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c. Purpose

The primary goal of the neutron and x-ray scattering group is to ensure that the Division can pursue strong multidisciplinary research programs of the nature 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.  Specific interactions with other groups in MSD are described in the narrative.  An additional goal of growing importance is to initiate new research programs that anticipate the science that will be fully enabled by the Spallation Neutron Source (SNS) and to build these programs to world-class strength by the time the SNS becomes operational.  Special effort is being made to involve university collaborators in these new programs.  This activity will expand the use of neutron scattering in the US into areas that are presently under served or not served at all and will help the US science community prepare to fully utilize the SNS.  It will also accelerate the training of young scientists in neutron scattering techniques.  A formal part of the training activities is a two-week  long Neutron and X-ray Scattering School sponsored each summer at Argonne.

A closely related goal of the group is to lead the development of new neutron scattering instrumentation and techniques at the IPNS and at the SNS.  Scientists in the group play a lead role in the development of new instrumentation and user-based research programs at the Intense Pulsed Neutron Source (IPNS) and serve as instrument scientists, usually with the help of scientific support staff from the IPNS Division, for three IPNS instruments.  Members of the group are also involved in the development of instrumentation for the Spallation Neutron Source at ORNL.  This includes 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 Access Teams, and collaboration with SNS instrument scientists.   Group members are also active in developing new x-ray scattering instrumentation and techniques for use at the Advanced Photon Source.

e.   Approach

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

Research activities are selected to accomplish the vision of the group in two areas:  To enable the Division to pursue world-class research programs that must include the use of state-of-the-art scattering methods and to strengthen the US neutron scattering community through collaboration and training.  In both cases, priority is given to those areas of science that will be fully enabled when the SNS is operational.  The research program is rather broad, achieving its critical mass through extensive collaboration inside the Division and outside Argonne.  In most research areas, world-class strength is achieved by combining materials synthesis, scattering, and other characterization tools, with theory also playing a key role for some programs.

Expanding into new research directions motivates the need for access to world-class neutron scattering instrumentation.  Members of the group use facilities all over  the world, including the ISIS Facility in the UK, where two Argonne postdocs are presently based, the ILL in France, and NIST.  A large number of experiments are done at the IPNS.  Enhancement of IPNS instrumentation to match the research interests is being actively pursued.  Specific examples are given in the following narrative.  Group members are also playing key roles in future SNS instrumentation.  This includes the design and construction of two prototype instruments that will test and demonstrate new instrument concepts, with the intent that dedicated instruments will later be built at the SNS.

The following narrative provides more detail regarding the research and instrumentation activities.

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).  Group members also investigate the electronic structure and in particular the electronic phase diagram of the cuprate superconductors in collaboration with J.C. Campuzano (58926) and M.R. Norman (59001) and others.  A new program will explore new superconducting compounds made at high pressure.

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, ceramic membrane materials that achieve selective gas (e.g., oxygen or hydrogen) transport simultaneous 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 Univ.) and characterization of physical properties in collaboration with other MSD scientists.  Neutron and x-ray scattering tools are used to learn how physical properties are controlled by chemical composition and crystal structure.  Recently, it has become increasingly clear that the properties often depend on short-range self organization of spins, charge, or orbitals, and diffuse neutron and x-ray scattering have become critical tools in the work.

Dynamics of Strongly Correlated Electron Systems

Inelastic neutron scattering provides unique insight into the dynamics of strongly correlated electron systems.  We have a program which focuses on the use of time-of-flight techniques, using neutron facilities at both IPNS and ISIS (UK), to study the dynamics of several important classes of strongly correlated systems, combining these studies with neutron diffraction, muon spin rotation, and magnetic susceptibility measurements.  As the Spallation Neutron Source nears completion, we are increasingly focusing on experiments using single crystal samples that benefit the most from the new instrumentation.

Our investigations of strongly correlated electron systems are focusing on three overall areas: orbital correlations in transition metal oxides, quantum critical phenomena, and strongly anisotropic Kondo systems.  Investigating the orbital correlations of transition metal oxides with highly degenerate d-electron ground states is giving new insight into the physics of these strongly correlated systems.  We have started an inelastic neutron scattering program to study a novel class of layered ruthenates, which combine high degeneracy with relatively weak on-site correlations and have a rich array of ground states.  This is related to other work on cobaltites (see 58802), which display a range of spin-state transitions.

Understanding quantum critical phenomena is considered one of the grand challenges of solid state physics. Probing this behavior requires a combination of momentum-resolved spectroscopies, of which neutron inelastic scattering is the central technique.  The wide dynamic range of pulsed neutron sources has been vital in studies of quantum critical systems, which show scaling over a very broad range of energy and temperature. New classes of compounds are continually being identified that will allow us to determine whether it is possible to identify universal classes of quantum critical compounds similar to those identified in classical critical phenomena.

An understanding of anisotropic heavy fermion systems requires the ability to measure on the energy scale of crystal field excitations determining the anisotropy, and the much lower energy scales of the anisotropic Kondo coupling.  Crystal field spectra are also important in understanding other heavy fermion systems such as the heavy fermion superconducting skutterudite compounds. 

Cooperative Phenomena in Frustrated Systems

We have started a new program to study the influence of strong frustration on the collective behavior and electronic properties. Frustration, the symmetry-incompatibility of local and extended degrees of freedom, is a uniquely solid state phenomenon, yet is relevant to a large number of general many body problems because of the ubiquity of situations where several coupled degrees of freedom cannot simultaneously satisfy all mutual constraints. The ultimate goal of the program is the understanding of the dynamics of the fluctuations in frustrated systems, which presents a challenge for current many body theory. Cooperative phenomena in frustrated magnets generally occur at temperatures much lower than expected from the strength of the individual spin-spin interactions, suggesting that frustration leads to a transfer of spectral weight to lower energies. Because frustration often prohibits long range order and instead leads to short range correlations, the fluctuations will be spread over a large region of reciprocal space. This program will therefore greatly benefit from new and advanced instrumentation such as the diffuse scattering diffractometer we are proposing for SNS.

Magnetic Behavior in Constrained Geometries

Magnetism in thin films, multilayers, and patterned magnetic arrays is studied using polarized neutron reflectometry and scattering at grazing incidence. In thin films and multilayers it is important to determine the configuration of magnetic moments and correlate them with expectations due to micromagnetic calculations. This is the basis for understanding macroscopic phenomena such as magnetization and magnetoresistance and relating them to the physical properties such as magnetic anisotropy and coupling. The scattering at grazing incident can be evaluated in order to understand the magnetic behavior of lateral magnetic domains or laterally confined magnetic structures. Much of the work is done in close collaboration with the Magnetic Thin Film and Laterally Confined Nanomagnets efforts in MSD and with university collaborators, principally exploiting the reflectometer POSY I at IPNS.

Depending on the external conditions, such as applied field, magnetic films can break down into domains.  Their shape, the magnetization direction of the individual domains, and their correlation define their macroscopic properties.  For thin films, neutron reflectometry combined with scattering at grazing incidence can provide a detailed picture of the ensemble of domains. To reach that point, however, adequate neutron flux needs to be available, efficient polarization analysis techniques have to be perfected, and viable methods of analysis have to be developed to translate into real space the information obtained by scattering.  Toward that goal, a collaboration program has started with Jeff Penfold and Sean Langridge (ISIS Facility, UK), including an ANL postdoc stationed at the ISIS polarized neutron reflectometer CRISP, which views a flux an order of magnitude higher than IPNS. Collaborations have started as well on the theoretical front. With S. K. Sinha (U. California at San Diego) we are exploring the effect of different correlation between domains.  With B. Toperverg (Petersburg Nuclear Physics Institute, Gatchina, St. Petersburg, Russia) we instead are seeking an understanding of how the size of the domains, with a given orientation of magnetization, affects the different polarization channels.
Next-Generation Powder Diffraction at the IPNS

An upgrade program has been initiated for both powder diffractometers at the IPNS.  The upgrade of GPPD is nearly complete, with most of the work having been done by IPNS staff.  It will achieve over four times the counting rate of the original GPPD, a data frame extending from 0.3 Å d spacing to beyond 10 Å in a single data set, and the ability to operate in non-integer data frames beyond the first frame for long-wavelength  experiments.  SEPD will be upgraded to achieve approximately 8 times higher count rate with very low backgrounds and significantly improved data at long d spacing.  In addition to enabling new science for ANL programs and outside users, these upgraded instrument will serve as a test bed for data focusing and data analysis codes that will later be used on POWGEN3 at the SNS.

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

We joined forces with the Max Planck Institute (MPI) of Stuttgart (H. Dosch, J. Major) and Los Alamos National Laboratory  (R. Pynn) in an effort to develop 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 feature that distinguishes spin-echo encoding from conventional scattering (for instance, of X-rays) is that it does not require a tight collimation of the incident or the scattered beam with the ensuing loss of intensity. 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 instrument, we are readying a prototype at the Institut Laue-Langevin (ILL) in Grenoble, France, based on an existing evanescent wave diffractometer (EVA) of property of MPI.  ILL is allowing the instrument to operate in the experimental mode, without the constraint of user participation, for the next two years.  An Argonne postdoc is now part of the instrument team at Grenoble with the role of developing the procedures of data analysis required by the new technique and to participate in the initial experiments.  Within two years we will have the expertise to lead the construction of such an instrument at the SNS and will submit a proposal to do this.

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 in the process of designing and building a prototype neutron diffuse scattering instrument at IPNS, which can discriminate elastic from inelastic processes.  This will lead to an instrument proposal at the SNS.  In parallel with this, we are optimizing the measurement of x-ray diffuse scattering from single crystals using high energy synchrotron x-rays.

Neutron and X-ray Scattering School

For the last five years, Argonne has operated a two-week long summer school on neutron and x-ray scattering.  This school is intended for graduate students and includes both classroom lectures from experts in the field and hands-on experiments at the IPNS and APS.  We presently have the capacity for 60 students.  There were 141 applicants in for the summer 2003 school.  Many of the students of the school subsequently apply for postdoctoral positions are ANL 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 

Crystal chemistry of NaxCoO2•4xH2O.  In collaboration with D. G. Hinks, we have determined the chemical composition and crystal structure of the newly-discovered superconductor NaxCoO2•4xH2O.  In this novel superconductor, incorporation of water into the layered compound NaxCoO2 produces a superconducting material that appears to have many exotic properties similar to the layered cuprates, albeit with a low Tc (~5K).  Our studies have focused on understanding the role of water.  We found that four water molecules associate with each Na ion in the space between the CoO2 layers to form a rather typical hydrated compound with full hydrogen bonding of the water molecules.  This finding raises important questions about claims of wide variations in chemical composition and the effects of these variations on superconductivity.

Electronic phase diagram of cuprate superconductors.  In collaboration with J.C. Campuzano and M.R. Norman, in ARPES studies of BSCCO, we found a new crossover line between a coherent metal phase for lower temperatures and higher doping, and an incoherent metal phase for higher temperatures and lower doping.  
Complex Oxides with Important Transport, Magnetic, or Dielectric Properties

Design Rules for Perovskite Compounds.  Several years of work on composition-structure-property relationships in oxide compounds with the perovskite structure has culminated in the development of "design rules" for predicting what compositions can be made in order to achieve desired properties.  The development of these design rules was made possible by using special synthesis techniques to dramatically extend the composition range of important perovskite compounds and then incorporating the actual measured structural data (from neutron powder diffraction) rather than tabulated data from the literature into predictive models.  This approach overcame previous confusion about why simple tolerance factor arguments often failed for many oxide compounds.  Using these design rules, some previously unattained compositions have been made.  These concepts will not be used to develop materials needed for the systematic exploration of behavior in oxides.

Polaronic Orbital Polarization in a Layered Colossal Magnetoresistive Manganite.  From a detailed quantitative analysis of the diffuse Huang scattering induced by individual Jahn-Teller polarons, we have established the existence of orbital polarization, as well as a change of the orientation of this polarization as a function of temperature, in the paramagnetic phase of bilayer manganites.
Dynamics of Strongly Correlated Electron Systems

Orbital Excitations in Layered Ruthenates.  In a collaboration with Oak Ridge National Laboratory and Princeton University, we are studying the magnetic dynamics of a novel class of layered ruthenates.  We have performed neutron time-of-flight measurements of excitations in single crystals of La4Ru2O10, which undergoes a first-order orbital phase transition.  This transition lifts the degeneracy of the 4d t2g orbitals, leading to a non-magnetic ground state.  The orbital excitations, measured on MAPS, show a strong Q-dependence that will allow us to model the interactions that drive this novel transition. 

Quantum Critical Systems. We have started neutron scattering investigations of two novel quantum critical systems.  One is based on CeCoGe3-xSix and involves a transition into a strongly mixed valence state.  The other is Sr1-xCaxRuO3, which undergoes a quantum phase transition from an itinerant ferromagnet into an exchange-enhanced paramagnetic state. 

Anisotropic Heavy Fermion Systems. We have succeeded in solving the crystal field potential of the heavy fermion superconductor PrOs4Sb12 using inelastic neutron scattering.  We were able to show that the mass enhancement arose from inelastic magnetic scattering of the conduction electrons, but that Tc is increased by strong inelastic quadrupolar scattering. 

Cooperative Phenomena in Strongly Frustrated Systems

Orbital degrees of freedom vs. geometrical frustration in spinels.  Using inelastic neutron scattering, in collaboration with S. H. Lee (NIST) and others, we were able to show that the geometrically frustrated spinel system ZnV2O4 undergoes a phase transition from a three-dimensional, frustated spin liquid to a one-dimensional, long range ordered spin chain system. This clearly demonstrates the importance of orbital degrees of freedom as a way to relieve and overcome frustration.

Magnetic Phases in Constrained Geometries

Ferromagnetic/superconducting superlattices.  Superlatttices 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, the magnetization was found to be reduced, possibly due to charge transfer or other proximity effects.

Magnetization reversal in an obliquely oriented metal evaporated tape.  In an experiment that might lead to commercial applications, the switching of the magnetization of a videotape was studied by combining vector Magneto-Optic Kerr Effect and Polarized Neutron Reflectivity. In a joint study with P. Vavassori (Universita di Ferrara, Ferrara, Italy) and M. Th. Rekveldt (Technische Universiteit Delft, the Netherlands) it was found that the magnetization vector rotates coherently out of the tape's plane for a substantial part of the hysteresis cycle. Then for a critical field opposite switching takes place. However in commercial tapes rotation and switching are not uniform across the tape's thickness: switching takes place first at the surface-facing side of the film, which appears to contain a higher oxygen content introduced in the process of the conventional method of tape deposition. 

Magnetic Response of Fe nanoparticles imbedded in cubic zirconia.  Iron implanted in YZO forms crystallites of Fe with a certain orientation with respect to the YZO matrix. The annealed Fe crystallites have an average size of 30 nm and are dispersed in the plane of the host, occupying about 10% of the area. The magnetization of these crystallites had been found to be not that of independent particles, possibly in view of dipole interactions between the Fe particles. To verify some of these findings neutron experiments were started at the ISIS source in United Kingdom, in collaboration with L. Boatner (ORNL) and S. Langridge (Rutherford-Appleton Laboratory) In principle polarized neutron scattering at grazing incidence can give through an optical transform the mapping of local magnetization m(x,y,z). However, in practice the scattering outside from the specular reflectivity was too weak. By measuring the specular reflectivity it was seen how the magnetization of the nano-particle collection is distributed along the thickness in the saturated state. It was also seen how the depth-dependent magnetization evolves in course of the hysteresis loop. These findings were compared and found to be in substantial agreement with a micromagnetic calculation.  The experiment was used as a gauge for understanding the complex response of an assembly of magnetic nanoparticles.

Ferromagnetic semiconductors.  In collaboration with James Rhyne (Univ. of Missouri) and Jacek Furdyna (Univeristy of Notre Dame), we studied ferromagnetic semiconductor (GaMnAs) thin films, for which there are questions surrounding the exact nature and range of the ferromagnetism. This system is of particular interest due to its possible application in "spintronic" devices for which semiconducting and magnetic properties are coupled. With neutron reflectometry measurements we determined a non-uniform magnetization as a function of depth in as-grown films, while annealed samples had a homogenously magnetization which correlated to a higher Curie temperature and overall magnetic moment.

Diffuse Scattering Diffractometers at the SNS and APS

We have solicited advice from experts in the field of single crystal diffuse scattering through a workshop at Argonne, established an Instrument Advisory Team, and submitted a Letter of Intent to the Experimental Facilities Advisory Committee of the Spallation Neutron Source, stating that we are planning to develop plans for dedicated diffuse scattering instrumentation, to be called Corelli.  We have initialized Monte Carlo simulation software for the simulation of the planned prototype instrument to be built at IPNS and have begun specifying components for procurement.  We have performed the first test experiments of the use of image plates to measure full three dimensional volumes of reciprocal space using high energy synchrotron x-rays with very nice results.

Spin-Echo Resolved Grazing-Incidence Scattering Instrument (SERGIS)

We tested on "EVA" (at the ILL, France) the technical components of the basic neutron-resonance-spin-echo circuit. Although the construction of these circuits follows an established design that up to now has been used for energy analysis, the scattering geometry of SERGIS imposes additional constraints. In particular, we were successful in modifying the original configuration of the coils to eliminate small angle neutron scattering that would have swamped the desired signal. The transformation of EVA in a spin echo unit was started in February 2004. The beamline was stretched to accommodate two spin-echo legs, one before, one after the sample. A large two-dimensional detector (180x180 mm) has been commissioned. A polarization analyzer that covers the entire detector is soon to be delivered. The restructuring of EVA is being conducted by personnel of MPI (3 persons) Argonne (two persons) and Los Alamos (one person). SERGIS will operate at ILL on a single wavelength mode. At the same time, efforts are under way - in collaboration with Roger Pynn of Los Alamos - to create new neutron-optical elements that would permit the optimal operation of SERGIS at a pulsed beam facility such as the Spallation Neutron Source. Solid state neutron spin rotators and white beam flippers are being tested at Los Alamos. 

Neutron and X-ray Scattering School

There were 141 applicants to the ANL Neutron and X-ray Scattering School for the Summer of 2003.  60 students can be accommodated.  We have increased the range of experiments available, so that students get practical experience that is better matched to their interests.  We are now accepting applications for the 2004 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 compound.  Layered structures in which superconductivity occurs in metallic layers that are separated by "charge reservoir" layers where the chemistry can be varied to adjust the carrier concentration display superconductivity in such diverse systems as the layered cuprates, MgB2 and NaxCoO2•4xH2O.  Collaborating with D. G. Hinks (Emerging Materials, 58916) we will investigate the properties of various layered compounds (including oxides, nitrides, and phosphides) where metallic behavior can be produced by altering the chemistry of a charge reservoir layer.  This work will include a search for entirely new compounds using the recently acquired high-pressure synthesis aparatus.

We also plan to expand our previous studies of the electronic phase diagram by employing new techniques such as resonant X-ray scattering and applying a current in-situ during ARPES experiments, which will destroy superconductivity and allow us to study the underlying normal state.
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.  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 rang of oxygen partial pressures.

· Ferroelectric materials that resist fatigue and materials where the behavior evolves from normal to relaxor behavior with chemical composition.

Dynamics of Strongly Correlated Electron Systems

Magnetic Excitations in Layered Ruthenates.  We will perform triple-axis measurements at Oak Ridge in order to refine our understanding of the orbital excitations in La4Ru2O10, and determine what is driving the orbital phase transition. 

Quantum Critical Scaling.  We will continue our study of the Sr1-xCaxRuO3 series, particularly CaRuO3, which is a stoichiometric compound that displays non-Fermi liquid properties, in order to determine if the unusual phenomena are related to the ferromagnetic quantum phase transition or to exchange-enhanced paramagnetism.

Anisotropic Heavy Fermion Systems. We will perform measurements of a range of praseodymium skutterudite compounds, and measure the linewidths of crystal field transitions in the heavy fermion superconductor, PrOs4Sb12, in order to probe the quadrupolar interactions that are enhancing the superconductivity. Using time-of-flight inelastic neutron scattering, we shall investigate yttrium-doped URu2Si2, which will allow us to determine whether the energy scale of the unusual excitations in this system arise from anisotropic Kondo interactions.  

Cooperative Phenomena in Strongly Frustrated Systems

We will continue to investigate the behavior of the static and dynamical correlations of strongly frustrated systems. The focus will be on systems where the presence of frustration prohibits long-range order and only short range correlations exist. We will use neutron and X-ray diffuse scattering to probe the existence and behavior of such correlations, and inelastic neutron scattering to investigate the dynamics.   In systems with the pyrochlore structure we will study the frustration of spin fluctuations as a function of chemical structure and magnetic disorder (both achieved by appropriate chemical substitution).
Magnetic Phases in Constrained Geometries

The role of anisotropy in Exchange bias systems.  We will investigate the role of the magnetic anisotropy of the antiferromagnetic the study of exchange bias phenomena. Studies on Co/CoO showed that locally changing anisotropy directions within CoO was responsible for a strong training effect. We will use polarized neutron reflectometry to determine the magnetization vector as the field is varied along different directions with respect to the uniaxial anisotropies and unidirectional (biasing) anisotropy. Magnetization measurements in, for example, Co on single crystalline FeF2 indicate the presence of a biquadratic contribution to the exchange bias. Since these measurements determine the average component of the magnetization only, a changing reversal mechanism (such as breakdown into domains) influences the derived magnitudes of the anisotropy. Because with reflectometry we can derive the magnetic vector as well as differentiate between coherent rotation and different modes of incoherent reversal (switching or rotation within domains), we will provide a more complete description and understanding.

Surface Spin flop transition.  We will study the magnetic phase transitions in finite antiferromagnets. A Fe/Cr(211) superlattice has been used as a model system to study the surface spin flop transition in a finite antiferromagnet (in collaboration with J.S. Jiang and S.D. Bader, Magnetic Thin Films Group (58918)) and with polarized neutron reflectometry we confirmed the validity of the theoretically calculated structure with field. We are collaborating with the theory group of A. Rettori (University of Florence) in order to map out the stability of the surface spin-flop transition with respect to the direction between the easy-axis and the applied. For bulk antiferromagnets this spin-flop transition is first order only over a limited angular range. Extensive magnetization and magneto-resistance measurements (J.S. Jiang) will be correlated with the theoretical predictions. Additionally, reflectivity measurements on a system where the anisotropy is perpendicular to the film plane, have been started. In this system, there is an additional degree of freedom, leading to a more complex behavior.

Ferromagnetic/superconducting superlattices.  We will continue to collaboration with Jacobo Santamaria (Departamento de Fisica Aplicada III, Madrid, Spain) and Axel Hoffmann (Magnetic Thin Films Group (58918)), in the study of superlattices consisting of alternating layers of superconducting YBa2Cu3O7 and ferromagnetic La0.7Ca0.3MnO3. New samples with La0.7Ca0.3MnO3 thicknesses larger than previously studied, show signs of antiferromagnetic coupling between the ferromagnetic layers. Antiferromagnetic ordering will clearly be recognizable in the measured reflectivity with the appearance of an antiferromagnetic Bragg peak.

Magnetic coupling across an antiferromagnetic layer.  A study was made of trilayers of permalloy/FeMn/Co, where the soft ferromagnet Py and the hard magnet Co are separated by an antiferromagnetic (AF) FeMn layer, to see the existence and the nature of a possible magnetic coupling across the AF layer. In combined magnetization (F.Y. Yang and C. L. Chien, Department of Physics and Astronomy, Johns Hopkins University) and polarized neutron reflectivity experiments (W. T. Lee, Spallation Neutron Source, Oak Ridge National Laboratory, Oak Ridge), films with different AF thickness were studied after subjecting them to different thermal history. FeMn becomes AF ordered at TN~ 100 °C, and the trilayer may be cooled in a field such that, at T>TN, the magnetization of Co and Py are parallel or opposite.  For dFeMn > 90 Å, it was found that at T<TN Py and Co are magnetized as two independent thin films. In contrast, for samples with dFeMn < 90 Å and at low temperature, Py was found to be coupled magnetically with Co. In the middle of the hysteresis loop, the two magnetic vector form an angle which is dependent on the AF thickness and the applied field, but not the thermal history. This unexpected coupling will be the subject of further investigations.

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 will not be able to provided depth dependent information, while neutron scattering at grazing incidence can.

Next-Generation Powder Diffraction at the IPNS

Now that the upgraded GPPD is becoming operational,  will be begin work on data collection and analysis issues that will strongly impact the POWGEN3 diffractometer at the SNS.  Specifically, we will develop data focusing algorithms for operating the instrument in ways that are optimized for specific experiments (e.g., wide data range vs. maximum resolution and count rate for a small window of d spacings).  We will begin the development of data analysis codes for handling data from this new instrument, with the requirement that the codes will be directly useable for data from POWGEN3 at the SNS.  This will enable POWGEN3 to be scientifically productive immediately after the startup of the SNS.  During the same period, will be proceed with the previously described upgrade of SEPD.

Spin-Echo Resolved Grazing-Incidence Scattering Instrument (SERGIS)

The next two years will be spent in upgrading the spin-echo components to optimize the performance of this new type of neutron instrument and (crucially) in proving the scientific case. Many scientifically interesting films are not laterally homogeneous. For example, their surfaces may be rough or the films themselves may have some source of structural or chemical inhomogeneity within the film plane.  In addition to the specular reflection, such films give rise to diffuse scattering. Examples include surface landscapes that display islands, facets, self-affine roughness, and capillary waves. In some cases, surface landscapes of interfaces in mutlilayer sytems have been found to be conformal. Lateral inhomogeneities in complex-fluid films resulting from a number of physical effects such as dewetting or self-assembly have also been probed, as have magnetic systems such as arrays of magnetic dots and anti-dots. To see how well a SERGIS-type instrument can observe these structures and their evolution a fair amount of work has to take place in developing a suitable analysis of the scattered intensities. Thus, the scattering within the reflection plane and off the reflection plane should provide complementary information on the structure of the roughness and its localization in a system comprising more than a single layer.  Spin-echo may provide a way for separating waviness - as it occurs in many biological systems- from true roughness. Spin-echo in principle can distinguish static from time-dependent roughness: a realistic assessment of this property may enable the study of phenomena such as the kinetics of membranes or surface melting in complex systems. The learning process on these capabilities will take place by choosing during the next two years experiments graded with incremental difficulty. 

Diffuse Scattering Instrument for the SNS

We will finalize the design of a prototype single crystal diffuse scattering machine at IPNS, and start the purchase of chopper and detector systems ready for final installation at IPNS.  Comprehensive tests of the cross correlation technique for discriminating elastic from inelastic scattering will follow, employing a wide range of samples in collaboration with members of the Corelli Instrument Advisory Team.

Neutron and X-ray Scattering School

We will continue to run the Neutron and X-ray Scattering School each summer.  We expect it will continue to be heavily oversubscribed.  Although we cannot increase the number of students, we are increasing the range of experiments they can perform.

h. Relationships to other Projects

This work is carried out through important collaborations with the Argonne Materials Science programs on Naturally Layered Manganites (58802), Magnetic Thin Films (58918), Laterally Confined Nanomagnets (58830), Emerging Materials (58916), Nano- and Confined Materials (57502), Condensed Matter Theory (59001), Synchrotron Radiation Studies (58926), and the Intense Pulsed Neutron Source (58700).  There are extensive collaborations with scientists at Universities, many of which have been described in the foregoing narrative.  Some of the new science programs described here are closely coordinated with, and depend on, the enhancement of IPNS instrumentation.  Additionally, equipment funding for the IPNS instrument upgrades comes through IPNS.  Some work described here (e.g., work on new superconductors made at high pressure, quantum critical phenomena, and frustrated systems) also depends on having sufficient resources for the associated materials synthesis efforts of the Emerging Materials Group (58916).




