Probing planar interfaces with neutron reflectivity
M.R. Fitzsimmons

Quantum Condensed Matter Division, Oak Ridge National Laboratory

Department of Physics and Astronomy, University of Tennesse

Course will provide the students with the knowledge to perform reflectometry experiments using X-ray, neutron and polarized neutron beams and to analyze data from these experiments. Course consists of lectures, in-class group exercises and demonstrations of software fitting tools. Class will engage in discussions of instrument design, optimization, and new instrumentation concepts.  Tips for successful proposal writing will be provided. Several examples of published studies featuring neutron reflectometry will be provided.

Students are expected to bring a laptop or partner with someone with a laptop.  Students are expected to have access to WiFi during class and to have installed GenX from http://genx.sourceforge.net/.

Course Goals
· Understand the production and use of x-rays and neutrons to perform reflectometry experiments.

· Be able to obtain atomic and magnetic structures of interfaces from x-ray and neutron reflectivity data using a free software tool.

· Be able to identify problems/questions suitable for study with neutron reflectometry.
Course outline
A world view of the neutron—a condensed matter vs. a nuclear physicist

X-ray and neutron reflection—theoretical principles
· Critical angle and consequences

· Wave functions

· Fresnel’s law

· What does the reflectivity of a thin film look like?

Use of GenX to fit reflectivity data—practical 

· Bring your laptop, or

· Find someone with whom to partner…

· Student exercise

Model fitting

· Metrics
· The phase problem

· Peak fitting

· GenX, again

The Born approximation
· Why do we use this, when we know it’s not satisfactory for reflectometry?

· What do we learn from the reflectivity of a thin film?

· Why is it important to measure to as large Q as possible?

· Student Exercise

Graded profiles, roughness
· Rayleigh criterion

· Nevot-Croce approach

· Influence of graded profiles, e.g., roughness, diffusion, on the specular reflectivity

· How is roughness modeled?

· GenX, again

Off specular (diffuse) scattering

Superlattices
· Examples

· Extinction conditions

· Student Exercise

Resolution and Instrument design

· Collimation techniques to perform reflectometry

· Student Exercise

· Neutron spectra

· Group exercise: Design a reflectometer

Examples of applications of reflectometry
· Diffuse scattering

· Direct inversion

· Grazing incidence small angle scattering

· Tips for successful reflectometry experiments

Polarized neutron reflectometry
· How are polarized neutron beams made?

· How do we control neutron beam polarization?

· Non spin-flip and spin-flip scattering

· Student exercise, GenX again.

Examples of PNR experiments

· Spatially resolved magnetization

· Electric field control of interface magnetism

· Polarized nuclear spins

· Magnetism of LAO/STO interfaces?

· Stern-Gerlach experiment (focusing)

· Zeeman splitting of reflected beams

Seminar topics follow on separate pages.
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Routes to synthetic magnetoelectric coupling across interfaces

M.R. Fitzsimmons

Oak Ridge National Laboratory, Quantum Condensed Matter Division, and

Department of Physics and Astronomy, University of Tennessee, Knoxville

Novel electric and magnetic properties can be achieved in materials engineered at nanometer dimensions. Examples include conducting or magnetic interfaces between materials that are neither conducting nor magnetic. New functionality stems from the atomic, charge, spin or orbital structure of the interface.  With an understanding of interface structure, electric and magnetic degrees of freedom may be controlled, ideally at room temperature, to achieve synthetic magnetoelectric coupling in a nanocomposite or possibly to control spin textures in topological materials.

In this talk I describe applications of polarized neutron reflectometry (PNR) to probe magnetic interfaces in heterostructures and nanocomposites.  In one application, I discuss the origin of a novel form of magnetism in nominally antiferromagnetic BiFeO3 (BFO) when sandwiched between La0.7Sr0.3MnO3 (LSMO) layers.  Our results exclude charge transfer, intermixing, strain and octahedral rotations/tilts as dominating mechanisms for large uncompensated magnetization we see in thin BFO layers. We show that the BFO is simultaneously ferrimagnetic and ferroelectric to 200 K.
A second application illustrates the use of ionic liquids (IL) to reversibly switch the ferroelectric (FE) polarization of large area PbZr0.2Ti0.8O3 (PZT) films. Control of the polarization enabled us to show that hole accumulation and depletion induced by the FE polarization leads to a reduction or an enhancement, respectively, of the interface magnetism. IL-assisted FE gatingmay enable new applications of magnetoelectric coupledmultiferroics—ones that operate at room temperature.
Work supported by the Office of Basic Energy Science, U.S. Department of Energy, Divisions of Materials Science and Scientific User Facilities, and ORNL Lab Directed Research and Development.
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Influence of stress on interface magnetism

M.R. Fitzsimmons

Oak Ridge National Laboratory, Quantum Condensed Matter Division

Novel electric and magnetic properties can be achieved in materials engineered at nanometer dimensions. Examples include conducting or magnetic interfaces between materials that are neither conducting nor magnetic. New functionality stems from the atomic, magnetic or charge/orbital structure of the interface.  With an understanding of interface structure, electric and magnetic degrees of freedom may be controlled, ideally at room temperature, to achieve synthetic magnetoelectric coupling in a nanocomposite.

In this talk I describe applications of polarized neutron reflectometry (PNR) and X-ray resonant magnetic scattering (XRMS) to probe magnetic interfaces in heterostructures and nanocomposites.  One application reports the response of magnetism in (La0.4Pr0.6)0.67Ca0.33MnO3 (LPCMO) and La0.8Sr0.2MnO3 (LSMO) thin films to applied bending stress. We find compressive bending stress, exclusive of all other factors, favors ferromagnetism in LPCMO films.  In addition, the metal-insulator-transition maybe a consequence of two-dimensional percolation, regardless of applied stress.
Work performed in collaboration with Surendra Singh (BARC), H. Jeen (Pusan), M. Varela (Universidad Complutense de Madrid), A. Biswas (UFl), K. Dumesnil, J-M Tonnerre (CNRS), T. Maroutian (U-PSUD), N. Jaouen (Soleil), E. Fohtung (NMSU/LANL), S. Sinha, E. Fullerton, O. Shpyrko, C. Urban (UCSD), P. Jain, Q. Wang, Q. Jia, Z. Bi, T. Ahmed, J. Zhu (LANL), A. Glavic, and V. Lauter (ORNL).

Work supported by the Office of Basic Energy Science, U.S. Department of Energy, BES-DMS, ORNL Lab Directed Research and Development, and the National Science Foundation (DMR-0804452and DE FG03-87ER-45332). Work at UCM is supported by ConsoliderIngenio CSD2009-00013 (IMAGINE), CAM S2009-MAT 1756 (PHAMA).
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Electric field control of the magnetic order parameter of magnetic pillars embedded in a ferroelectric matrix

M.R. Fitzsimmons

Quantum Condensed Matter Division, Oak Ridge National Laboratory

Department of Physics and Astronomy, University of Tennessee 

Using polarized beam small angle neutron scattering (SANS) we quantitatively measured the influence of an electric field on correlation of magnetism in a ferroelectric/ferrimagneticnanocomposite.  The nanocomposite consists of ~12 nm wide pillars of CoFe2O4 (dark regions, inset figure left), a room temperature ferrimagnet, embedded in a ferroelectric, BaTiO3, matrix (light regions, inset figure right). We used a model-free method to extract the correlations of the magnetic structure from the SANS data (figure below). We found a 700 kV/cm electric field induced a change of magnetization of ~2% (scattering geometry, inset figure left). We explain our results using a simple representation for free energy that attributes coupling between electric polarization and magnetic order parameters to strain.  

Implementation of a new polarized beam and polarization analysis capability for the GPSANS instrument at ORNL will be discussed, including lessons learned integrating instrumentation with superconducting magnets.
Work performed in collaboration with Q. Wang (WVU), A. Chen (LANL), T. Lookman, Q.X. Jia (U. of Buffalo), D.A. Gilbert (NIST), J.A. Borchers, B. Holladay (UCSD), S. Sinha, L. Debeer-Schmitt (ORNL), T. Farmer, T. Wang, T. Tong, P. Jiang, R. Desautels.

Work supported by the Office of Basic Energy Science, U.S. Department of Energy, BES-DMS, and ORNL Lab Directed Research and Development.
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