new program, which will initially be conducted using existing neutron and x-ray techniques, will therefore benefit from the new instrumental techniques currently being developed within the group (see the next section).

Spin-Echo Resolved Grazing-Incidence Scattering (SERGIS) at the SNS

We are developing a new neutron scattering technique called Spin-Echo Resolved Grazing-Incidence Scattering (SERGIS).  This technique couples grazing-incidence small-angle-scattering with spin echo encoding to provide a picture of the structure of rough surfaces and interfaces. One envisioned application is the study of the structure of biological membranes and possibly their kinetics. To have a full measure of the scientific opportunities of such an instrument, we constructed a prototype at the Institut Laue-Langevin (ILL) in Grenoble, France, and performed benchmark experiments to test the technique. We started  with “model” systems, such as suspensions of polystyrene sphere, that were well characterized by other techniques, before attempting an analysis of more complex systems such as self-assembled porous membranes and ensembles of polystyrene droplets on a silicon surface. At the same time, we are testing new spin-echo components in collaboration with Roger Pynn of Indiana University. These efforts will provide us with the experience necessary to proceed to the design of a SERGIS instrument at a pulsed neutron source such as the SNS.

Diffuse Scattering Diffractometer at the SNS

Nanoscale disorder and self-organization underlie a wide range of phenomena in materials science, including stripe disorder in cuprates, short-range charge/orbital ordering in CMR manganites, the magnetic and structural response of geometrically frustrated materials, structural correlations in ferroelectric relaxors, defect complexes in ionic conductors, and magnetic correlations in quantum critical systems.  A major focus of our research is the development of both neutron and x-ray instrumentation to provide much more powerful probes of such disorder in crystalline materials. We are completing the construction of a prototype neutron diffuse scattering instrument at the IPNS, which can discriminate elastic from inelastic processes while preserving the efficiency of white-beam Laue diffraction.  It achieves this by using a statistical chopper and the cross-correlation method.  This work will lead to proposal for an instrument at the SNS to be called Corelli, for which we have already submitted a Letter of Intent.  In parallel with this, we are optimizing the measurement of x-ray diffuse scattering from single crystals using high-energy synchrotron x-rays, and exploring the use of a new generation of fast area detectors.

National School of Neutron and X-ray Scattering

For the last seven years, Argonne has operated a two-week long summer school on neutron and x-ray scattering. This school is intended for US graduate students and includes both classroom lectures from experts in the field and hands-on experiments at the IPNS and APS.  The school has been consistently oversubscribed by a factor two and many of the students subsequently apply for postdoctoral positions at Argonne and other neutron and x-ray scattering facilities.

f.  Technical Progress

The following highlights illustrate the breadth of our progress in the present research areas during the last year.

High-Temperature Superconductors 

High pressure neutron diffraction from NaxCoO2•4xH2O was used to learn that charge transfer between the hydrogen bonds and the superconducting CoO2 layers is one of the parameters that controls superconductivity  in this system.  High pressure allows this behavior to be probed because the response of hydrogen bond lengths to pressure is orders of magnitude larger than the response of other bonds.

Complex Oxides with Important Transport, Magnetic, or Dielectric Properties

In collaboration with B. Dabrowski and O. Chmaissem (Northern Illinois Univ.), the design rules we previously developed were applied to guide the systhesis or entirely new perovskite compounds with interesting transport and magnetic properties.  In one case, high-pressure synthesis was used to substantially extend the composition range of a known compound and achieve new properties.

Orbital Correlations, Frustration, and Self Organization

Charge/Orbital Order in Bilayer Manganites: In conjunction with the Emerging Materials group (58916), we have performed a detailed study of the charge and orbital order at close to 50% doping in the bilayer manganites, using samples that had been well characterized by transport measurements.  Neutron and X-ray results indicate that the true ground state of samples with 50% hole-doping is the charge-ordered CE phase, and that reentrant behavior, in which A-type antiferromagnetism destroys the CE order at low temperature, only occurs when the stoichiometry deviates from 50%.

Spin State Transitions in LaCoO3: Inelastic neutron scattering provided evidence for a transition from a non-magnetic singlet spin-state to an intermediate spin-state above 50K. Short-range ferro- and antiferromagnetic correlations accompanying this transition provide evidence for dynamic orbital ordering of the thermally excited states.

Quadrupolar-Enhanced Superconductivity in Pr(Os,Ru)4Sb12  Following our earlier work on the crystal field levels in the skutterudite, PrOs4Sb12, we have investigated the Pr(Os,Ru)4Sb12 series.  The rapid increase in the energy of the low-lying crystal field excitations with ruthenium doping is accompanied by a reduction in the f-electron enhancement of Tc.  This supports our previous hypothesis that the strong enhancement in the PrOs4Sb12 results from inelastic quadrupolar scattering of the conduction electrons.
Magnetic Behavior in Constrained Geometries

Ferromagnetic/superconducting superlattices: Superlattices composed of alternating ferromagnetic and superconducting layers offer the possibility to study the competition between superconductivity and magnetism on the nanometer scale. In collaboration with Jacobo Santamaria (Departamento de Fisica Aplicada III, Madrid, Spain) and Axel Hoffmann (Magnetic Thin Films Group, 58918), we studied superlattices of superconducting YBa2Cu3O7 layers of varying thicknesses spaced by ferromagnetic La0.7Ca0.3MnO3. With neutron reflectometry, we determined that the observed decrease in magnetization of La0.7Ca0.3MnO3 is due to a varying magnetization profile in each layer. Close to the interfaces with YBa2Cu3O7, we observed a reduction of the magnetization, likely due to charge transfer. In samples with a limited number of layers, PNR measurements were able to determine that this large magnetoresistance was coincident with an antiferromagnetic alignment of the magnetization of adjacent La0.7Ca0.3MnO3 layers. This behavior has now been confirmed for various samples that show the magnetoresistance and stepped magnetization, but is absent when the stepped magnetization is absent. The magnetic configuration can be explained by a difference in magnetization in the different La0.7Ca0.3MnO3 layers. The origin of the magnetoresistance has yet to be fully understood.

Magnetic coupling across an antiferromagnetic layer: We have studied NiFe/FeMn/NiFe trilayers using polarized neutron reflectometry. FeMn/NiFe is a widely used AFM/FM (antiferromagnet/ferromagnet) exchange bias system in spin valve structures. We have investigated the effect of annealing on the magnetic structure and the interaction between the ferromagnetic NiFe layers. We found a change in this behavior after annealing, as shown by the appearance of spin flip scattering, which indicates a rotation of the magnetization. This result could indicate coupling between the two layers across the antiferromagnetic FeMn layers.

Compound magnetic focusing lens

Compound refractive lenses have long been used to focus X-ray beams. Focusing is achieved by passing a slit-type beam through an array of N biconcave (i.e., with refractive index n<1) cylindrical lenses. The array reduces the focal length from that of a single lens f0 to f=f0/N.  Similarly, a cylindrical region of radius R, characterized by a magnetic induction B (with field lines parallel to its axis), constitutes a birefringent cylindrical lens for a neutron beam crossing the cylinder perpendicular to its axis. The interaction of B with the neutron spin µ focuses neutrons in the beam with spins opposite to B and diverges those with parallel spins. Following the first proof of principle experiments performed on POSYI at IPNS, a second prototype lens was constructed by placing 99 pairs of toroidal magnets (0.5" outer diameter, 0.25" inner diameter) in iron frames, which provided support and the return field, spaced 3mm apart. Extensive measurements were performed on the ASTERIX beamline at the LANSCE facility of Los Alamos National Laboratory. These results showed that the lens does indeed defocus one neutron spin state, while focusing the other spin state.  As expected, the degree of focusing depends on the wavelength, and for 12Å the focal point is approximately at the position of the detector in this experiment. Close to a factor of 4 in intensity gain was achieved. 

Single Crystal Diffuse Scattering at the SNS and APS

The modification of the CHEX beamline at the IPNS for installation of the prototype correlation chopper diffractometer is well-advanced.  The engineering design and construction of the secondary detector flight path is complete and the complete linear position-sensitive detector and data acquisition system has been purchased and is ready for assembly with assistance from the Spallation Neutron Source detector group.  The correlation chopper itself is also nearing completion.  In our continuing development of the use of high-energy x-rays for diffuse scattering, using APS beamlines on sector 1 and 11, we have optimized the experimental procedures to allow multiple samples to be measured in a compressed time period.  As a result, we have been able to resolve long-standing anomalies in the phase diagram of the bilayer manganites by studying the diffuse scattering and weak charge/orbital order in a number of samples of similar composition that had been characterized by detailed transport measurements.

Spin-Echo Resolved Grazing-Incidence Scattering (SERGIS)

The prototype SERGIS built at the Institut Laue-Langevin (ILL) in Grenoble was based on a reflectometer (EVA) built twelve years ago by the Max Planck Institut (MPI) of Stuttgart. MPI provided 70% of the manpower and 80% of the new technical components necessary for the transformation of EVA into SERGIS. An Argonne postdoctoral appointee was part of the instrument team at Grenoble with the role of developing data analysis procedures. This prototype operated in single wavelength mode, but it has provided the technical and scientific base for a more mature design at a steady state as well as a pulsed neutron source. Efforts are under way, in collaboration with Roger Pynn of Indiana University, to create new spin-echo elements that would optimize the operation of SERGIS at a white beam pulsed facility such as the SNS. In particular, solid-state neutron spin rotators and white beam flippers have been tested at Los Alamos. At the same laboratory, a new magnetic lens has been tested as well, demonstrating that it is possible to concentrate the neutron beam in front of a spin-echo apparatus by a factor of 10 without loss of intensity. In June 2005, Felcher and Pynn presented the results of the scientific and technical tests to the SNS Experimental Facilities Advisory Committee. A workshop was convened to discuss the benefits of probing complex fluid membranes and films with neutron spin-echo. A Letter of Intent is being written to present the preliminary design criteria for building a SERGIS instrument at the SNS.

National School of Neutron and X-ray Scattering

There were 150 applicants to the National School of Neutron and X-ray Scattering held at Argonne in the summer of 2004.  We could only accommodate 60 students, who performed four experiments chosen from the sixteen that were offered.  The feedback from the students was once again extremely positive.  We are now accepting applications for the 2006 school.

g.  Future Accomplishments
An overview of the research programs and the vision for the future was given in section e.  Some specific details of the plans for the coming two years are given in the following narrative.  

High Temperature Superconductors

Work on superconducting materials will continue to focus on layered compounds.  An important new facet of the program is that we will use high-pressure synthesis techniques to search for new superconducting compounds.  In the work on layered cuprate superconductors, the introduction of high-pressure synthesis tripled the number of new compounds being discovered in the mid 1990s.  We will now use the same methods to search for new metallic, and hopefully superconducting, layered compounds in the nitride, boride, phosphide, and antimonide systems.  High-pressure enables the synthesis of new materials by controlling the fugacity of volatile elements and preferentially stabilizing preferred structure types.  This work will be done in collaboration with D. G. Hinks (Emerging Materials, 58916).  The new materials will be characterized using neutron powder diffraction on the SEPD at the IPNS.

Complex Oxides with Important Transport, Magnetic, or Dielectric Properties

We will continue to systematically pursue our studies of complex oxides with interesting (ionic or electronic) transport, magnetic or dielectric properties.  Our program has three facets.  First, we will continue to develop methods for making desired compositions, or structures that are beyond what has been previously explored.  This will include extending our "design rules" to the high-pressure regime.  Second, we will determine how these compositional and structural variables control physical behavior.  Third, we will then attempt the synthesis of new materials with desired properties.  Some examples of our objectives are:

· Colossal magnetoresistive materials in which the temperature of the maximum CMR effect is tuned to room temperature.  

· Mixed ionic and electronic conductors that have enhanced stability in high-temperature environments over a wide range of oxygen partial pressures.

· Ferroelectric materials.

· Half-metallic magnetic materials.

· Multiferroic materials in which ferromagnetism coexists with ferroelectric behavior.
Orbital Correlations, Frustration, and Self Organization

Orbital Frustration in Transition Metal Oxides:  One of the themes that we wish to explore is the way that competing interactions with different length scales produce extended defect structures, with a morphology that is determined by the competition. Systems dominated by short-range repulsion tend to produce Wigner lattices, whereas those dominated by long-range interactions tend to phase-segregate, or form micro-emulsions. However, when the interactions are delicately balanced, as they are in many transition metal oxides, systems tend to form other intermediate phases, involving short-range stripe or ladder formation. We propose to study this behavior by measuring single crystal diffuse scattering in orbitally frustrated systems.  For example, in collaboration with the Emerging Materials Group (58916), we will study the transition from an orbital solid to an orbital liquid in single crystals of thiospinels, such as MnSc2S4 and FeSc2S4 by the use of diffuse x-ray scattering. We also propose to measure the suppression of spin ladder formation in the orbitally ordered system La4Ru2O10 by doping with orbitally inactive transition metal ions, such as zirconium. The length scale of the resulting defect structures will help to determine the balance between long-range strain and local orbital and magnetic exchange interactions in stabilizing the orbitally ordered state.
Magnetic Behavior in Constrained Geometries

Artificially layered oxides: High quality superlattices consisting of complex oxide materials are proving to be a promising new class of materials showing a wide range of interesting phenomena. Due to the wide range of physical properties that these oxides can have, (e.g., ferromagnetism, antiferromagnetism, superconductivity), some of which can be varied by doping, the versatility in their applications is large. We will study phenomena such as exchange bias, exchange coupling, and interactions between ferromagnets and superconductors, for various systems with polarized neutron reflectometry (PNR). Unlike metallic systems, the chemical or electronic composition of complex oxides can change close to the interface, thereby influencing the physical properties. Such phenomena have already been observed for various manganite films. In order to determine whether or not these variations are inherent to the complex oxide materials used or simply growth-related, it is important to do detailed measurements of the magnetic, electronic, and chemical properties close to these interfaces. We will continue to collaborate with Jacobo Santamaria (Departamento de Fisica Aplicada III, Madrid, Spain) and Axel Hoffmann (Magnetic Thin Films Group: 58918), in the study of superconducting YBa2Cu3O7/ferromagnetic La0.7Ca0.3MnO3 superlattices.

Magnetic coupling across an antiferromagnetic layer: Our initial results on NiFe/FeMn/NiFe trilayers have indicated a possible coupling between the two layers across the antiferromagnetic FeMn layers. We will further investigate this phenomena by more extensive polarized neutron reflectivity measurements of these samples as well as those with different antiferromagnetic layer thicknesses. Together with supporting data from other measurements techniques, such as magnetometry, we well try to understand the magnetism in this system.

Magnetic arrays: We will study regularly patterned and laterally confined magnetic structures with polarized neutron scattering at grazing incidence. One reason for studying laterally confined (nano)structures, is to understand how the magnetic behavior of individual structures is modified as its size is scaled down. Since the neutron scattering from one structure would be too weak, the structures should be patterned in a regular array.  Evaluation of the resulting spin dependent diffracted neutron intensities will lead to insights in the magnetic behavior of these systems. This will be especially useful in the case of layered structures, such as in spin valve devices, where other techniques cannot provide the depth-dependent information that neutron scattering at grazing incidence can. 
Biological and Polymeric Membranes

Biological membranes can be considered as complex two dimensional fluids of proteins floating in a (largely) liquid lipid matrix. It is known that some protein and lipid components stick together and resist detergent solubilisation, and it has been suggested that they form raft-like structures that may play a role in protein complexation and signaling. Cholesterol has a significant impact on membrane properties, inducing the formation of rafts, liquid-liquid phase coexistence, and the liquid-ordered lipid phase. Model lipid mixtures can also form domain structures, but their significance is still being debated, since domains of the size observed in model systems ((m) have not been observed in cell membranes. 

Questions that are currently very important in model membrane research include:

· Why are the domains in model lipid systems so much larger than those postulated to exist in cell membranes?

· Are there really (small) domains or rafts in cell membranes? 

· What is the structure of such rafts? Do they extend through the bilayer membrane symmetrically?

· What is the role of proteins in determining the domain size and distribution?

· What is the role of the cytoskeleton in raft formation?

· What are the collective dynamics of such domains? 

While a significant amount of work has been published about the lateral organization in model membranes, there is no direct information about the compositional distribution of lipids. To address this problem, we will combine small angle neutron scattering with the new spin-echo-resolved methods, which should improve the spatial resolution by nearly an order of magnitude. 

Spin-Echo Resolved Grazing-Incidence Scattering (SERGIS)

SERGIS is a new technique in neutron scattering, and the configuration of an optimal instrument is gradually taking shape.  The goal of this technique is to measure objects of lateral dimensions ranging from a few nanometers to a few microns, even when the number of scattering objects is small, for instance because they are confined to the surface or an interface rather than filling an entire volume. In these intensity-challenged cases, spin-echo is quite useful, because it resolves the scattering vector (=kin-ksc itself, rather than the separate wave vectors of the incoming (kin) and scattered (ksc )beams.  As a result, no collimation is needed. A second advantage of the SERGIS methods became evident in the course of the initial experiments. In this method, the recorded intensities are naturally recast in the form of a correlation in real space of the scattering objects. Whenever conventional scattering methods are used, this quantity can be obtained only by applying a Fourier transform to the recorded intensities. However, a direct measure of the atomic pair-density function is the best method of assessing the structural information of imperfectly ordered assemblies. The type and range of scientific problems that can profitably be addressed with SERGIS is still under investigation, but they include the structure of films with rough surfaces or structural and/or chemical inhomogeneity, e.g., surface landscapes that display islands, facets, self-affine roughness, and capillary waves. Most importantly, SERGIS may have a major role in studying the structure of biomembranes. 
Diffuse Scattering Instrumentation at the SNS and APS

We will perform extensive operational tests of the correlation chopper instrument at IPNS, with standard samples that test the effectiveness of the energy discrimination, such as vanadium and PrAl3, which has weak elastic scattering and well-defined inelastic transitions.  Then we will measure single crystal diffuse scattering in systems with strong well-characterized disorder, such as yttria-stabilized zirconia, before proceeding to samples of greater current scientific interest, in which energy discrimination is vital, in collaboration with other members of the SNS Corelli Instrument Development Team.  At APS, we will perform tests of new fast area detectors in order to increase the dynamic range of diffuse scattering measurements.

National School of Neutron and X-ray Scattering

We will continue to run the Neutron and X-ray Scattering School each summer.  We expect it will continue to be heavily oversubscribed.  We continue to optimize the experimental selection to match the scientific interests of the applicants.

h.  Relationships to Other Projects

This work is carried out through important collaborations with the Argonne Materials Science programs on Magnetic Thin Films (58918), Emerging Materials (58916), Nano- and Confined Materials (57502), Condensed Matter Theory (59001), Synchrotron Radiation Studies (58926), and the Intense Pulsed Neutron Source (58700) as well as with university researchers.  



